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The principles governing the plan and pattern of the present volume have 
been summarized in the Preface to the series ‘The Chemistry of Functional 
Groups’. 

Out of the originally planned contents, two chapters failed to material- 
ize. These should have been chapters on ‘Formation of COOH Groups’ 
and ‘Radiation and Photochemistry’. 

SAUL PAT& 

Jerusalem, September 1968 



The Chemistry of the Functional 
Preface to the series 

The series ‘The Chemistry of the Functional Groups’ is planned to cover 
in each volume all aspects of the chemistry of one of the important f inc- 
tional groups in organic chemistry. The emphasis is laid on the functional 
group treated and on the effects which it exerts on the chemical and physi- 
cal properties, primarily in the immediate vicinity of the group in question, 
and secondarily on the behaviour of the whole molecule. For instance, 
the volume The Chemistry of the Ether Linkage deals with reactions in 
which the C-0--C groilp is involved, as well as with the effects of the 
C-0-C group on the reactions of alkyl or aryl groups connected to  
the ether oxygen. I t  is the purpose of the volume to give a complete cover- 
age of all properties and reactions of ethers in as far as these depend on 
the presence of the ether group, but the primary subject matter is not the 
whole molecule, but the C--0-C functional group. 

A further restriction in the treatment of the various functional groups 
in these volumes is that material included in easily and generally available 
secondary or tertiary sources, such as Chemical Reviews, Quarterly Re- 
views, Organic Reactions, various ‘Advances’ and ‘Progress’ series as well 
as textbooks (i.e. in books which are usually found in the chemical libraries 
of universities and research institutes) should not, as a rule, be repeated 
in detail, unless it is necessary for the balanced treatment of the subject. 
Therefore each of the authors is asked not to give an encyclopaedic cover- 
age of his subject, but to concentrate on the most important recent devel- 
opments and mainly o n  material that has not been adequately covered by 
reviews or other secondary sources by the time of writing of the chapter, 
and to adress himself to a reader who is assumed to be a t  a fairly advanced 
post-graduate level. 

With these restrictions, it is realized that no plan can be devised for a 
volume that would give a complete coverage of the subject with no overlap 
between the chapters, while a t  the same time preserving the readability 
of the text. The Editor set himself the goal of attaining reasonable coverage 
with moderate overlap, with a minimum of cross-references between the 
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X Preface to the Series 

chapters of each volume. In this manner, sufficient freedom is given to 
each author to produce readable quasimonographic chapters. 

The general plan of each volume includes the following main sections: 

(a) An introductory chapter dealing with the general and theoretical 
aspects of the group. 

(b) One or more chapters dealing with the formation of the functional 
group in question, either from groups present in the molecule, or by intro- 
ducing the new group directly or indirectly. 

(c) Chapters describing the characterjzation and characteristics of the 
functional groups, i.e. a chapter dealing with qualitative and quantitative 
methods of determination including chemical and physical methods, ultra- 
violet, infrared, nuclear magnetic resonance, and mass spectra; a chapter 
dealing with activating and directive effects exerted by the group and/or 
a chapter on the basicity, acidity or complex-forming ability of the group 
(if applicable). 

(d) Chapters on the reactions, tranformations and rearrangements 
which the functional group can undergo, either alone or in conjunction 
with other reagents. 

(c) Special topics which do  not fit any of the above sections, such as 
photochemistry, radiation chemistry, biochemical formations and reac- 
tions. Depending on the aature of each functional group treated, these 
special topics may include short monographs on related functional groups 
on which no  separate volume is planned (e.g. a chapter on ‘Thioketones’ is 
included in the volume The Chemistry of the Carbony2 Group, and a chapter 
on ‘Ketenes’ is included in the volume The Chemistry of Alkenes). In  other 
cases, certain compounds, though containing only the functional group 
of the title, may have special features so as to be best treated in a separate 
chapter as e.g. ‘Polyethers’ in The Chemistry of the Ether Linkage, or 
‘Tctraaminoethylenes’ in The Chemistry of the Amino Group. 

This plan entails that  the breadth, depth and thought-provoking nature 
of each chapter will differ with the views and inclinations of the author 
and the presentation Will necessarily be somewhat uneven. Moreover, a 
serious problem is caused by authors who deliver their manuscript late or 
not at all. In order to  overcome this problem at least to some extent, it 
was decided to publish certain volumes in several parts, without giving 
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consideration to the originally planned logical order of the chapters. If 
after the appearance of the originally plenned parts of a volume, it is 
found that either owing to non-delivery of chapters, o r  to new develop- 
ments in the subject, sufficieat material has accumulated for publication 
of an additional part, this wi!l be done as soon as possible. 

It is hoped that future volumes in the series ‘The Chemistry of the 
Functional Groups’ will include the topics listed below: 

The Chemistry of the Alkenes (pub lished) 
The Chemistry of the Carbonyl Group (published) 
The Chemistry of the Ether Linkage (published) 
The Chemistry of the -4mino Group (published) 
The Chemistry of the Nitro and Nitroso Group (published) 
The Chemistry of Carboxylic Acids and Esters (published) 
The chemistry of the Carbon-Nitrogen Double Bond (in press) 
TAe Cfiemistry of the Cyano Group (in press) 
The Chemistry of the Amides (in press) 
The Chemistry of the Carbon-Halogen Bond 
The Chemistry of the Hydroxyl Group (in preparation) 
The Chemistry of the Carbon-Cmbon Tr@le Bond 
The Chemistry of the Azido Group (in preparation) 
The Chemistry of Imidoates and Amidiim 
The Chemistry if the Thiol Group 
The Chemistry of the Hydrazo, Azo and Azoxy Groups 
The Chemistry of Carbonyl Halides 
The Chemistry of the SO, SOn, --SO& and --S03H Groups 
The Chemistry of the -OCN, -NCO and -SCN Groups 
The Chemistry of the -POSH2 and Related Groups 

Advice or criticism regarding the plan and execution of this series will 
be welcomed by the Editor. 

The publication of this series would never have started, let alone con- 
tinued, without the support of many persons. First and foremost among 
these is Dr. Arnold Weissberger, whose reassurance and trust encouraged 
me to tackle this task, and who continues to help and advise me. The effi- 
cient and patient cooperation of several staE-members of the Publisher also 
rendered me invaluable aid (but unfortunately their code of ethics does 
not allow me to thank them by name). Many of my friends and colleagues 
in Jerusalem helped me in the solution of various major and minor matters 
and my thanks are due especially to Prof. Y. Liwschitz, Dr. Z. Rappoport 
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and Dr. J. Zabicky. Carrying out such a long-range project would be 
quite impossible without the non-professional but none the less essential 
participation and partaership of my wife. 

The Hebrew University, 
Jerusalem, ISRAEL 

SAUL PATAI 
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2 hla2;\imn Simonctta and Sergio Carrii 

1. INTRODUCTION 

The carboxyl group is one of the niost interesting entities met i n  organic 
molecules, especially from the physicochemical point of view. Some inter- 
esting features emerge even from [lie study of its geometry. There are t\vo 

carbon-oxygen bonds, with diii’erent lengths. The value of the OCO angle 
and tlie distance to the carbon to which thc group is directly bound have 
some significance. The group is planar and the hydrogen atom might be 
in the cis or  the fi’um position with respect t o  the carbonyl bond. The pre- 
sence o f a  carboxyl group makes a molecule a n  acid, and it is of interest to 
know how thc nature of t h e  fragment to which the carboxyl group is con- 
nected influences thc acidic properties. The group can also participate in 
hydrogen bonding. acting as a hydrogen donor and /o r  acceptor. 

Carbosylic acids show a tendency to dinierization through the formation 
of two hydrogen bonds. Cyclic dimers or polymolecular chains are often 
found in acid crystals. Dimerization equilibria in liquid, solution or gas 
phase have been the subject of thermodynamic investigations. The dimeri- 
zation constants also show the influence of the radical t o  which the car- 
boxyl group is bound. and relationships between acid dissociation and 
dimerization constants have been found. 

The interactions of the group with electromagnetic fields show some very 
interesting features. In the range of ultraviolet radiation, light absorption 
by the group may occur througli the n-x* or  the Z--IT* mechanisms. and 
many examples of charge-transfer bands have been identified. When t h e  
group is bound to a residue able to  undergo conjugation (e.,y. phenyl), 
charge transfer can occiii- and show up i n  the appropriate band. Analysis 
of infrared spectra permit\ a study of the bonds present in thc group, in- 
cluding hydrogen bonds, and the determination of the vibrational force 
constants. 

By esterification. t h e  carboxyl group can be converted to the -COOK 
group, and it is important t o  show how the difrerrnt propertics of the group 
are changed and how tlie nature of R influences these changes. 

11 seems to L I S  useful to start the tlicoretical study of’ the carboxyl group 
with a review of some of tlie most important physicochemical properties. 
lnstead of discussing many examples we prcfer to discuss in some detail a 
few of the most fundamental ones. For  this reason, i n  the experimental 
data quoted, only such exarnp!es are included which are interestins and 
necessary for the discussion. 
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At the elid of  the chapter, a theoretical discussion of the electronic pro- 
perties, based on quantum mechanics, is given. 1!1 this field also the car- 
boxyl group has many special characteristic features. It is a system for 
which the u-x approximation may be appropriate, but the iticlusion of the 
lone pair electrons does not involve insurmountablc difficulties. The varia- 

tion of t h e  OCO angles i n  difTercnt compounds can be related to tlie hy- 
bridization of the carbon atom. Tlie problem of the presence of hetero- 
atoms is encountered, with thc two oxygens offering to  t h e  x-electron sys- 
tem one and t w o  electrons rebpectively. It is worthwhile t o  notice how 
many of the problems of qiiantum chemistry show up in the discussion of 
such a siniplc systein as the carboxyl group. 

/ .. 

I I .  GEOMETRY, ENERGY A N D  POLARITY 

A. Geometry and Structure 

The geometry of the carboxyl group can be experimentally determined 
by means of x-rays. clectron difl’raction and microwave spectroscopy. The 
first method is used with acids or esters in the crystalline stzte, while the 
latter two inethods are particularly useful for investigations i n  the gas or 
liquid phase. Interatomic distanccs and angles may be remarkably different 
in  the various phases due to formation of dimers or polymers. 

1. X-ray Methods 

The crystal structures of H wide number of carboxylic acids and their 
esters ha\.e been investigated. For the determination of the geometry of 
the c:trboxyl group. the priiicipal d a t s  are the CO( , , .  CO,,, distances and 

the O,,,CO,,, angles (scc I!. 
/\ 

( 1 )  

The length of the adjacent cat-bon.-carbc)tl b o d  and the position of the 
hyclrosylic hydrogen (\\,lien known) is also rele\:rint. 

A srimpie ot’ ~ a l u c s  taken f rom the literature from the most recent sour- 
ces is shown i n  Table I .  Tlie range ot‘thc C ---0 bond-length is 1-187-1026 A ;  
the  averiige \,aluc is 1 - 2 5  over 27 mcasured groups. Thc correspondinp 
v;llucs for the C---0 bond arc 1.357-1-37 and 1.303 A ;is shown in  Figure 1 .  
I n  most cases one of tlie two car-bon-oxygcn bonds is considerably shorter. 
One reninrkable exception is formic acid whose structure was determined 
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5 General and theoretical aspects of the COOH and COOR groups 

at  - 50"c: C-0,,, = I -23k 0.03 A and C-O,,, = 1-26_fO-O3 A The mol- 
ecules are linked by hydrogen bonds a t  both ends to form infinite chains. 
The structure of liquid formic acid was also determined by means of 
x-rays28. The C-O,,, and C-O,,, lengths are similar, since the experi- 
mental electron radial distribution is consistent with the results obtained 
with a model in which both distances are  taken as equal to  1-30 A. Liquid 
formic acid therefore consists of chain-like associates in which neighbour- 
ing molecules are connected by hydrogen bonds 2-7 A long. 

C:O r -  C 

i 

1.225 I 303 

I 18 1.22 I 2 6  I,26 1 %  a35 138 
50na Lenqtn i A i  

FIGURE 1 .  Occurrencc of single and double CO bond lengths in carboxy groups 
(from Table 1 ) .  

Careful determinations of the crystal structure of normal fatty acids of 
low molecular weight (C, to C5) have been recently accomplished. In all 
cases the molecules occur as hydrogen-bonded dimers, as shown in Figure 2. 

For dicarboxylic acids, two crystalline forms may exist. In the B form 
the cyclic hydrogen-bonded system typical of monocarboxylic acids is pre- 
sent; the dicarboxylic acids are arranged in  infinite chains. In the a form 
hydrogen bonds and carboxyl groups form an extended chain system in 
which the molecules are linked to form a puckered layer structure. Usu- 
ally the /? form is the most stable, but in oxalic acid z is the stable 
form2e; its structure is shown schematically in Figure 3. 

The crystal structure of oxalic acid dihydrate has also been determined 
as shown in Figure 4. 

An interesting point arises in the examination of the structure of mono- 
clinic and triclinic fumaric acid and of maleic acid. Single and double car- 
bon-carbon bonds i n  nialeic acid show very small differences as compared 
with corresponding ones in fumaric acid. 

.Maleic acid also shows a very short intermolecular hydrogen bond. I t  
was suggested that the essential equivalence or single and double carbon- 
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. 

. .. 

FXGURE 2. Dimers present in crystals of propionic, butyric and vsleric acids; 
: oxygen atom, 8 : carbon atom. 

FIGURE 3. Crystal structure of a-oxalic acid; c' : oxygen atom. 69 : carbon atom. 

TABLE 2. Comparison of single and double carbon-carbon bond- 
lcngths in fumaric and malcic acids 

Triclinic Cumaric Monoclinic I'umaric Mnleic 

I .460 

1.473 1.465 
1.361 

c-c (A) 1.490 I .462 I44 

C = C  (A) 1.315 1-334 1-43 
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0 : c  0 : o  
@:OH 0 : H z O  

FIGUKE 4. Crystal structure of oxalic acid dihydratc. 

carbon bond-lengths i n  maleic acid might indicate the presence of aroma- 
tic character in this ring.-like s t ruc t~re '~ .  

The crystal structure of benzoic acid has shown that the molecules occur 
in pairs connected by hydrogen bonds. The benzene rings are planar while 
the carboxylic carbon and singly bonded oxygen atoms are significantly 
out of molecular plane. 

In ethyl stearateJ0 the C-O,,, and C-O,,, distar'ces are 1.36 A and 
1-15 A respectively, a bit longer and shorter than the mean values of the 
same bonds in acids. 

From the analysis of the values of :he lengths of the carbon-carbon 
bond adjacent to thc carboxyl group it seems that in non-conjugated rnole- 
cules the measured value for such a distance is 1.516 A, significantly short- 
er than the usual value for a carbon-carbon single bond. This may be due 
to the sp' hybridization of one of the carbon atoms involved in the bond. 
In conjugated molecules the mean value for the same distance is 1-474 A, 
showing the adjunctive effect of conjugation. An interesting feature of 
the strirctural study of ,neso-3.4-dimethyladipic acid is the fact that the 
structure was determined theoretically by application of the close-packing 
principle3]. 

2. Electron diffraction methods 

The structure of the monomer of formic acid has been investigated3' by 
electron diffraction. The equilibrium distances are C-O,,, = 1.23 A, 

C-O,,, = 1.36 A, Oc,,COc2, = 122.4". N o  indication of the presence of 
/\ 
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a significant amount of dimer has been found under the conditions of 
this experiment. 

The structures of methyl formate, acetate and chloroformate molecules 
in the gas phase were found to  be as shown in  Table 333. A11 these mole- 
cules have an approximately planar skeleton, apart from the hydrogen 
atoms. 

TABLE 3. Bond-lengths and angles in various methyl compounds 

Compound 

Methyl formate 1.22 1-37 123 

Methylchloroformate 1-19 1.36 I26 
Methyl acetate 1.22 I .36 124 

3. Microwave spectroscopy 

The structure of formic acid has been the subject of extensive investi- 
gation by means of microwave spectroscopy34i35. The results favour ;1 
planar molecule with the hydroxylic hydrogen cis to the doubly-bonded 
oxygen and the 0-H bond undergoing a torsional oscillation around the 
carbon-oxygen bond. The cis isomer is probably stabilized by the forma- 
tion of an internal hydrogen bond. The barrier height t o  this torsional oscil- 
lation has been estimated to be a t  least 17 kcal/mole. This suggests a large 
amount of double-bond character in the C-O,,, bond for which a length 

FIGURE 5. Sond lengths and bond angles of methyl formate determined by 
microwave spectroscopy, 0 : carbon atom, 0: oxygen atom, 0 : hydrogen atom. 
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/\ 
of 1.343 A was found. The valiies of the C-O,,, distance and the O(,,CO(,, 
angle are 1 -202 A and 124'53' respectively. 

The structure of methyl formate has also been determined by the inter- 
pretation of its microwavc ~ p e c t r u r n ~ ~ .  The values of bond-lengths and 
angles are shown in Figure 5 .  The C-O,,, bond is found to have about 
20% double-bond character but the C-O,,, bond shows no appreciable 
lengthening. The conformation of the methyl group was determined and it 
was found that the methyl hydrogens stagger the C = O  bond, that is, 
hydrogen appears t o  be repelled by oxygen. T h e  barrier to internal rota- 
tion of the methyl group was estimated t o  be 1-19 kcal/mole. This is in 
good agreement with the more recent determination by far-infrared spec- 
trum3'. The  question of why the cis conformer is more stable than the 
tram one has not yet been clearly settled. 

B. Energy 

1. Heats of formation and ionization potentials 

From the measurement of the heats of combustion the heats of forma- 
tion (-AHf) of a number of monocarboxylic acids were calculatedJ8. 
Starting from the fifth member of the series a linear relation was found 
between the heat of formation and the number of carbon atoms. The 
results fit the formula ( I ) ,  where A H f  is in kcal/mole, I I  is the number of 

- 4Hf = 109.5 f 6.1 I I  - Arl (1) 

CH2 groups and An acorrection factor for the first members of the series as 
shown in Table 4. Using the values calculated by equation ( i )  it is possible 

TABLE 4. Values of tlic correc[ion factor A,, for equation ( 1 )  

n z l  I 1  = 3 ) I  = > I1  = 4 

-- 

A m  7.8 - 0.20 - 0.40 0.20 

to derive a mean va!ue for the heat of formation of the carboxylic group: 
- l lH, [COOH] = 35-71 kcallmole. 

The heats of formation for a number of positive ions of carboxylic acids 
and their esters were determined by photoionization or  electron impact 
experiments". This method consists of the electron bombardment of the 
molecule X-Y of the gas under consideration. of measuring the appear- 
ance potential A[X']. that is, the minimum energy of the bombarding 
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electrons a t  which the appropriate ions make their appearance, and of 
measuring the energy of these ions. The process is shown in equation (2): 

X-Y+e -- X + + Y + Z e  (2) 

The heat of formatioii of the ion X' can be calculated by equation (3) 

(3)  

where 4H,[ 3 is the eiithalpy of formation of the appropriate species 
and Ek is the sum of the excitation energy and kinetic energy of fragmen- 
tation. Results obtained for ions produced from carboxylic acids and 
esters are collected in Table 5. 

A [ X i ]  = A H f [ X + ]  -I- AHj-[Y] - AHf[X - Y J +Ek 

TABLE 5. Heats of formation of ions of carboxylic acids 
and esters 

Parent molecule -Iff, (eV)  Reference 

HCOOH 
HCOOCH, 
CHJOOH 
CH,=CHCOOH 
CH3CH,COOH 
HCOOC,H, 
CH,COOCH, 
CH,CH ,CH ,COOH 
iso-C,H,COOH 
CH,COOC,H, 
C,H,COOCH, 
HCOOCH,C2H, 

- 7.1 3 
-7.19 
- 5.80 
- 7 5 0  
- 5.49 
- 6.76 
- 6.39 
- j.2 
- 4.88 
- 5.55 
- 5.93 
- 6-5 

40 
30 
40 
41 
30 
40 
40 
40 
40 
4 0  
40 
40 

The heats of formation of acetate, propionate and butyrate radicals 
were determined by a different method based on the use of the heats of 
formation of the corresponding peroxides and the dissociation energies of 
the 0-0 bonds4? (equation 4). The 0-0 bond dissociation energies (ED)  

2AHf[RC(O)O'] = ED[RC(O)OOC(O)R] f AHf[ RC(O)OOC(O) R] (4) 

have been determined by the kinetic method, o n  the assumption that they 
are equal t o  the activation energies of the uiiimolecular fission of the per- 
oxides into two acyl radicals. The following results were obtained for the 
radicals in gas phase : 

4Hr[CH3CO0.] = - 45 i- 2 kcal/mole 
3Hr[C2H5COO'] = - 5 4 5  2 kcal/mole 
A.Hf[C3H7COO'] = - 60+ 2 kca!/niolc 
3Hr[PhCOO'] = - 21 kcal/mole 
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From these data and from the known values of 4Hr for the alkyl and 
phenyl radicals it is possible to calculate the heat involved in the decom- 
position of radicals according to equation (5) .  

( 5 )  RCOO' -.  -.-* R' + C 0 2  

It appears that reaction (5) is a strongly exothermic PI-ocess ( A H  = 
- 15 kcal/mole) for the alkyl radicals, while it is almost thcrmally neutral 
for the phenyl derivative. This confirms the relative chemical stability of 
these radicals. 

The heats of formation cjf :he radicals can be s e d  in coiljunctioii with 
the heats of formation of the gaseous acids to calculate t h e  dissociation 
energy of the acids : 

RCOOH(gas) - -- RCOO (gas) + H' (gas) ( 6 )  

The results are: 

ED[R = CI-13] = 1 i 1.5 kcal/mole 

ED[R=C.H5] = 109.5 kcal/mole 

ED[R = C3H7) = 102.5 kcal/mole 

ED[R=Ph] = 102 kcal/mole 

The interesting feature is that even in carboxylic acids the O-H bond 
dissociation energies are higher than the C-H bond dissociation energies. 
They are in fact of the same order as the 0 - H  bond dissociation energy in 
alcohols ( I00 kcal/mole). The fact that in aqueous solution it is much easier 
to  abstract a proton from carboxylic acids than from alcohols is due t o  
the high value of the  electron affinity and solvation energy of the car- 
boxyl radical. 

A n  alternative value for the heat of formation of the benzoyloxy radi- 
cal was obtained from the difference between the activation energiesfor 
the decomposition reaction of this radical into the phenyl radical and CO?, 
and the addition reactioll of the benzoyloxy radical t o  the styrene mole- 
culed3. From these values a dissociation energy of 8 6 5 3  kcal/mole was 
calculated for benzoic acid. 

The kinetic method has also been used for the de!,erniination of the dis- 
sociation energy of the carbon-carbon bond adjacent to the carboxyl 
group in phenylacetic acid and diphenylacetic acid, yielding 55 kcal/mole 
and 52 kcal/rnole r e ~ p e c t i v e l y ~ ~ .  

Standard enthalpies of formation in  the gaseous state for a number of 
esters are available and reported in Table 6.  From these data and the heat 
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TAELE 6. Heats of formation. - A H ,  (kcai/molc), of esters 

Ester f ormate's A ~ e l a l r ' ~  Propionate's Butyratelz B c n z o a t ~ ' ~  

Methyl 83-7 1 99.39 105-1 5 110.92 71.7 
Ethyl 88.09 106-77 1 13.69 120.14 79- 1 
n-Propyl - 1 12.99 I 18-53 125-91 
n-Butyl - 1 19.22 

1 15-99 - 128.2 1 lsopropyl - 
Isobutyl - 121.30 126.69 . 132.83 
lsoamyl -- 127-52 - - - 

- 
- - - 

- 
- 

of formation of acyl and alkyl radicals the enthalpy changes for reaction 

( 7 )  R'COOR -- R'CO * i R O  

(7) have been calculated. The results give the C-0 bond dissociation 
energy in organic esters. The most recent values are reported in Table 7. 

TABLE 7. Values of dissociation energy of 
the C - 0  borxPG 

R'COOR E ,  [R'COOR 1 
(kcsl/molc) 

HCOOCH, 
CH,COOCH, 
CH,COOC,H, 
CH,COO-n-C,H, 
CH ,COO-iso-C, H, 
CH,COO-n-C,H, 
CH,COO-iso-C,H, 
PhCOOCH, 
PhCOOC,H, 

94 
97 
96 
98 
97 
98 
99 
90 
8s 

In Table 8 the experimental values of ionization potential for a few acids 
and esters as obtained by electron impact. photoionization or spectro- 
scopic experiments are collected. 

From the available experimental data the thermodynamic properties of 
some acids were calculated. They are reported in Table 9. 
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TABLE 8. Ionization potentials for acids and esters 

Method” Reference Compound J 
(eV) 

.. _____- .____ 

HCOOH 11.05 P 47 
11.33 S 48 
11.05 I 40 

CH,COOH 10.35 P 47 
10.37 I 40 
10.88 1 49 

C,H,COOI-l 10.24 I 40 
n-C,H,COOH 10.1 1 40 
CH2 = CHCOOH 10.90 I 41 
~so-C ,  H, COO H 9.98 I 40 
PhCOOH 9-73 I 49 
HCOOCH, 11.14 1 so 

1 1 . 1  1 51 
10.815 P 40 

HCOOC,H, 10.16 I 50  
10.50 I 51 
10.61 P 40 

CH,COOCH, 10.58 I 50  
10.95 I 52 
10.5 I I 53 
10.5 1 5 1  
10.27 P 40 

9.97 I 41 
10.67 I 52 
10.11 P 40 
10.09 P 47 

CH,COOC2H, 10-13 I so 

N H,C,H,COOCH, 8.08 I 49 
CH30C,H,COOCH, 8.43 I 49 
CH ,C,H,COOCH, 8.93 I 49 
Ph COOCH 9.35 I 49 
NO,C,H,COOCH, 10.20 I 49 

1 = electron impact. P = pholoioniralion. S = spectroscopy. 

C. Dipole Moments 

The dipole moments of a number of carboxylic acids and esters have 
been measured by the usual techniques, that is, from the dielectric constant 
in solution and by microwave spectroscopy. A sample of measured values 
taken from the literature is shown in Table 10. It is noticeable that the 
dipole moments of esters formed between saturated monohydroxylic al- 
cohols and saturated monocarboxylic acids are approximately equal and 
lie in the range 1-7-2-0 Debye. This is explained by the fact that these 
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TABLE 9. Thcrrnodynamic properties of some acids at 2 5 ' ~ ' ~  

Compound' - A H ;  S O  IG; 
(kcallmole) (call% mole) (kcallmole) 

- - -  - -. - -  - - . . . - . -  .- .. . -- - 

Formic ( I )  
Formic monomer (g) 
Formic dinicr ( g )  
Acetic ( I )  
Acetic monomer ( g )  
Acetic dimer (6) 
Butyric ( I )  
Palmitic (s) 
Lactic (s) 
Lactic ( I )  
Benzoic ( s )  
o-Hydrobenzoic ( s )  
m-Hydrobenzoic (s) 
p-Hydrobenzoic ( 5 )  

Oxalic (s) 
Fumaric (s) 
Maleic (s) 
Succinic ( s )  
Phthalic (s) 

101-52 
90.49 

195.19- 
115.7 
103-8 
223.0 
127-2 
21 1-2 
165-89 
161-1 

140.0 
141-1 
142.0 
196-7 
193.83 
188.28 
224.77 
186.88 

91.812 

30.82 
59.45 
82.89 
38.2 
67.5 
96.7 
54.1 

104.8 
34.0 
45.9 
40.04 
42.6 
42-3 
42.0 
28.7 
39.7 
38.1 
4 2 4  
49.7 

86.39 
83-89 

171.19 
93. I 
89.9 

183-7 
89.9 
75.1 

125.0 
123.7 

100.0 
101.0 
101.8 
165-9 
150.2 
150.2 
178.5 

59-1 1 

61-30 

- 
a s = solid. I = liquid. g = gas. 

esters exist in only one conformation (cis), with a high energy barrier 
hindering rotation around the C-0 bond'?. 

\R  
0 

(Il.Ut1.S) (cis) 
(2a ) (2b) 

This fact was confirmed for methyl tormate by the study of its microwave 
spectrum as discussed before. 

D. Ionization and Dimerization E quilibria 
1. Ionization 

The equilibrium constants for the ionization of most carboxylic acids 
have been measured. The pK values at 25" for the reaction ( 8 )  of sonic 

RCOOH -+ HZO . . .. . -*  RCOO- 2- HZO (8) 

carboxylic acids are reported in Table 1 1 .  
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TARLE 10. Electric dipole tnomcnts of carboxylic acids and esters 

Compouna 

- -  - _ .  

HCOOH 

(HCOOH), 
C t1,COOH 

C,I-I,COOH 

(C,H,COOH), 
HCOOCH, 
CH,CH ?COO H 

HCOOC?H, 

Ctl,COOCH , 

CH,CH2CHzC00ti 

(Ctl,)2CHCOOH 
CH,COOC,H, 

1)ipole rnonieui 
(Debye) 

. .- _ -  

I .3s 
1-7 
1-78 
2.00 
0 
1.75 
1-92 
2.17 
0.84 
1-77 
1-64 
2.12 
I .86 
0.97 
1.77 
I .76 
I .23 
I .94 
I .96 
1-96 
I .70h 
I .74 
I .77 
I .23 
I -9 
1.09 
1.78 
2-05 
1 .,Ys 

Slate 
o r  \ o I  ven i 

Gas 
Gas 
Bcnzcnc 
Dioxanc 
Gas 
Gas 
Liquid 
Liquid 
Benzene 
Dioxane 
Benzene 
Benzene 
Dioxane 
Bcnzcnc 
Gas 
GilS 

Liquid 
Gas 
Liquid 
Benzene 
Gas 
Liquid 
Benzecie 
Liquid 
Bcnzcne 
Liquid 
Gas 
Liquid 
Benzene 

Tcrnperw.~re~ 
("c) 

-- ( M I  
-- (M) 
30 

35-75 
20 
20 
60 
20 

3 0 
I 5 4 5  
25 

15-45 
- (MI 

25 
20- I60 

25 
75-50 
34-1 10 

-. 

-. 

- _  

40 
25 
25 
30 
25 

30-195 
20 
50 

Rcierense 

-. . -. . 

55 
56 
54 
58 
59 
60 
61 
61 
62 
58 
57 
63 
64 
63 
36 
60 
61 
65 
66 
67 
68 
69 
70 
61 
57 
61 
65 
71 
66 

0 Except when iodicztcd by M (nricrowa\e) the reported valucs were obtained from measuremeafs or 
dielectric constants. 

The higher acid strength of carboxylic acids as compared to that of 
iilcohols may be understood. apart from solvation effects. i n  t e r m  of 
n-electron delocalization. The resulting effect is the presence o n  the hy- 
droxyl oxygen of a positive charge which repels the proton. 

Acetic acid has a higher p K  than formic acid, due to  the electron-releas- 
ing character of the methyl group. This phenomenon is enhanced in tri- 
methylacetic acid. Electron-withdrawing groups like halogens produce the 
opposite effect, that  is, a lowering of pK. In  the series of unbranched ah- 
phatic carboxylic acids the p K  values are almost constant. 
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T A ~ L E  I I .  Thermodynamic data for dissociation of some 
carboxplic acids 

Acid Plr' 
- 1 H' 

(kcal/mole) 
Rel'erence 

Formic 
Acetic 
Propionic 
But y ric 
Valcric 
lsovalcric 
Trimet hylaccric 
lodoacetic 
Rromoacetic 
Chloroacetic 
Fluoroacctic 
Ecnzoic 
p-Bromo benzoic 
p-Chloro benzoic 
in-Chlorobenzoic 
m-Bromobenzoic 
p-Nitrobenzoic 

3.752 
4.756 
4.875 
4.8 I8 
4,843 
4.78 I 
5.032 
3.1 82 
2.902 
3.868 
2-586 
4.2 I3 
4-002 
3.986 
3.827 
3.809 
3-442 

- 0.07 
0 
0.13 
0.6 I 
0.6 I 
1 . 1  1 
0.6 I 
1-31 
1-13 
1.01 
I .28 

- 0.53 
- 0.22 
-. 0.34 

0.07 
- 0.05 
-0.14 

73 
74 
75 
76 
7s 
75 
75 
77 
77 
77 
77 
78 
78 
78 
78 
78 
78 

0 Enrhalpy \arialion ior reaction ( R ) .  

The fact that benzoic is a stronger acid than acetic can be explained in 
terms of delocalization energy. The gain in dclocalizatioii energy on going 
from benzoic acid t o  the benzoate ion is larger than when going from acetic 
acid to the acetate ion. The effect of halosubstituents on benzoic acid is 
in the same direction as in acetic derivatives, but i t  is smaller in magnitude 
since it is counteracted by the delocalization of the n electrons of the halo- 
gen atoms. 

The dissociation constants of carboxylic acids can be increased by intra- 
molecular hydrogen bond formation. For this rcason salicylic acid is a 
stronger acid than its rireta and para analogues. and 2,6-dihydroxyberi- 
zoic acid is even stronger.. 

In dicarbosylic acids the second dissociation constant is smaller than the 
first one, but the efl'ect decreases with increasing distance between the two 
carboxyl groups, as shown in Table 12. This effect can be easily explained 
on the basis of a simple electrostatic model since in the doubly-charged 
ion the two negative charges repel each other. 
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TABLE 12. The successive dissociation of dicarboxylic acids79 

Acid N C H d  PKl PK, I p K  

Oxalic 0 1.23 4-19 2.96 
Malonic 1 2.83 5.69 2.86 
Succinic - 4-19 5.48 1.29 

Azelaic 7 4-55 5.41 0.89 

.____---. -- -- - ._ 

3 

Adipic 4 4-42 5.4 1 0.99 

2. Dimerization 

The equilibrium constants of t h e  dimerization reaction (9) have been 

O...H-0 
2RCOOH -.-:: R - - - C j  \C R (9) 

\O--H.. . Oy 
determined in the pure acids and in their solutions. 

The most widely used methods are the investigation of pressure-volurne- 
temperature relations, density determinations and infrarcd spectroscopy 
for the gas phase. Cryoscopy, ebullioscopy, dielectric constant determinof 
tion, and infrared and ultraviolet spectra are the most useful methods fa- 
measuring the dissociation constants in solution. 

These values are of special interest for the derivation of the enthalpy or  
reaction which is a measure of the energy of the hydrogen bond. Values of 
equilibrium constants K and of - A H  for a number of compounds a re  
shown in Table 13. These data show that for the energy of the hydrogen 

TABLE 13. Thermodynamic data for dimerization equilibria of some carboxylic acids 

Acid h' 
- A H  

H bond) 
(kcallmole Reference 

Formic 
Acetic 
Propionic 
Butyric 
Trimethylacetic 
Trifluoroacetic 
Acetic (liquid) 
Propionic (liquid) 
Stearic (liquid) 
Benzoic (in benzene) 

260 (atni - I ,  300"~) 
539 (atrn I ,  300"~) 
1258 (atm - I ,  300'~) 

1296 (atrn - I ,  300"~) 
177 (atm I ,  300"~) 
43.6 (rn.f. - I ,  303"~)" 
866 (n1.f. l ,  304"~)" 
400 (1ii.f. ', 365"~)" 
589 (rn.f. 300"~)" 

- 

7.05 
6.8 
7.6 
6.9 
7.0 
7.0 
3.i 
4.6 
6.7 
4.02 

SO 
81 
80 
82 
83 
84 
85 
85 
86 
57 

~~~~ 

m.f.  = inole !'raccion. 

bond in gaseous dimeric carboxylic acids 7 kcal/mole is the most useua 
value. 



18 Massimo Simonetta and Ssrgio Carrk 

111. S P E C T R O S C O P I C  PROPERTIES 

A. Infrared 

The internal force field of the carboxyl group has been investigated by 
infrared studies of carboxylic acids i n  monomeric and dimeric forms. The 
most detailed analyses have been carried out for formic and acetic acids. 
The infrared spectra of monomeric HCOOH, HCOOD, DCOOH and 
DCOOD have been studied in the gaseous phaseR8 and in a solid nitrogen 
mat r i xE9. 

The observed frequencies and the geometry as obtained by microwave 
~ p e c t r o s c o p y ~ ~  were used for a detailed analysis leading to  the frequency 
assignments and force constants given in Tables 14 and 15. This calcula- 

TABLE 14. Comparison of calculated and observed 
frequencies of thc formic acid monomer 

Calculated" 
(cm-1) 

Observed8' 
(cm - 1 )  

Assignment 

3597 3570 v(0-H) 
298 1 2943 v(C-H) 
1781 1770 v(C-0) 
I381 1387 6( HC-0) 
1254 1229 6(COH) 
1134 1105 Y ( C - 0 )  

624 625 6(0CO) 

TABLE 15. Force constants of f'ormic acid90 

Strelchiog Bending Rcpulsive 
(10s dynlcrn) (10s dynlcrn) (IN dyn/cmj 

K (0-H) = 6.90 H (0-G--0) 0.50 F ( C .  . . H )  = 0.55 
K (C-0) = 3.60 H (H-C-0) = 0.19 F (H . . .O,) = 0.60 
K ( G O )  = 11.20 H (H-G-0)  = 0.25 F(H.. . O , )  = 0.80 
K (H-C) = 4.00 H (C-0-H) = 0.40 F (01. . .Oz) = 1.00 

tion was performed for the seven in-plane vibrations. using symmetry coor- 
dinates related to the internal coordinates by the following equations: 
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S1 = Ar, ~ ( 0 - H ) ;  Sz = A dl, 1l(C-0) 

Ss = A dz, I(C=O); Sd = h D, v(H-C) 

5'5 = !I 0, b(C-0--H):  S, = ( 1 / 1 / 6 )  (2 A@ - 413 -AT). 
b(0-c-0) (10) 

S, = ( l / d Z )  ( A p - A y ) ,  h(H-C-0)  

5'8 = ( I  /dj) (Aa + Ap+ Ay) = 0 redundant 

internal coordinates are shown in Figure 6.  

FIGURE 6 .  Internal coordinates for formic acid. 

The normal coordinate analysis has been made in terms of the Urey- 
Bradley force field defined as follows : 

I*'- = C [ ~ i r ; ~ ( A r ~ )  + 1 / 2 ~ ~ ( A r ~ ) ? ]  
i 

+ C [H;rz (Az i )  + 1 / 2 H , r ; ( h i ) ' ]  

+C [Fi'q;o(Aqi) +- 1 /2Fi(Aqi)'I 

Ar,, Aai and Aqi are the changes of bond lengths, bond angles and all 
distances between non-bonded atoms. Symbols K,, Hi and Fj represent the 
stretching, bending and repulsive force constants, respectively, and the 
prime indicates the interaction between non-bonded atoms. The values of 
the distances at equilibrium position, rio, ril and qjo are introduced to 
make the force constants dimensionally consistent. 

In Table 15 only the K j ,  Hi  and Fj force constants are reported because 
K] and HI! can be expressed in terms of Fl: by the equilibrium conditions, 

I ( 1  1 )  

I 
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while F,! was assumed to be (- F,/lO) as it follows from a repulsive energy 
between non-bonded atoms proportional to  I--'. 

To get definitive assignments of low freqtiency bands, a calculation of 
the potential energy distributiong1 was necessary. I t  was shown that for 
the HCOOH molecule almost no vibrational coupling is present. 

The observed frequencies for the two out-of-plane vibrations, that is, 
theC-H bending motion and the O-H torsional vibration,were 1041 cm 
and 669 cm-', respectivelyaa. A potential constant equal to 0-14X 
10-l' erg/radg was obtained for the torsional vibration. For the experi- 
mental frequencies and the moments of inertia the standard entropy of 
HCOOH was evaluated (S029R.16 = 59-43 ca1ioK mole). From thermal data 
a value of 59-44 was obtainedg2. A very satisfactory agreement between 
calculated and observed frequencies was also found for the isotopic spe- 
cies. 

Accurate infrared spectra for acetic acid and its deuterated forms are 
available". 94. A normal coordinate analysis similar to the previous one, 
in which the methyl group has been assumed to be a single atom, leads to 
the results collected in Table 16. The potential energy distribution calcu- 

TABLE 16. Comparison of calculated and observed frequencies of 
acetic acid monomer 

Calculatedo'' Observed!" 
(cm- 1) (cm-1) 

Assignment 

3597 3577 i-(OH) 
1803 1799 V(c.=;O) 
1321 1279 v(C-0) 2 I~(CH,-C)+~(C-O-H) 
1175 I192 h(C-0-H) 
873 846 I*(CH,-C) 
667 654 b(CH,-C-O) 
552 536 h(O-C--O) 

lation indicates that C-0 stretching, CHs-C stretching and C-0-H 
bending inodes are coupled in the 1279 cm-l band. 

The infrared spectra of dimeric formic acid and its deutero-analogs 
have been measured by Millikan and Pitzere5 and Miyazawa and PitzergG. 

A normal coordinate analysis including all the atoms has been carried 
out for the 17 in-plane vibrations, using a modified Urey-Bradley force 
fieldY7. The force constants reported in Table 17 were obtained. For the 
interaction between the two monomer units stretching-stretching and bend- 
ing-bending force constants were considered. The origin of this vibra- 
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TABLE 17. Force constants of formic acid dim&: (lo5 dynlcm) 

St retch in g Bending Repulsive 

K ( 0 - H )  = 4.70 H (0-C--=O) = 0.45 F ( C . .  .O( , , .  . . H )  = 0.60 
K (C-0) = 5.50 H (H-C-0) 0.19 F ( H . .  . C . .  .O(?,) = 0.60 
K((C.;-O) = 10.00 H (H-C-0) 0.25 F (H . . . C . . . 0(1 ,) = 0.70 
K(H-C) = 4.00 H (C-0-H) = 0.45 F ( O , , ,  . . . C . .  .0(2)) = 0.80 
K(0.. .H)  = 0.36 H (C.-0.. . H )  = 0.01 F ( C . .  . O ( , , .  . . H )  = 0.01 

H ( 0 - H . .  .O) = 0.015 

tional interaction can be understood if we consider the tautomerism be- 
tween the two structures as shown in (12). However, the frequency of this 

/O . . . H - 0  
H - C d  \C--H ----- H-C \C-H (12) 

\O-H.. . Oy 

tautomerism is such that the identities of C=O and C-0 are maintained. 
The comparison between the force constants of monomeric and dimeric 

formic acid shows that the C-H stretching force constant is practically 
unchanged. The C=O stretching force constant decreases upon formation 
of the hydrogen bond, indicating that the bond orders of C==O and C-0 
tend t o  average in the dimer. The 0. . . H bond force constant is about 5% 
of the 0-H stretching force constant of the monomer. 

From the study of the out-of-plane vibrations88 it was found that on 
dimerjzation there is an increase of 39"/r, i n  the 0-H torsional frequency, 
corresponding t o  an increase of 90% in the force constant. Since the value 
of the 0-H torsional potential constant is 0.21 X lo-" erg/rad'. that  is, 
only 50% larger than that of the monomer, the additional increase is due 
to the potential energy associated with hydrogen bonding. 

The same kind of analysis has been carried out for acetic acid dker::, 
The comparison of the force constants of monomer and dimer follows 
closely the trend found for formic acid. Whilst for formic acid dimer very 
little vibrational coupling was found, for acetic acid dimer strong vibra- 
tional coupling was found for at least eight vibrations. 

The spectra of acetic, butyric, mono- and trichloroacetic and benzoic 
acids i n  the vapour phase were recorded and discussedy6. The infrared 
spectra of sixty carboxylic acids in th in  liquid or solid films, have been 
recordedgB, and the presence of five bands as tests to identify the carboxyi 
group has been s u g _ g ~ s t e d " ~ ' ~ ~ .  The position of these bands is shown in  
Figure 7. 
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FIGURE 7. Characteristic infrared frequencies of the carboxyl group. 

For substituted benzoic acids, linear relationships have been established 
between the p K  values and the 0-H and C:=O stretching frequencieslol. 

6. Ultraviolet 

In the ultraviolet spectra of saturated carboxylic acids and esters two 
bands have been clearly identified. The first band is due to a ti - ;t* tran- 
sition, that is, a transition from an oxygen 2p lone-pair orbital to  the car- 
boxylic antibonding ;t* orbital. I t  is found a t  about 210 mp with a molar 
extinction coefficient E = 40-60. The second band corresponds to  a z - z* 

transition; it is located at about 160 m p  with E = 2500-4200. 
The n -. z* transition in formic acid is blue-shifted with respect to the 

same transition in formaldehyde*og. This effect is similar to the one observ- 
ed in acetaldehyde aild acetone but more pronounced. In both cases it is 
interpreted as due to a raising of the carbonyl n* orbital owing to  the inter- 
action with the adjacent occupied z orbital. 

The highest occupied methyl orbital is about I eV more stable than the 
non-bonding 2p orbital in oxygen, as shown by the difference of ionization 
potential for ethane ( 1  1.7 eV) and methanol (10.9 eV). This explains the 
fact that the shift is larger in formic acid. The same band is blue-stlifted 
in the spectrum of the dimers of formic and acetic acids as compared with 
the corresponding monomers103. This can be explained through stabiliz- 
ation of the I I  orbital on hydrogen bond formation. 

The en'ects of alkyl substitution and solvent polarity on the same elec- 
tronic transition of carboxylate esters have been The effect of 
alkyl substitution in the acyl group on the spectra in JitTerent solvents is 
shown in Table 18. 

TABLE 18. ti -. x* Absorption maxima of  methyl esters1".* 
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There is a considerable shift to shorter wavelengths on going from for- 
mate to  acetate and the eft'ect is probably due to hyperconjugation between 
the carbonyl groups and the alkyl groups. Further substitution on the meth- 
yl group shifts the transition energy back towards lower values, probably 
as a consequence of inductive eft'ects, whilst the hyperconjugation effects 
remain roughly constant. 

The absorption maxima of acetate and formate esters in  the sequence 
methyl, ethyl, isopropyl, t-butyl, show a shift towards longer wavelengths. 
This may be due to steric effects. 

The n -z* transition energy ET is sensitive to solvent polarity and a 
linear relationship has been established between this energy, and the em- 
pirical index of solvent polarity Z (equation 13)*"4. Values of the slope IZ 
are given in Table 19. 

TABLE 19. Values of thc slope t n  for 
equation ( 1  3) 

Estcr 111 

- . . - .. ___ ___ __ - 

Methyl formaie 
Methyl acetate 
Methyl propionate 
Methyl isobutyrate 
Methyl pivalatc 
Ethyl acetate 
lsopropyl acetate 
f-Rutyl acetate 

4.25 
1.79 
4-37 
4.1 3 
3.37 
4.3 I 
5-10 
4.36 

ET = i ~ r Z + b  (13)  

The ;t - ;L.* bands for formic acid, aceticacid and ethyl acetate are shown in 
Figure 8 I o 5 .  

These spectra were taken in the gas phase and the concentration of di- 
mers was negligibly small. This band has been interpreted as the transi- 
tion from the ground state to an excited state which results from a mix- 
ture of a locally-excited configuration and a charge-transfer configuration. 
The locally-excited configuration corresponds to the excited state of formal- 
dehyde, whilst  in the charge-transfer configuration an electron from the 
electron donor 0-H group has been shifted to the electron acceptor 
C=Ogroup. 

As an example of conjugated acids we shall consider in some detail the 
U.V. spectra of benzoic acid and its derivatives. The absorption spectra of 
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I 

2 ;  

i 

benzoic acid and methyl benzoate in n-hexane solution are shown in 
Figure 9106. Three bands appear a t  about 280, 230 and  200 m p .  The study 
of the spectrum of benzoic acid is complicated by the fact that in non- 
polar solvents it forms dimers. Evidence for this has been obtained by the 
study of the effect of concentration and temperature on the band a t  circa 
280 mplo4* lo8. At relatively high concentrations ( 10-3-10-2 mole/l) 
only dimeric molecules are present in solution, whose spectrum is shown 
in Figure 9. On decreasing the concentration the band a t  283.5 mp is 

3 

0 2  
0 
c 
X 

0 
150 170 190 

X (mp) 

FIGURE 8. Vacuum ultraviolet absorption spectra of ( 1 )  (- - - - -), formic 
acid (2) acetic acid ( . . . . . ), and (3) ethyl acetate ( 1. 
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shifted towards shorter wavelengths. The same effect is observed when 
increasing the temperature. For instance with a concentration of 2 X  
(mole/]) a t  - 1 8 0 " ~  the band of the dimer largely predominates, while a t  
9O"c only the monomer band appears, a t  281-5 mp. The absorption spec- 
trum of methyl benzoate is not affected by changes in concentration. 

When proton-accepting or -donating molecules are present in solution, 
spectral shifts are observed. For example a t  - 70"c the addition of a small 
amount of ethyl ether weakens the monomer band, but the dimer bands are 
not affected. A nev blue-shifted band appears, which is ascribed t o  the 
species 3. The effect of a proton-donating molecule such as trichloroace- 

tic acid o n  methyl benzoate produces the appearance of new bands a t  long- 
er wavelengths, probably due to  the complex 4. A similar red shift is 

expected when benzoic acid is hydrogen-bonded at the oxygen atom of the 
carbonyl group by any proton-donating molecule. This effect also justi- 
fies the observed red shift on formation of the dinier. 

The 230 ni;* band of benzoic acid is also concentration-sensitive (Figure 
lo), and is also affected by variation of temperature o r  by addition of 
proton acceptors. This band has been interpreted as an intra;naiecular 
charge-transfer band, and is used for the spectroscopic determication of 
t h e  m on o me r-d i m er eq u i 1 i b r i u ni OG. 

The observed data for the first bands of some mono-substituted benzoic 
acids are collected in Table 20. 

The charge-transfer band in inesitojc acid is very weak at 243 m?, 
E = 4800 i!i n-heptane (as comparcd to 12,800 for benzoic acid). This fact 
was attributed t o  sterjc hindrance, which decreases the conjugation between 
the benzene ring and the carboxyl group"'. Comparing the spectra of the 
two acids i n  concentrated sulphuric acid with those in aqueous solution 
is interestins. The three bands in  the spectrum of benzoic acid are shifted 
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TABLE 20. Ultraviolet absorption bands of some substituted benzoic 
acids 

log F Reference Substicucnt Solvent L A X  

(m?) 

2-CH3 

3-CH3 

4-CH3 

Ethanol 

Ethanol 

Ethanol 

Ethanol 

Ethanol 

Ethanol 

Ethanol 

Water 
Water 

Water 

226 
272 
228 
278 
230 
280 
235 
280 
23 3 
280 
23 5 
280 
235 
280 
270 
214 
265 
278 

3.99 
2.93 
3-8 1 
3-08 
3.95 
3.06 
4.15 
2-72 
4.08 
2.76 
4-1 1 
2.8 1 
4.1 1 
2.80 
3.72 
4.38 
3.95 
3.92 

I09 

109 

109 

109 

I09 

109 

I09 

110 
110 

110 

15 

10 

5 

0 
220 250 

h (mp) 

I 
‘stl v (c-c) 

FIGURE 10. Concentration effect on the 
charge-transfer band of benzoic acid in  
n-heptanc (30” c). The curves correspond 
lo the following bcnzoic acid concentra- 

1. tions: ( 1 )  1 . 0 4 ~  1 0 - 2  mole/l ( 
(2) 1.04?< lo-:’ mole/l ( -  - - -), 

(3) 1.04X10-p mole/l (- - -) and 
(4) I.03x lo-” mole/] ( . . . . ). 

FIGURE 1 1 .  Raman spectra of benzoic acid, 
( 1 )  in carbon tetrachloride solution 

( ) and (2) in 95% sulphuric acid 
solution ( . . . . ). 
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towards longer wavelengths. Thegreatestshift is for the charge-transfer band, 
from 228 mp to 262 mu,  which has been shown to be the wavelength of the 
protonated benzoic acid. The structure of this cation has been investigat- 
ed by measuring the Raman spectra of benzoic acid in  carbon tetrachloride 
and in  95% sulphuric acid solution (Figure 1 1 ) .  The band observed at  
1650 cm-l in carbon tetrachloride, assigned to the C-0 stretching vib- 
ration, is absent in sulphuric acid. This does not fit a protonated group 
like 5 and suggests for the protonated species the structure 6. The 

0 
4 

- C  
- 

\ 
OH? 

on 
/I- 

c :  * 
2- 

OH 

(5 )  (6)  

charge-transfer band of mesitoic acid appears very strongly at 282 my in 
concentrated sulphuric acid. To  account for this, the presence of the acy- 
lium ion (CHs):,CeH2CO' has been suggested. The increased intensity is 

4 

0 3  
CI, 
0 
d 

I 

I I 

260 300 
(W 

FIGURE 12. Ultraviolet absorption spectra of ( I )  mesitoic acid in concentrated 
sulphuric acid (-), ( 2 )  mesitoic acid in trifluoroacetic anhydride( . . . . ), 
(3)  nicsitoyl chloride in stannic chloride (- - -)and (4) rnesitoic acid in aqueous 

solution ( -  - .- - - ) .  

probably due to the coplanarity of the benzene ring and the substituent 
group, and the spectrum is similar to that obtained for the systems rnesitoic 
acid-trifluoroacetic anhydride and mesitoyl chloride-stannic chloride 
(Figure 12). For these systems the following reactions have been demon- 
strated: 

(14) 
RCOOH 1- (CF,CO)20 -* RCO+ +CF3C02- I CF,CO,H 

RCOCl f SnCI, - - - RCO+ - SnCl; 
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C. Nuclear Magnetic Resonance 

Chemical shifts as measured by 1i.m.r.. spectroscopy were found to be 
useful in the investigation of dissociation, chemical exchange and dirneriz- 
ation of carboxylic acids. I n  nou-polar solvents, owing to the presence 
of stable dimers, the carboxylic proton frequencies are not concentration- 
dependent in concentrated solutions. The hydroxylic proton signal for 
aliphatic carboxylic acids in the pure liquid state appears at  about t = 
- 2-2112*113, and is unaffected by dilution with carbon tetrachloride down 
to  25 mole per cent. The proton magnetic resonance spectra of solutions 
of formic, acetic and benzoic acids in  benzene have been studied in the 
temperature range 20- 100"~. The observed shift of the carboxylic proton 

(15) 

is given by equation (15), where b,, and hD are the monomer and dimer 
shift respectively, a is the total number of moles of acid and ~n the number 
of moles of the monomer form. Froin an analysis of the effect of concen- 
ration on the dimerization equilibrium, rS,, and fi, were obtained114. 
The monomer shift is strongly temperature-dependent while the dimer 
shift is almost constant. This suggests a strong interaction of the monomer 
with the benzene solvent. I n  protic solvents the proton resonance is also 
concentration-dependent. Owing to the fast exchange of the proton among 
the solvent molecules, undissociated solute molecules and protonated ions, 
the proton resonance in such a solution is single. The position of the single 
line is an average of the resonance frequencies of the nuclei in the absence 
of chemical exchange. For acetic acid i n  aqueous solution there was, apart 
from the line for the proton in the methyl group, one concentration-depend- 
ent line due to the proton in the carboxylic acid group and the waterllj. 
Since dissociation of acetic acid was negligible in the experimental con- 
ditions the concentration dependence of the resonance will follow the law 
as shown i n  equation (16), where p l  and p2 are the proton fractions in the 

6 = 11 I ~ H A  + P ~ H ~ O  (16) 

acid and the water respectively. The linear dependence is clearly shown in 
Figure 13. 

When using a polar aprotic solvent, 1i.m.r. measurements can be used to 
determine the acid dissociation constants. A correlation has been found 
between the chemical shifts in  liquid sulphur dioxide and the correspond- 
ing dissociation constants in aqueous solutions116. 

The n.1ii.r. spectra of l i 0  carboxylic acids and esters show the presence 
of a single absorption band'". ' I R  , suggesting that the tivo oxygen atoms 

6 = (/72/a) 6~ -k [ (a  - />?)/a] 6~ 
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are structurally equivalent, probably due to  resonance between forms 7a 

.-c<;, R---C / O -  

k l i  

(7a) (7b) 

f 0.6 

0 0.2 04 06 0.8 10 

FIGURE 13. Concentration dependence of the chemical shift 6 of proton magnetic 
resonance of acetic acid in aqueous solution: p, is the proton fraction in the 

acid. 

and 7b. Some characteristic ''0 chemical shifts are shown in Table 21. 

TABLE 21. Some characteristic ''0 chemical shifts in carboxylic 
acids and esters 

Rangc of 

(p.p.rn. from water) 
chemical shifts Compounds T Y ~ C  or o atom 

- .  -_ . __-_  - - . - -- -- 

- 130 to - 150 Methyl esters -0- 
- 160 to - 180 Ethyl, propyl esters -0- 
-240 to -260 Acids -0- 
-350 to -370 Esters O-- 

IV. THEORETICAL ASPECTS 

A. Electronic Structure 

1. Ground state 

The electronic structure of the carboxyl group can be treated in a sim- 
plified manner by applying the 0 - x  separation*19. In this approximation 
the system of o electrons is treated as a rigid non-polarizable core, building 
a field in which the motion of n electrons is described. For the carboxyl 
group, neglecting hyperconjugation effects, the problem is reduced t o  
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a four electron and three orbital system. One electron comes from oxygen 
atom (I), one from carbon aiom (2) and two from oxygen atom (3). 

- .(O (’I ( 8)  

(3) 

In the molecular orbital theory the electrons are assigned to orbitals built 
as a linear combination of atomic orbitals (LCAO approximation) as i n  
equation ( I  7) 

YJi = C, ,  + Cia%2 + Ci3%:s i = 1 ,  2 (171 

(2 )  0- H 

where %,, ?, :3 are the 2p= atomic orbitals, usually Slater orbitals. 

tals are obtained by solution o f t h e  secular matrix ( I  8): 
In the Hiickel approximation1lD the energies F; of the ~nolecular orbi- 

where zp are the Coulomb integrals: 

and Ppq the resonance integrals: 

c dG is an efl’ective one-electron operator that  contains some average of elec- 
tron interaction terms and dt is the element volume for one electron. 

A precise evaluation of the values of the energies c, depends on the em- 
pirical choice of the parameters zp and Despite t h i s  difficulty it is 
interesting to investigate the relalive values of the molecular orbital 
energy levels; a reasonable choice of empirical parameters is shown in 
(2 I)””. 

a] = ‘Ic.4iJ 

%3 = c4 c-i- 2/3 

$1,  = ;i 

/%:< = O.8$ 

(21) 

The energy level diagram obtained is shown in Figure 14. 

and E ? .  

The four ;I electrons are piaced in orbitals ‘PI and Y’? with energies E, ,  
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A more refined analysis can be performed applying the self-consistent 
molecular orbital method introduced by Roothaanlzl, through which it is 
possible to take into account explicitly the electron interactions. 

0 -  

FIGURE 14. Huckcl cnergy lrvels diagram of formic acid. 

The wave-function for the ground state of the overall system of IC elec- 
trons is constructed from normalized antisymmetrized product functions 
of the type (22)  where 

j F l u )  QW1) ~ l u ) p ( O d  PU,(1)~(01) % ( l ) P ( W l )  I 
' Y'l(2) a(o2) ~'1(2) ~ ( 0 2 )  ~'2(2) a(o2) Y'y,(2) P ( m )  1 (22) @ = 1/1/24! 

the numbers 1 ,  2 . .  . . . stand for the space coordinates of the electrons 
and o is the spin coordinate. z and /3 are the usual spin functions and p, 
are the previously defined8s molecular orbitals. 

The coefficients C,,  are obtained by the variational procedure mininiIz- 
ing the energy: 

E = SWfiO dt? dz:, drl  (23) 

y1(3) a(O3) P i ( 3 )  /3(03)  pz(3)  E ( 0 3 )  p2(3 )  P(O.7) 
I 
j Pl(4) Z ( O g )  Y/1(4) p(O4) yys(4) (1 . (04)  p d 4 )  / 3 ( 0 4 )  

subjected to the conditions: 

J 'Y;(/J) !Pi(/!) dT,, = C C i p S p q C j q  = 6 i j  (24) 
PV 

The integrals are extended over all the space of the electron coordinates; 
dr,, is the volume element for electron p .  S,, indicates the overlap inte- 
gral : 

S p ,  = J & ( P )  XJP) dt,, (25 )  
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and fi is the Hamiltonian operator : 

where the operator fic(,u) describes the electron motion in the core of the 
molecule. 

Minimization of the energy (equation 23) gives a set of equations for 
the coefficients C, that can be written in compact form as t'ollows: 

- -  FCi = ciSCi _ -  (i = 1, 2) (27) 

- S is the overlap matrix with elements S,,, and C, - is a column matrix: 

In the equations (30) and (31) T(p) is the kinetic energy operator, Uc(p) is 
the core potential for electron p and (pqlrr )  are electron interaction inte- 
grals defined in equation (32): 

(pq l r t )  = .j ?$(PI XAP) e2/f,tvZ*(v) X l ( V )  dtll dr. (32) 

They may be classified as follows: 

Coulomb integrals i f  p = q and r = t, 

hybrid integrals if p = q and r 2 r ,  
exchange integrals if p f q and r 3 t .  

ei are the diagonal elements of one hermitian diagonal matrix. These 
matrix elements are found by solution of the secular equation : 

IF-ESI = 0 - - -  (33) 

Once the E,.'s are known they are introduced into equation (27) and the 
coefficients C, can be calculated. However the matrix e!mients F,, con- 
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tain the coefficients Cip, so the problem must be solved by an iterative 
procedure. 

One must start with arbitrary Ci matrices. subject to equation (24). The 
- F matrix can then be calculated and used in the solution of equation (27). 
A new set of coefficients Cip is obtained and used in the next cycle. Calcu- 
lations are carried on until consistent results are obtained. 

In  an application of the Roothaan method to formic acid122 the geo- 
metry of the molecule reported by Lerner, Dailey and Friend34 was assumed 
and the two hydrogen atoms were neglected throughout the calculation. 

Theoretical values were used for overlap integrals*23 and Coulomb 
integral~1~4* lo5.  Approximate values for hybrid and exchange integrals 
were obtained from overlap and Coulomb integrals through the Mulli- 
ken approximation (equation 34)I2O. 

The integrals H,,, express the potential energy of electrons in the core of 
charged nuclei, i.e. inner shell and (T electrons. According to  Goeppert- 
Mayer and Sklar12', they can be evaluated by means of the expression ( 3 9 ,  

where Uz* is the potential energy of one electron in the field of atom r 
with charge z 4 - -  W, is the ionization potential of atom p in its appropriate 
valence state. 

The following values were used for ionization potentials: 

C(lrs ,  p z ,  V4) - -. C+(tr", V 3 )  - 11.54 eV 

-. 02? (s2prp,,  V,) -34.14 eV 
O(s2p~p,p,. V2) - - O+(s'p:p,, V 1 )  - 17-28 eV (36) 

O-(s2p ,p ,p , ,  V 3 )  

Penetration integrals appearing in equation (35) were calculated with 
formulae given in the literature12s. The initial set of molecular orbitals 
was obtained through a Huckel calculation with inclusion of overlap inte- 
grals in the secular equation. The final SCF orbitals are: 

Y = 0-355 129x1 + 0.55282~2+0.61723~3 

!€'* = 0.67665~1+0.23897~:! -0 .69102~3 (37) 

Y3 = 0 ~ 6 8 0 0 7 ~ ~ - 0 ~ 8 4 1 4 6 ~ ~ + 0 ~ 4 1 0 0 ~ ~  

and the corresponding energies are: 

P I  = - 15.91 1 t -2  = -9.092 ~3 = 8.861 
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The ionization potential, taken as equal to the energy of the highest 
occupied orbital according to Koopman's theorem, is in reasonable 
agreement with the experimental value. 

Thc chargc density distribution in the molecule is, according to Mul- 
liken12g, expressed by the gross population, given by: 

where r indicates the atoms bonded to atom p and 11; is the number of 
electrons in the i-th molecular orbital. For formic acid the following val- 
ues are obtained : 

i / 1  = 1-304: ~2 = 0.926; y;j = 1.770 

The bond orders defined from the relation (39)120: 

were found to be: 
fIIc-0 = 0.35: pc;o =I 0.71 

Again, this electronic distribution can be interpreted as due to resonance 
between the structures 9a and 9b. 

Bond orders are in good agreement with values deduced from inter- 
atomic distancesz4. 

A modified Hiickel treatment has been used to investigate the  clectronic 
structure of the -COOH group131. Bond orders were calculated and 
correlated with bond-lengths using order-length relations characterized 
by a a-skeleton parameter ; J  = l/S,S, where S ,  and S,  are the s characters 
of the two orbitals used in forming the C-J bond and are obtained from expe- 
rimental bond angles'". 

r-electron energies in HCO;, HCOz and HCO; were calculatedt33 by 
different methods including molecular orbital, valence bond, configura- 
tions interaction and the so-called non-pairing spin orbital method, using 
different orbitals for different spins. The aim of this work was mainly to 
test the different approximations in their capability of reproducing the 
effect of electron correlation. 

The modification of LCAO-MO theory known as the ~ t e c h i i i q u e ~ ~ ~  
was used to calculate the ionization potential i n  many benzene derivatives 

.- - 
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including methyl benzoates135. The standard Huckel technique has been 
modified as follows. 

The Coulomb integrals are given by: 

Z! = (icg + hr& + 0. I 1 II.& (41) 
S 

and the resoiiaiice integrals by: 

z0 and Po are the Coulomb and resonance integrals for beiizenic carbons 
(zn I= - 9.578 eV. PO = - 2.1 1 eV), h, is a constant dependent on the nature 
of the valence state of the r's atoms and the sum is taken on the next 
neighbours and k,,T is an empirical parameter. The values of this para- 
meter are shown in Table 22. Taking s = ( . / . o - ~ ) / p o  the secular matrix 

$r,s = kr& (42) 

TABLE 22. Coniparison between the calculated and experimental 
values of the ionizztion potentials or benzoic ester derivatives 

Substilucnt 

2 0.85 
2 0.65 
2 0.5 
2 0.75 
0 I .o 
2 0.25 
2 0 .3  
2 0.91 

Calculated ioniza- 
tion potential'= 

(CV) 
. .- . . . .  

8-3 I 
8.99 
8.64 
8.97 
9.09 
9-12 
9.15 
9.62 

Expcrimcntal 
ionization potcn- 

Iial'o 
(CV) 

. - . .- . . - - 

8.08 
8-76 
9.43 
8-94 
9.35 
9.40 
9 4 5  
9.24 

can be written as Collows: 

I  k n ,  
I 
! 
i =: 0 (43) 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 
k,:1 k , i 2  . . . . . .  

After solutioii of the  secular equation charge Jcnsities were calculated 
using the expression : 

(I; = c l b ; (  Cf,)' (44) 
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where the sum is over the occupied levels and vi is the number of electrons 
in the i-th molecular orbital. 

Then the Coulomb integrals are modified as follows: 

a? = (x'l+o(qf - $ ) P o  (45) 

where the value used for (0 is 1.4. The number q: of electrons participating 
in the z system are also reported in Table 22. The calculations are then 
repeated in a new cycle, and so o n ,  until consistent values for the charge 
densities q,  are reached. The total energy of t h e z  system is given by: 

(46) E = C V ; E ~  = C tzi(ao-t-siFo) 
i 1 

where xi  are the roots of the secular matrix (43), a t  the last cycle. 

the molecules and their positive ions is then given by: 
The ionization potential I evaluated as the difference in energy between 

1 = -[ao+(E+--E)/30J (47) 

where E+ is the energy obtained in a similar calculation for the positive ion. 
The results are reported in Table 22. 

Five molecular orbital calculations, all in the frame of the Hiickel theory 
but using different assumptions about the choice of empirical parameters 
cc and j3 were performed on the benzoate ion136. Bond orders p were calcu- 
lated and converted into bond lengths I using the expression : 

where s and d are single and double bond-lengths respectively, and k was 
assumed equal t o  0.8095 to fit the carbon-carbon triple bond value. 

The  five calculations show good agreement and the average bond-lengths 
as shown in 10 are given in Table 23. 

(10) 

These distances can be compared with the ones obtained from the crystal 
structure study of potassium hydrogen diben~oate '~ ' .  The distances of this 
molecule are: C-C in  the ring = 1.38 A, C,,,-C,,, = 1-53 A, C,,,-O,,, 
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l x -  -9e-H- 

0-H 

- M t P $  j - % 
! c: 0 c= 0 

37 

-Mc 

0-H - %* 
c= 0 

TABLE 23. Bond-lengths for 
structure 10 

Calculated 
Bond distances 

(A) 

1-2 1 -244 
2-4 1-458 
4-5 1.407 
5-6 1.396 
6-7 1.398 

= 1-22 A, C,,,-0,3,  = 1-24 A. It must be noted however, that the two 
O,,, atoms in two neighbouring molecules are connected by a hydrogen 
bond. The main discrepancy is in the C,,,-C,,, distance which, seems t o  
be significantly larger than the predicted value. 

2. Excited states 

A theoretical treatment of the U.V. spectrum of formic acid was given by 
Nagakura, Kaya and Tsukomuralo5, in which the molecules in molecules 
method138 has been applied. Formic acid was separated into electron donor 
(OH) and electron acceptor (C=O) groups. Configuration interaction was 
assumed among the ground, locally excited (C=O) and charge-transfer 
configurations. The electron configurations used in this calculation are de- 
picted in Figure 15. The energy zero was taken as the energy of the ground 
configuration. The energy of the locally excited configuration was taken 
from the observed excitation energy of the first band in formaldehyde, a t  
7-92 ev. 

@G @CT OLE 

FIGURE 15. Electronic configurations of formic acid: GU: ground state, @CT: 
charge-transfer state, aLE : locally-excited state. 
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To evaluate the energy of the charge-transfer configuration the molecular 
orbitals for the C--0 group are needed. These were taken as the wave- 
functions evaluated by Kon\39 for formaldehyde: 

where yB is the bonding and ylA the antibonding molecular orbital. 
The energy for the charge-transfer confi_eLiratioii is then given by 

Ec-r /a- Ac:-.o - (0.54'72)? ( ~ ~ / h h )  - (0.5370)z ( U U / C C )  (50)  

where (ualhb) and (un/cc) arc the clcctron repulsion integrals defined in 
(32). 

I, was taken to he equal to the ionization potential of watcr which is 
12-59 eV: A,,, wasassumed to be - 1*2eV, the mean value ot'electron affi- 
nity of the carbonyl group in a series of compoufids. The electron repulsion 
integrals were cvsluated sccording to Pariser and Parrl". A val tie of 6.63 eV 
was obtained for ,ECT. The off-diagonal matrix clements were calculated 
according to Longuet-Higgins and M~rrel l13~.  The solution of the secular 
eq tiation leads to the following eizenvalues and eigenvectors: 

E,, = - 1 - 156 eV ; 

Es = 9- 132 eV : 

@(, = 0-9300(1,G + 0-3632@~.1-- 0-0548<12~~ 

(b2 = 0.20 1 3(bG - O.6489GcT - 0.73 12(bLE 

El 6.572eV: d l i  = 0 . 3 0 1 2 ~ ~ c - 0 . 6 6 8 8 ~ ~ c l . f 0 . 6 7 9 7 ~ ~ ~  (51) 

The energy level diagram is shown in Figure 16. The calculated energy for 
the first transition is 7.73 eV (experimental 7-79 eV). The calculated oscilla- 
.tor strength for this transition is 0.29 (experimental 0.10). The contributions 

Fl~urtt .  I 6.  :<ncrg) level diagram of formic acid. aywr configuration inter- 
actions. 
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Xof each configuration t o  the ground and excited states are given in Table 24. 
It is seen that in  both excited states there is a substantial contribution 

TABLE 24. Contributions X to the ground and 
excited states 

XG XCT X1.E 
( %) (%) ( %) 

€0 86.49 13.19 0.30 
E,  9.07 44.73 46.20 
€2 4.05 42.1 1 53.47 

of charge-transfer and locally excited configurations. 
The molecules in molecules method has also been applied to  substituted 

benzoic where the two interacting groups are the substituted 
phenyl and the carboxyl group. Experimental ionization potentials of sub- 
stituted benzenes and electronic absorption spectra of the two interacting 
groups were used in the calculations. Theoretical and experimental results 
are compared in Table 25. The agreement between theory and experiment 

TABLE 25. Calculated and observed z - x* transitions in substituted 
benzoic acids 

Substiturnc 

H 
p-NH, 
p-OH 
p-c1 
p-Br 
p-NO, 
tP1-N 0 
o-NO, 

5.42 
4.54 
4.83 
5.20 
5.18 
4.80 
4.93 
4.37 

5.37 
4.46 
4.92 
5.25 
5.15 
4 4 6  
4.67 
4.59 

Reference 

141 
141 
141 
141 
141 
110 
110 
I10 

clearly indicates that  the transition is of the charge-transfer type. Agreement 
is in fdct less satisfactory in the nitro compounds, in which charge transfer 
from benzoic acid to  the vacant orbital of the nitro group may occur. 

B. Hydrogen bond 

Hydrogcn bond lengths and angles in  the crystals of carboxylic acids 
have been the object of extensive investigations by means of x-ray, neutron 
and electron diffraction. These data have been collected by D o n o h ~ e ' ~ ~  
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and more recently by Fulleri43. The histograms of Figure 17 from which 
the distribution of the hydrogen bond-lengths is apparent are taken from 
the second of these reviews. 

2.45 250 255 2.60 265 2.70 2.75 2.80 2 0 5  290 

d ( 8 ,  

(b 1 

FIGURE 17. Histogram of the occurrencc of the 0.. .O distance in dimers of 
carboxylic acids. Black rectangles represent bond lengths with estimated limits 

of error of less than 0.05 A. 

The dependence of the 0--H stretching frequencies on the 0 - H  . . .O 
distance has also been iiivestigated. The frequency shift as a function of the 
hydrogen bond-length is shown in Figure 18144. The dependence is linear in 
the range 2-45-2-75 A;  then the frequency shift becomes less sensitive to 

- 3.5 
04 
u 

D c 
0 
m 

2.5 

c 
I 

' L . - L . - - L  . .I- 

0 1000 2000 
A u  (cm-1) 

FIGURE 18. Frequency shift versus 0 - H . . .O bond distance in hydrogen bonds. 
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distance. From a similar analysis Pimentel and S e d e r h ~ l r n ~ ~ ~  derived the 
following relationship: 

(52) 

The relationship between the 0-H.  . .O distance and the 0--H dis- 

A V  = 4.43X 103(2.84- Re) 

where Re is the 0-H.  . .O distance in Angstrom, and Av is in cm-'. 

is shown in Figure 19. 

2.5 2:7 2.9 
0-H..-0 distance@) 

FIGURE 19. 0 - H .  . .O distance versus 0 - H  distance in hydrogen bonds. 

The energy values of hydrogen bonds are reported in Table 13; typical 
values are in the range 6-7 kcal/mole/H bond. For the intramoleculzr 
hydrogen bond in salicylic acid A H  was found to be of the order of 
- 5 k ~ a l / r n o l e ~ ~ ~ ;  this value is in the normal range although the bond is far 

from being linear. The energy is about the same whether the acceptor group 
is -COO-, -COOH, or -COOCsH5. 

Theoretical work on the hydrogen bond has been reviewed by C o u l ~ o n l ~ ~ .  
Four energy contributions have been recognized as significant; these are the 
electrostatic energy, the delocalitation energy, the repulsive energy, and 
the dispersion forces. The fact that hydrogen bonds occur only between 
electronegative elements suggests the importance of the electrostatic con- 
tribution. Calculation of the bond energy can be made by assuming, for the 
electrons in the bonds and in the lone pairs, point charges placed so as to 
give the correct dipole moments of the molecules148. Applying this proce- 
dure, Pople obtained for the water molecule an energy of 6-0 kcal/mole 
/H bond, in agreement with the experimental value of 5-6 k ~ a l / m o l e ~ ~ ~ .  The 
increase of the 0 - H  distance can also be satisfactorily calculated with 
this model150, which, however. is unable to account for the large increase in 
intensity of the 0-H stretching band. 
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An alternative description may be given by a valence bond scheme in 
which the following structures are included : 

( 1 )  0ar-H om covalent 0 - H  bond 

(2) 0,) H+-{*Op) ionic (no charge transfer) 

(3) 0,) H -O& covalent H-0 bond (with 

(4) 0;) H-- - *  O,,) ionic (no charge transfer) 

charge transfer) 

H- 0;. covalent 0-0 bond 
\ (with charge transfer) 

( 5 )  011, 

__ _______ I 

0 0 5  1.0 1-5 2 0  2.5 

Position of H 
FIGURE 20. Weight of the structure (3) as  a function of the position of the proton 

along the 0. . . 0 line. 

Calculations of this kind were carried out by Coulson and DanielsscqI5' 
who considered only structures ( I ) ,  (2) and (3) and obtained the weight of 
structure (3) as a function of the position of the proton along the 0 . .  .O 
line for an 0.  . .O distance of 2-5 A (Figure 20). At  the equilibrium position 
of the hydrogen atom, the weight of structure (3) is about 1 1  x. The calcula- 
tion also showed that as the 0. . . 0 distance decreases, the equilibrium posi- 
tion of the proton changes in  such a way as to increase the 0-H distance. 

Improved calculations were performed by T ~ u b o r n u r a ~ ~ ~  who included all 
five structures. He obtained a value of 8.1 kcal/mole for the delocalization 
energy defined as the difference in energy when all the structures or  only 
structures ( I ) ,  (2) and (4) are included. Structures (3) and (5) appear to be 
equally important. 

The repulsive energy term comes mainly from the H and O,,, atoms. It is 
very dificult to evaluate such a term since the two atoms are partially bond- 
ed. An estimate by Verweylj' gives a value of 8.4 kcal/mole for ice. Ver- 
wey also evaluated the attractive dispersion forces and obtained 2-7 kcal/ 
mole. C o u l ~ o n ' ~ ~  suggests 3 kcal/mole as a reliable value. Considering ail 
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energy terms, the sum obtained for the hydrogen bond in ice is : 6f 8 - 8.4 + 
3 = 8.6 kcal/mole, which is of the order of the experimental value. 

A semiempirical treatment of the hydrogen bond has been developed'j3, 
based on the Lippincott potential function154, originally formulated for di- 
atoinic molecules: 

n(r - ro)2 
U(r )  = Do { 1 -exp [---.-I} (53) 

where Do is the dissociation energy, ro the equilibrium distance and 

n = koro/Do (54) 

where ko is the force constant. The potential energy for the 0 - H .  . . O  
system can be written as follows: 

( 5 5 )  I)+ W(Re) 

n(r - r,-J2 

R, is the equilibrium 0. .  .O distance; the factor C(R,) takes care of the 
fact that even a t  equal distances the 0-H bond is stronger than the H .  . .O 
bond and is chosen to give the correct re value, since: 

where re is the equilibrium 0--H distance in the hydrogen-bonded mole- 
cules. W(Re) represents the non-bonding interaction energy between the 
oxygen atoms and has the form: 

W(R) = -2595 /RG+4-55X 106e-4.6R (57) 

where the parameters have been fixed in such a way as to reproduce the 
repulsive and electrostatic contributions to the hydrogen bond energy in 
ice and to give a correct value of the dissociation energy E for a shorter 
(i .e.,  less than 2.65 A) hydrogen bond (equation 58). Curves corresponding 

( 5 8 )  

to equation (55 )  can be drawn for a range of R, values; they are reproduced 
in Figure 21(a). It is evident that there is a double minimum for Re greater 
than 2.65 A ;  this double minimum disappears for shorter hydrogen bonds 
where the curves show a flat bottom. 

In Figure 21(b) the same surface is represented by means of potential 
contours. Figures 22(a) and 22(b) show the potential surface for the speci- 
fic hydrogen bonds, one with R, = 2.74 A, the other with Re = 2-42 A. 

Y( R , ,  rc.)- U(ro) = E 
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10 1.5 20 

‘OH ( 8 )  
1.0 1 4  18 2 2  

‘OH ( X I  

(a)  (b) 
FIGURE 21. (a) Potential energy profiles and (b) contours for the hydrogen bond 

as a function of the distances R,  (0.. .O)  and TOR. 

1.0 1.4 1.8 2.2 

r OH b 

(a) 
I 60 4 0  20  0 

FIGURE 22. Potential surface 
for the hydrogen bond, at 
an equilibrium length of 
(a) 2.74 A and (b) 2.42 A. as 
a function o f  the distances 

R ,  (0. .  .O) and r O H .  

1.0 1.4 1.8 2.2 
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In calculating these energies allowance has been made for change of both 
the 0-H and 0. . .O distances; the same values of W have been used as in 
eqcation (57). By means of this diagram the infrared spectra due to 0-H 
stretching can be explained. Broadening and intensity increase of the band 
corresponding t o  0-H stretching are observed in hydrogen bonds as com- 
pared t o  the same band in the free hydroxyl group. These effects are great- 
er in hydrogen bonds of intermediate lengths and they are weak in bonds 

(bl  

FIGURE 13. The atomic orbitals of (a) the unsymmetrical hydrogen bond and 
(b) the symmetrical hydrogen bond. 

which are longer than 2-8 A, or which are symmetrical. This can be justi- 
fied by the fact that 0-H bond-lengths change very slightly with 0. . . O  
distance in such bonds. 

From the potential surfaces for individual hydrogen bonds an estimation 
of the 0 .  . .O stretching motion frequency is possible, assuming harmoni- 
city. The results suggest that for R, =- 2.55 A the band should lie in the 
range of wave-numbers greater than 400 cm-l. 

An interesting point arises in connexion with the relative stability of 
symmetrical and unsymmetrical hydrogen bonds, using the naive molecular 
orbital theory. The atomic orbitals of the system are shown in Figure 23. 
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The mo!ecular orbitals have the form : 

unsymmetrical symmetrical 

!P1 (bonding) ( x  ,--C1xz) + CBS ( X I  - % s ) f  C1S 

ylt (non-bonding) C 3 2 1 + x 2  X1fX.L 

Y/B (antibonding) ( X ~ - C ~ ~ ~ ) - C ~ S  ( x ,  - ~ . L ) - ~ . 2 s  

where ~1 and X B  are the 2pa oxygen orbitals, s the Is hydrogen orbital and 
cl, c2 . . . . . are numerical coefficient~1~". 

Assuming the 0. . . O  interaction to be the same for both cases, the ener- 
gies of the molecular orbitals can be obtained by solving the secular equa- 
tions (59)  (unsymmetrical case)and (60) (symmetrical case). where a1 and a2 

! u ~ - E  Pu 0 ;  

j o  0 m - € ;  
j P U  a Z - E  o I = o  (59 )  

are the Coulomb integrals for 2po oxygen and Is hydrogen orbitals respec- 
tively, and /I, and f;, are the exchange integrals for unsymmetrical and sym- 
metrical bonds. The roots are given in equations (6  1 )  (unsymmetrical case) 
and (62) (symmetrical case). 

non-bonding (61 b) 

non-bonding (62b) 

Since each system contains four electrons, the unsymmetrical situation has 

lower energy if IFu ~ =- \/j !$,y I .  I n  the isolated molecule$ can be taken as 
equal to  the binding energy and can be evaluated from the force constants 
for the O-H stretching motion in the isolated molecule. In the case of car- 
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boxylic acid dimers where rOH 2 I - 1 A, $, is 101 kcal. Hence a t  the symmet- 
rical-unsymmetrical transition point, fi, = 7 1.5 which corresponds to a 
value of rr= 1-22 A, that is R ,  = 2.44 A. This is consistent with the fact 
that t h e  proton is unsymmetrically placed ( R e  = 2.6-2-7 A)15G. 

In carboxylic acid dimers where two hydrogen bonds are present. when 
one hydrogen moves from one molecule t o  the other, the second hydrogen 
moves in the opposite direction. The potential energy for this double mi- 
gration is represented in Figure 24. In chemical terms this again corresponds 
to the tautomerism shown in equation ( I  2). 

C. Reactivity 

The theoretical approach to the interpretation of the chemical reactivity 
of organic compounds is one of the most dificult subjects in quantum che- 
mistry. The transition state theory provides a framework in terms of which 
even complex chemical reactions can be discussed. Mechanistic studies are 
complementary to  theoretical calculations i n  obtaining an understanding 
of reaction mechanisms, identifying the different stages of reactions and 
describing the nuclear configuration and electronic organization of transi- 
tion states. Calculations are however confined to systems for which it is pos- 
sible and justifiable to  introduce wide simplifi~ations'~'- '~~ . 

The most successful theory has been the LCAO-MO method for conjugated 
systems, mainly aromatic compounds. The first theoretical discussion is 
perhaps the one given by Wheland and Pauling160 for orientation in aromatic 
substitution; they used the Hiickel theory to  calculate charge densities a t  
different sites. which, when modified by rhe polarizing effect t o  the 

Position of HI 
F I G U R E  24. Potential energy for double migration of prololls in formic acid 

dirners. 
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attacking group, determine the orientation. The calculations were carried 
out  for the benzoic acid molecule, among others. 

The counterpart of the charge density in nucleophilic or electrophilic 
reactions is, in the field of radical reactions, the free valence, defined as: 

where pq ,  is the bond order of the bond q-r. The sum is t o  be taken over 
all the bonds starting from atom 9 .  

A different reactivity index is the localization energylR1 which is the differ- 
ence between the  =-electron energy in the initial molecule and the transi- 
tion state in which the atom a t  the site of the reaction has been removed 
from the conjugated system. The number of z electrons in the transition 
state is equal to, or one less, o r  two less, than the number in  the initial 
molecule for nucleophilic, radical or electrophilic reactions, respectively. 

In  his molecular orbital calculations on the benzoate ion M ~ s e r ' ~ ~  
evaluated charge densities, free vlilencies and localization energies for nuc- 
leophilic, radical and  electrophilic reactions. N o  definite conclusions can 
be obtained froin this calculation as to the chemical reactivity a t  different 
sites because the results depend on the assumptions involved. 

The dissociation constants of benzoic acid and its derivatives have been 
taken by HanirnettlG2 as the basis for the definition of CJ constants. 

The CJ values may be chosen as a sensitive gauge for the choice of the nu- 
merical values for the u and f? parameters of the Hiickel method for benzoic 
derivatives'G'* lG4. 
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I .  INTRODUCTlON 

In principle, electrochemical methods would seem to be ideal for perform- 
ing oxidations or reductions of organic compounds. An electrode acts as a 
sink (anodic oxidation) or a source (cathodic reduction) of electrons, and 
the ‘electron activity’ can be varied within wide limits by varying the poten- 
tial between the electrode and the electrolyte. We can simply regard the 
electrode surface as an aggregate of orbitals, to or from which electrons can 
be transferred; the energy of these orbitals is reflected in the electrode po- 
tential. Overlap between an  electrode orbital and a suitable molecular cr- 
bital in the organic molecule will result in an electron transfer in either direc- 
tion if the corresponding energy levels are properly related to each other, 
i.e. if the electrode potential is positive (or negative) enough to allow remov- 
al of one or possibly two electrons from the highest occupied molecular 
orbital of the molecule (or supply of one or two electrons to  the lowest 
empty molecular orbital). In a n  ideal case, the result of the electron transfer 
will be a cationic, radical, or  anionic intermediate, which, after leaving the 
electrode surface, will undergo further cltemicaf changes in the solution sur- 
rounding the electrode, or, in favorable cases, accumulate i n  the solution. 
A wide choice of solvents and added reagents would, again in principle, 
provide us with a variety of synthetic possibilities once we have been able 
to generate a particular intermediate by an electrode process. 

Practical organic electrochemistry uses this unique possibility of being 
able to control both the activity of the electrode and the composition of the 
electrolyte in a number of ways. First of all, a number of simple and versatile 
synthetic methods have been developed’-’. Secondly, interest has been 
focussed on the investigation of the mechanisms of organic electrode pro- 
cesses‘* 7, in which field much progress has been made during recent years. 
A review by Perrina summarizes much of this work, which aims at  a de- 
scription of electrode reactions in terms of transition states and intermedi- 
ates in much the same way as for reactions in  homogeneous media. Here 
electron spin resonance spectroscopy has contributed a powerful tool for 
the detection and identification of electrochemically generated paramagnetic 
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speciese. Thirdly, polarographic investigations in combination with mole- 
cular orbital theory have made possible some remarkably good corrobora- 
tions of the simple molecular orbital calculations'". ll. 

This is all very well. But when did you last see an organic chemist per- 
form an electrochemical synthesis ? Most readers will probably answer 
'never' to this question, and I would certainly believe them. Ignorance of 
electrochemical methods in courses and textbooks of organic chemistry, 
combined with the fact that these methods are sometimes tricky and do  
sometimes require equipment which is not accessible in most laboratories, 
has contributed heavily to  this situation. Today, when reliable potentiostats 
are commercially available at less than one tenth of the cost of almost any 
other instrument used by organic chemists, one of the major obstacles to a 
widespread use of electrolytic syntheses has been eliminated. This chapter 
is intended to remove part of the inhibitions on the educational side. 

The anodic oxidation of carboxylic acids, commonly denoted as the 
Kolbe elecirojynthttsisl", is probably the most well-known and used elec- 
trolytic synthesis method. Not unexpectedly, it is a method which is very 
simple from the experimental point of view. In fact, a couple of platinum 
electrodes, an amperemeter, a slidewire resistance, and a d.c. source are the 
only prerequisites for the successful application of this method in the over- 
whelming majority of cases. 

We shall not deal much here with the historical development of the 
Kolbe synthesis, nor with experimental techniques and details. These 
aspects have been adequately treated in monographs'-' and review arti- 
c l e~ '~ -~ ' ,  some of which cover the literature up to 1960. Earlier synthetic 
applications will not be covered except in cases where the results are of fun- 
damental interest to the mechanism of the reaction. Instead, we shall con- 
centrate on new developments of electrochemical reactions of carboxylic 
acids at  the anode, reactions which may not sometimes be of immediate 
preparative interest but may be developed into synthetically useful methods 
in the future. However, it will be necessary to reexamine and reevaluate 
early experimental material with regard to the now well-proven suggestion 
that cationic intermediates can account for part of the product spectrum in 
the anodic oxidation of carboxylic acids. Earlier reviews do not treat the 
Kolbe reaction from this viewpoint, simply because experimental verifica- 
tions of the formation of carbonium ions at  the anode are of more recent 
date. 
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II. DEFINITIONS 

The Kolbe electrosynthesis is not actually an oxidation of the carboxylic 
acid itself, but rather of its ion. Without implying anything about the poten- 
tial-determining step (the mechanism will be discussed in section IV. B) 
for the moment, we shall write the reaction as an  initial discharge of the 
carboxylate ioni0 by a one-electron transfer to  the anode, followed by a 
decarboxylation step (equations 1 and 2). The radical R' is the first product- 
forming intermediate, giving coupling, disproportionation. or other pro- 
ducts characteristic of radical reactions 

RCOO- -- - RCOO' -i- e- (1 1 
RCOO' - - R'+CO, (2) 

(equation 3), such as that formed by hydrogen abstraction from solvent or 
solute C-H bonds. The isolation of Rp (R-R), the coupling product, has 
been the objective of most preparative applications hitherto, be it a sym- 
metrical coupling between two identical radicals as indicated in equation (3) 

Coupling 
R-R -- -_ - 
R H +  R H  - H, 

L p r o  portionation- 

1 Attack cn C--H 

! Abstraction of H'  
---------A RH-H2 

(3 ) 
R'. I-. 

-- RH 

or a mixed coupling between two dimerent radicals produced by coelectroly- 
sis of two acids'"''. 

The question of the possible intermediacy of the acyloxy radical in the 
Kolbe reaction will be discussed later (sections IV. B and V. A). 

However, products are very seldom limited to the above-mentioned types. 
I t  was early observed'' that electrolysis of RCOO- in  aqueous solution 
often produced an alcohol ROH i n  addition to coupling and dispropor- 
tionation products. This reaction is commonly referred to  as the Hofer- 
Moest reaction. Analogously, a methyl ether, ROMe, or an acetate, ROAc, 
could be isolated if the electrolysis was carried out in  methanol or acetic 
acid, respectively. Also, the ester formed between the starting material 
RCOOH and the alcohol ROH has sometimes been isolated in small 
amounts. Frequently, rearrangements of the hydrocarbon group were no- 
ticed in these products, and for a long time attempts were made to account 
for these phenomena within more or less extended radical mechanisms. 

In 1957, following some intriguing studies by Muhs18 on the electrolysis 
of some cycloalkaneacetic acids, Walling1Y suggested that these products 
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originated from anodically generated carbonium ions, i.e. that R’ could be 
further oxidized to a carbonium ion R’ at the anode (equation 4), 

R’ -. - -- R+ + e- (4) 

followed by reaction of R+ or a rearranged carbonium ion R’+ with a 
nucleophile present in the electrolyte (equation 5) ,  or by other carbonium 
ion reactions, such as proton elimination or cyclization. This idea was 
simultaneously and independently conceived in other laboratories20v 21, 

the final experimental verification being provided by Corey and coworkers20. 

( 5 )  
. c R’OR”+ RCOOR’ Rerrrrngemenc R,+ R’OH, RCOO - 

ROR“ + RCOOR 

R”=H. Me, Ac 

‘ R”OH RCOO- R+ -I-.-- - .- 

As we shall see later, this suggestion proved to be a very fruitful one. 
Carbonium ion production by anodic oxidation of carboxylic acids is now 
almost as well established as the methods used in homogeneous systems, 
i.e. deoxidation, deamination, and solvolysis22. 

We shall here adopt a definition of the Kolbe reaction as the anodic for- 
mation of products through intervention of both radical and carbonium 
ion species. Only products which cannot be derived from these intermecii- 
ates shall be referred to as by-products. This definition broadens the scope 
and utility of the Kolbe reaction considerably as compared to the earlier 
one which emphasized the formation of coupling products and more or less 
considered other products as undesirable. The extended definition covers 
both radical and carbonium ion aspects, and thus one of the important 
problems of the field becomes the question of which structural and experi- 
mental factors favor either kind of process. A second important task will 
be the systematic study of anodically generated radicals and carboniurn 
ions to see how they differ from radicals and carbonium ions in homogene- 
ous systems. Much of the work done in this field during the last 5-10 years 
has been conducted along these lines. 

111. E X  PE R I M  E N  TAL CON Dl TI 0 N S  

As in other fields of organic chemistry, the outcome of electrochemical 
reactions is determined by structural and experimental factors. In electro- 
chemistry, the latter ones are sometimes both more critical and less easily 
defined, so that comparisons between different investigations are much 
more difficult to make. Apart from the normal variables, such as pH, tem- 
perature, solvent, influence of foreign electrolytes, etc., an electrochemical 
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reaction is governed by the nature of the electrode material and the elec- 
trode potential, which in  its turn determines the current density. Only a 
short summary of the influence of experimental factors will be given here, 
since earlier re~iews’~-’’ cover the subject adequately. 

The electrode potential is the potential set up between an electrode and 
the solution during electrolysis. It can easily be measured against a suitable 
reference electrode by means of an electronic voltmeter. By using an 
automatic control device, a potentiostat, the electrode potential can be kept 
constant during the electrolysis. The  totaJ applied voltage (i.e., that applied 
across the anode and cathode) is of no interest in this connection, especially 
when the reaction is conducted in a high-resistance non-aqueous solvent, 
since it is mainly determined by the i .r .  drop in  the solution. 

A. Anode Potential and Current Density 

In aqueous solution, a plot of anode potential versm the logarithm of 
the current density for acetate electrolysis (and for the electrolysis of other 
carboxylates) has the typical appearance shown in Figure 1 (see also Table 
2). In the low-potential region, oxygen evolution due to oxidation of water 

FIGURE I .  Anode potential (referred to the hydrogen electrode) versus thc 
logarithm of  the current density for the elec!rolysis of 0.5 M aqueous sodium 

acetate4:. 
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is observed up to  about + 2.1 V, until a more or  less pronounced transition 
to a high-potential region with a concurrent switch to anodic oxidation of 
acetate ion at about +2 .3  V (this is commonly referred t o  as the critical 
potential) occurs, as evidenced by the formation of almost quantitative 
amounts of ethane and carbon dioxide, accompanied by small amounts of 
oxygen. The same behavior is observed in anhydrous solvents, such as 
methanol and ethylene glycol, except that the oxygen evolution process is 
not possible in  the low-potential region. 

This is one of the most characteristic features of the anodic oxidation of 
carboxylate ions a t  platinum anodes: it takes place a t  a very high positive 
potential, above 4- 2.3 V (in actual preparative runs, probably in the region 
between + 2.5 and -+ 3.0 V), and can almost totally suppress other electrode 
processes which normally occur a t  much lower potentials, c.g.  the oxida- 
tion of water in the region around + 1.7 V. This is probably the reason why 
the plug-into-the-wall variety of the Kolbe electrolysis is so successful. The 
experimenter’s wish to  see his reaction finished within a reasonable period 
of time will make him use as high currents as his d.c. source permits, thus 
automatically establishing an anode potential high enough for the process. 
The finding that high current densities increase the yield of coupled product 
is in part a reflection of the necessity of maintaining a high anode potential, 
and in part  a result of the favored bimolecular reactions between radicals 
when the concentration of radicals in  the immediate vicinity of the elec- 
trode is kept high. 

5. Anode Material 

In aqueous solution, only a smooth platinum or iridium anode will sup- 
port the formztion of radical and/or cationic intermediates from carboxyl- 
ate ions. Gold. nickel, and platinized platinum electrodes give oxygen 
evolution only. Carbon electrodes do give some products formed via radi- 
cals, but the formation of carbonium ions seems t o  be the predominant 
reaction, as  has been demonstrated by Koehlz3 for a number of aliphatic 
acids. This phenomenon was observed both in aqueous solutions and in the 
corresponding anhydrous acid. Thus, a carbon anode is preferable if it is 
desirable t o  suppress the radical pathway, which is sometimes the case in 
anodic acetoxylations (section V. A). In non-aqueous solvents, the choice 
of m o a e  material is much less critical, although smooth platinum is prefer- 
red by most investigators. For large-scale runs the use of other materials 
should be contemplated, since disintegration of platinum electrodes a t  a n  
appreciable rate has been observed in some cases24. In normal laboratory 
practice this phenomenon can he neglected. 
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At a smooth platinum anode, assuming that all other factors are kept 
constant, the distribution of products formed via either the radical or the 
cation pathway will be largely a function of the structure of the electrolyzed 
acid. In this review, the nature of the anode material will not be specified 
unless it differs from smooth platinum. 

C. Effect of pH 

The yield of products formed via radicals is optimal if the electrolyte 
is kept slightly acid during the run.  Alkaline electrolytes such as pyridine- 
water tend to favor the carboiiium ion-based products. The p H  can be 
kept in the acid range during most of the run by using a large excess of 
the carboxylic acid as compared to  the carboxylate ion. Since the cathodic 
process (discharge of sodium or potassium ions) will liberate hydoxide 
ions, the acid will be continuously transformed into its salt until all of it 
has been consumed a t  the anode. The reaction is discontinued when the 
electrolyte has turned slightly alkaline. 

This procedure (the salt deficit method) will not work in aqueous solu- 
tion if the acid is insoluble or only slightly soluble in water. However, this 
is not a very serious disadvantage, since non-aqueous solvents, especially 
methanol, are actually better solvents for the Kolbe reaction (see below). 
If for some reascii it is necessary to use water as solvent, an alternative 
method employs a mercury cathode and the fully neutralized (to a pH of 
7-5-8) carboxylic acid in aqueous solution as electrolyte"". The alkali metal 
formed at  the cathode forms an amalgani with mercury and does not give 
hydroxide ions by reaction with water. This method is also advantageous i n  
mixed electrolyses of carboxylic acids of widely differing pK, where both 
acids have to be completely converted into their salts. In the salt deficit 
method, the stronger acid will be preferentially electrolyzed and little or 
no mixed coupled product will be formed. 

D. Effect of Solvent 

Water was the preferred solvent in early applications of the anodic oxi- 
dation of carboxylic acids. The emphasis laid on maximizing the yield of 
coupling product soon led ti, experimentation with non-aqueous solvents, 
from which methanol emerged as the superior one for this purpose. A still 
better solvent for the coupling process was found in N,N-dimethylform- 
amide (DMF)'"*'', although it has later been observed that it has a slight 
disadvantage in being anodically oxidized itself (equation 6)"'-''. This 
reaction will be discussed in connection with anodic acetoxylation (sec- 
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tion V. A). 

CH,OCOR 
(6) 

Acetonitrile has been used in a few cases20,32Q33 and is of great potential 
interest, since anodically generated carbonium ions react with it to form 
nitrilium salts (1) which with water give N-substituted acetamideP (equa- 
tion 7). This reaction is analogous to the Ritter reaction (synthesis of an 

RC0O- 
CH, CH i 

HCON/ - - HCON/ + H + + Z e -  HCON/ 

\CH, \CH, 'CH, 

N-alkylacetamide from an alkene or  alcohol, acetonitrile, and concentrat- 
ed sulfuric acid), but is much more lenient towards sensitive functional 
groups in the acid molecule. 

Anhydrous carboxylic acids have often been used as solvents in the 
electrolysis of the corresponding salts, which for obvious reasons is a rather 
limited application. However, anhydrous acetic acid has also found some 
use in the electrolysis of other ca rboxy la t e~~~-~ ' ,  mainly for obtaining ace- 
tates via the cationic pathway. The predominant competing radical pro- 
cess is the formation of a mixed coupling product between acetic acid 
present in large excess and the acid in question, provided the pK difference 
between RCOOH and CHJCOOH is not too large. The reaction scheme 
is outlined in equation (8). 

ROCOCH, 
R. -', R t  cH,coon - 

RCOO- 

CH,COO- CH; 

--e - + zcz; 4- 

4 
RCH, 

E. Effect of Temperature 

An increase in temperature tends to decrease the yield of coupling pro- 
duct in those cases which have been systematically investigated. It is not 
known whether this decrease is accompanied by an increase in the yield of 
products formed via the carbonium ion path. W o o l f ~ r d ~ ~  and Woolford, 
Arbic and R o ~ s e r ~ ~  have described several cases where a small change in 
temperature causes a very marked change. As an example (equation 9), the 
electrolysis of 1 I-bromoundecanoic acid in methanol38 at or below 50" 
produced a good yield of the coupling product (2), whereas at 65" methyl 
11-bromoundecanoate (3) and methyl 1 1 -methoxyundecanoate (4) were 



62 I-ennart Eberson 

formed exclusively. 
65 ", 

Br(CH,),,COOH MeOH Br(CH,),,COOCH, + MeO(CH,),,COOCH, 

! (3) (4) 
50" MeOH 

1 
Br(CH,),,Br 

( 2 )  
64 Y, 

71% 2.4% 
( 9 )  

The possible mode of formation of the ester of the solvent methanol at 
the anode will be discussed later (section VI.). 

The case cited above is an extreme one. Generally, the reaction is fairly 
unsensitive towards temperature changes, especially in non-aqueous solu- 
tion. 

F. Effect of Added Foreign Electrolytes 

Certain foreign anions inhibit the formation of radicals from the elec- 
trolysis of carboxylate ions and promote the formation of carbonium ions; 
such ions include bicarbonate, sulfate, perchlorate, dihydrogen phosphate, 
and fluoride ions. Metallic cations, such as Pb". Mil2+,  Cus+, Fe", 
and Co"', suppress the Kolbe reaction completely or almost so, presum- 
ably because the platinum anode is rapidly covered by a surface layer of 
the corresponding metal oxide, and this does not support the process. 
Sodium, potassium, calcium, and barium ions have no  adverse effect. 

G. Summary of the Influence of Experimental Factors 

Table 1 i s  a summary of experimental factors and their influence on the 
mechanism of the Kolbe process. I t  should be stressed that experimental 
factors can be used to  modify the outcome of the reaction to a limited 

TABLE I .  Experimental factors and their influence on the radical and carbonium ion 
pathway in the Kolbe electrolysis of carbosylatcs, RCOO - 

Experimental factor Formation of R' I'avorcd by Formation of' R. favored by 

. . . . . . . - -__. ._ - .  - - . - . - . - . .  - -. 

Current density High Low (?) 
Anode material Smooth platinum Carbon 
pH of electrolyte Neutral or slightly acid Alkaline 
Solvent Methanol, DMF Water, water-pyridine 
Temperature Low Too little known 
Added ions _ _  CIO;, S O : - ,  HCO;. H,PO;, 

F 
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extent only, especially with regard to  the radical pathway. Structural fea- 
tures sometimes favor carbonium ion formation so strongly that no coup- 
ling can be achieved even under the most favorable conditions. 

IV. M EC H A  N I S T l  C CON SI  DE RAT1 0 N S 

A. General 

In  organic electrochemistry, mechanistic studies are conducted along 
several lines, the choice of which is highly dependent on the individual 
investigator's educational backgr'ound and main interestsG. Three general 
approaches to the problem of organic electrode mechanisms are recogniz- 
able. 

(1 )  Elucidation of the clremical reaction mechanism, with the aim of 
describing the process in terms of the usual language of physical organic 
chemistry8. Product analysis, polarography, controlled potential electro- 
lysis, and electron spin resonance studies are important tools for this pur- 
pose. In most cases analogies from homogeneous solution chemistry pro- 
vide important clues to the chemical mechanism, and the electrode is only 
considered to be a convenient source of reactive intermediates, be it radi- 
cals, anions, cations, or carbenes40, but not otherwise of importance for 
the reaction. 

(2) Study of the eleciroc/iemical reaction mechanism, in  which the het- 
erogeneous nature of electrode processes is properly acknowledged, i.e. the 
various steps occurring at the electrode surface (adsorption, electron trans- 
fer, desorption) are specified. 

(3) Study of the energetic reaction mechanism, in which a detailed mathe- 
matical description of the electron transfer steps is the ultimate goal. 

In this review we shall emphasize studies on the first, least sophisticated 
(at least from the electrochemical point of view) level, since after all, we 
as organic chemists are mostly interested in using anodic oxidation either 
as a probe into the chemistry of short-lived intermediates or as a synthe- 
tic tool. Consequently, we shall postulate that the possible intermediates 
behave in very much the same way as their counterparts in homogeneous 
solution, which means that specific electrode interactions (such as adsorb- 
ed species being the product-forming entities) shall not be invoked in or- 
der to explain a particular result. To exemplify, one would tend to regard 
anomalous (i.e. w i t h  regard to similar homogeneous reactions) stereo- 
chemical results as being due to adsorbed species which would be shielded 
from attack by molecules or ions in the solution on one side by the elec- 
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trode surface. In fact, very few, if any, anodically formed products display 
such features as to  make such a n  assumption necessary, and we shall there- 
fore regard the postulate as a valid first approximation. However, before 
considering the chemical reaction mechanism, some features oT the elec- 
trochemical mechanism must be discussed. 

6. The Electrochemical Mechanism 

In section 11 the Kolbe reaction was written as involving a n  initial 
discharge of the carboxylate ion onto the electrode surface (this theory 
is often denoted 'the discharged ion theory' and was proposed as  early a s  
1891 by Brown and W a l k e P )  to form an acyloxy radical which then under- 
goes further reaction. Although other theories have been pr~posed'~-' ', 
the discharged ion theory or  modifications thereof has remained the most 
satisfactory general theory of the Kolbe reaction. 

Much interest has been devoted to  the fact that there seems to  exist 
a critical potential below which a platinum anode does not support the 
formation of Kolbe products (see section 111. A and Figure 1). In the tran- 
sition region the anode potential suddenly jumps by some tenths of a volt 
for a very slight change in current density, and this phenomenon is observ- 
ed in aqueous as well as non-aqueous media. In  an aqueous medium, the 
passage through the transition region is accompanied by a switch from the 
oxygen evolution process t o  the Kolbe reaction. In non-aqueous solution 
the formation of Kolbe product ( C ~ F G )  has also been observed in the low- 
potential region41 in the system CF3COO-/CF3COOH. It  is not known 
whether this behavior is general in  non-aqueous media: in aqueous solu- 
tion, it has been shown that carboxylates are completely oxidized in a 
non-specific manner to carbon dioxide at  low anode potentials42* Pro- 
pionate and butyrate d o  form olefins a t  low anode potentials in aqueous 
solution, but there is still a critical potential for the formation of coupled 
product44. 

Table 2 is a survey of critical potentials for the formation of coupled 
products from a number of carboxylic acids under different conditions. 
in  most cases where aqueous solutions are used no hydrocarbons a t  all 
are formed below the critical potential. It is evident that the value of the 
critical potential is difficult to  measure accurately and is not  related in any 
easily discernible manner to the structure of the acid. The  most notable 
feature is that it is high and fairly constant with respect to structural 
changes. 

Originally it was thought that the critical potential represented the dis- 
charge potential of the carboxylate ion, but this assumption has later 
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TABLE 2. Critical potential for the formation of Rt by electrolysis 
of RCOO- at a platinum anodc 

R in  R C O O -  

. . - . ._. . - . - -. . . . ._. .- 

Solvent 

. . -. - . . . 

H,O 

H,O 
H,O 
H20 

H2O 

HOCH ,CH ,OH 
H2O 

H2O 
H2O 

H2O 
H*O 
H2O 
H*O 

H,O 

HOCH,CH,OH 
CF,COOI-I 

~ ~ ~~ 

Critical potential 

electrode 
versus the hydrogen Reference 

- . - __ - . - .- 

2.5 46 
3.7 47 

2.1-2.2 48 
2-2 49 

2.1-2.' 45 
3,- 1 50 
2.7 51 

2.8-3.0 47 
2. I 44 
2.2 44 
2-2 44 
2. I 44 
2.7 52 
2.8 53 
3 -4 54 
2.3 41 

proved to be wrong. For acetate electrolyses in aqueous solution, Dickin- 
son and Wynne-Jonesq5 concluded that the oxygen evolution reaction was 
gradually suppressed with increasing anode potential and current density 
by an increased proportion of the discharge sites being occupied by adsorb- 
ed acetoxy radicals. With a sufficiently high current density all of the 
discharge sites will be occupied by adsorbed acetoxy radicals, and at even 
higher current densities the discharge of acetate ions onto already occupied 
sites must occur. It was postulated that ethane formation occurs only 
under these conditions. This modified discharged ion theory implies that 
an adsorbed acetoxy radical is a fairly stable species -as compared to  its 
behavior in  homogeneous solution (see below) - but that the presence of 
two acetoxy radicals at  the same site will lead to instability and decar- 
boxyiation to  form ethane and carbon dioxide, via methyl radicals. The 
high value of the critical potential was believed to be the result of the diffi- 
culty of discharging an acetate ion onto an occupied site. The formation 
of small amounts of methane was easily accounted for by assuming that 
methyl radicals abstract hydrogen atoms from acetate ions or acetic acid 
molecules. Formation of methanol was believed to occur via coupling of 
simultaneously formed methyl and hydroxyl radicals (at an anode poten- 
tial intermediate between the low- and high-potential region). 

Conway and Dzieciuchj5 studied the anodic- --?i?ition of formate, ace- 
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tate, and trifluoroacetate ions in the corresponding anhydrous acids or in  
aqueous solution and concluded that the transition region corresponds t o  
filling of the electrode surface with adsorbed intermediates (acyloxy radi- 
cals) both in the anhydrous and aqueous cases. These radicals form a pas- 
sive film on the platinum surface and this is a prerequisite for the Kolbe 
reaction (although this statement seems to  be a t  variance with the obser- 
vation that CBFG is actually formed from CF3COO - i n  CF3COOH in the 
low-potential region). Again, alcohol formation was ascribed to mixed 
coupling between R' and OH'. 

Using a repetitive potential pulse technique, i .e. non-steady state condi- 
tions, Fleischmann, Mansfield and  W y n n e - J o n e ~ ~ ~ .  43 have confirmed that 
the formation of ethane from aqueous acetate requires a build-up of cer- 
tain critical conditions at the electrode surface, analogously to the mechan- 
isms discussed above. However, the formation of ail oxide layer rather 
than a film of adsorbed acetoxy radicals was considered to  be the physical 
background of the transition region. The build-up of the acetate ion dis- 
charge-supporting oxide layer is completed within 1 O-J sec, whereas 
electrolysis times of the order of lop4 sec or less produced no ethane, no 
oxygen, but an amount of carbon dioxide corresponding to  a complete, 
non-speci5c oxidation of acetate ion. 

Thus, starting with an uncovered platinum anode, acetate ion is initially 
oxidized to  carbon dioxide, presumably at  'pure' platinum sites. Within a 
period of sec at  a sufficiently high anode potential (=- 2.2 V) an oxide 
layer has been formed and discharge of acetate ions to  form acetoxy radi- 
cals can take place. This step is the rate- and potential-determining step. 
Subsequent decarboxylation of the acetoxy radical gives ethane and other 
products. The same mechanism was also assumed to  be valid in non-aque- 
ous media, since under oxidizing conditions a layer of surface oxide may 
well be formed even in rigorously dried systems. Fleischmann and cowork- 
ers did not consider methyl cations to be likely as intermediates in the 
formation of methanol. 

An alternative potential-determining step was considered by EbersorP. 
The calculated standard potential for the process CH3COO- - C H 3 C 0 0  
+ e-, + 2-41 V, would place the Kolbe reaction among the group of electro- 
chemically reversible reactions, which is highly improbable in view of the 
extreme anode potential conditions required. Instead a concerted process, 
involving simultaneous one-electron transfer and decarboxylation (equa- 
tion 10) might possibly be invoked (the standard potential of this process 

RCOO- -- R' + C 0 , i  e- (10) 
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was calculated t o  be + 1.55 V). This would be attractive both from eher- 
getic and kinetic points of view, since the decarboxylation of the acetoxy 
radical is exothermic by = 17 k ~ a l / r n o l e ~ ~  and its half-life time is of the 
order of lo-'' sec". I t  should be noted, however, that such calculations, 
and reasoning based on them, pertain to free, solvated species participat- 
ing i n  the electrode process. whereas in  the actual reaction adsorbed spe- 
cies may be involved, making the calculated standard potentials uncer- 
tain by an  unknown term (although this may be expected to be fairly con- 
stant for a series of different RCOO. and Re). 

I t  has often been claimed that the acetoxylation of added aromatic sub- 
s t r a t e ~ ~ ' ,  ''* ''. e.g. naphthalene o r  anisole, during electrolysis of acetate 
in  acetic acid is evidence for the intervention of acetoxy radicals. This view 
is now untenable, since anodic acetoxylation has been shown t o  be an ini- 
tial oxidation of the aromatic substrate to form a cationic intermedi- 

, which then reacts with acetate ion (section V.B). From this 
point of view, n o  objection can be raised against the coiicerted mechanism. 

22. 61-63 

C. The Chernicol Reaction Mechonisrn 

Jn previous sections reference has often been made to radicals and car- 
bonium ions as product-forming species in the anodic oxidation of car- 
boxylate ions. We shall now examinc the chemical evidence for the exist- 
ence of such species and also try to ascertain whether our postulate that 
electrolytically generated species behave essentially as their counterparts 
in homogeneous solution is a reasonably good one. Special emphasis will 
be laid on the carbonium ion aspects, since these have not been discussed 
in previous reviews. 

I. Radical aspects 

The intervention of 
radicals R' as product-forming intermediates from the anodic oxidation of 
RCOO- is so well demonstrated by now13--15 that only a selection of the 
most important arguments will be provided here. 

By inference from the behavior of radicals i n  homogeneous solution. 
one would expect to find R-R, the coupling product, and R H  and 
R H  - Hs, the products resulting from disproportionation, hydrogen atom 
abstraction by R from another molecule, and/or hydrogen atom loss from 
the p carbon of R. (equation 3), from anodically generated radicals also. 
Indeed these three types are found in most cases among thc products 
isolated, although i t  must be stressed tnat ot11y the fortnatiori of R-R can 
beconsidered an unambiguous proof for the intermediacy of R'. I n  principle. 

a.  Radical disproportiotiariori arid nrtack oil solvct1r. 



68 Lennart Eberson 

an alkene RH - Hz might be formed via R', whereas RH might be formed 
by a secondary cathodic reduction of the alkene (the majority of electrolytic 
oxidations of carboxylates are performed in undivided cells with platinum 
cathodes, so that anodic products may undergo secondary reactions at the 
cathode, at least in principle. Ethylenic double bonds CQ~I  be reduced on 
platinized platinum5, and since platinum cathodes gradually acquire the 
character of platinized platinum during the run even if they are smooth at 
the start, this possibility cannot be dismissed). 

Deuterium labelling experiments have, however, convincingly demon- 
strated the occurrence of hydrogen atom abstraction by attack of R' on 
other molecules. In aqueous trideuterioacetate electrolysis, the methane 
formed in small amounts with ethane was tetradeuteratedo4, consistent 
with the known tendency of radicals to attack C H  bonds in preference to 
OH bonds (equation 11).  

CD,COO- 5 CD; 

CD;+CD,COO- (or CD,COOH) -- CD,+'CD,COO- (or 'CD,COOH) (1 I )  

Aqueous electrolysis of deuterium-labelled propionate furnished evid- 
ence65 (even if not unambiguous) for the occurrence of disproportionation 
and hydrogen atom loss from R (equations 12 and 13). The deuterium 
content of the ethane portion was in agreement with thk assumption that 
it had been formed via disproportionation of two radicals. However, the 
amount of ethane was only about 5% of that of ethylene, so this must be 
formed predominantly via other processes. Clusius and coworkers conclud- 

CH,CD,COO- - -- CH,CD, - + CHX-CD, + CHaCG2H (12) 

CD,CH,COO- - CDSCH.2 - -  - CD,-CH,+ CDaCH,D (13) 

ed that hydrogen atom loss from the /3 carbon of R' was responsible for 
the major part of the olefin. Since their method of deuterium analysis was 
based on molecular weight determination of the gases formed, it did not 
yield any information about the distribution of deuterium in the ethylene. 
As we shall see in section IV. C. 2, this may be of importance in deciding 
whether the ethylene originates from R' or R +  (although in this partic- 
ular case there seems to be little doubt that Clusius and coworkers were 
correct in their choice of mechanism, since the molecular weight in both 
cases was in excellent agreement with that of dideuterioethylene). Other elec- 
trode processes of the concerted type have been considered in the propio- 
nate caseso. 

b. Additive dimerization. Another characteristic radical reaction 
which can be performed during Kolbe electrolysis is additive dimerim- 
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tione"-". This type of reaction takes place in homogeneous solution *be- 
tween aliphatic free radicals and 173-dienes. The radical (R') adds to the 
diene (M) to  form a resonance-stabilized radical (5) which can dimerize 
to produce straight- or branched-chain products arising by 1,4- or 1,2- 
incorporation of the diene, or add a second radical R' (equations 14, 15, 
and 16). 

KIM ---.- RM' (14) 

(5) 
2 RM' - RMMR (1 5 )  
RM' + R' - RMR (1 6 )  

Lindsey and PetersensG electrolyzed CHsCOOH /CH3COO- in metha- 
nolic solution in the presence of butadiene and obtained 11-26% yields of 
3-hexene and 12-58% yields (the difference in the yields given are pro- 
bably due to experimental difficulties) of a fraction coiisisting of Cl0 die- 
nes, the major part of which WBS 3,7-decadiene (equations 17, 18, and 19). 

(6) (17) 
2 CH,CH,CH=CHCH; - EtCH=CHCH,CH,CH=CHEt (18) 

CH,CH,CH-=CHCH;i- CH; - EtCH=CHEt (19) 

Small amounts of isomeric branched-chain Clo dienes were also obtained but 
not identified. Similarly, 1,l , 1 ,lo, 10,10-hexafluoro-3,7-decadiene was identi- 
fied among the products from the electrolysis of CF3COOH /CF3C00- 
and butadiene in methanol. An interesting development of this reaction 
was the isolation of a 40% yield of diethyl 3,7-decadiene-1710-dioate 
by electrolysis of a solution of potassium ethyl oxalate, monoethyl oxalate, 
and butadiene in methanol. Obviously, ethoxycarbonyl radicals are 
formed in the electrolysis of potassium ethyl oxalate (equation 20) and 
take the place of the methyl radical in equation (17). 

EtOCO-COO- -4 COOEt f CO, e- (20) 

The same reaction was investigated at  the same time by Smith and 
GildeU7s6'. By electrolysis of acetate and butadiene in methanol at  pH 
6-8 they obtained a complicated mixture of products, among which I-pen- 
tene (and no 2-isomer), 3-methyl- 1 -pentene, trans-3-hexene (and no cis) ,  3,7- 
decadiene, and 3-ethyl-] ,5-octadienewere identified, in  fair agreement with 
the results obtained by Lindsey and Petersen. These products are easily 
accounted for by assuming that the radical 6 is an intermediate, the l-pen- 
tene being formed by a hydrogen atom abstraction reaction. 

In addition, a mixture of unidentified acetates was isolated. Hyd. -0 g ena- 
tion and hydrolysis of this fraction gave a mixture of 1-butanol, '-methyl- 

CH; +- CH,-C!-ICH=CH, -+ [CH,CH,CHCH-CH, - CH,CH,CH-=CHCH;] 
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1-butanol, and I-pentanol. Smith and Gilde assumed that the acetates 
were formed via anodically generated acetoxy radicals. A discussion of 
this problem will be deferred to a later section (section V. A ), since it is 
intimately related to other anodic acetoxylation processes which in all 
probability proceed via cationic intermediates. 

The formation of the trans isomer only of 3-hexene led Smith and Gilde 
to extend their study to isoprene, which on coelectrolysis with acetate in 
methanol gave the cis isomer only of 3-met!iyl-3-hexene. Similarly, coelec- 
trolysis of butadiene and propionate in methanol gave the trans isomer 
only of 4-octene. The cyclic diene. 1,3-~yclohexadiene, after being sub- 
jected to electrolysis together with acetate in methanol gave a product 
which after hydrogenation contained, among other products, methyl- 
cyclohexane, cis- and trans- 1,2-dimethylcyclohexane, and cis- and trans- 
1,4-dimethylcyclohexane. 

The results with the open-chain dienes indicate a high degree of stereo- 
specificity in the addition process, and it was proposed that the diene is 
adsorbed on the electrode surface in its most stable conformation (the 
s-trans form for butadiene and s-cis form forisoprene)at the time when radi- 
cal attack occurs. For the cyclic diene, the possibility that the reaction takes 
place in solution was not completely ruled out but was considered unlikely 
in view of the results with the acyclic dienes. 

This hypothesis would evidently be in conflict with the postulate not to 
invoke adsorbed species in the chemical reaction mechanism. However, in 
the absence of knowledge about the stereochemistry of similar processes 
in homogeneous systemsG9, opinion must be reserved as to whether it is 
actually necessary to make this assumption. 

An additive dimerization was also observed in the electrolysis of ace- 
tate ion in anhydrous acetic acid in the presence of styrene’O (equation 21). 
In addition, a n  acetate (7) was identified, the possible mode of formation 
of which will be discussed in connection with anodic acetoxylation (sec- 
tion V. A). 

(21) PhCH--CH, - .-- PhCHCH,CH, - ---- Ph--CH---CH--Ph 
cu; 

I I  
Et Et 

I ~ P S C ,  and tti 

CH,COOCH,CH(Ph)CH, 

(7) 

An additive dimerizstioii product was also isolated from a similar experi- 
ment in C2HsCOOH/C2HsC00-. 
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c.  Initiation of polymerization. Goldschmidt and Stijck170 also isolat- 
ed small amounts of polystyrene (molecular weight 3 3000) in the above- 
mentioned experiments, again confirming the intermediacy of radicals in 
the anodic oxidation of acetate and propionate (the reaction was per- 
formed in a divided cell and the polymer was formed in the anolyte only). 
Acrylonitrile could be polymerized in a similar manner. Smith and cowork- 
ers71, 72 later extended these studies to vinyl acetate, methyl methacry- 
late, viny! chloride, and acrylic acid, which all gave polymers upon rapid 
stirring together with an  electrolyzing aqueous solution of potassium ace- 
tate. Again it was shown that the polymerization takes place in the anode 
compartment of a divided cell. Furthermore, if the electrolysis was run 
with aqueous potassium acetate-2-14C as the electrolyte, the polymer form- 
ed from vinyl acetate was radioactive. Acetate exchange between the 
electrolyte and the polymer could not alone account for the uptake of 14C, 
so it was concluded that acetoxy or methyl radicals generated at the anode 
had served as polymerization initiators. 

The reactions discussed above, viz. dimerization, additive dimerization, 
and initiation of polymerization are some of the best criteria known for 
radical processes, and their occurrence during Kolbe electrolysis unequi- 
vocally proves the intervention of radicals. Quali/a/ivelj*, these radicals 
undergo the same type of reactions as radicals produced in homogeneous 
systems, and we will therefore now have to turn our attention to the quan- 
titative or a t  least semiquantitative aspects. Do we make an unsound as- 
sumption when we postulate that products are formed from radicals irt 
solution ? 

d.  Comparison betlveen atiodically and chemically gerierated radicals. To 
begin with, it must be emphasized that it is a difficult task to  compare a 
heterogeneous and a homogeneous process, even if the intermediate(s) is 
(are) the same. In this particular case, neglecting the possible role of adsorb- 
ed radicals, the anode will produce a high concentration of radicals in the 
immediate vicinity of the electrode surface and there will be a more or  less 
rapidly falling concentration gradient as the distance from the electrode 
increases. These conditions cannot possibly be simulated in homogeneous 
solution, where a uniform, very low concentration of radicals will be main- 
tained. In reactions where two radicals are formed simultaneously from the 
same molecule, as is the case in diacyl peroxide and bis-azonitrile decom- 
position, cage reactions will be of importance, and this will further com- 
plicate the comparison. 

Another, although less serious problem, is the necessity to distinguish 
between the primary products from t h e  electrode process and secondary 
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products formed by anodic oxidation of the primary ones. Any carboxylic 
acid formed in a primary reaction will of course be liable to electrolysis 
forming secondary products, erc. In  view of present refinements in separa- 
tion and identification techniques, this difficulty should be easily circum- 
vented by running the electrolysis to an extent of 1 % or less, thus ensuring 
that the primary reactant is present in large excess all the time. 

One obvious prediction frcim the differences in radical concentration in 
the anodic and homogeneous cases, is that in the former case bimolecular 
reactions between radicals will be favored at the expense of the hydrogen 
atom abstraction reaction between radicals and solvent, since the solvent 
concentration around the anode will be lower. Apart from possible compli- 
cations from cage reactions, the opposite behavior would be expected 
from radicals in homogeneous systems. However, if we observe such a 
difference, it is largely a matter of personal judgment and conviction to 
decide whether the difference is due to a concentration effect only or to the 
heterogeneous nature of the electrode process (or to any other effect). 

Goldschmidt, Leicher, and Haas73 compared the electrolysis of potas- 
sium propionate in anhydrous propionic acid at  100" and the decomposi- 
tion of propionyl peroxide in the same solvent at 100" (there was no Salt 
added in this experiment). The results are shown in Table 3. In agreement 
with the prediction above, the product (ethane) formed by .reaction be- 

TABLE 3. Products formed by decomposition of propionyl peroxide or by electrolysis 
of propionate in anhydrous propionic acidy3 

Product 
Composition o f  product 
from decomposition of from electrolysis of 
I mole of (CzH,COO)z 

Composition of praduct 

2 moles of C.H,COO- 

CO, 
C*H, 
CSH, 
C.H* 
C,Hm 
co+oz 
Ethyl propionate 
sec-B u t y 1 propi on ate 
Diethyl ketone 
Propionic acid 
Metliylethylacetic acid 
Ethylpropylacetic acid 
2,3-Dirnethylsuccinic acid 

61.6" 
3.v 

28.1" 

6.9" 
0.4" 
0.13 mole 

0.001 mole 
0.28 mole 
0.038 mole 
0.0006 mole 
0.106 mole 

- 

- 

63.4b 
5.6b 

1 4 . e  

I 5*8b 
1 .e 

Very little 

0.02-0.06 mole 
Traces 
Traces 

Not detectable 
0.002-0.014 mole 

Traces 
O.OOO15-0.002 mole 

Percentage of total gaseous producls. 
b Percentage o f  anode gases. 



Electrochemical reactions of carboxylic acids and related processes 73 

tween C,H, and solvent is less favored in the electrolytic reaction. In addi- 
tion, it is noticeable that the fate of the CH3~.'rICOOH radical (8) formed 
is different in the two cases. In the neighborhood of the anode, ethyl radi- 
cals are in abundant supply, and methylethylacetic acid is the major pro- 
duct from (8) (equation 22). In peroxide decomposition, the concentra- 
tion of C,H; is very low, thus favoring the formation of 2,3-dimethyi- 
siiccinic acid (equaticn 23). 

C,H,COO- zc0, C,H; C,H,+CH,CHCOOH -C,H; 
- e  CH,CH,COGH CH,, 

CIHs/CH-cooH 
(22) 

- C,H,+CH,~HCOOH (23) 
A CH,CH.COOH (C,H,COO), - C,H; 

(8) 

i CH,tHCOOH 

CHa-CH-COOH 
I 

CH,-CH-COOH 

The formation of ethyl propionate in the decomposition of propionyl 
peroxide is commonly assumed to occur via a cage reaction between 
C,H,COO' and C,H;. Ethyl propionate formed during electrolysis may be 
accounted For in the same way, but is most likely a carbonium ion mediat- 
ed product (section IV. C. 2). 

Alkylation of an added aromatic substrate is occasionally observed 
during electrolysis of carboxylates, and can also be accomplished by de- 
composing acyl peroxides in the appropriate solvent or solvent mixture. 
Goldschmidt and Min~inger '~  compared electrolytic and peroxide-mediat- 
ed alkylation of pyridine under similar conditions and obtained mixtures 
of 2- and 4-alkylpyridines (which in addition contained small amounts of 
higher alkylated products). The results are shown in Table 4. Generally, 

TABLE 3. Yields of alkylpyridines and isomer ratios in thc decomposition of diacyl- 
peroxides and in the electrolysis of carboxylate ions, respectively, in pyridine7a 

Rciccion 
Total yield of 2- and 
4-dkylpyridines ( y ; )  pyridinr 

Isomer ralio, 2-/4-nlkyi- 

Electrolysis of CH,COO . ( looo) 3-5 
Decomposition of (CH,COO), (loo5) 86 
Electrolysis of C,H,COO -- (100") 
Decomposition of (C2H,COO), (100') 87 

Decomposition of (n-C,H,COO), (100") 84 

8.7 

4 4  Electrolysis of n-C,H,COO - (100') 

2.8 
7.6 
1 -4 
2- 1 
5.1 
2.4 
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the yield of alkylpyridines from electrolysis is much less than in the per- 
oxide reaction, again indicating that reaction with solvent is less important 
than reactions between radicals (main products were those shown in 
Table 3) in the electrolytic reaction. Since the ratio between 2- and 4-alkyl- 
pyridine was somewhat dependent on the ratio between the amounts of 
pyridine and propionic acid used in the electrolytic experiments and the 
medium was different in the two cases due to experimental difficulties, it 
is difficult to attach any significance to these figures. 

Hey and B ~ n y a n ’ ~  determined the ratio between 2-, 3-, and 4-phenyl- 
pyridine formed during electrolysis of benzoic acid in  pyridine, and com- 
pared the result with those obtained in homogeneous hornolytic phenyla- 
tion reactions (Table 5) .  The isomer distributions are almost identical in 

TABLE 5. Ratios of isomers obtained in the phenylation of 
pyridine by different r n e t h o d ~ ’ ~  

Isomers (%) 
-.-____ Method 

2- 3- 4- 

Benzoyl peroxide 54 32 14 
Lead tetra benzoate 52  32.5 15-5 
Phenyl iodosobenzoate 58 28 14 
Electrolysis of PhCOO - 56 3 s  9 

all cases and demonstrate the close similarity between anodically and che- 
mica!ly formed radicals, although it must be remembered that benzoic 
acid is not a good model compound for carboxylic acids in the Kolbe reac- 
tion. The benzoyloxy radical is much more stable than aliphatic acyloxy 
radicals (the half-life of PhCOO’ being of the order of secondss6, compared 
to that of CH3CO0, 10-8-10-’0 sec) and can diffuse away from tile 
electrode and decarboxylate in the bulk of the solution (i.e. =- 100 from 
the electrode), thus creating a phenyl radical in essentially the same sur- 
roundings as one formed in a homogeneous process. Incidentally, decarboxy- 
lation is a minor pathway for the disappearance of the benzoyloxy radi- 
cal, the predominant one being reaction with solvent to form benzoic acid. 

Intramolecular anodic alkylations of aromatic rings have been observed 
in a few cases, e.g. formation of tetralin in the electrolysis of b-phenyl- 
valeric acid76. 

Azobisisobutyronitrile (9) is thermally decomposed (equation 23) in 
carbon tetrachloride to give initially a ketenimine (10) in a n  estimated 
54% yield and tetramethylsuccirionitrile in 46% yield, corresponding to  
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carbon to nitrogen and carbon to carbon coupling of the intermediate 
cyanoisopropyl radical (ll)77. 

CN C N  
I , I 

(CH&Z--N-N-C(CH,), N, +- [(CH,)&-CeN -- (CH,),C-C-N'] 

( 9)  (11) 
CN 

C-N or C-C I (CH&C-CN 
- _.__- (cH,),c-c-N-C(CH,), + I (24) 

coupling 

(CHJZC-CN 
(10) 

Anodic generation of z-cyanoalkyl radicals from two cz-cyanoacetic 
acids, NCCHKOOH and 1-BuCH(CN)COOH, in methanolic s o l ~ t i o n ~ ~ ~  79 

gave a mixture of dinitrile and the nitrile amide 12 in the approximate 
proportions 2 : 3 and 1 : 1, respectively (equation 25, where R = H or 
r-Bu). The nitrile amide was evidently formed by addition of water to the 

+ RCH,CONHCH(CN)R (25) 
RCHCN RCHCOO- -co RCH' 

-A 1 ..-- I 
C N  RCHCN - e- CN 

(12) 

initially formed ketenimine. Cyanoisopropyl radicals generated by electro- 
lysis of dimethylcyanoacetic acid7B gave a ratio between carbon to car- 
bon and carbon to nitrogen coupling products of about 4 : 1. Thus, cyano- 
alkyl radicals generated by either electrolytic or chemical means behave 
qualitatively in the same manner. 

Little is lcnown 
about the stereochemistry of radicals formed in the Kolbe electrolysis. 
Kharasch, Kuderna, and Urrys0 have reported that optically active mono- 
ethyl methylethylmalonate gives inactive diethyl 2,3-dimethyl-2,3-diethyl- 
succinate, and Wallis and AdamsS1 isolated inactive 3,4-dimethylhexane 
from the electrolysis of (+)-2-methylbutanoic acid. Likewise, an addi- 
tive dimerization product formed by coelectrolyzing sodium (+)-2-meth- 
ylbutanoate and butadiene in methanol was inactive68. However, none of 
these reactions gives a really satisfactory demonstration that the interme- 
diate radical has lost its optical activity completely. All three products 
were presumably mixtures of ~iir?so and dl forms and would be anyway 
expected to possess small specific rotations, thus making it possible that 
sonie optical activity was retained but not experimentally detected. It ap- 
pears safe to conclude, though, that anodically generated radicals lose their 
optical activity to  a large extent, and it remains to  be seen if racemization 
really is complete. Such stereochemical studies would be of great impor- 
tance since reactions between adsorbed radicals (section 1V. B) would be 
predicted to proceed with a t  least some retention of configuration. 

e. Stereochemistry of atiodically generated radicals. 



76 Lennart Eberson 

In  homogeneous solution, allylic radicals possess a defined stereoche- 
mistry, the configuration of the double bond in the starting material being 
largely retained in the product(s). Kolbe electrolysis82 of cis- and trans- 
hex-3-enoic acid (equation 26) in methanol gave products 13,14 and 15 in 
the proportions 42 : 45 : 13, and the configuration of the double bond in 
the acid was retained to an extent of =- 907; in 13 and 14. 

EtCH-CHCH,COO- 

e- ! -co, + 
[EtCH=CH-CH; - EtCH-CH.=-.CH,] 3 

EtCH-CHYCH, 
(26) 

EtCH-CH-CH, EtCH =.CH-CH, 
I +  - ! - I  

EtCH=CH-CH, EtCH-CH-CH, EtCH-CH-CH, 

(13) ( 1 4  (15) 

C)n the other hand, generation of the same allylic radical by electrolysis 
of RCH(CO0-)CH= CH2 gave. as expected. all geometrical isomers of 
13 and 14. 

Summarizing. radicals formed by the anodic oxidation of carboxylates 
behave qualitatively and sometimes even quantitatively in the same way 
as  radicals generated via ordinary reactions in solution. The small differenc- 
es observed are  best explained by the widely differing concentration rang- 
es prevalent in the two cases. However, the search for possible conse- 
quences of the participation of adsorbed species in product formation 
should be continued. These will most likely be stereochemical in nature, 

2. Carbonium ion aspects 

a. liitroductory discussioti. As mentioned above, Wallingl9 was the 
first to suggest that carbonium ions might be formed from anodically ge- 
nerated radicals by a second one-electron transfer to the anode (equa- 
tion 4). Similar ideas had been vaguely expressed earlier (‘oxidation of 
radicals to form alcohols’, ‘partial carbonium ion character in the radical’) 
but the ultimate consequence, i.e. formation of full-fledged carbonium 
ions, was not elaborated. Experimental verifications of this hypothesis 
soon followed2”, and it also became evident that most of the ‘by-products’ 
found in  earlier investigations were easily accounted for by the carbonium 
ion mechanism. We shall now discuss anodically-formed carbonium ions 
in the same way as was done for radicals, starting with the problem of 
defining criteria for demonstrating the intermediacy of carbonium ions in  
the Kclbe reaction. 
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In section I V .  B, it was mentioned that the formation of methanol 
from acetate ions was considered to  occur by reaction between simulta- 
neously generated methyl and hydroxyl radicals. By analogy, one might 
assume that alcohols, ethers, and acetates are formed via a similar reaction 
between R' (or a rearranged radical) and HO', MeO', and AcO' in water, 
methanol, and acetic acid, respectively. However, this approach imrnedia- 
tely causes serious, i f  not insurmountable, difficulties. Most importantly, 
one finds that in all cases the alcohol, ether, or acetate has been found to 
contain a rearranged carbon skeleton, while the accompanying dimer (R2) 
contains uwearranged R groups. Thus ,  one is forced to assunle that anodic 
radicals behave in a dramatically different way in the self-coupling reac- 
tion as compared to coupling with HO', MeO', or AcO'. Even if this 
might in principle be explained by a suitable manipulation of kinetic para- 
meters, this gives a highly unsatisfactory explanation because of  the 
additional variables introduced. 

In fact, n o  case of a radical rearrangement has been found in the Kolbe 
reaction, if the only unambiguous criterion for the occurrence of such a 
rearrangemen! is rigorously adapted, i.e. it must be demonstrated by ana- 
lysis of the self-coupling product (R2) or the mixed coupling product with 
a different hydrocarbon radical (R-R'). As already mentioned none of 
the other possible products can be unequivocally traced back to a radical 
reaction (section I V. C. 1 ). 

The search for radical rearrangements during Kolbe electrolysis has 
been concentrated to  neopentyl- and neophyl-type radicals, since such 
radicals, generated chemically, are known to undergo rearrangements. 
Thus. Breederveld and K ~ o y m a n ~ ~  coelectrolyzed 3-phenylisovaleric acid 
with aceticacid in methanol and obtained r-amylbenzene (16) as the sole 
mixed coupling product and bineophyl (17) as the sole self-coupling pro- 
duct (equation 37). Eberson and Sandberg63 electrolyzed a number of 
malonic half esters of the general formula RC(CH,)2CH(COO-)COOEt 

CH3 
I 

I 

CH3 

'C- CH,Ph 

(27) a 3  

CH3 CH3 

CH, - PhCCYCH, + PhCCH2CHzCPh 

CH3 CH3 

-e- I I I I 

. . 1 I 

CH3 

I 
CH3 

(16) (17) 

I 
CH3 
I 
I 

PhCCH; PhCCH2COO- 

CH, - coz 

CH3COO- CH; 
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(R = hie, Et, Pr, iso-Pr, Ph) and obtained unrearranged coupling pro- 
ducts only. MuhsI8 isolated bineopentyl as the only coupling product from 
the Kolbe electrolysis of 1-butylacetic acid. Also, neopentyl-type radicals 
formed from alicyclic acids (e.g. equation 28) gave unrearranged dimers 
only18. 

Having established that a case of a radical rearrangement during Kolbe 
electrolysis still remains to be found, we can now use the formation of 
rearranged products as the best criterion for the intermediacy of carbo- 
nium ions. Tn equation (3, two possible rearranged products are shown 
(R‘OR” and R’OCOR), and we can also add the rearranged alkene 
R‘H - H P  formed by proton loss from R’+ .  The unrearranged products in 
equation (9, ROR” and ROCOR, are in  all probability formed from Rf. 
but it must be stressed that radical processes cannot a priori be excluded 
(i.e., R+OR”-+ ROR”; R’+ RCO0’- ROCOR). Any unrearranged al- 
kene, RH - Hz, can in principle originate either from R’ (equation 3, dis- 
proportionation) or from R +  by proton loss. Some idea of the ,importance 
of these routes can be obtained by considering the amount of RH 
formed, since RH is formed in equimolar amounts in the disproportionation 
step. It must be emphasized, though, that this cannot be done quantitatively 
because of the other possible pathways leading to RH (section 1V. C. 1). 
Again, work-up and analysis at  a very early stage of the reaction should 
help considerably to minimize secondary processes. 

We shall now discuss some examples of electrolytic carbonium ion for- 
mation and try to make comparisons with results obtained in ordinary che- 
mical reactions. It is left to the reader to judge for himself if alternative 
explanations along the lines discussed above are to be preferred. In most 
cases to be discussed below, yields will be given as relative percentages of 
the total amount of products explicitly mentioned (i.2. products which are 
obviously of radical origin will be omitted) in order to facilitate compari- 
son with other carbonium ion reactions. 

h. Fafry acids. Some old observations of what must now be consider- 
ed to be electrolytic carbonium ion formation from aliphatic acids have 
been summarized in Table 6, together with results obtained in the corres- 
ponding homogeneous carbonium ion processes. I t  must be remembered 
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TABLE 6. Carbonium ion mediated products (except the gaseous ones) in the electrolysis 
of fatty acids or in the corresponding deamination reaction 

Reference 
Products, yields in mole 7; within 

parenththeses 
Reaction 

Electrolysis of CH,CD,COO - Mixture of ethanols with approxi- 84 
mately statistical distribution of D 
over the C atoms 

Deamination of CH:'CH,NH, CH3 14CH,0H (98). I*CH,CH,OH (2) 85 
Electrolysis of n-PrCOO .-  iso-PrOH (82). n-PrCOO-iso-Pr (13). 86 

Deamination of n-PrNH, iso-PrOH (70). n-PrOH (30) 87 
n-PrCOO-n-Pr (5) 

that the results of these early electrolytic experiments are uncertain and 
incomplete due to the experimental difficulties in separating and isolating 
closely similar products at  the time they were done, so we can only con- 
clude that electrolytic carbonium ion formation has taken place and that 
hydride and alkyl shifts occur to at  least to the same extent as in deamina- 
tion. 

Recently, Skell and Maxwell'" studied the electrolysis of 3-methylvaleric 
acid in detail and Table 7 shows a comparison of the electrolytic products 
with those obtained in the deoxidation of the corresponding alcohol. The 
product spectrum is very similar i n  the two cases, and it is especially 
interesting to note that cyclopropane formation is observed in electrolysis 

TABLE 7 .  Comparison between gaseous products formed in the dcoxida- 
tion of 2-methyl-1 -butanol and electrolysis of 3-methylvaleric acid, 

respectively BH 

~~ ~~~~ ~~ ~~ ~ 

Reaction 
. - . - - . . . - - . . - ___ 

Product Dcmidation of I-mr- Electrolysis of 3-me- 
thyl-1-butanol. yields thylvaleric acid, yields 

( %) (%) 
- .- - -...-___-_.I.- ___-- 

2-Methyl-1-butene 
2-Methyl-2-butene 
zrans-2- Pen t e n e 
cis-2-Pentene 
I-Pentene 
Ethylcyclopropane 
1,2-Dimethylcyclopropane 
3-Methyl- 1-butene 
Minor unidentified products 

48-2 
11.3 
13-5 
7.9 

12.3 
2.1 
2.0 
1.2 
1.5 

36.4 
9.3 
8-5  
6.6 

16.1 
3.0 
3-0 
1-9 

15.6 
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also, demonstrating the close similarity between cations produced by elec- 
trolysis and deoxidation. 

K o e h P  investigated the electrolysis of three isomeric Cs acids at a 
carbon anode (which strongly promotes the formation of carbonium ion 
mediated products: see section 111. B ). Table 8 gives the results obtained 

TABLE 8. Gaseous and liquid products formed in the electrolysis of C ,  acidsz3 

Composition of gaseous products 
(mole %) 

- Total yield of 
gaseous products Butencs 

1- iso- Irons-2 cls-2 

Acid 
Methylcyc- 
lopropane 

Valeric - 35 58.3 3-0 19-2 9.5 8.4 
2-Methylbutyric - 35 51.5 2-2 27.1 12.7 4.9 
3-Methylbutyric - 35 30.7 19.5 24.9 11.9 9-3 

Composition of liquid products 
( ?i) 

Total yield of 
Acid liquid products Butanols Esters 

(%) ___ 
I- 3- I -  r -  . 3- 1 -  

Valeric - 10 - 15.0 - - 55.9 11.0 
2-Methylbutyric - 20 40.0 -* 2.1 39.8 5-4 
3-Methylbutyric - 20 5.4 19.5 - 12.9 50.6 - 

- 

Compound formed in iracc amounts. 

in aqueous solution under slightly acidic conditions (pH = 6), and Table 9 
shows a comparison of the electrolytic products with those obtained in  the 
deoxidationeo and deamination of the corresponding alcohol and amine, 
respectively. The comparison is based on  the 2- to  I-butene and trans- to 
cis-Zbutene ratios and the total yield of isobutene and methylcyclopro- 
pane obtained. Generally, all three reactions give similar results, although 
there are some distinct differences in the 2- to 1-butene and trans- to cis-2- 
butene ratios in some cases. Koehl interpreted these results in terms of' a 
mechanism involving 'hot' carbonium ions formed by anodic oxidation of 
alkyl radicals (the possibility that cations were formed via the reaction 
RCOO- -. RCOO+ + 2e-, followed by decarboxylation of RCOO', was 
dismissed). The differences in the above-mentioned ratios between the 
electrolytic and homogeneous reactions were thought to  indicate that pro- 
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TABLE 9. Comparison between products formed from n-butyl, sec-butyl, and isobutyl 
cations produced by electrolysis, dcamination, or deoxidation 

~~ 

Butene ratios Yield in :< of 

Reaction methyl- Reference 

propane 

2-11- irons-lcis- isobutcne CYCIO- 

Electrolysis of n-BuCOO - 
Deamination of n-BuNH, 

Deoxidation of n-BuOH 
Electrolysis of sec-BuCOO -- 
Deamination of sec-BuNH, 

Deoxidation of sec-BuOH 

Electrolysis of iso-3uCOO - 
Deamination of iso-BuNH, 
Deoxidation of iso-BuOH 

0.5-0-7 
0.41 
0.67 
- 

0.6-0.8 
3.0 
3.55 

1-37 
0.7-1.2 

2.67 

0.77 

- 

- 

1.5-2.0 
2.2 
1.7 
1-85 

2.9 
2.1 
1 -67 
1 -66 

I -40 
1 -82 
I .60 

1 -9-2'2 

I .6-2.1 

3-4  
0 

-_ 
2 

__  

- 
- 

20-30 
34 

55 

(I - 

8-13 

_- 
2 

3-5 

- 
0.5 

Trace 
7-10 

4 
5 

- 

23 
90 
91 
89 
23 
90 
91 
89 
23 
23 
92 
89 
23 

a Compound rormed in trace amounts 

duct formation might occur via cations specifically associated with the 
anode. In the absence of any detailed studies of the electrochemical meclia- 
nism it is difficult to test this idea, neither is it clear whether dearnination 
and deoxidation are good chemical analogues of the electrochemical pro- 
cess. These reactions produce carbonium ions by loss of neutral molecules 
or ions from cationic or carbenic precursors (equations 29 and 30), whereas 

R-Nf ____ R+ -i- N, (29) 

ROCBr -.- R+ + CO +- Br-  (30) 

anodic carbonium ions are formed either by direct oxidation of alkyl radi- 
cals (equation 4) or possibly by loss of carbon dioxide from RCOO+. I n  
the former case the oxidation of alkyl radicals by copper(l1) saltso3 should 
be a better chemical analogue to electrolytic carbonium ion oxidation. 
However, although the butene ratios found in the oxidation of sec-butyl 
radicals bysimplecupric salts are in very good agreement with those obtain- 
ed in the electrolysis of 2-methylbutyric acid, this analogy fails comple- 
tely for n-butyl and isobutyl cations. 

We shall deal with &-substituted alipha- 
tic acids only, since there is ample evidence that substituents which lead to 
anomalous results in the x position, exert only a minor influence when 
further removed from the carboxyl group13-", i .e.,  such substituted acids 

.. 

c. Substituted aliphatic acids. 
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behave similarly to the unsubstituted ones. It is in the a positior! that a 
substituent can influence the properties of an intermediate radical or car- 
bonium ion, e.g. by conjugation with the reactive center, and thus the 
product distribution, most strongly. 

Table 10 provides a number of examples of the effect of ?r substitution. 
The results are presented as total yields of products formed via the radical 

TABLE 10. Yields of products formed via the radical or carboniurn ion path in Kolbe 
electrolysis of substituted aliphatic acids in methanol (R' = alkyl or phenyl) 

Isolated yield of products 'so'ated Of pro- 
via ducts formed v ia  car- Reference bonium ions 

K in RCOO- 

( %) ( %) 

R'CONHCH, 
R'(CH,),CCH(COOEt) 
(CH3),CCH(CONH,) 

PhCH 
(CHs),CCH(CN) 

4-NOzC,H,CH, 
2-N02C,H4CH2 
4-CH30C,H4CH, 
Ph,CH 
Ph,CH 
Ph,C 
PhCH(OCH,) 
Ph2C(OCH3) 

< 15 
20-85 

55 
61 
55  
33 
0 
0 
8 
0 
0 
0 
0 

60-80 
3-16 - 20 
-=2 
O ?  
16 
17 
88 
35 
80 
60 
62 
74 

34 
83 
94 
79 
37 
9s 
95 
96 
97 
26 
37 
98 
98 

and carbonium ion pathway, respectively. It is evident that certain substi- 
tuents (CN, COOR, CONH2) favor the radical step, whereas others (OR, 
NHCOR, Ph) favor the carbonium ion process. As will be discussed later 
(section 1V. C. 2. h) a low ionization potential of the intermediate radical 
will favor the carbonium ion reaction. 

The chemistry of alicyclic and bicyclic 
compounds is abundantly rich in carbonium ion rearrangements, and it 
is therefore not surprising that a number of investigations have been devot- 
ed to the study of the anodic oxidation of these acids. In fact, the first 
convincing verifications of anodic carbonium ion formation were obtain- 
ed in the alicyclic and bicyclic series20. 

Anodic oxidation of cyclobutanecarboxylic acid in  aqueous solution20 
afforded a 30% yield of a mixture of cyclopropylcarbinol, cyclobutanol, 
and allylcarbinol identical in composition with that resulting from deami- 
nation of cyclobutylarnine. 

d. Alicyclic and bicyclic acia!v. 
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Electrolysis of 1 methylcyclohexaneacetic acid (18) in methanol16 pro- 
duced dimer (58 %), 1-methylcycloheptene (1 1 %), and methyl 1-methyl- 
cycloheptyl ether (1 3 %), the last two products being formed by rearrange- 
ment of the initially formed primary cation (equation 31). Analogous re- 
sults were obtained in the electrolysis of I -methylcyclopentaneacetic acid. 

Anodic oxidation of exo- or edo-norbornane-2-carboxylic acids20 (19 
or 20) gave em-norbornyl methyl ether (22) i n  35-40% yield as the sole 
volatile product with no endo isomer detectable (equation 32). 

Moreover, the exo methyl ether 22 obtained from optically active 20 
was racemic. Electrolysis of exo- or  endo-5-norbornene-2-carboxylic 
acid20 (23 or 24) gave 3-methoxynortricyclene (26) in 56% yield. The for- 
mation of ethers 22 and 26 in these cases correspond exactly to the pro- 
ducts formed via the bridged ions 21 and 25 in  solvolysis, whereas the 
corresponding deamination reactions indicate a higher degree of retention 
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of structural integrity (e.g., optically active endo-norbornylamine on dea- 
mination in acetic acidg0 gives 5% of the ertdo-acetate and 95% of an  exo 
-acetate with 19% retention of optical activity, a total of 24% retention of 
structural integrity). This difference further illustrates that the behavior of 
anodic and deamination carbonium ions need not necessarily be similar 
in all respects. In this particular case, participation by neighboring carbon 
in the formation of electrolytic carbonium ions is indicated, although it 
may be that the stereochemistry found is only a reflection of the proper- 
ties of a poorly solvated norbornyl cation, which has a life-time long 
enough to collapse completely into the bridged ion (21). 

Electrolysis of apocamphane-1 -carboxylic acid (27) gave 1 , l  ‘-biapo- 
camphane (3373,  I-apocamphyl methyl ether (32%), and 1 -apocamphyl 
apocamphane-l-carboxylatels, showing that even highly strained carbo- 
nium ions can be generated by anodic oxidation of carboxylic acids. 

I 

coo- 
(27) 

Electrolysis of 45-cholestene-3~-carboxylic acid (28) in methanol”. loo 

gave a mixture of 6/?-methoxy-3,5-cyclocholestane (29, isocholesteryl 
methyl ether), 6~-methoxy-A4-cholestene (30), and 4/?-methoxy-As-cho- 
lestene (31). In addition to cholesteryl methyl ether, 29 is the characte- 
ristic ether product from methanolysis of cholesteryl tosylate, whereas the 
two other products are obtained from the methanolysis of epicholesteryl 

tosylate. These results indicate that the cholesteryl radical (32) can be 
oxidized anodically with or withcut direct participation of the As double 
bond, i .e. ,  either from the or a side of the molecule, oxidation from the 
/? side giving rise to the homoallylic carbonium ion 33 and from the z 
side to a classical ion which rearranges to  the allylic cation 34 via a 
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(30) t (31) 

(34) 

4 - 3-hydride shift. Oxidation from the side is slightly predominant. 
No 3,5-diene was formed in the electrolysis, which was attributed to the 
fact that the anodic cation is generated without any basic leaving group and 
thus collapse with solvent occurs predominantly at  Cce). 

The electrolysis of cis- and truns-bicyclo[3.1.0]hexane-3-carboxylic acid 
(35 and 36) has recently been investigatedlOl. This reaction is of particu- 
lar interest since the 3-bicyclo[3.1 .O]hexyl cation generated by solvolysis of 
cis-3-bicyclo[3. I.O]hexyl tosylate has been postulated to be a homoaro- 
matic species (37)102-104. 

The electrolysis of 35 and 36 was performed in pyridine-water,,a solv- 
ent which favors the formation of carbonium ion products. There is a 
slight disadvantage in using water as a nucleophile since the alcohols form- 
ed can be oxidized further to ketones at the anode. The possibility that 
this may occur stereospecifically to some extent is a source of uncertainty 
in the determination of the composition of the epimeric alcohol mixtures 
formed. 

The compositions of oxygen-containing products from solvolysis, dea- 
mination, and electrolysis of the appropriate precursors are given in 
Table 11. I t  is immediately apparent that both deamination and electro- 
lysis give drastically different results from those obtained in solvolysis and 
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that the trishomocyclopropenyl cation cannot possibly be the product- 
forming species in the two former processes. The proportion of 3-substi- 
tution products is rather small in electrolysis as compared to deamination 
and solvolysis. The ratio of cis- to trans-3-alcohol indicates little steric 
control of the product ratio in the electrolytic reactions, although prefe- 
rectial consumption of either isomer might take place in the ketone-form- 
ing oxidation process. The composition of the mixture of 2-alcohols in 
either case indicates partial stercospecificity, the mixture from the cis acid 
having a slight excess of cis-2-alcohol and that from the trans acid a slight 
excess of trans-2-alcohol. This was thought to be due to the intermediacy 
of acyloxonium ions (the 3-bicyclo[3.1 .O]hexyl radical and cation in homo- 
geneous solution cannot differentiate whether they were formed from the 
cis or trans acid) 38 and 39 which would undergo a concerted hydrogen- 
bridging carbon dioxide loss (equations 36 and 37). Attack on C(2) by 
solvent from the side opposite to the hydrogen bridge would account for 
the stereospecificity observed. The possibility that the stereochemistry 
might be explained on the basis of cation association with the anode was 

H H 

H H OH 

(39) 

considered unlikely in view of the results obtained with the bicyclic sys- 
tems discussed above (equations 32 and 33). No scrambling of a deute- 
rium label in the 6-position of (35) was observed, showing that the 3- 
bicyclo[3.1 .O]hexyl cation, be it formulated as a non-classical ion (37) or 
a rapidly equilibrating mixture of classical ions, does not play any role 
in the electrolytic decarboxylation of either epimer. 

The electrolytic decarboxylation of 3~-acetoxybisnorallocholanic acid 
(40)loG and isostevic acid (41)lo7 i n  methanol has been shown to give 70- 
85% yields of carbonium ion mediated products. 
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Y'""" 

COOH 

e.  Dicarboxylic acids. In contrast to their half esters, dicarboxylic 
acids have received little interest as substrates for anodic oxidation, pro- 
bably due to the early finding that cycloalkanes could not be prepared from 
diacids via an intramolecular coupling rea~t ion '~- '~ .  However, some re- 
cent developments demonstrate that anodic oxidation of diacids to form 
cationic intermediates might have some synthetic value. 

The oxidative bisdecarboxylation (Grob degradation) of 172-diacids 
by lead tetraacetate (see section VII.) could be duplicated anodically 
under certain conditions. Thus, electrolytic oxidation of meso- and dl-2,3- 
diphenylsuccinic acid in 90% pyridine-water'OR with an excess of triethyl- 
amine present gave 36% and 40% yield, respectively, of trans-.stilbene with 
no cis isomer detectable in either case, which is exactly the same stereo- 
chemistry as in lead tetraacetate bisdecarboxylation of these acids. Since 
this result ruled out a concerted mechanism, a mechanism involving a 
labile monocarboxylic zwitterion was proposed (equation 38). A number 

+ 
PhCHCOO- -2e- PhCH Ph 

PhCHCOO- -'OZL PhCHCOO- 
I \ -+ co2 (38) - 

CH--CH 
I 

Ph 
\ 

of other examples of anodic bisdecarboxylations are log. 

1,2-Ethylenedicarboxylic acids give alkynes by this methodI5. 
Lactone formation has been observed in a number of anodic oxidations 

of 1,3- and I74-dicarboxylic acids. a-Truxillic acid (42) gave at least eight 
products on electrolysis in methanol110, the major component being the 
lactone (44). Formation of a carboniurn ion intermediate (43) followed by 
rearrangement and internal attack of carboxyl at the cationic center is a 
probable mechanism (equation 39). Deamination of y-truxillamic acid (45) 
gave the same lactone. 
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1 (39) 

The only hitherto reported case of an internal coupling reaction was 
found in the electrolysis of trans, trans, trans-l,3-dicarboxyl-l,3-dicar- 
bomethoxycyclobutane (46)llO. The major product was the bicyclobutane 
derivative (47). The reaction is formally an intramoiecular coupling pro- 
cess, but in view of the results in the 1,Z-diacid series an ionic mechanism 
is also feasible (equation 40). 

coo- 

On electrolysis in methanol, poly(methacry1ic acid), which has its 
carboxyls in 1,3-positions, is eventually converted into a po lymeP  con- 
taining 5-6x of its carboxyl groups as free COOH, 35-40% as y-lactone 
functions, and 30% as ester groups. The rest was converted into pprti- 
ally unsaturated hydrocarbon groups. The formation of this product is 
best formulated as a carbonium ion reaction (equation 41). 

CH, 
I I -2e- 

! 
CH, CHI CH, 

-CHz-C-CHz-C-CHz--- - --CHz-C-CHz-C-CHZ- --- -co, I - 
I coo- coo- coo- 

(41) 

CH, CH, CH3 CH, 
I I \ MeOH -cH,-c-cH-C-CH,.. -- + -CH,-C C-CH,- -----pH0 ester 
I 'co-0 / 
coo- 
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The perhydrodiphenic acids2' also furnish interesting examples of 
anodic lactone formation from 1,4-dicarboxylic acids. Thus, trans-anti- 
trans-perhydrodiphenic acid on electrolysis in methanol produced 5% of 
the d-lactone 48, 45% of the y-lactone 49, and 20-25% of a polymeric 
material, probably according to the ionic mechanism outlined in equation 
(42). Overberger and KabasakalianZ1 did mention the possibility of this 
mechanism but preferred an alternative one involving radicals. 

co; coj co; co; 

w w  co-0 co-0 

f. Hydroxy acids. Certain types of hydroxy acids undergo anodic car- 
bonium ion reactions of potential preparative value. Thus, the electro- 
lytic oxidation of /3-hydroxy acidsz0 can be used as a ring expansion meth- 
od (equation 43) : 

) (2)Hydrolysis < 

On electrolysis y-.hydroxy acids undergo a n  interesting C,-C, cleavage 
reaction112, first demonstrated for the acid 50 and later investigated in 
more detail with 51, y-benzyl-y-hydroxyvaleric acidz0* loo (equation 45, 
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yields are based on unrecovered starting material). Deamination of the 
amine corresponding to 51 gave the two rearranged ketones but no cleav- 
age productlw. 

PhCH,CCH,CH,COO- --- PhCH,kCH,CH; -- PhCH2COCHa+ CH,-=CH, 

OH OH 
I 
I electrolysis 

I i 
CH, CHa 80 % 

I (1) hydride shift 
(2) PhCH, o r  Me migration (45) 

CHa . 
I 

5 %  1 1 %  

I 
PhCH2COCH(CH,),+ PhCH,CHCOCH, 

The y-hydroxy acid 52 could be converted into tram-5- cyclodecenone 
(56) by electrolysis in methanol (equation 46)ll3. 

co; 

Od OH 0 

g .  Comparisoti between anodic and tiowanodic carbonium ions. Several 
problems remain to  be solved before a detailed comparison between car- 
bonium ions of anodic and chemical origin can be undertaken. One of the 
more obvious difficulties is t o  estimate effects due to the heterogeneous 
nature of the electrode reaction. The 2- to  I-butene and the trans- to cis-2- 
buteiie ratios shown in Table 9 as well as the partial stereospecificity observ- 
ed in the bicyclo[3.1 .O]hexyl system (Table 11)  might be indicative of such 
effects, although it is not  possible to  draw definite conclusions on  the basis 
of these rather small differences. 

Even if it were possible to ascertain that product formation takes place 
in solution we still do not know how the cation is formed. The behavior of the 
cholesteryl system would seem t o  provide some evidence that the cation in 
this case is formed by direct oxidation of a free cholesteryl radical, since 
the mechanism depicted in equation (35) allows for oxidation from both 
sides of the radical. However, the analogy to the corresponding solvolytic 
reaction is probably not a very good one. As a n  example, no diene is form- 
ed in the electrolytic process which is probably due to the absence of a 
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basic leaving group in the correct position. Furthermore, it is not known if 
there is a need for any special orientation of the carboxylate ion with re- 
gard to the anode for the electron transfer to occur. 

The other possibility, that the cation is formed by decarboxylation of an 
acy€oxonium ion RCOO+, was discussed by Gassman and ZalarloO in con- 
nection with their explanation of the partial stereospecificity observed in 
the bicyclo[3.1 .O]hexyl system, and cannot be rejected. Thirdly, a concert- 
ed mechanism involving a two-electron transfer and simultaneous cleav- 
age of the C-COO bond to form R+ and CO? directly must be taken into 
account even if any observed stereospecificity then has to be explained by 
steric control exerted by the anode surface. 

Apart from these difficulties, it is for the moment a safe generalization to 
state that anodic carbonium ions are of the exceptionally reactive, 'hot' 
type1", i.e. their properties bear a close resemblance to those of carbonium 
ions produced in the deamination or deoxidation reaction. The differences 
observed are not very pronounced and do not lend themselves to  a differen- 
tiation between the various mechanistic possibilities discussed above. As in 
the case of anodically generated radicals (section IV. C. l), it is, however, a 
fair approximation to discuss anodic carbonium ions without any conside- 
ration of anode effects in the light of present evidence. 

The Kolbe reaction is unique 
among organic reactions with its blend of strict radical and carbonium ion 
mechanisms. For preparative purposes it is of great interest to have some 
means of predicting whether the radical or carbonium ion path will be the 
favored one for a particular acid. Assuming that experimental conditions 
are kept constant (e.g. platinum anode, methanolic solution) and that the 
simple mechanism outlined in equations 1 ,  2, and 4 is valid, it has been 
showns6 that the ionization potential of the intermediate radical R (as 
measured by the electron impact or the photoionization method) is the do- 
minant parameter in determining the ease of further oxidation of the radi- 
cal. Radicals with high ionization potentials (i.e. =- 8 eV) are fairly resis- 
tant towards oxidation to carbonium ions and thus the radical mechanism 
will be favored in these cases. Among these we find the primary aliphatic 
racidals RCH:, (methyl 9.95, ethyl 8.78, propyl 8.33, butyl 8.64, isobutyl 
8-35 eV) and iesonance-stabilized radicals of the type RC'HX (CHzCN 
10-87, Me2CCN 9-15 eV). Ionization potentials for radicals of the type 
R2cCOOEt and R2CCOHNa are not known, but the good to moderate 
yields of coupling products in the electrolysis of substituted malonic half 
esters and malonamic acids is arr indication that these radicals belong to 
this group. 

h. Radical versus carbonium ion path. 
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Among the group of radicals with low ionization potentials (less than 
8 eV) we find the cases where products formed via carbonium ions dominate, 
e.g., secondary and tertiary aliphatic radicals (isopropyl 7.90, t-butyl 
7.42 eV), alicyclic radicals (cyclobutyl 7-88, cyclopentyl 7-80, cyclohexyl 
7-60 eV) and phenyl-substituted radicals (benzyl7-76, benzhydryl7.32 eV). 
Radicals with ionization potentials around 8 eV constitute borderline cases. 

V. ANODIC ACYLOXYLATIOM AND RELATED R E A C T I O N S  
A. Acyloxylation 

The formation of acetoxylated products during Kolbe electrolysis of 
acetate ions in acetic acid in the presence of organic substrates. such as 
naphthalene or anisole, has frequently been cited as evidence3'. "* 'O for 
the intermediacy of acetoxy radicals in the Kolbe reaction (equations 1 and 
47). I t  has later been shown31 that a number of organic compounds, among 

* H '  
t CHJCOO' - (47) 

them napthaleiie and anisole, display polarographic waves in CH3CO0 -.; 
CH3COOH far below die critical potential (section 111. A )  fordischarge of 
acetate ion. Table 12 is a compilation ofanodic half-wave potentials obtain- 

TABLE 12. Half-wave potentials for the oxidation of organic compounds in H O A c 4 . 5  M 
NaOAc at a rotating platinum electrode21 

E,12(V) versus E,(:(V) versus 
Compound saturated calomel Compound saturated calomel 

electrode electrode 
~ . -  . -  .- - - - -  

Mesitylene I .90 Pyrene 1.20 
Durene 1.62 Triphenylenc 1.74 
Pentamethylbenzene 1.62 Perylene 1 .oo 
Hexamethylbenzene I .52 Fluoranthene I .64 
Naphthalene I .72 Anisole 1-67 
I-Methylnaphthalenr 1-53 Phenyl acetate 1.30 
2-Methylnaphthalenc 1.55 trans-Stilbene 1.51 
Biphenyl 1.91 I ,  1 -Diphenylethylene 1.52 
Biphenylene I . 3 0  Biphenyl-2-carboxylic acid 1.71 
Acena phthene 1.36 Azulene 0.9 I 
Acenaphthylene 1.53 Cyclooctatetraene 1.42 
Fluorene 1.65. Furan 1-70 
Anthracene 1.20 2.5-Dimet hylt'uran 1.20 
Phenant hrene 1.68 D M F  1.90 
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ed in this medium. These data suggest that it is actually the organic sub- 
strate which is oxidized in the electrode p r o c e ~ s ~ ~ - ~ ~ .  Unambiguous proof 
of this was obt.ained by controlled potential electrolysisJ1, in which the 
anode potential was kept well below the critical potential for discharge of 
the acetate ion. In all these experiments, the characteristic acetoxylation 
products were isolated in low to fair yields. In the case of naphthalene the 
competition between the acetoxylation reaction and the Kolbe reaction 
(formation of methyl radicals, which give methylnaphthalene in analogy t o  
the reactions discussed in section IV.  C. 1) could be demonstrated by run- 
ning the reaction at different anode potentials. ,4t a low potential, the Kolbe 
reaction is almost completely suppressed. 

These experiments verify that anodic acetoxylation occurs via a two- 
electron transfer from the organic substrate to  the anode to form a dicatio- 
nic intermediate (54), followed (or possibly assisted) by reaction with ace- 
tate ions (equation 48). 

H OCOCHj ococti’-J 

(55) (49) 

An alternative mechanism (equation 49) has been suggested by PerrinR. It 
is, however, very difficult to distinguish between the two mechanisms. 

The most important feature of both is that the intermediate 55 is of the same 
type as in ordinary electrophilic substitution. 

Jn addition to nuclear acetoxylation, side-chain acetoxylation (equation 
50) is also observed for alkyl-substituted benzenes, presumably via the 
same kind of intermediate as in equation (48) which by loss of a proton 
would form a benzyl cation (for further evidence regarding the intermediacy 
of benzyl cations in these reactions, see reference 1 15). 
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Mango and Bonner have investigated the electrolysis of trans-stilbene 
and 1 ,I-diphenylethylene in anhydrous and wet CHsCOO- /CH3COOH116. 
The stereochemistry of the products formed from rrmis-stilbene is in 
agreement with the assumption that a cyclic acetoxonium ion is the pro- 
duct-forming intermediate (equation 5 1). 1,4-Addition of two acetoxy 
groups is also observed in the anodic oxidation of furan in CH3COO-/ 
CH3COOH’”. 

AcO Ph  
\ 
..C- C -H  

H-- 1 \ 
H Ph H Ph = .  Ph OAc 

’- ‘.c I - 0, ,#3 
-2e- 

‘C’ 

Ph’ ‘ H 

I *C-CH3 
5 0 ’  

/‘ L 
11 CH3COO- 
C 

Ph H 

Ph 

Cyclooctatetraene (COT) is of particular interest, since removal of two 
electrons might possibly give the planar six z-electron system COT2+ as an 
intermediate. On controlled potential oxidation in CHsCOO-/CH,COOH, 
COT gives predominantly a mixture of 56, 57, and 58 (equation 52)”*. In 
addition, a small yield of a mixture of two epimeric products 59 was isolat- 
ed. These are formally derived by addition of the elements of CH3COOCH3 
to COT, presumably via attack of a methyl radical 

(56) (57) 

(from the Kolbe process) on COT, followed by a second electron transfer, 
ring contraction, and reaction with acetate ion. Accordingly, this reaction 
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could be totally suppressed by running the electrolysis with a carbon anode, 
which is known to inhibit the formation of radicals (section 111. B). 

The formation of acetates from the electrolysis of butadiene6', styrene70, 
(section IV. C. 1) or alkenes1l9 in CH3C00-/CH3COOH presumably 
occurs via a similar ionic mechanism. 

On anodic oxidation i3 CHsCOOH/CH3COO-, phenols are converted 
into a mixture of 0- and p-quinol acetatesl2". This reaction has been shown 
to  be ionic, and  a phenoxonium ion has been postulated to be the inter- 
mediate (equation 53). 

(53) 

H O A c  

Amides, especially DMF, have attracted considerable interest as sub- 
strates for anodic a c y l o ~ y l a t i o n ~ ~ - ~ ~ .  On the basis of polarographic mea- 
surements and controlled potential electrolysis, Eberson and Nyberg3l pro- 
posed that acyloxylation, except possibly formyloxylation, of DMF pro- 
ceeds via the cationic intermediate 60 (equation 54). Anodic formyloxy- 
lation, 

/CH,OAc 
(54) 

,CH, OAc- =% HCON . - -  HCON 
\CH, \CH, 

-nr HCON 
\CH, 

(60) 

as well as acetoxylation in the presence of nitrate ion, presents special 
problems and it is difficult to decide between a radical and a polar mecha- 
nism2-'. 

Anodic aroyloxylation can be achieved by coelectrolysis of benzoate ion 
and a suitable organic compound (naphthalene 121, anisole122) in acetonitrile. 
In this case a homolytic mechanism involving benzoyloxy radicals cannot 
be excluded on the basis of present data, although the similarity with the 
corresponding acetoxylation processes makes an ionic mechanism inore 
attractive. 

Various cases of intramolecular anodic acyloxylations have been descri- 
bed, e.g., from biphenyl-2-carboxylic acid31 (equation 5 9 ,  p-(p-hydroxy- 
pheny1)-propionic acid'=* 124 (equation 56) and 3,3-diphenylpropionic 
acidj5 (equation 57). All these reactions probably conform to a mechanism 
similar to that given in equations (48) or (49). 
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do Ph,CHCH,COO- - (57)  

6. Anodic Cyanetion 

Nitriles, and consequently carboxylic acids, can be prepared by electro- 
lytic cyanation of certain organic compounds in the presence of cyanide 

, and again a mechanism involving electron transfer from the or- 
ganic substrate rather than cyanide ion is probab1el2' (equation 58). This 
method has great potential synthetic value. 

ion125, 126 

VI. ANODIC ESTERIFICATION, ALCOHOLYSIS A N D  
HYDROLYSIS 

It has sometimes been noted that esterification of the starting acid occurs 
during Kolbe electr~lysis'~-'~- 36* 39 or that alcoholysis of p n  ethyl ester 
takes place when methanol is used as solvent'26-'2D* l3'. If the reaction is run 
in a divided cell, esterification or alcoholysis occurs in the apode compart- 
ment 0nly13O.131. In a suitable solvent, such as dioxane-water, it is also 
possible to hydrolyze an ester function anodicallylJO. A probable mechanism 
for these reactions involving anodic acyl-oxygen cleavage is outlined in 
equation (59). 

(59) 
R"OH 

RCOOR' --- RCO+ + R'O+ + 2e- - RCO0R"t H+ 
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Vli. ANODIC VERSUS LEAD TETRAACETATE OXlDAYlON 
OF ORGANIC COMPOUNDS 

It  is of interest to note that many of the electrochemical processes mention- 
ed above, especially those involving ionic intermediates, have their 
counterparts in the chemistry of lead tetraacetate oxidations132. Thus decar- 
boxylation, bisdecarboxylation, nuclear and side-chain acetoxylation, 
quinol acetate formation, addition of two acetoxy groups or one acetoxy 
and one methyl group to a double bond, lactone formation, erc. can be 
achieved by lead tetraacetate oxidation of appropriate compounds. The 
results are qualitatively and sometimes even quantitatively the same as in 
the electrolytic reactions. From the economic point of view, it would there- 
fore seem to be advantageous to use the electrolytic reaction for large-scale 
preparations. 
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1. INTRODUCTION 

Although no reviews seem to have been published about alcoholysis, acido- 
lysis and redistribution of esters in particular, these reactions have been 
discussed in reviews concerned mainly with ester hydr~lysisl-~.  Often the 
mechanisms of hydrolysis and alcoholysis are similar. 

An ester can react to produce another ester, either in a reaction with an 
alcohol in the alcoholysis reaction (equation I ) ,  or with a carboxylic acid 
in the acidolysis reaction (equation 2), or with another ester in the redistri- 
bution reaction (equation 3). 

R'COOR'+ R'OH = R'COOR'i- R'OH (1) 

R'COOR2+ R'COOH = R'COOR's R'COOH (2) 

R'COOR' f R'COOR' = R'COOR' + R'COOR' (3) 

Alcoholysis may also occur between an ester and an alkoxide ion in a 
base-catalysed reaction or between a protonated ester and an alcohol in an 
acid-catalysed reaction. Acidolysis may involve a carboxylateion or a proton- 
ated ester. 

The mechanisms of hydrolysis and alcoholysis of esters may sometimes 
differ due to  differences in the nucleophilic behaviour of water and alcohols 
or to the different solvents used. Both hydrolysis and alcoholysis can occur 
by acyl-oxygen fission (Ac) or alkyl-oxygen fission (Al). The products of 
these two mechanisms are identical in hydrolysis, but in  alcoholysis acyl- 

0 0 
!' 

I 

R'O + C-OR' LZZ RaO-C f OR' acyl-oxygen fission (4 
; I  
R H  

I 1  
H R  
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0 0 
'I I! 

i I 
R R 

R'O -t R'O-C -= R'O-R' + HO-C alkyl-oxygen fission ( 5 )  
I 
H 

oxygen fission yields an alcohol and a n  ester, whereas with alkyl-oxygen 
fission an ether and a carboxylic acid are obtained (equations 4 and 5).  
Thus, for alcoholysis the two mechanisms are easily identified by product 
analysis, whilst for hydrolysis they can only be identified by using isotopi- 
cally-labelled reactants. 

In addition to uncatalysed alcoholysis, acid (A) base (B) or nucleo- 
philic catalysis of the alcoholysis reaction has been observed. Each 
reaction may occur by a bimolecular or a unimolecular mechanism. Eight 
different mechanisms are possible, four involving alkyl-oxygen fission 
(AAll, AA12, B A , 1  and BA,2) and four involving acyl-oxygen fission(A,,l, 

The bimolecular acyl-oxygen fission alcoholysis occurs by a one-step 
direct substitution mechanism or by a two-step mechanism involving an 
initially-formed tetrahedral intermediate decomposing either to starting 
materials or to products. The experimental results" indicate that the latter 
mechanism is more usual (equation 6). 

B A c l ,  B,4,2). 

0 OH 0 
I' I I: 

I I 
R-C-OR' C R-C-OR' e- R-C+HOR' 

H-OR' 0 Ra 

(6) 

OR" 
- 

Investigations of alcoholysis reactions were comparatively rare. Previous 
analytical difficulties in measuring alcoholysis rates are now overcome by 
the use of gas chromatography. The advantages in studying alcoholysis are 
the easy distinction of Ac and AI routes and the possibility of varying the 
nucleophi!e. In ester hydrolysis of esters, acyl-oxygen fission is usually 
much faster than alkyl-oxygen fission and it is therefore not usually pos- 
sible to measure the rate of the latter. I n  alcoholysis, the rates of both 
reactions can be measured if R1 is identical with R2. Alcoholysis by acyl- 
oxygen fission (equation 4) yields products identical with the starting mat- 
erials and no net reaction is observed; the rate of the simultaneous, much 
slower reaction by alkyl-oxygen fission can then be measured. The rate of 
alcoholysis by acyl-oxygen fission can be obtained using isotopically- 
labelled mo!ecules. 

Alcoliolysis has been used as a synthetic method for preparing esters, 
especially in the fields of fats and polyesters, and is also useful in analysing 
fats or esters of high molecular weight. 



106 Jouko Koskikallio 

There have been very few investigations of the mechanism of ester acido- 
lysis, except in some studies of the catalysis of ester hydrolysis in water by 
carboxylate anions, involving a nucleophilic attack by the carboxylate ion 
on the ester. These a.re acidolysis reactions, although the anhydride produc- 
ed is usually not stable in water and rapidly hydrolyses to a carboxylic 
acid. In a few cases acidolysis has been also used as a method of synthesiz- 
ing esters. 

A redistribution reaction between two esters yielding two different esters 
has not yet been proved. In the investigations of redistribution reaction 
published so fars-' the reaction mixture may contain small amounts of 
moisture, alcohols or carboxylic acids and hydrolysis, esterification, alco- 
holysis or acidolysis may occur yielding the same products as would be 
obtained in a redistribution reaction. A discussion of redistribution reac- 
tions has to be postponed until more experimental results are available. In 
the following section, however, a method for obtaining equilibrium cofis- 
tants of redistribution reactions will be discussed. 

II. EQUILIBRIA IN ALCOHOLYSIS,  ACIDOLYSIS AND 
R E D I S T R I B U T I O N  R E A C T I O N S  

A. Equilibria in Alcoholysis 

In the following, equilibria of alcoholysis reactions occurring by acyl- 
oxygen fission and involving two different alcohols and two esters are con- 
sidered. Values of equilibrium constants of alcoholysis reactions occurring 
by alkyl-oxygen fission and producing an  ether and carboxylic acid have 
not been published so far. 

1. Effect of electrolytes 

Equilibrium constants of alcoholysis reactions have usually been measur- 
ed in mixtures containing added electrolytes, acids or bases as catalysts. 
The salt effects are usually small. For example a variation of the concen- 
tration of hydrochloric acid between 0.2 and 0-9 mole per cent did not alter 
the equilibrium constant of methanolysis of ethyl butyrate1O. 

Z Effect solvent 

No wide range of solvents has been studied Most of the alcoholysis 
equilibria have been measured in alcohol-ester mixtures and no result in 
dilute solutions of these substances in inert solvents are available except 
one investigation reported for an alcoholysis equilibrium in dimethyl- 
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formamidell. In initially different alcohol-ester mixtures constant values 
of the equilibrium constant have been obtainedl0. 12. Solvent effects on 
alcoholysis equilibria must therefore be small. 

3. Enthalpy values 

The equilibrium constants of alcoholysis reactions are found to remain 
unaltered when the temperature is altered''# 13. The enthalpy values are 
then approximately zero. 

4. Calculation of equilibrium constants from those of ester hydrolysis 

The equilibrium constant K7 of the alcoholysis reaction (7) can be calcu- 
lated from the equilibrium constants Ke and Ka of the two hydrolysis 
reactions (8) and (9) of the esters involved because K ,  = K8/Ks.  

R'COOR~+ RJOH = R'COOR'+ R ~ O H  

R'COOR2+ H,O 

R'COORJ+ H20 

= R'COOH + R'OH 

= R'COOH + R'OH 

The equation is only strictly valid if the three equilibrium constants are 
measured in the same solvent, which is usually not the case. Alcohol-water 
mixtures have been used for the hydrolysis, and alcohol-ester mixtures for 
the alcoholysis. 

The solvent effects on alcoholysis equilibria have been found to be neg- 
lible in alcohol-ester mixtures, whereas the equilibrium constants for the 
hydrolysis of esters vary considerably when the composition of the alcohol- 
water mixtures is altered14. However the ratio KMMc/KEt of the equilibrium 
constants for the hydrolysis of methyl and ethyl formates in methanol- 
water and ethanol-water mixtures containing the same concentration of 
water respectively remains approximately constant over a wide range of 
alcohol-water mixtures14. For example, K,,/K,, is equal to 0.67 and 0.63 
in alcohol-water mixtures containing a mele fraction of water of 0.1 and 
0.9 respectively. The solvent effects are thus largely cancelled in the ratio of 
the two equilibrium constants and the calculated value should be close to 
the true equilibrium constant of the alcoholysis. For instance the ratio 
KMe/KE, = 0.67 calculated using the equilibrium constants of the hydro- 
lysis of methyl acetate, K,, = 0.173, and of ethyl acetate, KEt = 0.25715, is 
close to the experimental value K = 0.66 of the relevant alcoholysis reac- 
tion16. 
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5. Substituent effects 

Both polar and steric substituent effects on alcoholysis equilibria have 
been observed. The equilibrium constants for ethanolysis of methyl esters 
of normal carboxylic acids are approximately constant, being 0.67, 0.66, 
0.59 and 0.64 for methyl forrnate (calculated using values of equilibrium 
constants of hydrolysis reactions14), acetateIG prcpionate1° and butyrate'O 
respectively. Somewhat larger differences are obtained in a series of equilib- 
rium constants for the alcoholysis of methyl acetate in normal alcohols 
varying from a value of 1 in methanol, to about 0.6-0.7 for ethanol and 
long-chain normal alcohols (with one exception of 0.95 for n-pentano1)lG. 
Decreasing Kvalues of 1,0.66 and 0.30 were obtained for the alcoholysis of 
methyl acetate in methanol, ethanol and isopropanol respectivelylG. 

Electron-withdrawing substituents decrease the equilibrium constants of 
alcoholysis reactions and the values 0-38 and 0.35 were obtained for the 
alcoholysis of methyl acetate in ally1 and benzyl alcohols respe~tively'~. 
A linear relationship has been established1' in the hydrolysis of esters be- 
tween the logarithm of the equilibrium constant and the acidity constant 
pK, of the alcohol. Since the equilibrium constants of alcoholysis and hyd- 
rolysis reactions are closely related, similar substituent effects are to be 
expected for both. Substituents which increase the acidity of an alcohol 
decrease the stability of an ester derived from it towards hydrolysis and 
presumably also towards alcoholysis. 

6. Equilibria of polyhydric alcohols 

When an alcohol contains more than one hydroxyl group intramolecular 
alcoholysis equilibria are also established. For examplela, the equilibrium 
constant of the two different monoesters of glycerol and stearic acid at 
100"c is K = l-monostearate/2-monostearate = 9. Two different diesters 
are also known'* and the equilibrium constant at 165"c is K = 1 ,Zdisteara- 
te/l,3-distearate = 0-7218. Values of 8-9 and 0.72 have been reported'@ for 
the respective equilibrium constants for the two glycerides of linseed oil 
a t  2 3 5 " ~ .  

The equilibrium constant of the alcoholysis of methyl myristate by su- 
crose to give sucrose monomyristate" in  N, N-dimethylformamide a t  80"c 
is K = 1.73 and between sucrose and sucrose dimyristate is K = 1.9. 

7. Equilibria of lactones 

Alcoholysis equilibria of y-butyrolactone have been studiedgD in methanol 
ethanol and isopropanol at 25'c and the values of the equilibrium constants 
obtained are K = 0.136, 0.1 17 and 0.091 M-'. respectively. 
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5. Equilibria in Alcohofysis and Redistribution Reactions 

No values relating to  acidolysis or redistribution reactions seem t o  have 
been published so far. The values of the equilibrium constants of acidolysis 
reactions can be calculated from those of the hydrolysis reactions of the 
two esters involved, as for alcoholysis equilibria. Because of possible solvent 
effects, values obtained by this method have to  be considered as  only 
approximate. 

Values of the equilibrium constants of redistribution reactions can also 
be calculated using values for two alcoholysis reactions or two acidolysis 
reactions. As already mentioned, the solvent effects observed in calculating 
equilibrium constants of alcoholysis reactions in alcohol-ester mixtures are  
negligible. The values calculated using tliose of alcoholysis equilibria are 
therefore expected t o  be good approximations not disturbed by solvent 
effects. The values for the enthanolysis of methyl esters of formic, acetic, 
propionic and butyric acids are  approximately equal. Consequently, all the 
equilibrium constants of redistribution reactions calculated using these 
values are approximately equal t o  unity. A random distribution has been 
assumed to  be valid for the redistribution reactions of esters21, which is in 
accordance with the above result. However, the available experimental 
results are still too few for a general acceptance of the statement that all 
equilibrium constants of redistribution reactions are close to unity. 

111. BASE-CATALYSED ALCOHOLYSIS BY 6~~ MECHANISM 

Uncatalysed bimolecular alcoholysis of esters is very slow compared t o  
base-catalysed alcoholysis, because the alkoxide ion is much more nucleo- 
philic than the alcohol molecule. However, the uncatalysed unimolecular 
alcoholysis of some esters may occur a t  a rate comparable with the base- 
catalysed alcoholysis. The bimolecular reaction is favoured when steric 
effects are small, i.e. when the transition state of the bimolecular reaction is 
not crowded by bulky substituents, and when the reaction involves strong 
nucleophiles such as alkoxide ions. The nucleophiles usually attack the 
carbonyl carbon atom in acyl-oxygen fission alcoholysis which has been 
verified by use of l*O-labelled esters". The simultaneous alkyl-oxygen fis- 
sion involving attack of the nucleophile a t  the alkoxyl carbon atom of the 
ester usually occurs a t  a much slower rate than the BAc2 alcoholysis. This 
B,,2 alcoholysis has only been observed in a few cases. 

Alcoholysis by BAc2 mechanism usually proceeds by formation of a 
tetrahedral intermediate 1': '. 
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0 0- 0 

R R R 

(1) 

The experimental rate constant kexp can be expressed using a steady state 
approximation : 

A. Substituent E fects 

1. Subrtituents in the  acyl group of the ester 

Electron-withdrawing substituents in the acyl group of the ester accele- 
rate its alcoholysis (Table I ) .  The ethanolysis of paro- and mera-substitut- 
ed I-menthyl benzoates follows the Hamrnett equation ( 12)23: 

log k = log kofea (12) 

The value of the constant e is 2.530 at 25"c. Similar values of 9 have been 
obtained for hydroxyl ion catalysed hydrolysis of esters, e.g. 9 = 2.373 
for ethyl b e ~ z o a t e s ~ ~ - ' ~  and 9 = 2-305 for methyl benzoatesZ4*" both 
in 56% acetone-water mixtures, and 0 = 2.498 for ethyl benzoates in 
874% ethanol-water mixtures5. 24. The substituent effects are almost 
identical for both alcoholysis and hydrolysis, indicating a similar rnecha- 
nism for both reactions. 

TABLE I .  Methanolysis of esters by B,,2 mechanism. catalysed by sodium mcthoxide 
in  methanol 

Ester 

Methyl p-methoxybenzoate 
Methyl benzoate 
Methyl p-nitrobenzoate 
I-Menthyl p-methylbenzoate 
1-Menthyl benzoate 
I-Menthyl p-nit robcnzoate 
I-Menthyl o-methylbenzoate 
r-butyl 2,4,6-trimethyl- 

Triphenylmethyl acetate 
benzoate 

30. I 106 
30- 1 48 I 
30.1 41 600 
30 0.21 8 
30 0-5 I9 
30 58.9 
30 0.0383 

65 0.0 1 
20 4.0 

14.3 - 20.3 28 
12.7 - 22.8 28 
8.1 - 29-5 28 
1743 - 22.4 29 
16.91 - 22.4 29 
14.21 -21.9 29 
17.56 - 24-6 29 
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The effects of substituents on the experimental rate constant kcxp are 
due to changes in all three rate constants k1, k2 and k 3  in equation (10). 
Jones and Sloane28 measured the rates of a symmetrical alcoholysis reac- 
tions, i.e. the methanolysis of para-substituted methyl benzoates iil metha- 
nol catalysed by methoxide ions. As R1 = R2 in equation (10). k 2  = k 3  
and k,,, = k 1 /2. The substituent effects observed are then caused by chan- 
ges in the rate constant kl only. The values of the constant in the Hammett 
equation are c, = 2-41, 2.32 and 2-18 at 3O.l0c, 41.0"~ and 51 .7"~  respec- 
tively. 

Electron-withdrawing substituents decrease the activation enthalpy and 
entropy, whereas in  methanolysis of I -methyl benzoates23 the experimen- 
tal activation entropy was approximately constant, probably because of 
an accidental compensation of substituent effects on the three rate con- 
stants. 

Steric effects in orrlzo-substituted benzoates strongly retard alcoholy- 
sis reactions by BA,2 mechanisd3 (Table 1).  N o  alcoholysis of r-butyl 
2,4,6-trimethyl benzoate was observed in methanol containing sodium 
methoxide, although the methanolysis of t-butyl benzoate proceeds easily29. 
N o  base-catalysed alcoholysis of 1-butyl 2,4,6-triphenyl benzoate was ob- 
served in methanoP. Methyl 2,4,6-triphenylbenzoate, however, reacts 
with methoxide ions in goy/, methanol-water mixture by a B,,2 mecha- 
nism, the B,,2 reaction being sterically hindered by two bulky ortho 
s u bstituen ts3'. 

2. Subrtituents in the alkoxyl group of the ester 

No kinetic results are available regarding the effects of substituents in 
the alkoxyl group of the ester. One semiquantitative studyze shows that 
methyl substituents in the alkoxyl part of the ester do not strongly retard 
the BA,2 alcoholysis, as they do closer to the reaction site in the acyl group. 
Similar results have also been obtained regarding steric effects in the hyd- 
rolysis of esters3?. Electron-withdrawing substituents in the alkoxyl groups 
of the ester accelerate hydrolysis33 and probably also alcoholysis. 

0. Reactivity of Nucleophiles toward Esters 

In water containing added nucleophiles such as alcohols, both hydro- 
lysis and alcoholysis occur simultaneously. The rate constants of these 
two reactions can be calculated from product analysis or from the increase 
of the rate when the concentration of the nucleophile is increased. The 
equilibrium constants of reaction (13) have to be known in order to calcu- 

R O H + - O H  Z RO-+H,O (13) 
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TABLE 2. Relative rate constants of the reactions of p-nitrophcnyl acetate (A). phcnyl 
acetate (B) and acetyl-L-phenylalanine methyl or ethyl ester (C) with alcoholate and 
hydroxyl ion in water at 25"c. Values of the reactions with methoxide and ethoxide 

ions were recalculated using ncw valuesJ3 of pKRoa 

Relative rate constants 

AJe B3' C",3R 
Parent alcohol p K ~ o ~ 3 3 , 3 4 , 3 6  -_--___ 

____.___ 

Phenol 
2,2,2-Trichloroethanol 
2.2,2-Trifluoroet hanol 
2,2,3-Tetrafluoropropanol 
2-Propyn- 1-01 
Choline 
2-Chloroethanol 
2-Methoxyethonol 
Methanol 
(Water) 
Ethanol 

10.0 
12.24 
12.37 
12.79 
13.55 
13.9 
14.31 
14.8 
15.09 

( 1  5.75) 
15.93 

0.075 
2-25 
4.3 
4.1 

28 
13.9 
7.3 
6.0 

16 
( 1 .OO) 
14.6 

- 
1.95 

( 1 .OO) 
0.89 

late the concentrations of hydroxide and alkoxide ions. Using values of 
these constants, the acidity constants of the alcohols can be calculated, 
some of which are shown in Table 2. Most uncertain are the values for 
the very weak acids ethanol and methanol. A recent review has been 
published by M ~ r t o ~ ~ .  

The reactivity of alkoxide ions towards esters increases, though not 
linearly, with the basicity of the alkoxide ion (Table 2). The reactivity of 
nucleophiles is related not only to their basicity, but possibly also to other 
properties such as p~larizabili ty~j.  

C. General Base and Nucleophilic Catalysis 

The alcoholysis of an ester is usually catalysed by alkoxide ions only. 
When the ester contains strongly electron-withdrawing substituents in 
either the acyl or the alkoxyl group, catalysis by other bases has also been 
observed. Both general base catalysis and nucleophilic catalysis has been 
shown to occur. Nucleophilic catalysis is expected when the basicity of the 
alcoholic entity of the ester is a t  least equal to that of the attacking base3Q. 

1. Alcoholysis of esters containing strongly electron-withdrawing substituents 
i n  the acyl group 

General base catalysis by pyridine and methyl-substituted pyridines has 
been observed in the ethanolysis of ethyl trifluoroa~etate~' 40. Pyridine 
and 2,6-lutidine are approximately equally effective as catalysts. The neg- 
ligible steric effect of the two o-methyl substituents indicates that the reac- 
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tion occurs by general base catalysis and not by nucleophilic catalysis. In 
a discussion concerning possible mechanisms for the ethanolysis of ethyl 
trifluoroacetate Johnson5 has shown that the number of possible mecha- 
nisms is reduced to  three because of the symmetry of the reaction. Two of 
these mechanisms are ruled out because they involve unreasonably fast 
reactions in  one of the steps. The only mechanism remaining involves a 
general base-catalysed formation of an anionic tetrahedral intermediate 
(equation 14). This is the first time that evidence of a tetrahedral interme- 

0 0 
II it 

: I  I 
-3 

CIDSOH+ 81 C-OCZHS __L CZDSO-C ... OC2Hs -= 
B...H CF, 

0- 
I 

I 
CF, 

- CID,O-C-OC,H, + BH + ---. products (14) 

diate has been presented for reactions at the carbonyl carbon atom of an 
ester. As a termolecular mechanism is less likely, the reaction probably 
proceeds via a hydrogen-bonded alcohol-base complex ROH . . * B. 

General base catalysis by pyridine was also observed in the methanoly- 
sis of ethyl trifluoroacetate but no alcoholysis was observed in t-butanolj, 
probably due to its low values of acidity and dielectric constant com- 
pared with ethanol or methanol dl and also to steric effects. The formation 
of opposite charges in the base-catalysed reaction is not favoured by 
solvents of low ionization power such as t-butanol. 

2. Alcoholysis of esters containing electron-withdrawing substituents in the 
alkoxyl group 

Methanolysis of esters of 2,4-dinitrophenol, 2,4,6-trinitrophenol and 
y-phenyltetronic acid catalysed by pyridine and methyl-substituted pyri- 
dines occurs by acyl-oxygen fission. The catalytic rate constants are given 
in Table 3. The acidity constants (in water) for 2,4-dinitrophenol4”, 
2,4,6-trinitrophen01~~ and y-phenoltetronic acid e n 0 P  are pK, = 4.0, 
0.77 and 3-76 respectively. All are good leaving groups in alcoholysis. 

The Brransted equation is obeyed in the methanolysis of 2,4-dinitro- 
phenyl acetate catalysed by the sterically unhindered pyridines and the 
value of the slope is e = 0.92. The Brmsted equation is obeyed in general 
base-catalysed reactions, and also usually in nucleophile-catalysed reac- 
tions but the values of 9 are generally about 0.7-0.8 for the latter4’**’. 

The low values obtained with 2-methyl- and 2,6-dimethylsubstituted 
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TABLE 3. Rate constants, lo3 kb (I/mole sec), of the methanolysis of 2.4-dinitrophenyl 
acetate (DNPAc), 2,4,6-trinitrophenyl acetate (TNPAc), 2,4.6-trinitrophcny: benzoate 
(TNPBz), y-phenyltetronic acid enol acetate (PTAc) and y-phenyltetronic acid enol 
benzoate (PTBz). catalysed by pyridinc (Py), picolines (Pi), lutidine (Lu) and coiiidine 

(Cot) 

Ester T("C) PY 2-Pi 3-Pi 4-Pi 2.6-Lu 2.4.6-Col Reference 

DNPAc 45 5.60 0.269 15.0 31.3 0.207 2.73 42, 44 
TNPAc 0 781 38.0 - - 10.1 279 45 
TNPBz 54 381 17.2 - - 6.0 129 45 
PTAc 55 44.5 7-5 - - 20.8 39.7 46 
PTBz 55 21.5 32-9 - - 38.9 I02 4 3  

pyridines indicate steric hindrance and consequently nucleophilic cataly- 
sis. because steric effects in proton transfer reactions are small. The  
catalytic rate constant of 2.6-dimethylpyridine is not much smaller than 
that of 2-methylpyridine for the substituted phenyl esters, and an  opposite 
order of rate constants was observed for y-phenyltetronic acid esters. The 
small steric hindrance observed with a second methyl substituent near the 
reaction centre seems to indicate a general base-catalysed reaction occuring 
simultaneously with nucleophilic catalysis. The general base-catalysed 
reaction becomes dominant when the nucleophilic catalysis is sterically 
hindered by methyl substituents situated close to the reaction centre. The 
methanolysis of y-phenyltetronic acid enol benzoate also occurs mainly by 
general base catalysis in  the presence of unhindered pyridines. 

IV. BASE-CATALYSED ALCOHOLYSIS BY 611 MECHANISM 

Alcoholysis of an  ester by alkyl-oxygen fission yields an  ether and  a car- 
boxylic acid (equation 5).  Bimolecular base-catalysed alcoholysis by the 
BA,2 mechanism is generally much slower than the BA,2 alcoholysis. 
For example, at 100°C methanolysis of methyl benzoate catalysed by sodium 
methoxide occurring by the BAc2 mechanism is 4-3X lo5 times faster 
than methanolysis by the B,,2 mechanism"* '' . Alcoholysis by the BA12 
mechanism is therefore only observed when the B,,2 reaction is sterically 
hindereds0 or produces the same ester initially present in the reaction 
mixture. 

Electron-withdrawing substituents in the carboxylic part  of the ester 
accelerate the B,,2 alcoholysis and the effect is more pronounced than in 
reactions occurring by the B,,2 mechanism as can be estimated from the 
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TABLE 4. Methanolysis of esters by BA12 mechanism, catalysed by sodium methoxide 
in methanol 

Ester 
1 d k  

(Ilmolc scc) 
AH* 

(kcallmole) 

Methyl benzoate I00 9 - 48,49 
Methy! p-nitrobenzoate 65 215 - - 

- 

52 

49 

49 

Methyl 2.4.6-trimethyl- 

Methyl 2.4.6-tribroni- 

Methyl 2,4,6-tri-/-butyl- 

- - bcn zoat e I00 2 

benzoate 100 so 

benzoate (in 90% 

- - 

methanol-water) 95 120 24.5 - 11.0 so 
- 53 Methyl t-butylacetate 65 0. I - 

rate constants of methyl p-nitrobenzoate and methyl benzoate (Table 4). 
A rapid alkaline B,,2 methanolysis of methyl trifluoracetate has also been 
observed"'. 

Steric effects of subsituents tiear the carbonyl group have a very pro- 
nounced retarding effcct o n  reactions occurring Sy :he BAc2 mechanism, 
whilst in B,,2 reactions they are  hardly detectable because the substituents 
a re  further away from the reaction centre. The somewhat slower metha- 
nolysis of methyl 2,4,6-trimethylbenzoate compared to  methyl benzoate 
(Table 4) is a t  least partly due to  polar substituent effects of the three 
electron-donating methyl groups and the steric retardation of the methyl 
groups, if present, is quite small. The hydrolysis of methyl 2,4,6-tri-r- 
butylbenzoate by the BA,2 mechanism is completely inhibited by the bulky 
r-butyl substituents and only B,,2 methanolysis has been observedsu. 

The alcoholysis of P-propiolactone with phenolate ions occurs54 by 
alkyl-oxygen fission, whereas methanolysis with methoxide ions occurs by 
acyl-oxygen fission. As it is a weaker nucleophile. the phenolate ion reacts 
with /?-propiolactone by bimolecular attack a t  the alkoxyl carbon 
atom. Kinetic evidence for establishing the order of the alcoholysis reac- 
tion with respect to phenolate ions has. however, not yet been presented. 

V. UNCATALYSED ALCOHOLYSIS BY BAc MECHANISM 

Uncatalysed alcoholysis of esters is usually slow and masked by the faster 
acid- or base-catalysed reactions. When electron-withdrawing substituents 
are introduced into either the acyl or the alkoxyl group of the ester, the  
reactivity towards nucleophiies increases. As the acid-catalysed alcoholy- 
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sis remains almost unaffected by these substituents, conditions become 
more favourable for the detection of the uncatalysed reaction. 

Electron-withdrawing substituents in the acyl group accelerate both the 
spontaneous and the base-&talysed reactions. With primary and secon- 
dary alcohols the rates of uncatalysed alcoholysis of the ester RCHzCOzEt 
decrease in the order of R:  CGH~CO) CH3CO) EtOaC) EtO) CN)  CsHj) 
Me5'* ". Uncatalysed alcoholysis reactions have also been observed 
with diethyl oxalate, malonate and fumarate. The reactivity of the esters 
is not related to the acidity constants of the respective carboxylic acidsss* ". 

Intramolecular catalysis by the hydrogen atom of the enol hydroxyl 
group as in the alcoholysis of ethyl acetoacetate was suggested to explain 
the reactivity of ethyl diethyla~etoacetatej~, but is probably not present, 
since copper and aluminium chelates of the ester decrease rather than in- 
crease the rate of a l coho lys i~~~ .  Alcoholysis of /l-keto esters in 1-butanol are 
slow and do not go to c ~ m p l e t i o n ~ ~ .  Too few kinetic results are available 
to decide whether these uncatalysed reactions occur by a bimolecular or 
unirnolecular mechanism, although the BAc2 mechanism is more likely. 

Electron-withdrawing substituents in the alkoxyl group also accelerate 
spontaneous alcoholysis reactions, which have been observed with esters 
of highly acidic alcohols such as phenols and y-phenyltetronic acid enol, 
(Table 5) .  The uncatalysed methanolysis of picryl benzoate occurs simul- 
taneously by a B,, and a ?3,, mechan i~ rn~~ .  The low value of the activa- 
tion entropy AS' = - 30.29 cal/deg. obtained for the uncatalysed methano- 
lysis of 2,4-dinitrophenyl acetate indicates a bimolecular BAC2 mechanism. 
In the methanolysis of picryl acetate, a much higher value, AS* = 
-4.21 cal/deg., was obtained': and the reaction possibly occurs by a 
unirnolecular BAC1 reaction. 

TABLE 5. Rate constants of uncatalysed B,, methanolysis of esters in methanol 

Ester T I O e x k  A H *  AS* 
("c) ( 1  /see) (kcallmole) (calldeg.) 

2,4-Dinitrophenyl acetate 55.1 4.64 18-14 - 30.29 42 
Picryl acetate 54.1 5260 21.10 - 4.21 45 

45 Picryl benzoate 54.1 16.3 
y-Phenyltetronic acid enol 

46 acetate 55  146 
y-Phcnyltetronic acid enol 

- 43 benzoate 55 22.5 - 

- - 

- - 
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VI. UNCATALYSED ALCOHOLYSIS BY Bni MECHANISM 

Alky!-oxygen fission is usually observed in the uncatalysed alcoholysis 
of esters of tertiary and some secondary alcohols (see Table 6). A uni- 
molecular B,,1 mechanism is expected as for the hydrolysis reactions. 

TABLE 6. Rate constants of uncatalysed B,, rnethanolysis of esters in methanol 

Ester T 
("C) 

Triphenylmethyl acetate 
Triphenylrnethyl acetates 
Triphenylmethyl acetateb 
Trimethylphenyl benzoatec 
t-Butyl benzoate 
t-Butyl 2,4,6-trimethyl- 

Picryl benzoate 
a-Methyl-y-phenylally l 

a-Pheny 1-y-rnethy lallyl 

a-Methyl-y-p-tolylallyl 

benzoate 

p-nitrobenzoate 

p-nitrobenzoate 

p-nitro benzoate 

35.1 
25 
2s 
54.5 
64.6 

64.6 
54.1 

65 

65 

65 

I O ' X k  f H .  AS. 
(Ilscc) (kcallmole (cal/deg.) 

994 19.89 - 8.50 30 
60 560 
60 
61 179 

- 29 

- - 
47.3 - - 

- - 
-= 10 - 

- 62 15.1 - 

- 62 83.8 - 

- 62 127 - 

"In 96% methanol-water. 
b l n  ethanol. 
c l n  SO% ethanol-methylethylkeionr. 

A bimolecular attack by an alcohol molecule at  the tertiary or secondary 
alkoxyl carbon atom of the ester is sterically hindered. In a unimolecular 
reaction the interaction between non-bonded atoms is partly released when 
the transition state is formed, resulting in steric acceleration. Only when 
strong nucleophiles such as alkoxide ions are present in the reaction mix- 
ture can a bimolecular B,,2 alcoholysis compete with the comparatively 
fast unimolecular B,,1 reactionG3 (Table 1). 

Alkyl-oxygen fission has also been observed in the uncatalysed alcoho- 
lysis of picryl benzoate". Since a BA12 reaction would be sterically hin- 
dered by the two nitro groups in the ortho position, the uncatalysed alco- 
holysis probably occurs by a BA,l mechanism. 

The reactivity of a carbon atom in small-ring compounds is well known. 
The uncatalysed methanolysis of /?-propiolactone occurs by alkyl-oxygen 
fissjon51. 54.64 . In the uncatalysed hydrolysis of this compound, alkyl- 
oxygen fission was shown by H2180 experiments, and a BA12 mechanism 
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is in accordance with the negative activation volume (AV' = -10.2+ 
0.5 cmJ/mole) and the negative activation entropy (AS' = - 17.2 cal/deg.). 
The B,,2 mechanism is also expected for the methanolysis reaction, but 
in alkaline methanol 2 B,,2 mechanism is found"l. The reactivity of the 
carbonyl and alkoxyl carbon atoms is selective towards various nucleo- 
philes. Methanol and phenoxide ions react preferably with the alkoxyl 
carbon atom, and methoxide ions with the carbonyl carbon 

The rate-determining step in a unimolecular alcoholysis is usually the 
heterolysis of the carbon-oxygen bond. The ion pair of the carbonium ion 
with the carboxylate ion reacts with solvent molecules to form first a 
solvent-separated ion pair and then the free ions or  the products of the 
reaction (equation 15). If nucleophiles (N) other than solvent molecules ( S )  

(15) 

65. 

s 
R X ---* R + X -  - -* R-X c- .... -.. _. ___ R'SX- ,;= R r + X -  

1N i N  iN 
R N  ' RN A R N '  

are present in the reaction mixture, the ion pairs and free ions may also 
react with these, or with the carboxylate anion X- to produce starting 
materials in a reverse reaction. Esters of optically active alcohols yield 
racemic products in the reactions of free carbonium ions o r  ion pairs 
with nucleophiles. Rearrangements of the carbonium ions may occur 
before they react with the nucleophilesBG* v'. The two oxygen atoms of the 
ester become identical in the carboxylate anion, and products where they 
are exchanged are obtained6'. In methanolysis of a-phenyI-~-methylallyl 
p-nitrobenzoatee2* (RX) in methanol, 24.9% of unrearranged methyl 
ether (RS), 47.7% of rearranged methyl ether (R'S) and 27.70/, of re- 
arranged ester (R'X) are obtained. 

Ar Ar 

H 

The methanolysis of the rearranged ester (R'X) occurs about  300 times 
slower than the methanolysis of the unrearranged ester (RX). 

The mechanism is assumed to involve an  intimate ion pair which reacts 
in two ways, either producing the rearranged ester or reacting with the 
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solvent molecules to form solvent-separared ion pairs or free ions which 
produce thc two ethers by reacting with methanol. When for example, 
azide ions are added to the reaction mixture, alkyl azides are produced. 
The aniount of rearranged ester is however not altered, nor is the rate of 
disappearance of the unrearranged ester. Accordingly, the azide ion does 
not react with the carbonium ion in a stage which is rate-determining or  
in which the rearranged ester is produced. The rate-determining stage must 
be the formation of the intimate ion pair from the ester, and the azide ion 
reacts with the solvent-separated or free carbonium ion. 

VII. ACID-CATALYSED ALCOHOLYSIS BY AAc MECHANISM 

In acid-catalysed alcoholysis of esters a fast pre-equilibrium protonation 
of the ester is expected to  occur. The protonated ester forms products in a 
consecutive bimolecular or a unimolecular reaction. The experimental rate 
constant is equal to the rztio of the rate constant k of the alcoholysis of the 
protonated ester and the acidity constant K, of the ester, i.e. kexP = k/K,  
in solutions where the ester is protonated to a small extent only, as IS usually 
the case. The effect of substituents, solvents, electrolytes, temperature etc. 
on the rate of an acid-catalysed alcoholysis of esters i3 then twofold: 
changes in both k and K, affect kcxp. As the acidity constant cannot usually 
be determined separately, values of the rate constants k of the protonated 
ester are not available. 

Acid-catalysed alcoholysis reactions of esters of primary and secondary 
 alcohol^^^-^^ and phenols72 usually occur by acyl-oxygen fission (AAc). 
The low values foundsg* 70* 72 for both activation enthalpy ( 1  2-13 kcal/ 
mole) and activation entropy (about - 20 to - 30 cal/deg.) are of the mag- 
nitude usually obtained for bimolecular solvolysis reactions. The substitu- 
ent effects are very similar in both acid-catalysed hydrolysis and alcoholy- 
sis. In both reactions, the difference between the values of the activation 
entropies of n-butyl propionate and n-bu:yl acrylate is almost zero70, and 
the difference in the activation energies is about 1-7 kcal/mole. Obviously 
hydrolysis and methanolysis occur by similar mechanisms. 

The acid-catalysed alcoholysis of P-naphtyl esters of carboxylic acids is 
retarded by cr.-methyl substituents in the acyl groups, and also by methyl 
substituents in the a position of the attacking 
Similar results were obtained in the acid-catalysed alcoholysis of methyl 
acetatei3 and menthyl f~rrnate’~, 75 in different alcohols. 

The decrease of the reaction rate by substituents in the acyl group or in  
the nucleophile, is due to steric effects and is of the order usually observed in 
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TABLE 7. Thc cffect of a-methyl substituents in the acyl groups and methyl sub- 
stituents in thc a position of the attacking alcohol on the acid-catalysed alcoholysis of 

p-naphthyl esters 

CH&OOR MeCH,COOR Mc,CHCOOR Me,CCOOR 

Relative rates 
in MeOH 100 63 14.5 0.71 

in CH,OH CH,CH20H CHsCH,CH20H (CHJ,CHOH 

Relative rates of 
CH,COOR 100 24 23 I ,44 

bimolecular solvolysis. Acyl-oxygen fission of esters in tertiary alcohols or 
phenols does not usually occur, and when it does only small amounts of 
products are obtained, because of unfavourable equilibria and side-reactions. 
Only one case has been reported, the alcoholysis of inethyl benzoate with 
-naphtol catalysed by sulphuric acid yielding 2-naphtyl benzoate7'j. Methyl 
cetate and other esters yield only alkoxy 2-naphtyl ethers and these reac- 
ions possibly occur by intermediate formation of hydrogen alkyl sulphate. 

The alcoholysis of ethyl acetate with I-octanol h s been studied in 
toluene using nz-xylenesulphonic acid as catalyst. The reaction was found 
to be approximately zero order with respect to I-octanol over a wide range 
of concentrations. This result can be explained assuming a proton-transfer 

ROH; + CH,COOR z4 ROH + CH,COO(H')CH, (17) 

equilibrium (equation 14). The alcoholysis probably occurs between a n  
unprotonated alcohol and a protonated ester. Increase of the alcohol con- 
centration in  the reaction mixture decreases the concentration of the proto- 
nated ester because of the proton-transfer equilibrium. The rate is propor- 
tional to the concentrations of alcohol and protonated ester, and remains 
almost unaffected by changes in  the alcohol concentrations. Another kine- 
tically undistinguishable reaction is that between a protonated alcohol and 
an unprotonated ester. This mechanism is less likely because on protona- 
tion the nucleophilicity of the alcohol decreases and the reactivity of the 
ester increases. 

Acid-catalysed methanolysis of P-propiolactone occurs by acyl-oxygen 
fission"'. 3 although the uncatalysed reaction occurs by alkyl-oxygen fis- 
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sion51. 54 . The acid-catalysed hydrolysis of 8-butyrolactone occurs by the 
A,,1 mechanism?? and a similar unimolecular mechanism can also be 
assumed for the acid-catalysed methanolysis. The acid-catalysed alcoholy- 
sis of p-propiolactone in phenol also occurs by acyl-oxygen fission5'* 54. The 
alcoholysis of P-propiolactone is an interesting example of solvolysis 
reactions occurring by different mechanisms, B,,2, B,,2 anc! A,,], in alka- 
line, neutral and acid solutions, respectively. 

VIII. ACID-CATALYSED ALCOHOLYSIS BY AAl MECHANISM 

Alcoholysis reactions occurring by the B,, 1 mechanism are often wry sen- 
sitive to acid catalysis, which usually involves a unirnolecular (AAII) me- 
chanism. This reaction is of first order with respect to  both the ester and 
acid catalyst and of zero order with respect to  the nucleophile, the alcohol. 
As an example, the acid-catalysed methanolysis of triphenylmethyl ben- 
zoate may be mentioned. This was too fast to be ineasured by conventional 
methods in methanol or 50% benzene-methanol mixture6I. 

The values of activation enthalpy, 4H* = 28-7 kcal/mole, and activation 
entropy, AS* = + 10.7 cal/deg., at  25"c for acid-catalysed methanolysis of 
r-butyl 2,4,6-triphenylbenzoate in 95% methanol-water mixture 3 1 are of 
the order usually obtained for unimolecular ester solvolysis and much lar- 
ger than those obtained for A,,2 alcoholysis of esters (see section VII). 

IX. ALCOLYSIS REACTIONS IN PREPARATIVE CHEMISTRY 
A. Simple Esters 

Alcoholysis has frequently been used to obtain esters with the alcohol 
group exchanged. Low yields due to unfavourable equilibria can be impro- 
ved if one of the products, usually the alcohol, is more volatile than the 
others and can be continously removed by distillation; the reaction then 
proceeds to completion. Acid catalysts, such as sulphuric acid". 7u or 
p-toluenesulphonic acid7'* 'O, acidic ion exchange resins"'-s4 and basic 
catalysts, such as sodium alcoholate'. aluminium a l c ~ h o l a t e ~ ~  or potas- 
sium cyanide6u have been used. In  a few cases the reaction is fast even without 
a catalysts5*"* . St rong basic catalysts have to be avoided when undesiderab- 
le sidereactions, such as eliminations6, C-alkylationj3 or  polyrner i~at ion~~ 
may result. When the alcoholysis occurs by alkyl-oxygen fission in neutral or 
acid solutions, an ether and a carboxylic acid are obtained instead of the 
desired esters. In the presence of strong nucleophiles, such as a sodium 
alkoxide, these reactions may be forced to occur by acyl-oxygen fission and 
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to yield esters as products. For example, esters of r-butyl alcohol are obtain- 
ed in high yields when large amounts of potassium r-butoxide are usede7* Bo. 
Large amounts of alkoxide are probably also needed in order to alter 
the unfavourable alcoholysis equilibrium by the additional alkoxide equi- 
librium (equation 18). 

M e O H  -i-1-BuOK -Cz- M e O K t  C-BuOH (18) 

Because methanol is more acidic than t-butanol this reaction proceeds far 
to the right4I. 

Alcoholysis has been used to prepare, for example, methyl m y r i ~ t a t e ~ ~ ,  
esters of acrylic acid". alkylbenzyl phthalatess4, alkyl-P-ketoestersm* 86, 

dialkyl o x a l z t e ~ ~ ~ ,  alkyl p-methoxypropi~nates~~, dialkyl phthalateses, 
esters of cholesterole and esters of t-butyl alcohols7* Phenyl esters" and 
esters of tertiary alcoholsg2 are usually difficult to obtain by alcoholysis and 
special methods are neededw* 93. 

Alcoholysis has also been used for obtaining alcohols from esters, e.g., 
cholesterol from cholesteryl acetates8. 

Unsymmetrical esters of dicarboxylic acids can be obtained if the ex- 
change rates of the two alkoxyl groups are different. For example, alkyl 
benzyl phthalates can be prepared from butyl benzyl phthalate by alcoholy- 
sis in alkaline solutions because the exchange of the butoxy group proceeds 
much faster than the exchange of benzoxy groups4. 

The acyl group of an ester can also be changed in two concurrent alco- 
holysis reactions occurring in the presence of two esters and sodium alco- 
xide as catalyst. If one of the esters produced in  the reaction is more vola- 
tile than the other three in the reaction mixture, it can be removed con- 
tinuously by distillation and the reaction is forced almost to completion. 
For example, cholesteryl palmitate is obtained from cholesteryl acetate and 
methyl palmitate by removing the methyl acetate by blowing dry nitrogen 
into the reaction mixtureg. 

The alcoholysis of esters with large amounts of alkoxides (usually alumi- 
nium alkoxide), have been used to prepare esters which are difficult to  
prepare by usual methods (equation 19). 

3 RCOOR' + AI(OR'), : -=. .: 3 RCOOR' + AI(OR'), (19) 

If RCOOR? is more volatile than RCOOR', the yields can be improved by 
removing the former by continuous distillation0'- ". By this method, for 
example, t-butyl formate has been obtained from n-butyl formate and alu-  
minium r-butoxide in about 45% yieldY3. Esters of isopropyl alcohol have 
been obtained in the same wayg5. A mixture of lithium and aluminium 
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alkoxides formed from lithium aluminium hydride and an alcohol has also 
been used as catalyst in alcoholysiseO. Alkoxides of titanium, zirconium and 
hafnium give facile alcoholysis reactions, whereas tetraalkoxy silanes do  not 
reactg7. 

8. Esters of Polyhydric Alcohols and Monocorbox ylic Acids 

1. Glycerides 

A large number of investigations on the alcoholysis of fats have been 
published. A complete discussion of all these results is outside the scope of 
this review, and only a few examples of general interest will be given. 

Naudet has published a review of the alcoholysis of glyceridesg8. The 
rates of methanolysis of triglycerides are nearly independent of the chain 
length of the acid, but equilibria of the alcoholysis reactions have been report- 
ed to vary, depending on the length of the carbon chain of normal alco- 
h o l ~ ~ ~ .  Esters of unsaturated fatty acids react more slowly in alcoholysis 
than do  the esters of saturated fatty acidsloO. Intramolecular exchange of the 
alkoxy groups has been observed with triglycerides in the presence of so- 
dium rnethoxideIo1 or acidslO*. In ethanol-water mixtures, three reactions 
occur simultaneously, both hydrolysis and ethanolysis of the original ester 
as well as hydrolysis of the ethyl ester produced i n  the ethanolysislo3. 

2. Esters of carbohydrates 

Alcoholysis of alkyl esters of fatty acids by carbohydrates has been used 
to prepare esters of carbohydrates. In  dimethylformanide as solvent and 
with potassium carbonate as catalyst a t  10Ooc, a mixture of 81% mono- 
stearate, 157; distearate and 2% stearic acid was obtained from sucrose 
and alkyl stearates when the alcohol obtained in the reaction was remov- 
ed by distillation104. A random distribution of mono-, di-, and tristearides 
of glucose has been reported’Oj. A second-order reaction has been ob- 
served between sucrose and methyl stearatelo6. Tricarbonates of D-glu- 
citol, galactitol and D-mannitol have been obtained by alcoholysis of di- 
pheiiyl carbonate with the respective alcohols in dimethyl sulphoxide or 
N,N-diethylformamide as solventlo7 using alkaline catalysts. Three ester 
groups are easily introduced into pentaerythritol in alcoholysis reactions of 
esters of fatty acids, using sodium methoxide as catalyst, but the fourth 
hydroxyl group is esterified to a n  extent of about 50”/, onIylo8. 
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C. Esters of Dihydric Alcohols and Dicarbox ylic Acids 

Cyclic or long-chain polymeric esters are formed in alcoholysis reactions 
of dialkyl esters of dicarboxylic acids with dihydric alcohols. A large num- 
ber of investigations on alcoholysis of polyesters have been published and 
they will be only briefly reviewed in the following. 

1. Polyesters of phthalic acid and glycols 

Polyethylene terephthalate has been prepared by alcoholysis of dimethyl 
terephthalate with ethylene glycol. The reaction proceeds stepwise (equa- 
tions 20, 21 and 22). 

MeOOC a C O O M e  HOCHz -CH20H k, 

MeOOC 

MeOOC e C O O C H 2 -  CHtOH + HOCH2-CH,0H & 

HOCHZ-CH~OOC a COOCH2- CHzOH + MeOH 

COOCHz - CHzOH + MeOH 

k ?  
MeOOC a COOCHz - CH20H MeOOC COOMe + MeOH (22) 

MeOOC a C O O C H 2 -  CHz00C COOMe + MzOH 

If the methanol produced in the reaction is removed from the reaction 
mixture, high molecular weight polymers are obtained. In the absence of 
catalysts at  175"c, kl  = 7.1 X 1 I - '  and k2 = 23X lo-' I /mole sec109. 

Various catalysts have been used for this reaction, e.g.  salts of copper, 
manganese (11), zinc, cadmium, lead and cobaltllO* oxides such as PbO 
and A1203112-114. p-toluenesulphonic acidll', lithium hydroxideIi4 and 
iodinellG. Salts of mercury (11) nickel, iron (IlI), antimony, germanium, 
copper or sodium do not catalyse the reactionllO. In the presence of acetates 
of cadmium, zinc or lead as catalysts the reaction was found to be first 
order with respect to both the dimethyl terephthalate and the catalyst but 
of zero order with respect to ethylene glycol117. The activation energies are 
9.5 and 10.6 kcal/mole when zinc acetate or cobalt acetate, respectively, are 
used as catalysts. When p-toluenesulphonic acid is used as catalyst the acti- 
vation energy is 12 k ~ a l / m o l e ~ ~ 5 .  

The rates of alcoholysis reactions of dimethyl esters of dicarboxylic 
acids with ethylene glycol decrease in the order: dimethyl terephthalate =- 
dimethyl sebacate =- dimethyl isophthalate > dimethyl phtfialate"'* 'l', 
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but the opposite order has also been reported for dimethyl isophthalate and 
phthalate117. There are only small differences in the rates of alcoholysis of 
dimethyl terephthalate with alcohols such as ethylene glycol, 1,3-butanediol, 
1,4-butanediol, benzyl alcohol or octyl alcohol"'* 'I7. 

Polyethylene terephthalate has been prepared using the product of reac- 
tion (20), bis(2-hydroxyethyl)terephthalate, as starting material1'*. In ad- 
dition to high polymer products, ethylene glycol is obtained. The rate 
constants decrease during the reaction. 

Polyesters can be depolymerized by alcoholysis. Methanolysis of poly- 
ethylene terephthalate in methanol is catalysed by salts of zinc, manganese 
o r  lead11o. 120, sodium methoxide or sodium hydroxide121. The reaction is 
bimolecular and the activation energy is 32 kcal/mole in the absence of ca- 
talysts'22 and 13.18 kcal/mole with sodium hydroxide as catalyst12'. Poly- 
hexamethylene sebacate has been depolymerized by cetyl alcohol123. When 
two polyesters are mixed in liquid form, redistribution reactions occur pro- 
ducing new polyesters8. 

2. Polycarbonates 

Polycarbonates are obtained in the alcoholysis of a dialkyl carbonate 
with a diol. In  addition to long chain polyesters, a cyclic ester is obtained, 
and the equilibrium between these two products depends on the diol used124. 
Sodium metho~ide l '~  and copper acetate12j have been used as catalysts. The 
reaction126 between 2,2-bis(4-hydroxyphenyl)propane and diphenyl carbo- 
nate is of first order at  216"c and the activation energy is 12.80 kcal/mole. 

The alcoholysis of poly~arbonates'~' in methanol is about 3.7 times faster 
than in ethanol at 75"c. Hydrolysis of polycarbonates has only been 
observed in concentrated aqueous mixtures containing more than about 
30% of potassium hydroxide12'. 

3. High polymers containing ester groups 

Alcoholysis of ester groups situated in chains of high polymer molecules 
has been studied. Methanolysis of polyvinyl acetate in methanol is catalys- 
ed by sodium methoxide ( E  = 14.98 kcal /mole)'", sodium hydroxide 
( E  = 12.80 kcal/mole)128 or by anion exchange resins ( E  = 14.59 kcal/ 
mole)129. In 40 : 60% methanol-water mixture130 the rates of simultaneous 
alcoholysis and hydrolysis are related as 5.2 : 1. During the alcoholysis 
a decrease of the molecular weight of the polymer has been observed indi- 
cating the presence of ester linkages in the polymer chains13L. Methanolysis 
of cellulose triacetate in chloroform has also been studied132. 
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0. Alcoholysis of Esters Containing Additional Functional Gorups 

When the ester contains a primary o r  secondary amine group, both intra- 
or intermolecular aminolysis reactions may occur simultaneously with the 
alcoholysis. Alcoholysis only was obtained (9504 yield) in the reaction be- 
tween the methyl ester of leucine and n-liexanol when sodium methoxide was 
used as catalyst and the methanol produced in the reaction was removed by 
distillation133. Similarly, no  aminolysis was observed in the reaction be- 
tween methyl p-aminobenzoate and d i e t h y l a r n i n o e t h a n ~ l ~ ~ ~  and in some 
other rea~tions'~' '  13'. However, in the alcoholysis of acrylic o r  methyl- 
acrylic esters with 2-alkylaminoethanol, aminolysis dominates unless tlie 
alkyl group is highly branc!ied. With t-alkylaminoethanol only. products of 
alcoholysis are  obtained when aluminium isopropoxide is used as 
Intramolecular catalysis of the alcoholysis by a tertiary amino group in the 
ester molecule was observed in the alcoholysis of diethylaminoethyl p-nitro- 
benzoate137. 13'. 

When the ester molecule contains an additional acetal group, alcoholy- 
sis is observed in methanol solution with sodium methoxide as the catalyst, 
whereas in acid solution with potassium hydrogen sulphate as catalyst 
mainly an exchange of the  alkoxy group of the acetal O C ~ U I - S ' ~ ~ *  I4O. 

X. ANALYTICAL USE O F  ALCOHOLYSIS REACTIONS 

Alcoholysis has been used in the analysis of fats and high molecular 
weight polyesters t o  convert them to  more soluble and volatile esters. 
Methyl esters are obtained in methanolysis and they can usually be con- 
veniently analysed by a gas chromatograph. Both acid catalysts such a s  
hydrochloric and basic catalysts such as lithium r n e t h ~ x i d e ' ~ ~  
or sodium m e t h ~ x i d e ' ~ ~ '  1"* 14' have been used in  addition to boron tri- 
fluOrjde142. 147 for t h e  methanolysis of  fat^^^^-^^^, cholesteryl esters'47 o r  
p~lyestersl~.-~.  When acid catalysts are used, 2,2-dimethoxypropane can be 
added to tlie reaction mixture t o  obtzin isopropylideneglycerol which can 
be used as the internal standard in the gas-chromatographic analysis143. The 
same method could obviously be used to  identify esters of glycols and other 
diols. 

XI. ACIDOLYSIS REACTIONS 

Acidolysis of esters can occur by either alkyl-oxygen (Al) or acyl-oxygen 
(Ac) fission of the ester. 

0 0 0 0 
I I 

R'-C--OR + R'C-OH --= R'-C-OH + R'-C-OR alkyl-oxygen fission (23) 
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R'-C = 0 0 0 \ I 

/ 
(25) 0 + ROH =-- R'-C-OH +- Ra-C-OR acyl-oxygenfission 

Ra-C = 0 

In alkyl-oxygen fission acidolysis the exchange of the carboxyl group can 
occiir by a bimolecular, one-step substitution reaction or also by a uni- 
molecular, two-step reaction. If the acidolysis occurs by acyl-oxygen fission, 
an anhydride is first obtained as  an intermediate, which then reacts with 
the alcohol, producing either the original ester in a reverse reaction, or  a 
new ester, with the acyl group exchanged. Identical final products are 
obtained in both acyl-oxygen and alkyl-oxygen fission reactions. They 
can be distinguished by using isotopicaily-labelled compounds or by 
detecting the anhydride formed as an intermediate in one of the reactions. 
One method consists of detecting the racemic products obtained in the 
acidolysis by alkyl-oxygen fission of esters of optically active alcohols148. 

A. Acidolysis by Alkyl-Oxygen Fission 

Rate constants of the acidolysis of esters occurring by alkyl-oxygen 
fission are given in Table 8. Acidolysis in formic acid is usually much 
faster than in acetic acid, due to the higher acidity and better ionizing 
properties of the former. Acetolysis of p-chlorobenzhydryl acetate was 
found to be catalysed by perchloric acid but the rate was almost unaffected 
by lithium acetate14e. The small effect observed was of the order usually 
obtained for electrolytes in a salt effect. 

TABLE 8. Acidolysis of esters by unimolecular alkyl-oxygen fission 

Ester 

p-Chlorbenzhydryl acetatc 
Triphenylmethyl acetatc 
Cyclohexylphcnylmethyl acetate 
Methyl-a-naphthylmethyl acetate 
Cyclohexylphenylmethyl acctate 
Methylphenylmethyl acetate 
Methyla-naphthylmethyl acetate 
Cyclohexylphenylmethyl formate 
Methylphenylmethyl formate 

Solvent 

CH,COOH 
CH,COOH 
CH,COOH 
CH,COOH 
HCOOH 
HCOOH 
HCOOH 
HCOOH 
HCOOH 

75 
25 

I00 
80 
17 
19 
15 
21 
21 

1 -00 

0.8 
7890 

12 
I60 
1 20 

1800 
200 
420 

Reference 

149 
60 

150 
150 
150 
150 
150 
150 
150 
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The unimolecular alkyl-oxygen fission acidolysis of esters yields as an 
unstable intermediate an ion pair, which can partly dissociate to free ions. 
Acidolysis of optically active and oxygen-labelled p-chlorobenzhydryl 
acetate14g occurs by unimolecular a1 kyl-oxygen fission. The exchange of 
acetate ions of the intermediate ion pair occurs about 2-6 times faster than 
the recombination of the carbonium ion with the original acetate ion in 
the ion pair to give the starting materials. 

B-Propiolactone reacts in water with acetate ions producing p-acetoxy- 
propionate ionslj'. This reaction is expected to occur by alkyl-oxygen 
fission, as do reactions of the lactone with other weak nucleophiles such as 
phenolate ionsG2. 

B. Acidolysis by Acyl-Oxygen Fission 

1. Intermolecular acidolysis 

Acyl-oxygen fission has been observed in a few cases of ester acidoly- 
sis152-154. Esters of primary alcohols are usually expected to react by this 
mechanism. The rates of acetolysis of acetyl-L-malic acid in acetic acid 
were measured by using a 14C tracer method at 120"c and the results were 
interpreted in terms of acyl-oxygen fissionljj. Acyl-oxygen fission is also 
assumed to  occur in the acidolysis of esters of acetoacetic acidsljs. Catalysis 
by sulphuric acid has been observed in the acidolysis of ethyl stearate with 
succinic or adipic acids15'. Hydrolysis of esters is in some cases catalysed 
by carboxylate ions, due either to a general base catalysis or a nucleophilic 
catalysis. The latter involves a reaction between the ester and the carboxy- 
late ion, producing an anhydride as an intermediate, which is rapidly 
hydrolysed to carboxylic acids in water. The reaction is then an acidolysis 
of the ester by a carboxylate ion and can be described as B,,2 acidolysis. 

Using water enriched with H P 0  it has been shown that the hydrolysis 
of 2,4-dinitrophenyl benzoate, catalysed by acetate ionslj? and the hydro- 
lysis of acetyl salicylate catalysed intramolecularly by the carboxylate ion 
in the ortho position153 occur by an acidolysis mechanism involving inter- 
mediate anhydride formation (equation 26). 

In nucleophilic catalysis both acids become labelled by I80, whereas in 
base-catalysed hydrolysis of esters only the carboxylic acid derived from 
the ester becomes labelled by l80. 

Catalysis of ester hydrolysis by acetate ions has only been observed for 
esters having a good leaving group, i .e .  when the alcohol produced in the 
hydrolysis is a comparatively strong acid. The hydrolyses of p-nitrophenyl 
acetate and of phenyl acetate catalysed by acetate ions, are expected to 
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occur though intermediate anhydride formation132. The activation enthal- 
pies are AH' = 16-6 kcal/mole and 15.3 kcal/mole, and the activation 
entropies are AS' = -31.2 cal/deg. and -28.7 cal/deg. for the two re- 
spective reactions. The small increase of the rate of hydrolysis of methyl 
hydrogen phthalate observed in the presence of acetate ions is probably not 
due to acetate ion catalysis. since it is of t h e  order usually observed for a 
salt effectlS3. 

2. Intramolecular acidolysis 

A suitably situated carboxyl group in a n  ester molecule may cause 
intramolecular acidolysis, observed as a rate-enchancement of the ester 
hydrolysis prominent in the pH region corresponding to  the ionization of 
the carboxyl group'". l". Intramolecular catalysis of a carboxyl group in 
either unionized or  ionized form has been observed160. The hydrolyses of 
a kyl hydrogen phthalates with a good leaving group, as  in trifluoroethyl 
hydrogen phthalate and phenyl hydrogen phthalate are catalysed by the 
carboxylate group1G0. Esters derived from weakly acid alcohols such as  
methyl hydrogen phthalate and chloroethyl hydrogen phthalate are catalys- 
ed bv the unionized carboxyl grouploo. Simultaneous catalysis by carboxyl 
and carboxylate groups is observed for esters derived from alcohols of 
intermediate acidity such as propargyl hydrogen phthalate. It seems doubt- 
ful whether an earlier observation of the intramolecular catalysis in the 
hydrolysis of methyl hydrogen phthalate by carboxylate groups is cor- 
rect1j3. Nucleophilic catalysis is expected for the intramolecular carboxy- 
late i o n  catalysis with intermediate anhydride formation. For the intra- 
molecular carboxylate-ion catalysed hydrolysis of phenyl hydrogen phtha- 
late the observed rate constant, k 2  = 0.276 niin-' at  35"c., is close to  the 
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rate of hydrolysis of phthalic anhydride, ka = 0.739 min- '  a t  30"c, and 
the anhydride hydrolysis becomes almost rate-determining in the hydroly- 
sis of this esterlc0. 

Hydrolysis of alkyl hydrogen phthalates. intramolecularly catalysed by 
the carboxyl group, does probably not involve a nucleophilic acidolysis 
reaction yielding anhydride as intermediate, since t h e  nucleophilicity of  a n  
unionized carboxyl group is much smaller than that of the carboxylate160. 
The observed effect is possible due to acid catalysis by the carboxyl group. 
The increase of the acidity of the alcohol by electron-withdrawing substi- 
tuents i n  a lkyl  hydrogcn phthalates accelerates the hydrolysis catalysed by 
a carboxyl group. However, the reactions catalysed by the carboxylate 
group a re  much more sensitive towards changes in the acidity of the alco- 
holic part of the ester molecule. Such a difrerence between nucleophilic and 
acid catalysis is expected in reactions involving acid catalysis: the electron- 
withdrawing substituents of the alcohol part decrease the basicity of the 
ester and this effect partly cancels the rate-increasing effect of a better 
leaving group. 

Hydrolysis of methyl hydrosen 3,6-dimethylphthalate yields 3.6-di- 
methylphthalic anhydride which is not completely hydrolysed in water to 
the corresponding carboxylic acidIG1. The appearance of a relatively stable 
anhydride as a product does not, however, prove by itself that  the anhyd- 
ride is formed directly from the ester in an intramolecular acidolysis, 
because the rate of the anhydride formation from the free carboxylic acid, 
k l  = 0.37 rnin-', is rapid compared to the rate of disappearance of the 
ester, k = 0.040 niin-' (at 25"c). 

The hydrolyses of phenyl hydrogen succinates and phenyl hydrogen 
glutarates are intramolecularly catalysed by a carboxylate grouplG2, and 
intermediate anhydride formation is expected to occur in these reactions 
too. Substituents at the phenyl group have a large effect on the rates, e.g.  
a 540 fold increase has been observed for a p-nitro substituent. The inter- 
molecular acetate-catalysed hydrolysis of phenyl acetate is only accelerated 
about 15 times by introducing a p-nitro substituent into the phenyl group. 
This is similar to the alkaline hydrolysis in  which p-nitrophenyl acetate 
reacts about 15 times faster than phenyl acetate. These intramolec'ular 
reactions are  then expected t o  occur by a similar mechanism involving a 
formation of a tetrahedral intermediate from a n  ester and a hydroxyl ion 
or from a n  ester and a carboxylate ion. For the intramolecular carboxylate- 
catalysed hydrolysis of phcnyl hydrogen succinates and glutarates a differ- 
ent mechanism has been proposed, involving a direct substitution of the 
phenoxy group by a carboxylate group162. 
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An increase of the negative charge at  the oxygen atom of the phenoxy 
group in the transition state is supported by a similar large-substituent 
effect of a p-nitro group on the ionization of phenol (increase of K,, about 
640-680 times) and o n  the rate of ester hydrolysis (increase of k about 540 
times). The activation energy of the acetate ion-catalysed hydrolysis of 
p-nitrophenyl acetate is 1 5.7 kcal/mole and for the intramolecularly catalys- 
ed hydrolysis of p-nitrophenyl hydrogen glutarate 19- 1 kca!/mole. The 
intramolecular reaction occurs by an energetically unfavourable path 
possibly because the energetically more favourable path is sterically hind- 
ered. 

The rates of intramolecular and intermolecular reactions can best be 
compared by calculating the concentration of catalyst needed to give 
equal rates for the two reactions. Hydrolysis of phenyl acetate in a solution 
containing (I mole/l of acetate ions would occur at  a rate equal to the 
hydrolysis of acetyl salicylate involving intramolecular catalysis by the 
ca r b o x y I ate i o n 52. S i m i I a r I y , t he h y d r o I y s i s of p - n it r o p h e n y I acetate w o u Id 
require a solution containing 600 mole/l of acetate ions i n  order t o  occur 
at a rate equal to that of the hydrolysis of the mono-p-nitrophenyl gluta- 
rate ion. When intramolecular and intermolecular reactions occur by a 
similar mechanism, the difference in the rates is mainly due to  entropy 
effects. the activation energies being approximately equal for both reac- 
ti On sI j : !  

Intramolecular catalysis of the hydrolysis of partly-esterified polymethyl- 
metacrylic acid by carboxylate groups has been used to investigate the 
steric structure of the polymersLG3B I G 4 .  

C. Acidol ysis Reactions in Preparative Chemistry 

Acidolysis of esters ha.; been used as a synthetic method in organic 
chemistry. For example, monoesters of dicarboxylic acids have been pre- 
pared b y  heating the diester with a dicarboxylic acid. using sulphuric 
acid165 or a cation-exchange resin in acid form a s  cataIystlG6. Boron tri- 
fluoride has been used as catalyst1G7 i n  the acetolysis of n-butyl formate 
and lithium or sodium salts have been used in the redistribution reactions 
of two glyceridesR. Acidolysis has to be used instead of the usual alcoholy- 
sis reactions in preparing vinyl esters because of the instzbility of vinyl 
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alcohol. Mercury salts, sulphuric acid and bases have been used as catalysts 
for such  reaction^'^^-'^' . Acidolysis reactions can be also used to obtain 
carboxylic acid from the corresponding esters. Such reactions occur most 
conveniently in formic acid, which reacts much faster with esters than, for 
example, acetic acid17*. 
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1 . INTRODUCTION 

The carbonation of organometallic coinpounds is one of the oldest known 
insertion reactions . However. despite the fact that the reaction has been 
used extensively for the preparation of carboxylic acids. and for the 
characterization of organornetallic species. very little is known about the 
overall mechanism of the process . The present chapter treats of the use of 
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t h e  carbonation and related processes as a preparative route to carboxylic 
acids. Particular emphasis is placed on the general conditions, the scope 
and, when possible, the overall steric course of the reaction. 

I I .  SATURATED ACIDS 

A. Alkyl Alkali Metal Derivatives 

The carbonation of alkyl and aralkyl alkali metal derivatives can, in 
certain instances, be an excellent synthetic route to saturated carboxylic 
acids. The yield of the desired saturated carboxylic acid depends upon a 
judicious choice of organometallic species and carbonation procedure. The 
average yields of acid, based on halide used, are with alkylmetal deriva- 
tives 30-60%, and with aralkyl metal derivatives 70-90%. 

1. Reaction conditions 

The preparation of alkyllithium, -sodium and -potassium compounds 
has been and may be summarized as follows (the first three 
methods are best adapted for the preparation of alkyl metal compounds). 

a. Halogen-metal exchange. ( R B r +  2 M --c RM + MBr). The metal and 
the alkyl chloride or  bromide are allowed to interact in an inert solvent 
(e .g .  benzene, h ~ x a n e j - ~ ) .  

b. Mefal-metal escliarige. (RZHg+ M - 2 RM + HgM). In this reac- 
tion, the pure organomercury compound is allowed to interact with a large 
excess of alkali metal in an inert solvent3. This is one of the oldest methods 
of preparing organometallic compounds and is ideally adapted for the 
preparation of moderate quantities of salt-free alkali metal alkyls. 

c .  Metal-metal intercoriversioii. (R,,M + R'M' r2 R,-,R'M + RM'). This 
reversible reaction between two different organornetallic compounds (e.g. 
an organolithiuni with an organotin or -mercury compound) is of limited 
application. It has, however, been used successfully in the preparation of 
some alkyllithium compounds'. 

( R M +  R'H Z: R'M + RH). In this process an organo- 
metallic compound is allowed to react with a hydrocarbon. The success of 
the preparative route depends on a reasonable difference in  the acid strengths 
of the parent hydrocarbons, and is thus better adapted to the preparation 
of aralkyl and arylmetallic compounds (equation 1)'. '. 

d. Metalutioii, 
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e. Halogen-metal interconversion. (RM + R'X R'M + RX). In cer- 
tain instances organo alkali metal compounds react with organic halides, in 
a n  inert solvent, to give a new organo alkali metal compound. Again it is 
better adapted for the preparation of aralkyl and arylmetallic compounds. 
Since the metal atom always assumes the same position as the leaving 
halide this method is superior to the metalation procedure as a route to  
organometallic compounds. The reaction has been extensively used t o  pre- 
pare organolithium compounds'" but has not been so widely used in the 
preparation of alkylsodium or potassium compounds. 

Organometallic compounds add t o  some activated double 
and triple bonds to  give a new organometallic species (equation 2). This 
reaction is of limited application, since in some instances both addition and 

f. Additiom 

metalation can occur (equation 3)". 

(1) CsHsLi 
C6HSCE CC H (2) c02 - C6H5\  , C6H5 

C6H5 

n- Bu C6H5 
\ I  
c=c 

\ 

~ - c o o H c o o H  

(3) 

The carbonation of the organometallic compound is best etrectcd by spray- 
ing its solution onto an excess of dry, powdered, solid carbon dioxide. 

2. Scope of the reaction 

Whilst undoubtedly the carbonation of alkyl alkali metal compounds 
constitutes an  excellent method of characterization, it is not always a good 
synthetic route t o  saturated carboxylic acids. The main disadvantages are 
(i) the methods of preparation of the d k y l  alkali metal compounds (re- 
stricted to reactions a, b and c above) are more complicated than simple 
Grignard formation; (ii) the great reactivity of the alkyl alkali metal com- 
pounds occasions side-reactions which considerably reduce the overall 
yield of the desired saturated carboxylic acid. Thus in the carbonation of 
the alkyl alkali metal compound (equation 4) the two main side-reactions 
are  illustrated in equations (5) and (6). Carbonation with a stream of carbon 
dioxide favors the formation of the rnalonic acids, ketones and carbinolsl?. 
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(4) RCH,M -co2 RCH,COOM 

' O L  RCH 
/M 

RCH,M -CoL RCH,M 4- RCHICOOM -. RCH,; RCH 

\COOM \COOM 

( 5 )  

( 6) RCHIM CoL RCH,M i- RCH,COOM --- (RCH,),CO+ (RCH,),COM 

Spraying the solution of the organometallic compound onto a large excess 
of dry solid carbon dioxide (local high carbon dioxide concentration and 
low temperature) favors formation of the desired saturated acid13* ". In  
general, however, the overall yield of carboxylic acid, based on alkyl halide 
used, is in the order of 30-60%'* '* lo, whilst with aralkyl halides it is in the 
order of 70-90%'-''. The .steric course of the preparation and carbona- 
tion of alkyl- and cycloalkyllithium compounds has been investigated and 
reviewed''-". This topic will be discussed later in the section dealing 
with alkyl- and cycloalkylmagnesium halides. 

5. Alkyl Alkaline E a r t h  M e t a l  Derivatives 

Alkylberyllium. -barium, -calcium and -strontium compounds have been 
prepared"-". Like dimethylberyllium* and organocalcium halides" all 
these alkyl  alkaline earth metal derivatives should interact with carbon 
dioxide to give a lky l  carboxylic acids. The most practical and expedient 
route is however the carbonation of alkylmagnesium halides. 

1. Reaction conditions 

The conventional way of preparing organomagnesium halides, from a n  
alkyl halide and magnesium in  an inert solvent, has been reviewed'"''. 
Recently. however, i t  has been shown that organomagnesium halides can 
be prepared by the interaction of a Grignard reagent and an olefin i n  t h e  
presence of titanium tetrachloride (equations 7-9)+"* 'G. 

TICI. 
n RCH,CH,MgBr --. fRCH,CH,),TiCI. . -- RCH - -  CH, + H,TiCI, - (7) 

H,TiCI, - ,, -+ R'CH - CH, --- (R'CH,CH,),TiCI, - , ( 8) 

RCH,CH,MgBr 
(R'CH,CH,),TiCI, - n  - - R'CH,CH,MgBr+ (RCH,CH,),TiCI,-, ( 9 )  

I t  is statcd that organobcrylliuni halides arc inert to carbon dioside". 

7 The volatility o f  thc olefin RCH- -CH,, derived from the original organomagne- 
sium compound favors rhe formation of the ncw organomagnesium compound.  
derived from the added olefin R ' C H - T C H ~ .  
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Organomagnesium halides, which are thus accessible from either alkyl 
halides or  terminal olefins, can be readily converted t o  carboxylic a,cids or 
their derivatives by any one of the following reactions (Scheme 1). 

RCOOH2’ I O(a) 

R C O O C ~ H ~ ~ J  IO(bJ 

RCOOC~HP I O ( C )  CICOOC2H~ 

ArNCO RCONHAr30”’ 10(d)  

R C S S H ~  I W e )  

Scheme I .  

The factors influencing the yield of carboxylic acid obtained by the 
carbonation of organomagnesium halides have been reviewed27. 32. When 
a slow stream of carbon dioxide is passed through the reaction mixture the 
two competing reactions are again (i) ketone and carbinol formationJ4* 35 
and (ii) formation of malonic a c i d P  (equations 4-6). 

Z Scope of the  reaction 

Despite the fact that the reactions (1Oa)-( IOe) have been used extensively 
for the preparation of carboxylic acids and  their derivativesz7* xx 37 , little 
is known concerning the mechanism of the reactions. 1 t has been suggested 
that the carbonation of organornagnesium compounds involves the rear- 
rangement of a four-membered transition state complex (1) (equation 

R R-Mg-X co - 
RMgX 3 = /  Z - / -  I 

// 
o = c = o  C-0-MgX 

0 

(lot-, 

(1) 

The steric course of the formation and carbonation of alkyl- and cyclo- 
alkyllithium and -magnesium compounds has, however. been investigated 
and recently reviewedL7. There are three discrete aspects of the reaction 
which have to be considered : (i) the formation of the organometnllic com- 
pound, (ii) its configurational stability and (iii) its carbonation. N o  systc- 
matic study has been made concerning the steric course of the formation of 
alkyl and cycloalkyl metal compounds. The availablc information indicates 
that the halogen-metal exchange reaction whcn used in the preparation of 
alkyl magnesium halides is not stereospecific”. However, the metal-metal 
interconversion and halogen-metal interconversion reactions when used in 
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the preparation of alkyllithium and alkylmagnesiusn halides proceed with 
some degree of stereo~pecificity”~~’. 

Alkyllithium compounds and alkylmagnesium halides are not configura- 
tionally stable at room temperature. The rate of conversion and consequent- 
ly the stability of these organometallic compounds vary with solvent and 
temperature”. 40. Configurational stability of the alkylmetallic compound 
is favored in  hydrocarbon solvents and a t  low temperatures. 

The available experimental data imply that the carbonation of alkyl- 
lithium and alkylmagnesium halides takes place stereospecifically. 

With substituted cyclopropyl hz!ides it is found that the halogen-metal 
exchange reaction is non-stereospecific (equation 1 whereas the metal- 
metal interconversion (equation I 2)42 and the halogen-metal interconver- - 

sion (equations I3 and 14)15* ’‘ are stereospecific (100%). 

(2) (1) Mg/THFc coz C H ~  eCd5 
CSHS 

Optically active 

C6H5 

Li MgBr 

Optically active (2) 

C i3 (3) 

ii 

Optically active (4) 

COOH 

56”< Ketention 

5 CH3 

pL5 

COOH 

100% Retention 

cis 

COOH 

100 :< Rctcntion 

The  cyclopropylmetallic compounds 2, 3 and 4, which are  intermediates 
in the above reactions, have been shown to possess a high degree of con- 
figurational stability. This stability is not adversely affected by changes in 
so I vent an d t e rn pe ra t u re ‘’ -- ’ 7. 
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T.ae results summarized in equations (12), (13) and (14) also prove that 
the carbonation of cyclopropyllithium ,and -magnesium bromide proceeds 
stereospecifically. Thus in certain cases a cycloalkyl halide can be convert- 
ed via an organometallic compound to the cycloalky! carboxylic acid.with 
overall retention of configuration. It is assumed that the individual steps in 
the reaction proceed with retention of conf igu ra t i~n '~*  

Alkylzinc and -cadmium compounds are stable to carbon dioxide under 
normal conditions of temperature and pressure. I t  is reported, however, that 
in pyridine solution methylzinc iodide reacts slowly with carbon dioxide to  
yield acetone43. 

C. Alkylaluminum Compounds 

The preparation and carbonation of alkylaluminum compounds has 
been briefly reviewed44. The products formed in the carbonation stage de- 
pend upon the precise reaction conditions. 

42. 

1. Reaction conditions 

Alkylaluminum compounds can be prepared from both alkyl halides and 
olefi11s~~. I n  the pure state they react with carbon dioxide to  give the trialkyl 
carbinol. In the case of triethylaluminurn this reaction is presumed to pro- 
ceed via the intermediate diethylaluminum propionate (5),  which in the 
presence of excess triethylaluminum reacts further to give the triethyl car- 
binol derivative (6) (equations 15 and 1 6)4s* 4G. 

2 (CH,CH,),AI 
(CH,CH,),Al.0.C0.CH,CH3 .- - -* (CH,CH,),AIOAI(CH,CH,), - 

(CH,CH,),AlOC(CH,CH,), (16) 

( 6 )  

The successful preparation of carboxylic acids from alkylaluminum 
compounds depends upon finding a way of stopping the reaction at  the ini- 
tial stage (equation 15). This can be achieved by altering the reaction condi- 
tions or the nature of the aluminum ~ o m p l e x ~ ~ * ~ ' .  

u. Use ofsolvetif. The carbonation of a trialkylalurninum compound in 
a hydrocarbon solvent furnishes, after hydrolysis, the carboxylic acid and 
the h y d r ~ c a r b o n ~ ~  (equation 17, R = iso-octyl, n-octyl, iso-butyl, n-butyl, 
1-vinylcyclohex-3-ene). 

(17) 
(1) COJoccane 

R,AI - RCOOH + 2 R H  
( 2 )  H S  
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6. Variation iti uluniinum coniplcx. Alkylaluminum etherates, which 
are inert to carbon dioxide at low temperatures, are  smoothly carbonated a t  
high temperatures t o  give one mole of acid (equation 18)46*4E. I t  has also 
been claimed that lithium aluminum alkyls are carbonated to  a mixture of 
acid and ketone (equation 19)." In the two former reactions (equations 17 
and 18) only onc of the alkyl groups in the trialkylaluminum is converted 

(1) c0J100-120~ R,AI Et,O ---- --- RCOOH+ 2 RH 
( 2 )  H,O 

LiAIR, -co& RCOOH + R,CO (19) 

to the carboxylic acid, the other two being lost as hydrocarbon. However, 
i f  the carbonation mixture is treated with oxygen, the acid and alcohol 
are the final reaction products". 43. 

The conflicting information indicates that 
the products formed by the carbonation of alkylaluminum compounds 
under pressure depend upon the solvent, the temperature and the pressure 
used for the reaction (equations 20 and 21)4G*50-52. 

c. Reactions under pressure. 

(20) 

(21) 

d. Other reacrions. The interaction of one mole a trialkylalurninum 
compound with ethylchloroformate gives one mole of the corresponding 
ester (equation 22)j3. 

co m o o  
R,AI - - 2 RCOOH (60%) 

R,AI - - 3 y o r  RCOOH (15%) R,CO (65%) 

180-300 Aim 

COJ240" 

C1COOEC~ RSAI - -  - KCOOEt (22) 

2. Scope of the reaction 

In  view of the fact that usually only one (at the best two) of the alkyl 
groups attached to  aluminum is converted to the carboxylic acid, and the 
highly flammable nature of these compounds, this reaction is of little prac- 
tical use in the laboratory preparation of carboxylic acids. I t  does, however, 
represent a route whereby olefins (by interaction with aluminum hydrides) 
can be converted to  the homologous acids. 

0. Other o-Bonded Organornetalfic Compounds 

The scant information in the literature indicates that a-bonded alkyl 
transition metal compounds are relatively stable to  carbon dioxide. Thus in 
the preparation of alkyltitanium and -chromium compounds (equation 23, 
M = Ti, Cr"', Cr";  11 = 4, 3,  2 respectively) the excess methyllithium is 
selectively destroyed by gaseous carbon dioxide5'. A similar technique 
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has been used to destroy the excess allylmagnesium chloride used in the 
preparation of triallylchromium ( lII).5i. 

co 1 

x LiCH,tMCI, - .--- M(CH,), - L  x - n LiCH, - -- - M(CH,),-r x - n LiOOCCH, (23) 

Ill. ARYLCARBOXYLIC ACIDS 

Arylcarboxylic acids are conveniently prepared by the interaction of aryl- 
metallic compounds and carbon dioxide. There are four distinct synthetic 
routes involving essentially the carbonation of an ‘organometallic species’. 

(i) Carbonation of true u-bonded organornetallic compounds 
co 5 6  

(C,H,M - - 2 -  C,H,COOM) . 

( i i )  The Kolbe-Schmitt synthesis involving alkali phenolates 
co 57 

(C,H,ONa ---.:- C6H, (0Na)COONa) . 

(i i i)  The Henkel reaction, involving the thermal disproportionation of 
the potassium salts of arylcarboxylates 

5 8  

( C,H,COOK --he=?- C,H, -+ ~-c,H,(cooK),) . 

(iv) The Friedel-Crafts reaction in which the interaction of an aromatic 
hydrocarbon and carbon dioxide (or a derivative) is catalyzed by a Lewis 

60 

A. Carbonation of Arylmetallic Compounds 
1. Aryl alkali metal and alkaline earth metal compounds 

The carbonation of alkali metal and alkaline earth metal derivatives of 
aromatic compounds constitutes a convenient laboratory and industrial 
route to aromatic carboxylic acids’. 

a. Reactiori conditions. The preparation of arylmetallic compounds has 
been reviewed% 3. 9. 10. % “4 . The methods used are analogous to those em- 
ployed in the preparation of alkylmetallic compounds (see section 11. A. I )  
The choice of the intermediate organometallic species and the preparative 
route is determined largely by the starting material. 

Aromatic hydrocarbons can be converted to arylmetallic compounds by 
transmetalation. The high reactivity of alkylsodiurn and -potassium com- 
pounds enables them to even react with pure aromatic hydrocarbons 
(equation 2 4 ) ” ~ ~ .  Alkyllithium compounds however will only react with 

C,H,COOH (78%)62 
( 1 )  i-C.H.Na 

( 2 )  co, 
C6H6 
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those hydrocarbons which contain 'active hydrogen' (equation 25)'- s. 

coon 

The main disadvantage of these reaction sequences is that the precise site 
of metalation cannot always be predicted. Therefore the precise structure 
of the aromatic acid finally isolated depends not only upon the reaction 
conditions (see later) but also upon the reactivity of various sites of the 
starting material. 

Aroniafic halogeit compounds are conveniently converted to the organo- 
metallic species by either halogen-metal interconversion, o r  halogen-metal 
cxch a nge-* - ' 2 4 .  It  is normal laboratory practice to use either the 
aryllithium compounds o r  the arylmagnesium halides. The former are 
readily prepared from either aryl bromides or chlorides, by halogen-metal 
i n t e rc o n v e r s i o n I 'I, where as t he preparation of o rg a no m a g n es i u m ha I ides i s 
restricted to halogen-metal exchange with the aryl bromides23 the aryl- 
chlorides being too sluggish in their reaction with magnesium. 

In the carbonation stage, the reaction conditions influence the overall 
yield of acid obtained. The main competing reaction is the formation of 
ketone and carbinol. Passing a stream of carbon dioxide through a solution 
of the organornetallic species favors ketone formations6, whereas spraying 
the solution of organometallic compound onto a large excess of solid car- 
bon dioxide favors acid formation'" %'. 

The preparation and carbonation of arylcalciurn halides has recently 
been discussed?!. The overall yield of carboxylic acid depends critically on 
the reaction conditions used in  making the organocalcium compound 
(ether cleavage and Wurtz coupling are major side-reactions). Thcre is no 
advantage to  be gained therefore in using these compounds in place of the 
more commonplace aryllithiiim and -magnesium compounds. 

b. Scope qf' t/ro rcactioti. The carbonation of arylinetallic compounds 
has been used extensively both for characterization of the organometallic 
species and for the preparation of carboxylic acids, or their derivatives. The 
ful l  scope of the reaction is described in the reviews already cited". '.'* 10*2'9". 

By analogy with alkylmagnesium halides the ai-ylmagnesium halides 
and presumably the other arylalkali metal and alkaline earth derivatives 
will react with cthyl chlornformate and ethyl carbonate and isocyanates to 
give derivatives ot  carboxylic acids (Scheme I ) .  I t  must always be bornc in 
mind, however. that the reaction conditions often influence the yield and 

3 9. 1 0 .  -'! 
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nature of product obtained. This is illustrated in the case of indene. where 
the reaction temperature determines the nature of the acid formed (equa- 
tions 26 and 27)64-66. 

( 1 )  n-BuLi120"- 
(2)CO2/2O0 

(1) n - B ~ L i l - 7 0 ~  
(2) C02/-LOO -. RJ CQOH 

2. Aryl transition metal compounds 

There are two main types of aryl transition metal compounds, the a-bond- 
ed metal complexes and the bis-arene-metal-n-complexes. In the case of 
chromium the former may be converted to  the latter by treatment with 
diethyl ethers7. Pure a-bonded triphenylchromium reacts slowly with car- 
bon dioxide to give benzoic acidas". Carbonation of the intermediate lead- 
ing to  the z-complex gives the rr-benzoic acid-x-diphenylchrornium 
cat ionssb* 

0 

The bis (arene) chromium n-complexes are stable to  carbon dioxide and 
may be metalated with amylsodiurn. Subsequent treatment with carbon 
dioxide gives a mixture of arenecarboxylic acid-chromium ;r.-complexessg. 

0. Kolbe-Schmitt Synthesis and Henkel Reaction 

Both these reactions are high temperature and/or pressure reactions. 
The first involves the carbonation of a n  alkali phenolate (equation 28), the 
second, the thermal disproportionation of the alkali metal salt of a carboxy- 
lic acid (equation 29). 
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In the case of  the Henkel reaction the intermediate formation of an  
organopotassium compound (equation 30) has been suggested'O. Both reac- 
tions have been reviewed and will therefore not be discussed in details8* 'I. 

QQfOOK- A m- COZ 

CiaH7COOK I 

C. The Friedel-Crafts Reaction 

Aromatic hydrocarbons and carbon dioxide interact, in the presence of 
aluminum t h o r i d e  (or other Lewis acid) to give aromatic carboxylic acids*. 
The mechanism of this reaction is not clearly understood, however a a- 
bonded arylaluminum compound (CsH5A12C15) has been suggested as an 
intermediateG0. The yields in the reaction are low, however excellent yields 
of acid derivative can be obtained when derivatives of carbon dioxide are 
used. These reactions have been reviewed in details0, and are summarized in 
Scheme 2; oxalyl chloride can be used in place of phosgene. 

'. 

COCI, CsHSCNO RNHCOCI ROOC.CI CsH' C 1 o'o' 'c1 
U 

1 1 1 1 
C6H~COOH C~HSCONHC~HS GHsCONHR C ~ H S C ~ R  CsHsC -0-CsH'OH 

SCHEME 2. 

The limiting feature of this synthetic route is that the hydrocarbon used 
must .itself be stable towards aluminum chloride. 

*It  has also been reported that alkanes react with carbon dioxide, in the presence 
of  aluminum chloride. at high temperatures and pressures to give mixtures of aliphatic 
carboxyiic acids ( 1  "/, based on alurninunl chloride7'). 
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IV. CI, /3-OLEFlNIC ACIDS 

The most versatile route to a,p-olefinic acids is carbonation of a metal ace- 
tylide and subsequent reduction of the resulting z,P-acetylenic acid. Cata- 
lytic reduction usually gives the c i .~  isomer and chemical reduction the 
trans. The scope and applicability of this synthetic sequence has been 
r e ~ i e w e d ' ~ .  

The discovery that vinylic halides could be converted to  alkenyl-metal 
derivatives opened up new synthetic routes to rx,P-ethylenic acids'. '. 7d.  

Since there a re  significant differences in the reactions involving the various 
alkali metalsand alkaline earth metals these will be treated separately in the 
subsequent sections. 

A. Alkenyllithium Compounds 

Alkenyllithium compounds can be prepared by the interaction of 2 vinyl 
halide or  a vinylmetallic compound with either lithium metal or an alkyl- 
o r  aryllithium compound (equations 3 1 and 32). Subsequent carbonation of 

(31)  
2 Ll/Et,O co 

RCH---CHBr T ~ ~ L T / E ~ , ~  - RCH--CHLi -- -2 RCH:CHCOOH 

(RCH-CH),Hg - - G x J i z ~  RCH -CHLi -502 RCH--CHCOOH (32) 

the organolithium compound usually results in  moderate t o  good yields of 
the Q, (3-ethylenic acid. 

2 LllEt 0 

1. Reaction conditions 

The successful preparation of alkenyllithium compounds from vinyl ha- 
lides depends upon the method used, the structure of the halide, the solvent 
and the reaction temperature. The subject has been reviewed recently75; 
the techniques used most frequently are illustrated i n  equations (31) and 
(32). The  solvents used are ether, tetrahydrofuran. pentane or  benzene. The 
course of the reaction of an alkyllithium compound with the vinyl halide 
can be complicated by a competing 'dehydrohalogenation rearrangement 
reaction' illustrated in equation ( 33)7G. 

Ph 

Ph/ 
\C--CHCOOH-L PhC- CPh (33) Ph/ \& ( 2 )  co, - - - -  

Ph \,c-. .C/H !?- BuLI /Ec ,O -35" 

The carbonation step is best efTected by spraying the solution of the alkenyl 
lithium compound onto a large excess of dry solid carbon dioxide. In this 
way the formation of side products ( e .g .  ketones and carbinols) is reduced 
to a minimum. 
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2. Scope of the reaction 

Provided the vinyl halide is available, the present reaction sequence af- 
fords a good route to z, P-ethylenic acids. In particular, one advantage 
of the reaction is that  the formation of alkylvinyllithium compounds and 
their subsequent carbonation proceed with overall retention of configura- 
t i ~ n ’ ~ .  78. With arylvinyl halides t h e  steric course of the reaction isdetermin- 
ed by the configurational stability of the arylvinyllithium compound and 
depends upon both the solvent and the temperature of the reaction (equa- 
tions 34a, b)45. It has been suggested that the difference in configurational 

Ph Ph 

] co, HOOC/ \H 
I 

\c-- -c/ (100%) (34a) e c h ~ r l - 3 5 ~  
4 ___ 

stability between alkyl- and aryl-substituted vinyllithium compounds can 
be attributed to  the resonance stabilization of the arylvinyl carbanion 
(equation 35). Such stabilization is not possible in  the case of alkyl- 
vinyllithium  compound^^^. Another advantage of the use of lithium al- 

kenyls is that by careful control of reaction conditions (i.c. operating a t  
low temperatures) it is now possible to prepare otherwise difficultly access- 
ible compounds, (equation 3680, c.f equation 33). 

COOH 
\c c/ (85%) (36) 

H 
\c -- c/ BuL!/THF -105O Ar Ar 

Ar/ \Cl (i,co, - Ar/ \Cl 

I t  is important t o  note that the carbonation of more highly substituted 
lithium alkenyls, like the carbonation of lithium alkyls, often leads t o  mix- 
tures of acids and ketones78 (equation 37). This is due t o  the fact that  the 
lithium alkenyls are sufficiently reactive to  react with the lithium salt of the 

R,C -CH 

R,C- CHLi ‘O’.- R,C --CHCOOLi RJ=CHL!_ co (37) 

R,c--CH 

carboxylic acid. Ketone formation can be kept to ;1 minimum by using 
a large excess of carbon dioxide. 
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B. Alkenylsodium, -potassium, -rubidium and -caesium Compounds 

Alkenylsodium and -potassium compounds may be prepared by (i) me- 
talation of a n  alkene (CH2=CHp+ MCsH1l --- CHz=CHM)E1* 82, (ii) 
reaction of vinylic halides with the metals (CH2=CHCl+ M - CH2= 
=CHM)"* and (iii) metal-metal exchange reactions ([CHn=CHIzHg+ 
+ 2 M - 2CH2=CHM + Hg)83. Subsequent carbonation gives the a, p- 
ethylenic acids in good yields. 

1. Reaction ccnditions 

The preparation of alkenylsodium and -potassium compounds has re- 
cently been reviewed2* 3* 75 and will not be discussed in detail. The organo- 
metallic compounds are usually prepared in a hydrocarbon o r  ether sol- 
vent; however, owing t o  their great reactivity they must be handled with 
appropriate care. It is again desirable to  add the organometallic compound 
to  a large excess of solid carbon dioxide in order t o  avoid side-reactions 
(e.g. formation of ketones and alcohols). 

2. Scope of the reaction 

T h e  high reactivity of organosodium and -potassium compounds occa- 
sions side-reactionss4 which severely limit the scope of the present reaction. 
With the homologues of ethylene these are (i) double bond migration, (ii) 
allylic metalation and (iii) dimetalation, illustrated in equations (38) and 
(39)81* 85. 

(1) N a C  H 

( 2 )  co, CH,CH=CH, --'-'L- H,C -- CHCH,COOH (69%) f Dicarboxylic acids (15%) 

(38) 

(6%) 
(1) NGH, ,  CH,(CH,),CH-CHI --- CH,(CHI),CH- CHCOOH 

'Oa CH,(CH,),CH=CHCH,COOH (32%) 

I (39) 
CH,(CH,),-CH- -CH--CH2 (51%) 

COOH 

Dicarboxylic acids (11%) 

Alkyl compounds o f  sodium. potassium, rubidium and caesium react 
with linear olefins to give both the isomerized olefins and the alkenyl metal 
compounds. Carbonation of the total reaction mixture gives isomerized 
olefins and isomeric p, 7-olefinic acids as products (equation 40)E6* ". 

CH,(CH,),CH-=CHCH, L1)-M!-- CH,(CH,),CH---CHCH, 
(') 'O '  CH,(CH,).CH-- CH, 

(40) 
CHi(CH&CH: -CHCH,COOH 
CHJ(CH2)O- CH-CH--CH, 

COOH 
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An interesting reaction is the synthesis of dibasic acids by the coupling of 
butadiene". '' o r  styreneg0 in the presence of sodium tcrphenyl and sub- 
sequent carbonation of the reaction mixture (equations 41 and 42). 

CH2-CH-CH-CHz 
! 

(1) Na/o-terphenyl/(EtOCH,)," 
or (1) Na/p-terphenyl/(EtOCHz)2a9 

! 

2-vinyl-5-octenedioic acid (51%) (10%) 

(2) coz 

3.7-decanedioic acid (38%) (63%) 

2.5-divinyladipic acid (11%) (24%) 

(1) Nalo-rerphenyl in (ErOCH,), 
- ---- racernic and rneso diphenyladipic acid (80%)90 (42) 

( 2 )  co, 

C. Alkaline Earth Metal Derivatives of Alkenes 

To date the only known alkaline earth derivatives of alkenes are the alke- 
nylmagnesium halides. These are readily prepared by the interaction of a 
vinyl halide and magnesium in an  inert solvent: subsequent carbonation 
gives the carboxylic acid. 

1. Reaction conditions 

The preparation of alkenylmagnesium halides and their carbonation has 
recently been reviewed74i 75. The accumulated evidence indicates that the 
solvent used plays a determining role i n  the success of the reaction. In 
tetrahydrofuran o r  diethylene glycol diethyl ether the alkenylmagnesiuni 
halides can be obtained in high yields (70-807,;). 

2. Scope of the reaction 

The formation arid carbonation of alkenylmagnesium Ii&lides are free of 
the many side-reactions associated with t h e  alkenylsodiuin compounds. 
The good overall yields (50-800/,)i4 make this a potentially useful synthe- 
tic route to a,B-ethylenic acids. To date, however, it has not been extensively 
used for this purpose. From the existing data i t  would seem that in many 
instances the conversion of the alkenyl halide to  (x. jJ-ethylenic acid proceeds 
with overall retention of configuration. Thus the organomagnesium deriva- 
t ive from trans-2-bromobut-2-ene gives the trans carboxylic acid (angelic 
acid) on carbonationg1. In some instances however (equations 43 and 44) 
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the steric course of the reaction is not so clear-cutg2, implying that certain 

PhCH-CHBr PhCH -CHCOOH; PhCH- CHCOOH (43) (1) MglEt 0 
(2)  co, 

CIS, 19% trans. 9% 

(overall yield of acid 35%) 
C I S  

PhCH -CHBr E g E * -  PhCH -CHCOOH + PhCHYCHCOOH (44) 
(2 )  co, 

t rans CIS, 20% trans.  30% 

(overall yield of acids 62%) 

substituents (e.g. aryl) reduce the configurational stability of the alkenyl- 
magnesium halides. This is in keeping with the lack of configurational 
stability observed in the arylvinyllit hium compounds (see section IV. 
A. 2) 

0. Other  Alkenyl M e t a l  Derivatives 

Divinylzincg3 and trivinylaluminumg4 have been prepared and should 
undergo reaction with carbon dioxide, under pressure, to  give the a, P-ethy- 
lenic acids. Dialkylalkenylaluminum compounds are readily accessibleg5* 96 

and it would be of interest to determine which of the groups (i.e. the alkenyl 
or the alkyl group) attached to  aluminum is converted t o  the carboxylic 
acid on carbonation. 

V. NON-CONJUGATED OLEFlNlC ACIDS 

With the exception of p ,  y-unsaturated acids, (equation 45, IZ  = 0), non- 
conjugated olefinic acids can be prepared from the appropriate halides, 
like other alkanoic acids, by the carbonation of the derived organometallic 
species. 
RCH=CH(CH,),CH,X- -. RCH-CH(CH,)CH,M, Fo:- RCH-.-CH(CH,),CH,COOH 

(45) 

However, the high reactivity of the alkali metal cornpounds engenders side- 
reactions (e.g. cross metalation and addition to the double bond) leading 
to poor  overall yields of the desired acids (equation 45, n = 0, M = Li, 
Na, K,  Rb, Cs). The organomagnesium compounds on the other hand d o  
not undergo these side-reactions and are therefore best suited for synthesis 
of these unsaturated acids. 

A. Ally1 Alkali Metal Compounds 

Ally1 derivatives of lithium, sodium and potassium cannot be prepared 
conveniently by the direct interaction of ally1 halides and the metal. They 
can, however, be prepared by the interaction of plienyllithium with the 
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appropriate allyltin compound (equation 46, R = H  or CH3)97, o r  by the 
cleavage of allyl ethers with the metal (equation 47, R = allyl, M = Na or  
K; R=CoHs, M = Li)9"'00 or in some instances by the allylic metalation 
of oIefins''* 

(46) 

(47) 

(C,H,),SnCH,CR --- CH, C.H,Li - - -  - CH,---C(R)CH,Li 

M CH,- CHCH2OR --A CH,-- -CHCH,M 

There is very little factual information available concerning the carbona- 
tion of ally1 alkali metal compounds and their homologues; allyllithiumg7 
and allylsodiumY9 are  carbonated to give vinylacetic acid (36% and 17% 
respectively). Cinnamyllithium. -sodium and -potassium are reported as 
reacting with carbon dioxide t o  give a mixture of acids consisting mainly of 
P-benzalpropionic acid (PhCH==CHCH~COOH)102. Similarly the potassi- 
um derivative of 1 ,  I-diphenyl-2-methylethylene gives on carbonation 4,4- 
diphenylvinylacetic acid in 74':/, yield. (equation 48)lo1. In  these cases the 
allylmetallic compound 

(48) 

is carbonated il.ithoiit rearrangemerit. This is i n  sharp contrast to the reac- 
tions of allylrnagnesium and -zinc compounds both of which undergo car- 
bonation with rearrangement (see sections V.B. and. C). 

co Ph,C-CHCH,K - -2- Ph,C---CHCH,COOH 

B. Allylmagnesium Compounds 

j3, ;,-Unsaturated acids are readily accessible by the carbonation of allyl- 
magnesium halides. The latter may be prepared by the interaction of a n  
allylic halide and magnesium in a suitable solvent. However, in contrast t o  
allyllithium compounds. the overall conversion of halide t o  acid may in 
some instances involve skrlet:iI rearrangement (allylic rearrangement) 
(equation 49). 

RCH-CH- -CH,Br - (,)Mg,Et,O 
. -. ..- RCH- CH-CH, 

( 2 )  co: RCHBrCH -CH-. - 
(49) 

COOH 

1. Reaction conditions 

Ally1 halide5 react with magnesium i n  a n  inert solvent t o  give either the 
organomagnesiurii compound o r  the Wurtz coupling product ( i .e .  the 
biallyl). The reaction has been reviewed103, and it would appear that  the 
factors which favor the formation of the organomagnesium compound are  
the dilution of the reaction mixture and the choice of solvent (e.,q. diethyl- 
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or  di-n-butyl-ether or tetrahydrofuran)'m, lo'. The use of tetrahydropyran 
would seem to favor Wurtz coupling104... 

2. Scope of the reaction 

The reaction sequence affords a practical route to ;I, ;)-unsaturated acids, 
with the major disadvantage that the reaction may be accompanied by 
structural rearrangement (equation 49). The detailed mechanism of the 
reaction is not known, however spectral data indicate that both crotyl 
bromide and a-methallyl bromide react with magnesium to give the same 
'butenylmagnesium halide'. The structure of this organomagnesium com- 
pound is best formulated as consisting essentially of either the linear form 
(7, R = CH3) or a rapidly equilibrating mixture of the linear and branched 
forms, in which the former preponderates (equation 50, R = CH3)Im. lo'. 

\ 
RCH = CHCH,Er 

(7) ( 8 )  

Similarly spectral evidence supports structure 7, K = CoH5, for cin- 
narnylmagnesium bromide10B. Nevertheless, both the butenyl- and cinna- 
mylmagnesium halides give the branched acids (R-CH(CO0H)-CH = 
CH2, R = CHn or CsHj) on carbonation. Of the many possible explanations 
for this, the most plausible would seem to be either that (i) interaction of the  
organon?agnesium compound with the substrate favors the formation of a 
transition state leading to the branched form 8 or its derived anion : or (ii) 
subject to certain steric requirements, the substrate interacts with the linear 
form 7 to give an intermediate which subsequently rearranges by a concert- 
ed cyclic mechanism t o  the branched-chain acid (equation 5 

R-CH-CH=CH2 
1 

R-CH=CH-CH,MgX - HCH-CH2 - o=c  <\ \ 
" - c . \  Mg-x 0-MgX 

k f l  " 

C. Allylzinc and -aluminum Compounds 

Allylic halides react with zinc and aluminum in  an inert solvent to  give 
the allylzinc and -aluminum compounds. Neither o f  these react with car- 
bon dioxide under ordinary conditions; under pressure t he organozinc 
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compound gives good yields of acid (CHZ,-CH-CHZCOOH) whereas 
the organoalumitium compound gives triallyl carbinol ([CH2-CH- 
-CH&COH). With diethyl carbonate, both compounds give triallyl car- 
binol, which is also obtained from the organoaluminum compound and 
ethyl chloroformatelO'* The scope of these reactions has not been 
investigated extensively; however, the ease of formation of the organo- 
metallic compounds make them potentially useful intermediates in the 
synthesis of unsaturated acids. Substituted allylic halides also react with 
zinc in tetrahydrofuran to give the organozinc compound. Carbonation of 
the latter, under pressure, furnishes moderate yields of p ,  y-unsaturated 
acid. The overall reaction, from halide to acid is again accompanied by 
allylic rearrangement (equation 52, R = CGH;)"*. 

(52)  
(1) Zn/THF RCH--CHCH,Br ---- RCHCH- -CH, (45%) 

(2 )  co, , 
C O O H  

VI. a,B-ACETYLENIC ACIDS 

A. Alkali M e t a l  Derivatives of Acetylenes 

The alkali metal derivatives of acetylenes react with carbon dioxide to 
give directly the corresponding carboxylic acids, (equation 53. M = Li, 
Na, K ,  Rb, Cs)4. 'Ln. 24. 61. 73 

(53) 
to RC-- CM .-L RC---CCOOM 

The  good yields and ready accessibility of the alkali metal derivatives 
make this the best synthetic route to z, 3-acetylenic acids. The reaction was 
first used by Glasei-llj in 1870 for the preparation of phenylpropiolic acid 
(equation 53, R = CsHj. M = Na). The reaction mechanism has not been 
elucidated. 

1. Reaction conditions 

The direct carbonation of solid sodium acetylides is a slow process. 
Traces of sodium hydroxide in the reaction mixture lead to  extensive car- 
bonization and consequently poor yields of carboxylic acids1lG. The reac- 
tion is therefore bcst carried out by either ( i )  first mixing the sodium salt 
with sand and carbonating the mixture for prolonged periods (4-7 
weeks)11G ( i i )  carbonating the sodium salt i n  the presence of a promoter 
(c.g. N, N-dimethylacetamide)"' or ( i i i )  carbonating the sodium salt under 
pressure (c.p. SO0 p.s.i. for S-40 h)"'- 'I3. 
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The more usual technique, however, is to treat a suspension of the sodi- 
um acetylide, in ether, benzene, toluene or some other inert solvent with 
either g a s e o ~ s " ~ ~ ~ ' ~  or solid carbon dioxide. The sodium acetylide can 
either be prepared directly in  an inert solvent by the action of sodium or 
sodamide on  the acetylene, or  by the interaction of the acetylene 1 soda- 
mide in liquid ammonia'~". In the latter case the liquid ammor  nust be 
replaced by an  inert solvent (e .g .  benzene or  ether) before cat ~ onation. 
The use of sodium acetylides in this reaction is probably a question of prac- 
tical convenience. The potassium, rubidium and caesium derivatives of 
phenylacetylene, however, can also be prepared by the direct interaction 
of the metal and the acetylene in diethyl ether"'. The lithium derivatives 
o n  t h e  other hand are best prepared.by the interaction of a n  alkyl- or  aryl- 
lithium compound and the acetylene"'. A11 these phenylethynyl alkali 
metal compounds react smoothly with solid carbon dioxide to  give 
phenylpropiolic acid in about 60x yield'". 

2. Scope of the reaction 

The scope of this reaction has been reviewed73* '"* 1"3 and will be dis- 
cussed later together with the carbonation of ethynylmagnesium halides. 

Alkali metal acetylides react with carbon dioxide and ethyl chlorofor- 
mate t o  give either the cz, P-acetylenic carboxylic acids or the corresponding 
esters (equations 54-56)'24* . With diethyl carbonate the reaction is more 
complex and the final products a x  mixtures containing the substituted 
ethoxyacrylates and diethoxypropionates (equation 57)'2G. 

EtSC-hICH -. ---- EtSCY- CCOOH (54a) 

EtOC+CH (2)- .- EtOC- CCOOH (54b) 

( 5 5 )  

(1) PhLi 

ClCOOEr RC-CNa ___-- - - -  RC--CCOOEt 

EtSC---CH -(l)CG-,c-i -+ EtSC-CCOOEt (56a) 

EtOCrTCH -<2Eo.o% EtOCZ- CCOOEt (56b) 
OEt 

B. Alkaline Earth M e t a l  Derivatives of Acetylenes 

The alkaline earth metal derivatives of phenylacetylene (equation 58,  
M = B a ,  Sr, Ca, Mg) in diethyl ether suspension, react with solid carbon 
dioxide to give phenylpropiolic acid?'. The yields, which vary with the 

( 5 8 )  (PhC=C),M -- ---L (PhC=CCOO),M 
co 
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alkaline earth were found to be M = Ba 74;/,. Sr 42%, Ca 36%, Mg 21 z2I. 
However, owing to the relative inaccessibility of the bis-alkynyl alkaline 
earth compounds it is more usual and more convenient to carbonate the 
'Grignard derivatives' of acetylenic compounds4* 24* 'I .  73. 

1. Reaction conditions 

The procedure most commonly employed for the preparation of alkynyl- 
magnesium halides is the interaction of a terminal acetylene and an orga- 
nomagnesium halide in an inert solvent (c.g. ether or benzene) (equation 
59). The carbonation can be effected with either gaseous or solid carbon 

(59)  

dioxide in an autoclave]". '" , by pouring the reaction mixture on to solid 
carbon dioxide129 or by passing a stream of gaseous carbon dioxide through 
the reaction mixture130. In the latter case long reaction times are required 
and the yield of acids tends to be 

R'MgX/Er,O 
RC:zCH - - - ..- R'H-- RC=:CMgX 'o& RC-=eCCOOH 

2. Scope of t h e  reaction 

The carbonation of alkynylsodium and -lithium compounds and of 
alkynylmagnesium halides has been used extensively in the preparation of 
a, p-acetylenic acids73. The great value of these synthetic routes lies in their 
flexibility and also in the fact that the acetylenic acids may be transformed 
into otherwise difficultly accessible compounds. The flexibility of the syn- 
thesis is illustrated in equations (60)-(67). Substituted terminal acetylenes 
may be used provided the substituents are inert towards sodium metal, 
sodamide, organolithium compounds or organomagnesium halides. The 
synthetic utility of the u, P-acetylenic acids thus produced is illustrated by 
the transformation of the methyl esters (9, 10, R = CH3) to the lactones 

(60) 
(1) NaNH 

(2 )  co, NaCGCH RCc.CH - -- 2- RCSCCOOH'~ 

NaCc=CH SH!c,),er_ HC==-C(CH,),C+=CH -- RC=-CCOOH'" 
(1) NaNH, 

(2 )  co, (61) 

CH, CH, CH, 

OH 

( l )  NaNHs_ CH,=.-~CHC-~CCOOR*= 
CH -CCHO I I 

(2 )  co, NaC-=CH 2 - - CH,-CCHC+:CH''' 
I I 

OH 
(9 )  (62) 

(63) NaC=zCH ph.cH! PhCHC==CH'" -- (') (2) NaNH' C O T  phCHC+CCOOR*'S 
I I 

OH OH 

(10) 
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RCHCH,C-=CCOOH"' (1) EcMgBr 
RCHCH,C==H (2)CO,prfsr"r: , 

I 
OH OH 

EtOC- - CHC=CCOOH"' (1) EcMgBr- 

I i 
R R 

R =  Me, Et. n-Pr, i-Pr 

(2) CO, solid 
EtOC-CHCECH 

(12) 

(13, 14) and of the methyl ester (10) to the keto ester (15). The ?x, 8-acety- 
lenic acids are valuable intermediates in the preparation of z, B-ethylenic 

OCH, OCH, 
I I 

/%. 
CH, 

PhCOCH=-XHCOOMe Ph-CH CH 
1 1  I :  0-co 0- --co 

(13) (15) (14) 

I /4 
CHZ-CH-CH CH 

acids73. Thus catalytic reduction of the acids (11 and 12) gave high yields 
of the ethylenic acids (16 and 17)'". 13'. Treatment of the acetylenic Gri- 

gnard with ethyl chloroformate or ethyl carbonate yields directly the ethyl 
ester of the a, P-acetylenic acid (equations 68 and 69)'"* 13'. 

(68) 
CICOOEc 

RC+CMgX --- RC CCOOEt 
OC(OEc), 

CH,OCH-=CHCe-CMgBr -- CH,OCH--CHCECCOOEt (17%) (69) 

An interesting reaction sequence for converting a terminal acetylene to 
a higher homologous acid is given in equation (70) (R  = CH3CH2)140 . 
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C. Aluminum Acetylides 

The aluminum acetylides AI(C= CR)3, prepared by the interaction of 
the sodium acetylide and aluminum chloride, are reported as being un- 
reactive towards carbon dioxide even up to temperatures of 100"141. The 
complex sodium, lithium and potassium aluminoacetylides, on the other 
hand, react with carbon dioxide to give the a, /3-acetylenic acids (equation 
71)14?. 

(71) 
co MAIH4+ HCZSCR -- MA1 (CF-CR)~ ---L RCGCCOOH 

1. Reaction conditions 

The reaction is carried out in ether, tetrahydrofuran or diglyme. The 
yield of acid is independent of the alkali metal (i.e. equation 71, M =  Li, 
Na, K), but is very dependent upon the temperature of the reaction. Thus. 
at 60-70" only one of the acetylenic groups is converted to the acid (final 
yield of acid 25%), whereas a t  120-160" the overall yield of acids is much 
higher ( 60-75%)142. 

2. Scope of the reaction 

The terminal acetylenes which can be used in the reaction are necessa- 
rily restricted to those which are unreactive towards alkali metal alumi- 
nohydrides. This, together with the variable yields of acids obtained, 
severely limits the use of the reaction as a practical laboratory synthesis. 

VII. NON-CONJUGATED ACETYLENIC ACIDS 

With the exception of /3, y-acetylenic acids (equation 72, n = 0), non- 
conjugated acetylenic acids can be prepared from the appropriate halide, 
by converting the latter to an organometallic species and subsequent car- 
bonation (equation 72). Since this sequence of reactions is analogous to 

M co 
RC=C(CH,),CH,X - RC_C(CH,),CH,M 2 RCrC(CH,),+,COOH (72) 

that used in the preparation of alkanoic acids it will not be discussed sepa- 
rately here. 

A. Propargyllithium, -sodium and -magnesium Compounds 

The conversion of propargylic halides to carboxylic acids, by the car- 
bonation of a derived organometallic intermediate (equation 72, 12 = O), 
depends critically upon the structure of the starting material, the choice of 
organometallic intermediates and the reaction conditions. Thus, when 



162 R. P. A. Sneedcn 

propargylic halides containing an acetylenic hydrogen are treated with 
lithium methyl (at - 20" t o  - 50") and the reaction mixture carbonated, 
01, b-acetylenic acids are obtained, (equation 73, R = R' = H and R = H, 
R' = CH 3)143. 

R R 

On the other hand, when the propargyl halide is treated (under the 
appropriate reaction conditions) with magnesium and the reaction mix- 
ture carbonated, the products consist essentially of the p, y-acetylenic acid 
and the allenic acid, admixed with a dimeric species and traces of an z, ,B- 
acetylenic acid (equation 74)144* 14'. 

Major products Minor products 

(74) 
{ HC--CCH;COOH .- { CHaC7CCOOH 

CH CCH,Br (?.M!!!E!?- 

co2 H,C-C=-CHCOOH dimeric acid 

Similarly, the niore highly substituted propargylic halides are converted to  
allenic acids by treatment with sodium amalgam and subsequent carbo- 
nation (equation 75)14Ga 

1. Reaction conditions 

As is illustrated in Scheme 3, the products formed by the interaction of 
propargyl bromide and magnesium depend on the solvent and the tempe- 

Hydrocarbon mixture 
(no orgonomagnesium compound) 

in T. H. F. /" 
C Q ~  HC CCHiCOOH 

CHz=C= CHMgBr(?) - / 
CH,= C = CHCQOH I \Et20 (20") - H C e  CCH2Br Mg 
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rature of the reactioni"* 14' . Under the conditions usually employed for 
making Grignard reagents substituted propargylic halides are inert to- 
wards magnesium148. 

The  i n t r o d ~ c t i o n ' ~ ~  of high dilution techniques to  this field makes it 
now possible, however, to obtain the organomagnesium compound in 
high yields1j0. More recently it has been found that the tertiary propar- 
gylic halides (CH = C-CXR.) react smoothly with magnesium either in 
diethyl ether (with i r rad ia t i~n) '~ '  or  in tetrahydrofuran solution152. 

2. Scope of the reaction 

The carbonation of metallic derivatives of propargylic halides gives 
mixtures of $, 7)-acetylenic aiid alleiiic acids. The total and the relative 
yields of acids obtained both depend upon the structure of the acetylenic 
halide. Highly substituted propargylic halides can be converted, in good 
yield, by the carbonation of the organometallic derivative to the allenic 
acid (equation 76, M = N a  or Mg), or by interaction of the organometal- 
lic compound with methyl chloroformate, to  the ester, (equation 77)14"* 
Less highly substituted propargylic halides react to  give organoniagnesium 

(76) 
(1) M/Ec 0 

RDCC---CC(X)R, -- - -?- R,CC---C-CR, 
( 2 )  co, 

COOH 

R,CC-,CC(X)R, y?-!!!'E'.o--. (1) CICOOCH, R,CC---C --CR, (77) 
I 

COOCH, 

compo unds which, upon carbonation give moderate yields (40-70%) of a 
variable mixture of /?, 7)-acetylenic acid (9-20"/,) and allenic acid (9-50%), 
(equation 78, (20 and 21) R = H)'54-157. The overall mechanism for the 

RC---CCH,MgBr RCsCCH,COOH 

RC-- -C--CH, --* IRC-C- -CH, 

(78) 
Mg { f (18) CO, I (20)  

RC . CCH,Br ---+ ;; 

MgBr 

(19) 

I 
COOH 

(21) 

conversion of a propargylic halide to thc corresponding carboxylic acid, 
by the above routes, remains ~ i n c e r t n i ~ ~ .  Two main problems are involved, 
t h e  first is the structure of the intermediate organometallic species, the 
second, the mechanism of the carbonation reaction. Spectroscopic evi- 

reveals that both propargyl bromide and bromoallene 
react with magnesium to give the same allenylinagnesium bromide, (equa- 

dencelll. 158. 159 
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tion 78, 19, R=H). Phenylpropargyl bromide, on the other hand, reacts 
with magnesium to  give a mixture of acetylenyl- and allenyimagnesium 
halides, (equation 78, (18 and 19) R=CeHs). In both instances carbona- 
tion of the organomagnesium halide gives mixtures of the acetylenic and 
the allenic acids (equation 78, (20 and 21) R = H  and CaH5). The simplest 
explanation of the foregoing is that ‘propargylmagnesiurn halides’ are in 
effect equilibrium mixtures of the acetylenic and allenic forms. The rela- 
tive proportions of the two forms will depend upon the nature of the sub- 
stituent, R, and the reaction conditions. Subsequent reactions of the sub- 
strate (in this case carbon dioxide) with the two forms of the organomag- 
nesium compound (or the derived anion) need not occur at  the same rate. 
The difference in the rates of reaction will determine the relative propor- 
tions of the acetylenic and allenic acid found in the final products. In this 
mechanism the actual carbonation proceeds via a four-membered cyclic 
transition state (see equation 10f). Alternative mechanisms based upon a 
cyclic six-membered transition state, analogous to that postulated for the 
‘allylic rearrangement’ (see equation 51), seem unlikely in view of the 
rigidity of the allene system. 

In general the reaction can be considered as an  effective route to allenic 
or /3, y-acetylenic acids. However, since the products are formed by the 
rearrangement of the starting propargylic halide, and the yields are vari- 
able, the reaction does not possess the flexibility normally associated with 
a good synthetic route. 

It is of interest to note in passing that propargylic halides react with the 
sodio derivative of malonic ester to give, without rearrangement, the mono- 
or  bis-propargyl malonic esters (equation 79)’00-1G2. This is a n  excellent 
route to y,d-acetylenic acids and esters. 

HC=CCH,X HC=CCH,CH(COOEt), or (CHrCCH,),C(COOEt), 
(79) 

B. Propargyl-zinc and -aluminum Compounds 

Propargyl halides react directly with metallic zinc and aluminum, in tetra- 
hydrofuran, to give the corresponding organometallic compounds104* ‘12* ’ 13. 

Spectroscopic evidence”** ’14 indicates that both the organozinc and 
-aluminum compounds consist essentially of the allenic form, (equa- 
tion 80,22, R = H). Neither of these compounds reacts with carbon dioxide 

HC=CCHBrR l(M)CH=C==CHR HOOCCH-C=CHR 
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under ordinary conditions. Under pressure (50 atrn), the organozinc 
compounds react with carbon dioxide to give either the acetylenic acid 
(25, R=H) or the allenic acid (24, R=CH3 and n-Pr) in moderate yield 
(about 40%)ll28 lI4. The organoaluminum compounds on the other hand 
react with carbon dioxide (under pressure) and with ethyl chloroformate 
to  give the carbinol (CH=CCH2)3COH"2* la. 

VIII. O T H E R  REACTIONS, INCLUDING DIRECT 
CARBOXYLATION 

There are many other reactions in which carbon dioxide or a derivative 
thereof is used to introduce the hydroxy- or ethoxycarbonyl group into 
an organic molecule. These reactions, however, involve molecules con- 
taining 'active hydrogen' or reactions in which the substrate is activated 
(e.g. irradiation) and therefore their discussion has been postponed to the 
present section. 

A. Carboxylotion and Carbethoxylation Reactions 

The direct introduction of the hydroxycarbonyl or ethoxycarbony, 
group into molecules containing an activated hydrogen (e.g. ketones, ester1 
etc.) can be accomplished by the interaction of the derived sodio-derivar 
tive with carbon dioxidelB4 or diethyl carbonatelo5 (equation 81, R' = H or 
CH2CH3). 

These reactions have been used to prepare a variety of 8-ketoesters and 
malonic esters in varying yields (25-70%)'84-'07. A recent modification of 
this synthesis involves the condensation of the ketone with ethyl diethoxy- 
phosphonyl formate [EtOCOPO(OEt)2] in the presence of sodium hydride18*. 
The intermediate a-oxophosphonate (26) is not isolated but is cleaved 
by acid, in the presence of an alcohol, to give the B-keto ester in high yield 
(equation 82)lo9. Diethyl oxalate also condenses with ketones in the pre- 

(82) [RCOCH,COPO(OEt),]-Na+ - RCOCH,COOR' 

sence of sodamide or sodium hydride. The initially formed B-ketoethoxalyl 
compound (27) is thermally unstable, losing carbon monoxide on heating 
to give the B-keto ester (equation 83)170. 

R'OH 

H+ 

(26) 

(83) 
NaH 

RCOCH, -cfi-ox RCOCH,COCOOEt -!% RCOCH,COOEr 

(27) 
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The carbonation of the orgsnozinc compounds from ethyl a-bromace- 
tate and methyl a-bromisobutyrate, prepared in tetrahydrofuran, has been 
reported to give malonic- and dimethylinalonic acid half-ester ( I  6% and 
SOY< respectively)’”. 

B. Carboxylation with Methyl Magnesium Carbonate 

Carbethoxylation, with diethylcarbonate, is essentially a reversible pro- 
cess and an excess of sodium amide (or hydride) is normally used to dis- 
place the equilibrium concentration in favor of the P-keto ester. (equation 
84)ls7. 

(RCOCH,)Na RCOCH,COOEt 

CO(OEt), NaOEc 
+ r- - -- + !% (RCOCHCO0Et)-NaC (84) 

However, this excess of sodium hydride (or amidc) can, in some instances, 
promote secondary reactions (self-condensation of the ketone and amide 
formation) thereby reducing the overall yield of P-keto ester, These diffi- 
culties can be largely overcome by reacting the compound containing the 
active hydrogen (e .g .  ketone or nitroparaffin) with methylmagnesium car- 
bonate (MMC) (equation S5)172-’7G. 

0 

In this reaction it is presumed that chelation, in the final product, favors 
the,!?-keto acid or  cr-nitro acid formation. This is substantiated by the obser- 
vation that whereas I-nitro-methane, -ethane. -propane and -butane 
(28, R=alkyl, R‘= H) all reacted smoothly with MMC. 2-nitropropane 
did not, i.e. the. initia! Condensation product (28, R =  R‘= CH3)cnntains 
no  enolizable hydrogen a n d  therefore cannot give the chelate (29). 

The reaction conditions are very mild and consist of heating the ketone 
or  nitroparafin with methyl mngnesium carbonate177 (CH20MgOC0 
OCH31- s CO#75 in dimethylformamide. The simplicity 01‘ reaction and 
the high yields obtained make this an  excellent synthetic route to $-keto 
and a.-nitro @-amino) acids. The reaction has been used to carboxylate 
nitroparafins (35-600/,)17’, acetophenone (6S04)*74, I-indanone (9 1 ::<)li,‘, 

cyclohexanone (48”/)L7’i, I - t e t r a l ~ n e l ~ ~ .  and 5-metl~0xy-2-tetralone’~~.  
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C. Corboxylation with Ethylsodium Carbonate 

Ethylsodium carbonate, prepared by treating sodium ethoxide solutions 
with carbon d i ~ x i d e ” ~ ,  has been used to carboxylate phenol, resorcinol 
and benzoic acid“’ I”. However, in  contrast to the reaction with methyl- 
magnesium carbonate, the only acidic product from the interaction of 
cyclohexanone and ethylsodium carbonate was adipic acid. 

An interesting method for carboxylating molecules containing active 
methylene groups involves treating the ketone in dimethyl formamide 
with carbon dioxide in the presence of the potassium salt of a dialkyl hydro- 
xythiazole (30, R = alkyl) or potassium phenoxidelsO. 

I n  this way acetophenone has been converted to potassium benzoylacetate 
and cyclohexanone to a mixture of dipotassium cyclohexanone-2,6-di- 
carboxylate and potassium cyclohexanone-2-carboxylate180. The high 
yields and the mildness of the reaction conditions make this a potentially 
valuable synthetic route to P-keto acids. 

D. Carboxylotion with Oxolyl Chloride 

Oxalyl chloride reacts with olefinic and acetylenic hydrocarbons to give 
substituted acrylic acid chlorides and chloracrylic acid chlorides (equa- 
tions 86 and 87)18’. 

This reaction constitutes a general synthesis of diarylacrylic acids, (equa- 
tion 86, R = R’= aryl); however, the yield of the aryl crotonic acids are 
poor (3-40%) (equation 86, R=aryl, R‘= CH3)IE2. 

Oxalyl chloride does not react with simple olcfins, (equation 86, R =  R’= 
alkyl and R’=alkyl, R = H) or alkanes under similar reaction conditionsL“. 
When, however, an alkane is treated with oxalyl chloride in  the presence 
of benzoyl peroxide, or when the reaction mixture is irradiatedlm, the 
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alkane is converted by radical processes to  the corresponding acyl chlo- 
ride (equation 88)ls3. 

RH+(COCI), --% RCOCl (88) 

E.  Direct  Carboxylation of Hydrocarbons 

The direct interaction of saturated and unsaturated hydrocarbons with 
carbon dioxide can be achieved by high energy radiations (e.g. x-, 8- and 
y - r a y ~ ) ' ~ ~ - ' ~ ~ .  In the reactions studied to date (Table l),  the products are 

TABLE 1. Interaction of hydrocarbons and carbon dioxide induced by radiation 

Products 
Hydrocarbon Radiation Reference 

Acids Other 

Pentane 

Pentanc 
Cyclohexane 

Methane 

Toluene 

Ethanol 

Cyclohexanc 

Ethylaminc 

Ethylene 

B8Kr 

x-Ray 
6OCo 

2 MeV 
electron beam 
2 MeV 
electron beam 
2 MeV 
electron beam 
2 MeV 
electron bcam 
2 MeV 
electron beam 
GOCO 

Formic, caproic, 
2-ethylbu tyric. 
2-methylvaleric, 
valeric 
Mixture as above 
Cyclohcxane 
mono- and di- 
carboxylic acids 

Acetic acid 

Phcnylacetic acid 

Lactic acid 

Cyclohexyl- 
carboxylic acid 
Alanine 

Mixture of 
carboxylic acids 

Ketones, 
polymers 

- 
Cyclohexanol. 
cyclohexanone 
bicyclohexenyl 
resins 

- 

187 

186 
185 

184 

184 

184 

184 

184 

189 

many and complex. They consist of (i) acids (in yields of 0-5-2%), (ii) al- 
cohols and ketones and (iii) oligomers. The acids are formed by the radical 
processes18'. In', involving the activated hydrocarbon species[RH]*, outlined 
in equation 89. The ketones, on the other hand, are presumed to  be 

(89) 

formed by the interaction of CO+ (from the radiation of COa) with the 
activated hydrocarbon substratelse. 

At present the radiation reactions are not particularly well adapted for 

R H  R- 5% [RCOO'Ii -- RCOOHi-R etc. radiation 
RH ---- [RH]* --- 
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the laboratory preparation of a particular carboxylic acid, though they are 
claimed to  be practicable for the preparation of labelled carboxylic acids 
(using c ' ~ O ~ ) ' ~ ~ *  l". 
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1. I N T R O D U C T I O N  

Di-and polycarboxylic acids and esters occur widely in nature (e.g. oxalic, 
malonic and tricarballylic acids and crocetin). Many of them have found 
considerable technical application (e.g. terephthalic acid) and they have 
been used variously in organic synthesis. I t  is not surprising therefore, that 
there are numerous methods for synthesizing these compounds. Most of 
them are based on principles which are usually applied in the preparation 
of monocarboxylic acids and esters but polyfunctional derivatives are 
used'.'. 

II. D I R E C T  I N T R O D U C T I O N  O F  T H E  C A R B O X Y L  G R O U P  

A. Corboxylotion by Carbon Monoxide (for recent reviews see refs. 3 , 4 )  

Aliphatic dicarboxylic acids are formed from hydroxy and unsaturated 
acids5* ', dio l~ ' -~ ,  cyclic ethers (e.g. dioxane, tetrahydrofuran)' and lac- 
tones (e.g. butyrolactone, valerolactone)6 by reaction with carbon mo- 
noxide in the presence of boron fluoride hydrate, phosphoric acid7* or 
nickel carbony15* ' (the latter often in the presence of nickel iodide). 

With catalysts such as boron fluoride hydrate or phosphoric acid the 
reaction is carried out at 75-300" and at a carbon monoxide pressure of 
400-1000 atm7". A mechanism based on reaction of carbonium ions is 
proposed for these reactionsQ. 

In the presence of nickel carbonyl the reaction with olefins proceeds at  
160-250" and a t  a carbon monoxide pressure of 50-250 atm under aqueous 
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acidic conditionss* '. In this case the reaction can be envisaged as proceed- 
ing via dissociation of nickel carbonyl to a coordinatively unsaturated spe- 
cies which then coordinates with the olefins. The nickel carbonyl complex 
reacts further: 

Ni(CO),-, 
. .  . .  

RCH-CH, + H+ - RCH,CH,Ni(CO),-, RCH,CH,CONi(CO),-, - OH - 

- RCH,CH,COOH + Ni(CO),-, 

The reaction with hydroxyacids, diols, lactones and cyclic ethers appears 
to proceed via formation of olefins. 

The best results were obtained by the carboxylation of diols, which appear 
to give mainly straight-chain acids (yield about 70%). 

The reaction of carbon monoxide with benzoic anhydrides or  aryl hali- 
des may be used for the synthesis of phthalic anhydrides3. 

0. Carboxylation by Carbon D i ~ x i d e ( ' ~ - l ' )  

Adaptation of carboxylation by carbon dioxide to the preparation of 
dicarboxylic acids and esters requires the use of bis-organometallic com- 
pounds or organometallic reagents already containing a carboxyl function. 

However, many of the double Grignard reagents (except reagents of the 
type BrMg(CH2),MgBr, n = 4-14, and some aromatic reagents) and 
organodimetallic derivatives of alkali metals are difficult to  obtain or 
inaccessible14. Moreover, many organometallic reagents have no synthetic 
value, due to complications and side-reactions occuring during their carbo- 
xylation. Some dilithium compounds, such as those obtained from arylated 
alkenes are formed rapidly and are soluble and stable in 1,Zdimethoxy- 
methane or tetrahydrofuran. These have a limited use for the preparation 
of aryl-substituted dicarboxylic acids, formed in good yields by carboxyla- 
tion of the dilithium adducts with carbon dioxide'j. 

PhCH = CHPh 2 PhCHLiCHLiPh HOOCCH(Ph)CH(Ph)COOH 

The use of organometallic reagents containing carboxyl groups is also 
limited due to their poor accessibility and complications during their car- 
boxylation. 

Grignard reagents may be prepared from arylacetic acids by the follow- 
ing scheme'" : 

ArCH,COOH+ 2 RMgX --- ArCH(MgX)COOMgX t- 2 R H  

ArCH(MgX)COOMgX+ CO, - ArCH(COOMgX), 

Thus, arylmalonic acids were obtained with yields of 56-65%. 
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Carboxyl-containing Grignard reagents have been obtained from ethyl 
magnesium bromide with a-allencarboxylic acids". The carboxylation of 
these reagents yields highly branched unsaturated malonic acids (54-90"/;,): 

HOOCC(n-Bu);C;=CH, .- RMgBr - -- BrMgOOCC(MgBr)(n-Bu)CR-CH, - co - -- I 

-- 'O' MgOOCC(n-Bu)(CR--CH,)COOMg 

Phenylmalonic acid is formed in 70% yield by slow carboxylation of 
benzylsodiumls : 

co PhCH '4; co PhCH,Na ----% PhCH,NaCOONa ---C- PnCHidaCOONa . --L PhCH(COONa), 

C. Kolbe-Schmitt Reaction 

The Kolbe-Schmitt reaction has not found wide application in the 
synthesis of hydroxy-substituted di- or polycarboxylic a c i d P ,  though in 
principle it is possible to obtain such compound by this means. For 
instance, 2-hydroxyisophtha!ic acid was prepared by heating a mixture of 
salicylic acid and  sodium a t  400" in  an atmosphere of carbon dioxide. 
Also, 2,3,4-trihydroxyis'dphthalic acid was obtained from I ,2,3-trihydroxy- 
benzene by heating at  200" with excess of potassium carbonate under 
carbon dioxide pressure. 

D. Rearrangement of Benzene Carboxylic Acids 

Potassium benzoate and dipotassium phthalate or isophthalate rearrange 
t o  dipotassium terephthalate in high yield by heating them at 400-450" in 
the presence of catalysts (cadmium or zinc salts", or zinc, cadmium, iron 
or lead oxides21-"-7) at  atmospheric or elevated pressure of carbon di- 
oxide : 

COOK 

COOK 

6 -  
COOK 

0 
COOK 
i 8 COOK 

COOK 

COOK 

Besides dipotassium terephthalate (the main reaction product) and  ben- 
zene, small quantities of potassium benzoate and potassium salts of ben- 
zenetri-, -tetra- and -pentacarboxylic acids were identified in the reaction 
mixture. 2 mole of  potassium benzoate produced 1 mole of terephthalate 
and 1 mole of benzene. 
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I n  the case of potassium benzoate a disproportionation mechanism was 
suggested for the reaction: 

COOK COOK COOK 

Q &ooK + 2CSH6 

COOK 

Experiments with I4C-labelled cadmium carbonate confirmed this mecha- 
nism". Both the recovered benzoic acid and the terephthalate produced 
by reaction of benzoate in the presencc of labelled cadmium carbonate, 
proved to  be This conclusion was also supported by rate in- 
vestigations"-=. 

In the cases of phthalate or isophthalate, the reaction invo!ves a n  intra- 
m o I ec u I a r re a r r a n ge rn e n t z1-2". 

111. D lMERlZAf lON OF CARBOXYLIC ACIDS AND ESTERS 

A. Radical Dimerization in Water Solution 

The dimerization of carboxyalkyl or carbalkoxyalkyl radicals, and  the 
additive dimerization of these radicals in the presence of dienes, is used for 
the synthesis of long-chain saturated and unsaturated acids and esters. 
The carboxyalkyl and carbalkoxyalkyl radicals may be generated by the 
action of hydroxyl (or other) radicals on acids or esters in aqueous media; 
e.g. hydroxyl radicals were generated by the reaction of hydrogen peroxide 
with ferrous saltz4: 

H,O,-+ Fe2+ - - - HO.+ HO- + Fe3+ 
H(R)COOH + HO. -- .RCOOH + H20 

2 (.RCOOH) -- -- HOOC(R),COOH 

Thus, a mixture of straight- and  branched-chain aliphatic acids was form- 
ed ; e.g. propionic acid produced adipic and dimethylsuccinic acid, and 
n-butyric acid produced a mixture of isomeric CR dicarboxylic acids. 

Cyclohexanone peroxide cleaves in the presence of ferrous salts, forming 
a free carboxyalkyl radical. This radical may react with butadiene in 
water solution to give a mixture of long-chain unsaturated dicarboxylic 
acids". 

By action of hydroxyl radicals, rnonocarboxylic acids in the presence of 
butadiene undergo an additive dimerization to a mixture of unsaturated 
dicarboxylic acids. In this condition dicarboxylic acids produce a mixture 
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of unsaturated tetracarboxylic acids26 : 

COOH COOH 
I I 

I 

COOH COOH 

CH,=CH-CH=CH, - HOOCCH(CHaCH=CHCH,)CHCOOH 
I 

CH, 
I 

I 
CH2 

1 
COOH COOH 

i HOOCCHCH,CH-CHCH,CHCHzCH(COOH)CH2COOH + 
I 

CHz 
I 

CH 
II 
CH2 

I I  

I 
COOH 

i HOOCCH,CH(COOH)CH,CH- CHCH,CH(COOH)CH,COOH 

CH CH 
I! I/ 
CH, CH, 

Additive dimerization of butadiene with radicals formed from the H 2 0 2  
adduct of a n  acyclic keto ester leads to the formation of long-chain dies- 
ten2’ : 

cHFcncn=cn, RC(OH)(OOH)(CH2),,COOEt -+ .(CH,),,COOEt - 
- EtOOC(CH,),(CH,CH-CHCH,),(CH,),COOEt 

cnFcncn=cH, 

+ EtOOC(CH,),,CH,CH=CHCH,CHCHCH~(CH2),,COOEt 
I 
CH 

-L EtOOC(CHJ,,CH,CH-CHCH~(CHJ,,COOEt 
I I 

CH CH 

CH, CH, 
I 1  I1 

These methods are of limited use because the initial attack of the 
hydroxyl (or other) radical is not sufficiently selective, and mixtures of 
isomers are obtained. Moreover, the acids or esters to be dimerized have 
to be soluble in aqueous media and should not be easily oxidized. 

Hydrodimeriration of unsaturated acids or esters by electroreduction 
on a mercury cathode or by reduction with sodium or aluminium amalgam 
often involves many complications and seldom gives satisfactory re- 
sUlts2”3’. 
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8. Oxidative Dimerization of Acetylenic Acids and Esters 

Oxidative coupling of acetylenic monocarboxylic acids or esters in 
water-alcohol or pyridine solutions by air or oxygen in the presence of 
ammonium chloride and cuprous chloride is a very important method for 
the preparation of polyenynic dicarboxylic acids and esters. This method 
allows the doubling of the carbon chain and gives high yields. 

Oxidative coupling is often used for the synthesis of naturally occurring 
and related diacids and d i e s t e r ~ ~ ~ - ~ ' .  For instance, the first synthesis of 
corticrocin was based on the dimerization of hept-2-en-6-ynoic acids4 : 

HCrCCH,CH,CH=CHCOOH -- 
-- HOOCCH=CHCH,CH,(C~C),CH,CHzCH2CH=CHCOOH - 
OH - - HOOC(CH=CH),COOH 

on - 

C. Miscellaneous Methods of Dimerization 

The coupling of haloacids or haloesters by the action of metals in 
Wurtz-type reactions does not usually give satisfactory results and can be 
used only in rare cases; e.g. methyl 3-bromo-2-naphthoate can be convert- 
ed to dimethyl 2,2'-dinaphthyl-3,3'-dicarboxylate by heating with copper 
bronze at  1 90-200"3G, and diethyl tetraphenylsuccinate was obtained by 
refluxing ethyl diphenylchloroacetate with molecular silver in benzene3'. 

Dimerization via intermediate formation of organometallic compounds 
is much more successful. Thus, bis-(methyl ethyl veratroylacetate) was 
prepared from methyl ethyl veratroylacetate via the sodium derivative by 
action of iodine38. 

The dimerization of a-bromopropionate or a-bromocaprylate using 
sodium dialkylphosphite is believed to proceed via organometallic com- 
p o u n a ~ ~ ~ .  

Reductive dimerization of methyl pyruvate by trimethylphosphite re- 
sults in a mixture of diastereomers of cyclic phosphoranes, the hydrolysis 
of which leads to diastereomeric 2,3-dimethyltartrates40. 

Ethyl crotonate dimerizes in  the presence of potassium/benzyl potassium 
in toluene at 100" and yields a dimer, S l %  of which consists of diethyl 
2-ethylidene-3-methylglutarate with the carbethoxy group cis to the vinylic 
hydrogen41. 

The additive dimerization of butadiene, styrene or z-methylstyrene using 
sodium. followed by carbonation of the disodium dimers with carbon 
dioxide, was suggested as a method for the synthesis of aryl-substituted 
dicarboxylic .I3. 
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The alkyl-substituted aromatic acids are converted into dehydrodimers 
on heating with sulphur. The method is convenient for the preparation of 
~ t i l b e n e - ~ j  or bibenzyl-dicarboxylic acids45 in good yields. 

Diazotized aromatic aminocarboxylic acids are converted into biaryl 
dicarboxylic acids by reduction with cupro-ammonia ion in dilute am- 
m on i u m h y d r ox id e46* 47. 

IV. CONDENSATION METHODS OF S Y N T H E S I S  

Ester condensation, Knoevenagel condensation, maloiiic synthesis and 
oxalic ester condensation proceed in the presence of bases according to the 
following scheme: 

With a variety of starting materials, these methods find wide application 
in the syntheses of various di- and polycarboxylic acids and esters. 

A. Ester Condensation 

The intramolecular condensation of aliphatic and alicyclic polycarboxy- 
lic esters is a synthetic method of great which is often 
used for the synthesis of polycyclic compounds, especialjy in the steroid 
s e r i e ~ ~ ~ - ' ~  : 

This cyclization has also found wide use in the preparation of Iietcro- 
cyclic di- or polyesters, c.g.  derivatives of tliiopheni4. 

6. Knoevenagel condensation 

The condensation involving the reaction of aldenydo or keto esters 
with esters containing a n  acidic methylene group, affords a route to  un- 
saturated di- and polyesters. Thus, r-butyl $-(carboxypheny1)cinnamate 
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is obtained by adding at  80” a mixture of t-butyl acetate and t-butanol to 
a mixture of t-butyl o-benzoylbenzoate and sodium hydride in benzene55. 
In a similar manner 2,2-dimethyl-3-ethoxycarbonylcyclopentanone con- 
denses with ethyl cyanoacetate in acetic acid in the presence of ammonium 
acetate to form 2,2-dimethyl-3-carbethoxy- 1 -(a-cyano-a-carbethoxy)methy- 
lenecy~lopentane~~. Ethyl acetoacetate reacts with ethyl cyanoacetate 
and potassium r-butylate a t  room temperature to give diethyl a,P-dialkyl- 
y-cyan ogl~itarate~’. 

The condensation of one mole of aliphatic or aromatic sldehydes with 
two moles of ester in the presence of piperidine leads to bis-esters of the 
type : RCH(COOEt)CHR’CH(C00Et)R58-e2. The reaction can also be 
carried out with semi-acetals instead of aldehydes63. 

The Knoevenagel condensation may also be used for the preparation of 
aromatic di- and polyesters; for example, ethyl sodium acetopyruvate 
treated with diethyl acetonedicarboxylate in alcohol gives triethyl iso- 
cochenillateG4. 

C. Molonic Syntheses 

The condensation of malonic acid or ester with aldehydes is used for the 
synthesis of a, ,!3-unsaturated di- and polycarboxylic acids or esters. Alkyl- 
idenemalonic estersG5 or P-methylglutaconic estereG can also be used. The 
method is limited only by the accessibility of dialdehydes. Many polyenic 
diesters were prepared thus: 

OHCC(Me)=-CHCH-CHCH--C(Me)CHO + 2 MeCH :=C(COOEt), -- 
(EtOOC),C=:-CHCH==CHC(Me)==CHCH=- CHCH= -C(Me)CH=CHCH==C(COOEt), 

Saturated polycarboxylic acids and esters can be prepared from one 
moleculc of aldehyde with two molecules of malonic acid or ester. It is also 
possible to use two different malonic esters. Thus, formaldehyde condenses 
with dimethyl malonate and dimethyl acetaminomalonate in the presence 
of sodium hydride by refluxing in  toluene to give tetramethyl 3-acetamino- 
propane-1 , I  ,3.3-tetracarboxylatcG7. I n  certain cases Mannich bases may 
be used instead of thc aldehydeseb* GD. 

D. Oxolic Ester Condensation 

Oxalic ester condensation involves the acylation of an ester containing 
an acidic inethylene group by an oxalic ester. The method can be applied 
to the synthesis of saturated keto dicarboxylic esters from esters of the 
type RCH2COOEtio-i2 or of unsaturated keto dicarboxylic acids from 
esters of the type Me(CH-CH),COOEt73. The yields are poor when 
n w 3. 
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In  many cases sodium hydride is a better catalyst then metal alkoxides 
e.g. for the introduction of a n  ethoxalyl group into ethyl ~ a p r o a t e ’ ~ .  

E. Organometallic Synthesis 

The reactions between organometallic derivatives containing a carboxyl 
group (such a s  sodium malonic ester) and mono- or dihalocompounds are 
valuable for the synthcsis of aliphatic and alicyclic di- and polycarboxylic 
acids and esters. The components of the reaction may be widely varied and 
the products are  as a rule obtained in high yields. 

f-Butyl sodium acetoacetate condenses-with a-bromoesters to give aceto- 
succinates of the type r-BuOOCCH(COMe)CRR’COOEt74. The reaction 
between t-butyl acetate with dihaloalkanes in the presence of lithium amide 
in liquid ammonia is a convenient method for the synthesis of long-chain 
dicarboxylic acids’j. 

The alkylation of esters containing acidic methylene groups may be 
carried out much more successfully by using sodium hydrideiG, lithium 
hydridei7 or potassium t-butoxidei6 as condensiiig agents. Disodium malon- 
ate may also be used in the reactionig. 
An interesting new scheme for the synthesis of polyspirotetracarboxy- 

lates was recently proposed. The method was based on condensation of 
sodium malonic ester with pentaerythritol tetratosylate by refluxing in 
xylenesO. 

COOMe 

COOMe 

(1) LiAIHL 
(2) RCI - - men, ,c,~n20~ MeOOC 

RocHz ’ ‘CH~OR MoOOC 

COOMe 

COOMe 

ROHJ MeOOC 

R @ H ~ C  MeOOC 

R = n - CH,C,H,SO, 

F. Electrolytic Condensational. 

The Kolbe synthesis can be especially adapted for the preparation of 
dicarboxylic acids with a n  unbranched carbon chair! from dicarboxylic 
acid monoestersS3: 

Pc anode MeOOC(CH,),,COOH TiTycLi;i- MeOOC(CH,),,COOMe 

Electrolytic condensation is also suitable for the preparation of long- 
chain unsaturated diesters”’ - 5 G .  Thus, dicarboxylic acid monoesters react 
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in the presence of butadiene according to the following scheme: 

2 ROOC(CH,),COOH + CHa-CHCH-CH2- 2e -- - ROOC(CH,),,CH,CH=CH(CH,),,COOR 
In contrast to radical dimerization (section 111. A), electrolytic condensa- 

tion usually leads to  single products. 

G. Reformatsky React ion87.~~ 

The Reformatsky reaction can be applied to  the preparation of dicar- 
boxylic acids or esters, starting with dialdehydes, diketones, aldehydes or 
ketones containing a carboxyl group. Bromoacetic esters9 or its vinylogues 
(y-bromocrotonic ester or y-bromotiglic ester)"' 'O may be used. 

This reaction was used for the synthesis of many naturally occurring 
esters (e.g. crocetin, bixin) using a-hydroxy derivatives. The reaction with 
polyunsaturated dialdehydes may only be carried out in dry tetrahydro- 
furan with carefully-activated zinc: 

OHCC(Me)=CHC=CCH=C(Me)CHO + 2 BrCH,CH=--C(Me)COOMe - 
MeOOCC(Me)=CHCH,CH(OH)C(Me)=CHC~CCH=C(Me)CH(OH)CH~CH=C(Me)COOMe 

Various ketones (c .g .  2,2,5,5,-tctramethylhe~anedione~~, 2,3-diketo-cis- 
dekaline", c y c l o ~ e x a n e d i o n e ~ ~  and benzile4) react with a-halo esters in 
Reformatsky reaction conditions. 

H. Wittig Reaction9sn 96 

At present the Wittig reaction is the most versatile and convenient 
method of synthesizing the a.,B-unsaturated and polyenic dicarboxylic 
esters. 

The dicarbonyl compounds react with carbalkoxymethylene triphenyl- 
phosphoranes in benzene, methylenechloride, alcohol etc., or with carbalk- 
oxymethylphosphonic acids in dimethylformamide in the presence of metal 
alkoxides a t  room temperature or on heating. In both cases the yields of 
diesters are high, but the isolation of the products is more convenient in 
the latter case. 

The Wittig reaction can be adapted for the preparation of many natur- 
ally occurring diesters"-"', especially isoprenoid ones. Carbalkoxy-a 
methylmethylene triphenylphosphoranc was used in this reaction for the 
introduction of side-chain methyl groups. The application of phosphoranes 
obtained from 37-bromocrotonate. 4-methyl-6-bromosorbate or 2,6-di- 
methyl-8-bromoocta-2,4,6-tricnoate"" is the most promising path for the 
synthesis of highly unsaturated diesters. The following exampleseg* loo 
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illustrate the scope of the Wittig reaction 

+ -  
OHC(CH =CH),CHO+ 2 PhP-CHCOOEt - -.-- EtOOC(CH----CH),+,COOEt 

COOEt 

The reaction of ketones with carbalkoxymethylene triphenylpliospho- 
fane usually proceeds much less readily than with aldehydes. However, 
certain ketones, e.g. 3,4-benzocyclobutane- 1,2-dione, react with two equi- 
valents of carbomethoxyrnethylene triplienylphosphorane in methylene 
chloride at  room temperature to yield 3,4-benzo- I ,2-bis(carbomethoxy- 
methy1ene)cyclobutane in high yieldslO3. 

It is possible to prepare unsymmetrically substituted dicarboxylic esters 
by reaction of phosphoranes with monoaldehydes containing carbalkoxyl 
g r o u p s l O l .  104. 

- 
EtOOCC(Me) -CH(CH--=CH),CHO + Ph&--CHCOOEt 

EtOOCC(Me)=CH(CH--CH),,,COOEt 

I 
6 

? 

+ -  
EtOOC(CH:-CH),CHO -+- Ph,P--C(Me)COOEt 

The Wittig reaction with stable phosphoranes or phosphonates and alde- 
hydes has a stereospecific course and gives mostly tram isomers'0'* Io2. 

This is in line with the generally accepted reaction mechanism. 

I .  Diels-Alder Reaction105 

Diene synthesis with maleic or other related anhydride is a general reac- 
tion path to  cyclic 1,2-dicarboxylic acids. Cyclic dicarboxylic esters are also 
formed directly by condensation of dienes with unsaturated dicarboxylic 
esters. The ratio ofthe isomers formed depends essentially upon the struc- 
ture of the initial dienes. For instance. the condensation of m-acetoxy- 
vinyl-hkyclohexene with maleic anhydride at 0" gives as the main product 
an isomer which corresponds to ;1 reaction course against the rule of 'the 
preferential ertdo orientation of components (spatial orientation effect of 
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the maximum accumulation of unsaturation)*105. I n  other cases this isomer 
forms in smaller quantitiesIM* *07: 

The elucidation of these regularities and steric features of the transforma- 
tion of alicyclic anhydrides and dicarboxylic acids made possible stereo- 
selective syntheses, not feasible by other methods, of many geometric iso- 
mers of mono-, di- and tricyclic dicarboxylic  acid^'^'-"^. 

The adducts of vinylcyclene with formylacrylic !P-esters may also be used 
to  obtain dicarboxylic acids1I4. 

CH -CH, 
0 -  

CH -C' 
\\ 
0 

Condensation of dimethyl acetylenedicarboxylate with 6-carbomethoxy-a- 
pyrone at 210-21 5' gives trimethyl hemimellitatells. 

/. Friedel-Crafts Reaction"6 

The synthesis of the di-2-thienylmethanedicarboxylic acids by Friedel- 
Crafts reaction is of some interest117. The acylation of bis-2-thienylmethane 
with ester acid chlorides of dibasic acids proceesd with the best result in 
benzene at - 14' to - 18" in the presence of SnCI4. The obtained diesters 
are reduced and subjected to hydrogenolysis a t  90" in the presence of Raney 
nickel in an aqueous solution of sodium carbonate to give long-chain 
aliphatic dicarboxylic acids. 
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HOOC (CH,),, COOH 

K. Miscellaneous Methods of Condensation 

Additive cyclization or intramolecular cyclization reactions may be used 
for the preparation of many heterocyclic di- or polycarboxylic esters. For 
example, a modified Knorr synthesis using hydrosulphite in aqueous media 
for the reduction of isonitroso ketones was successfully used for the synthe- 
sis of pyrolledicarboxylic esters118. 

The condensation of ethyl 8-aminocrotonate and similar enarnines with 
ethyl ethoxymethylenoxaloacetate, ethyl ethoxymethyleneacetylpyruvate 
and related compounds proceeds with the formation of derivatives of 
pyridinedicarboxylate in excellent yields, without catalysts"e* 120. 

An intramolecular cyclization of o-bis(3-dicarbethoxyviny1amino)-ben- 
zene by refluxing in diphenyl ether leads to 3,8-dicarbethoxy-4,7-dihydrox~- 
1, 10-phenanthroline121 : 

OH 

V. ADDITION REACTIONS 

The Michael reaction1" gives various di- and polycarboxylic acids and 
esters containing different substituents. The stereochemistry of the Michael 
addition was investigated in the base-catalysed addition of acetoacetate, 
maionate and methylmalonate to methyl bicyclo [ 1,2,2]hept-2,5-diene- 
carboxylate. The adducts proved to be exclusively of trans configuration, 
showing that ' em addition' takes place123. 
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The scope of the Michael addition is very wide. For example, ethyl 
n-butylmalonate adds to ethyl acrylate to give 3,3-di(carbethoxy)hepta- 
noatel24. Similarly, it is possible to obtain alicyclic compounds : diethy] 
4-carbethoxy-4-methyl-3-oxocyclohexylmalonate is formed by reaction of 
ethyl 2-methyl-As-cyclohexenone-2-carboxylate with ethyl malonatel25. 

Aromatic derivatives may be also prepared. Diethyl methylenemalonate 
reacts with ethyl 2-pyridylacetate to produce triethyl 3-(2-pyridyl)-I, 1,3- 
propanetricarboxylate. The pyridine nitrogen acts here as a built-in basic 
catalyst1z6. Phenylacetic acid adds to ethyl cinnamate to form a,P-diphenyl- 
glutaric acid127. 

The Michael addition was also used successfully for the formation of 
small rings. Thus, the addition of ethyl 1, 172,2-ethanetetracarboxylate to 
ethyl acetylenedicarboxylate produced ethyl 1 , 1,2,2,3,4-~yclobutanehexa- 
carboxylate*28. The condensation of a-halo esters with a,P-unsaturated es- 
ters gives 1,2-cyclopropanedicarboxylic acid d i e ~ t e r s ' ~ ~ .  The mixture of 
stereoisomers obtained is rich in the less stable cis isomer. 

The addition of acids and esters to multiple bonds is possible in radical 
conditions. A synthesis of adipic acid involving the addition of acetic acid 
to acetylene in the presence of butyl peroxide at  120" was recently describ- 
edlJo. 

VI. OXlDATlVE A N D  HYDROLYTIC METHODS 
OF SYNTHESIS 

.Oxidative M ethods 

Aliphatic, alicyclic, and aromatic di- and polycarboxylic acids may be 
prepared from the appropriate diols, dialdehydes, hydroxy aldehydes and 
hydroxy acids by oxidative methods. Such oxidations have played a great 
part in the synthesis of polyunsaturated dicarboxylic a~ ids '~ ' - ' ~ .  

Many procedures were developed for the oxidation of the side chains in 
aromatic and heterocyclic compounds. Oxidative degradation of side chains 
may be carried out with common oxidants such as potassium permanganate 
(e.g., the oxidation of 3-methyl-6-methoxyphthalic anhydride to 4-methoxy- 
benzene- 172,3-tricarboxylic a ~ i d l ~ ~ )  or concentrated nitric acid (oxidation 
of hexamethylbenzene to mellitic acidlJ5). Aqueous ammonium sulphate 
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has been found very useful for the conversion of t h e  methyl group t o  car- 
boxyl in the presence of initiators such as hydrogen or  ammonium sulphide. 
Thus, o-, m- or  p-xylene heated a t  325-350" under a pressure of 20 atm 
with ammonium sulphate containing sulphur. yielded phthalic, isophthalic 
or  terephthalic acids'". 

Lead dioxide was found to  oxidize 2-hydroxy-3-methylbenzoic acid to 
2-hydroxysophthalic acid by heating a t  200-240" in a1 kali solutioii137. 
5-Ethyl-2-mcthylpyridine yields isocinchomeronic acid when heated with 
aqueous cupric nitrate under t!ie pressure of an oxygen-nitrogen mixture'38. 

Dilute aqueous hydrogen bromide catalyses the oxidation of water- 
soluble aromatic compounds such as p-toluic acid or ;j-picoline to  the cor- 
responding dicarboxylic acids. The reaction requires high pressure of oxy- 
gen a t  180-200". The presence of vanadium compounds permits the oxid- 
ation of water-insoluble compounds (e .g .  p-bromomethylbenzoic acid, 
p - ~ y l e n e ' ~ ~ ) .  

N it ri c aci d ox id a t  i o n of trans- bi s-(i od o me t h y I )d i o x a n e prod u ced trans- 

2,3-bis-(dicarboxy)dioxane in good yield, without isoinerization or ring 
cleavage14o. 

The oxidative ring opening of cycloolefins leading to aliphatic, alicyclic 
or  aromatic acids is of great importance. Thus. the oxidation of cyclo- 
hexene by heating it i n  alkaline solution with silver oxide produces adipic 
acidl4l. Glutaric acid is formed by heating dihydropyran with nitric 

The oxidation of norbornylene with aqueous potassium permanganate 
leads to cis-cyclopentane- I ,3-dicarboxylic acid'". Methyl -allo-etio- 
cholenate is oxidized in chloroform by ozone and after treatment with 
diazomethane produces trimethyl iso-allo-eti~lithobilianate~~~. lndene 
reacts with ozone in emulsions of aqueous alkaline hydrogen peroxide to 
form homophthalic acid'"". 

Oxidative ring opening may be applied to  aromatic compounds. Thus, 
the oxidation of pyrocatechol in glacial acetic acid givcs trans-niuconic 
acid14E. Under similar conditions $-naphthol yields o-carboxycinnamic 
acid147. 

Numerous procedures have been developed for the oxidative ring open- 
ing of nlicyclic compounds containing oxygen functions. These methods 
yield aliphatic, especially branched, dicarboxylic acids. For  instance, the 
oxidation of mathone with an alkaline solution of  sodium hypochlorite 
gives P.P-dimethylglutaric acid'4M. a-Ethyl-a-butylglutaric acid is formed 
by treatment of 1)-butyl-y-ethyl-b-valerolactone with potassium permanga- 
nate in alkaline solution a t  50314y. Oxidative ring opening was widely used 
for the synthesis of steroid dicarboxylic acids. For the oxidative ring open- 
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ing of the alicyclic part of compounds containing condensed aromatic and 
alicyclic rings, hydrogen peroxide is often used. Thus, 3-isopropy1-6- 
methylhomophthalic acid was obtained from the sodium salt of ethyl 
4-methyl-7-isopropyl-a-indanonglyoxilate1s2 and o-carboxycinnamic acid 
was obtained from 4 .5-ben~ot ropolone '~~~ lS4. 

Recently a new method of oxidative cleavage was proposed. It has been 
found that on treatment with aqueous hydrogen peroxide in r-butanol at  
50-65", 2-formylcycloalkanones undergo an unusual oxidative cleavage to 
aliphatic dicarboxylic acids containing the same number of carbon atoms 
as the starting compounds15s. 

(CHA /=O I . .. ''OL .- HOOC(CH,),+,COOH. n = 3-16 
'KHCHO 

The cleavage reaction of four-, five- and sixmembered ketones is accom- 
panied by ring contraction and formation of carboxylic acids with a smaller 
ring. 2-Acetylcyclohexanone reacts with migration of the methyl group: 

The following reaction mechaniom was suggested : 

/ A COR :, \,Hog!- 

U 

coon 

+ RCOOH 

B. Hydrolytic Methods 

The acid hydrolysis of 1,1,1-trichloroalkanes which are easily formed by 
telomerization of ethylene with carbon tetrachloride, achieved great indus- 
trial importance for the synthesis of aliphatic dicarboxylic acids (from suc- 
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cinic to a ~ e l a i c ) ' ~ ~ *  lS7. 

NaCN 
n / 2  CH,=CH, 2 CCI, - CCI,(CH,),CI -- CCI,(CH,),CN 

! I 
HOOC(CH,),CI HOOC(~H,),COOH 1 OH- 

HNO, 
HOOC(CHJn0H ---- HOOC(CH,),-,COOH 

Concentrated sulphuric acid is usually used for the hydrolysis. Recently it 
was demonstrated that ferric chloride catalyses the hydrolysis of trichloro- 
methyl derivatives'j8. Thus, terephthalic acid was quantitatively obtained 
by refluxing 1,2-bis-(trichloromethyl)benzene in a water-chloroform mix- 
ture in the presence of ferric chloride. 

The alcoholysis of a,o-dichloroacetylenes has been developed for the 
production of diesters1je. 

ROH 
2 NaCzCCI -+ Br(CH,),Br - CIC=C(CH,),C+CCI - ROOC(CH,),COOR 

Very interesting results were obtained during the study of the Favorsky 
rearrangement with 1 ,I-dibromoketones. I t  was found that methyl 1 , l -  
dibromoundecanone-2-carboxylate rearranges stereoselectively to dimethyl 
cis-dodecen-2-dicarboxylate on action of methanolic sodium methoxide a t  
0" or triethylamine at 20°160. 

Cyclic mono- and d i k e t ~ n e s ' " - ~ ~ ~  or keto  acid^'^^-''^ are easily cleaved 
on treatment with bases, with the formation of aliphatic dicarboxylic 
acids. The synthesis of norcamphoric acid is an interesting example of the 
application of this methodle8* log. 

The hydrolysis of carbonyl or carboxyl compounds containing a-halogen 
atoms is often accompanied by rearrangements. A recent interesting 
example is the formation of cubane- 1 ,Zdicarboxylic acid170 by the scheme: 

B2&Br 0 
aq. KOH 

100" 
- 

HooC B C O O h  

2-Chlorocyclohexene-1-carboxylic acid gives pimelic acid on boiling with 
50% sodium hydroxide17'. 

The alkali cleavage of P-dicarbonyl compounds may be carried out simul- 
taneously with reduction"'. lo2* or alkylation with halo esters'73* 174. 
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The first method was used for the synthesis of long-chain saturated or un- 
saturated dicarboxylic acids from C-alkylated dihydroresorcines'B1. 

0 3 

HOOC(CHJ,CH = CH(CH,)&OOH 
CH,CH = CHCH, A NaOH. N7HL. H,O. MeOH 

I ( d i e t h y h e  glycol) roflux 
< - - 4 - O  0 

The second method was used in the preparation of 4-carboxyazelaic acid 
by reaction of the sodio derivative of 2-carbethoxycyclopentanone with 
esters of 4-bromobutyric acid in alcohol solution174. 

A radical cleavage of cyclohexanone in the presence of hydrogen peroxide 
and ferrous sulphate proceeds with simultaneous self-condensation and 
yields decane- I ,2-dicarboxylic 

VII. SYNTHESES BASED ON ACID DERIVATIVES 

A. Ester Hydrolysis 

The hydrolysis of di- or polyesters is one of the most important methods 
of synthesizing di- and polycarboxylic acids. Sensitive compounds are usu- 
ally hydrolysed under mild conditions. Thus tetraethyl butane- I ,  1,4,4-tetra- 
carboxylate yields the tetracarboxylic acid o n  shaking with aqueous potas- 
sium hydroxide1". Tetraethyl dispiro[3,1,3, I ]decane-2.2-8.8-tetracarboxy- 
late is hydrolysed by alcoholic potassium hydroxide at room t e r n p e r a t ~ r e l ~ ~ .  

It is possible to carry out selective hydrolysis of a compound containing 
several cleavable groups. Thus. diet hy  I m-acetam ido-P-( 3-indolyl)-a-carboxy- 
propionate i n  aqueous sodium hydroxide gives quantitative amounts of 
%-acetamido-rx-carboxy-$-(3-i ndoly1)propionic acid'7s. Selective cleavage of 
-/.,cx'-diacetyldicarboxylic esters by boiling with alkali solution yields many 
dicarboxylic acidb. This method w;ts used for the synthesis of some p-aryl- 
glutaric acids17g. 

Saponification o f  tetraesters wi th  partial decarboxylation is often used 
for the synthesis of dicarboxylic acids. Thus. sodium tetraethyl hept-2,4,6- 
triene- 1, I ,&S-tetracarboxylate gives nona-2.4,6-triene- 1,9-dioic acid on 
ca ref u 1 heating with a 1 coho 1 ic sod i u m h y d rosi d e 80. H y d ro 1 y si s with partial 
decarboxylation. but with rctention of the acetyl groups may also be carried 
ou t  in acidic media'". 

MeCOCHCOOEt CH,COMe 

(EtOOC),CHCHCH(COOEt), --'q~H~.'~ " .. HOOCCH2CHCH,COOH 
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The hydrogenolysis of benzylic esters may be successfully used for 
the preparation of dicarboxylic acids from alkali- and acid- sensitive dies- 
ters182. 183 . For example, I -phenyl-4,4-dicarbobenzyloxy-2-azetidinone 
may be hydrogenated at room temperature with palladium charcoal in 
ethyl acetate t o  give I-phenyl-4,4-di~arboxy-2-azetidinone~~~. 

B. Esterification and Alcoholysis 

Esterification of acids with alcohols in the presence of catalysts is the 
most widely used method of ester synthesis. Esterification with diazome- 
thane is usually employed for sensitive acids. 

Other methods e.g., the boilins of a mixture of a dicarboxylic acid, acetone 
dimethyl ketal and methanol in the presence of n-toluene sulphonic 
acid184, or  the esterification of dicarboxylic acids with pyrocarbonates a t  
50-80" without any catalyst185. yield dimethyl diesters. 

Alcoholysis is useful especially for the preparation of high-boiling diesters 
from low-boiling diesters. Thus, dimethyl 4-methoxyisophthalate gives bis- 
(2-diethylan;inoethy1)4-(2-diethylaminoethoxy)isophthal~te by distillation 
with 2-diethylaminoethanol and toluene after treatment with sodium180. 

Partial or preferential tram-esterification may be carried out when the 
two ester groups in a diester are  unequal. For instance, the trarw-esteri- 
fication of 1 -n-carbobutoxy-2-carbobenzyloxybenzene by azeotropic disti- 
lation with isodecanol in the presence of sodium methoxide involves the 
ester group which contains the lower boiling alcohol, and yields I-carbo- 
isodecy loxy-2-car bu benzyloxy 

Diethyl 3-ketoadipate gives 1 -benzyloxy-2-ethyl 3-ketoadipate on heat- 
ing with benzyl alcohol at  140°, due t o  the retarding effect of the keto 
group on the velocity of the tram-esterification of the adjacent carbethoxy 
group188. 

c. Salt Alkylation 

While ester formation by reaction of silver salts with alkyl halides is 
rather inconvenient from the preparative point of view, sodium or  potas- 
sium salts of aliphatic saturated and unsaturated acids, as well as aromatic 
acids or arylaliphatic acids heated with alkyl halogenides in dimethylfor- 
mamide18D or  in the presence of pyridinelgO, give the corresponding diesters 
in high yields. 

D. Anhydride Hydrolysis and Alcoholysis 

sis, is a n  important method of formation of dicarboxylic acids. 
The hydrolysis of anhydrides, especially thosc obtained in diene synthe- 
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The opening of the  anhydride in unsaturated cyclic compounds by 
water or in acidic media is usually accomplished without isomerization of 
the double bond111: 

b 

However, the cleavage of the anhydride in basic conditions is often accom- 
panied by isomerizationJl2: 

When heated a t  200-240", the anhydrides often undergo cis-trans iso- 
merization; this procedure therefore proved to be very useful in the synthe- 
sis of geometric isomers of the cyclic 1,Zdicarboxylic acidsl0". Both cis- 
and trans-anhydrides as well as anhydrides with ring-substituents were 
found to undergo thermal reactions to give the more stable 

Boiling with 40% aqueous potassium hydroxide was used for the hydt-o- 
lysis of sterically hindered anhydrides, such as tetraethglsuccinic anhy- 
dridelQ3. The anhydrides obtained by the reaction between olefins and 
maleic anhydride are  easily opened by heating with potash solution1Q4. 

Some thio anhydrides are hydl-olysed with simultaneous desulphuriza- 
tion by refluxing with concentrated acid'": 

HCI HDCJC COCH s(~~<~>:po)s loo"- H o O C q .  )- COOH 
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The alcoholysis of anhydrides may be accomplished in the presence or 
absence of catalysts. For instance, chlorosulphonic acid is a n  excellent 
catalyst for the esterification of anhydrides with alcohols, particularly in 
the gas phaselQO. p-Toluenesulphonic acid is a good catalyst for the prepara- 
tion of dimethyl 3-methylenecyclobutane-1 ,Zdicarboxylate from 3-methi- 
lenecyclobutane-dicarboxylic anhydridelB7. A cation exchange resin was 
used for the preparation of diallylphthalate from phthalic anhydride and 
ally1 alcohoPB. Dibutyl phthalate is formed by refluxing phthalic an- 
hydride with butanol and boric acidlQ9 or ferric sulphatezm. Aluminium 
powder catalysed the formation of dioctyl phthalate from phthalic a n -  
hydride and octanol a t  180- 1 950201. Dimethyl cis-3-(4-phenoxybutyI)cyclo- 
pentane- 1 ,Zdicarboxylate is formed by refluxing cis-3-(4-phenoxybutyI)- 
cyclopentane- 1.2-dicarboxylic anhydride with methanol containing acetyl 
c h lo rideZ02. 

E. Hydrolysis and Alcoholysis of Acyl Chlorides 

Acyl chlorides react with oxalyl bromide at  100-1 10" to form malonic 
acid mixed diacyl halides, the hydrolysis or alcoholysis of which yields 
substituted malonic acids or esterszo3: 

RCH,COCI i- (COEr), - .- RCH(C0CI) (COEr) -- RCH(COOR'), 

Direct esterification of hindered carboxyl groups proceeds slowly and 
incompletely. Therefore, it was proposed to prepare such derivatives as 
dimethyl a-ethyl-a-butylglutarate from the readily accessible a-ethyl-r- 
biityl-a-carboxybiityryl chloride with methanol i n  the vapour phase a t  
170- 1 8OoZo4. 

F. Amide and lmide Hydrolysis and Alcoholysis 

Amides and irnides often form i n  the course of nitrile hydrolysis. The 
usual procedure for their hydrolysis or alcoholysis involves refluxing in 
aqueous or  alcoholic media in  the presence of bases or acids. 

The scope of the method may be illustrated by a few examples: cis- 
cyclopentane- 1,2-dipropionic acid diamide yields cis-cyclopentane- I ,2- 
dipropionic acid by boiling with aqueous potassium hydroxidez0". $- 
Methylglutaric acid is obtained by refluxing of' fi-rnethylglutaric diamide 
with concentrated hydrochloric acidzoi. 

Imides are hydrolysed by boiling with concentratcd hydrocliloric206, 
h y d r o b r ~ m i c ~ ~ ~  or  sulphuric acidzo8. In some cases, basic hydrolysis is also 
used, as, for example, in one of the steps in the synthesis of cis-bergnmotic 
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acid20g : 

CN COOH 
I 

Me C- 
\ / \  

/ \  / 5 COOH 

C CH2 ,NH --,-- 

Me,C=CHCH, C -- CO Me,C= CECH, 
I 

A new method of ester synthesis involves the heating of amides (e .g .  
adipic diamide) at 180-200" with primary alkyl halides in water-alcohol 
media"O. The alkaline hydrolysis of accessible aromatic thioirnides211 gives 
aromatic, heterocyclic or arylaliphatic dicarboxylic acids212. In this way, 
phthalic, homophthalic, thiophene-2,3-dicarboxylic and other acids were 
obtained. 

G. Lactone Hydrolysis and Alcoholysis 

Lactone hydrolysis and alcoholysis is of some interest for the prepara- 
tion of cyclic dicarboxylic acids and esters. For instance, the reduction of 
cyclic keto lactones with zinc in hydrochloric acid leads to dicarboxylic 
acids without change of configurationlo8: 

Acidic or alkaline cleavage of lactones may be accompanied by rearran- 
gement of the double bonds in the systenP'J: 

0-CO 

MeONa 
r(t COOH 

Alkaline hydrolysis of bronio-y-lactones with cis-configuration of all 
substituents gives keto dicarboxylic acids214: 

j - co 
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Alkaline hydrolysis in alcohol, or hydrogenolysis in the presence of 
palladium/strontium carbonate, of the lactone-esters yields diesters with 
retention of configuration215: 

Hydrogenolysis of the di-y-lactone of diphenacylfumaric acid with plati- 
num oxide in ethyl acetate leads to a,a'-di(p-phenylethy1)succinic acid21s. 

In some cases hydrolysis or alcoholysis of lactones may be carried ou t  
without catalysts. For instance, the b-lactone of 5-hydroxy-2-phenyl-P,/% 
bis-trifluoromethyl-4-oxazolepropionic acid gives N-benzoyl-B,P-bis-tri- 
fluoromethyl-D,L-glutamic acid or ester by treatment with water or metha- 
~ O P .  

H. Nitrile Hydrolysis and Alcoholysis 

Hydrolysis or alcoholysis of easily accessible di- and polynitriles, cyano 
acids or cyano esters is widely used for the synthesis of di- and polycarbo- 
xylic acids and esters. The reaction is carried out by refluxing in aqueous 
or alcoholic media with sodium or potassium hydroxide218-"2, or barium 
hydroxide223. 

of mellitic acid from tetraiodophthalic acid by heating with cuprous 
cyanide, potassium cyanide, potassium hydroxide and water in an auto- 
clave a t  180". 

An interesting example is the formation, via tetracyanophthalic 

CN 

Nc@z: NC 

CN 

COOH 

-Hooc@cooH HOOC COOH 

COOH 

The acidic hydrolysis of dinitriles or cyano acids and esters is carried 
out  by prolonged refluxing with concentrated hydrochloric225 or  hydro- 
bromic acid22G. 

RR'C(CN)CH(CN)R" -- - -- RR'C(COOH)CH(R")COOH 

Diesters are formed by passing dry hydrogen chloride through a solution 
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of a dinitrile in alcohol, followed by refluxing. In  this manner diethyl 
I ,2,5,6-dibenzo-l,3,5,7-cyclooctatetraene-3,8-dicarboxylate was obtained 
from 3,8-dicyano-l,2,5,6-dibenzo- 1,3,5,7-~yclooctatetraene~~~. 

VIII. M I S C E L L A N E O U S  METHODS O F  S Y N T H E S I S  

Keto diazoesters give dicarboxylic acids by the action of methanol and 
silver oxide, according t o  the Arndt-Eistert method228. Examples are  the 
preparation o f  diethyl cyclopropylmalonic acid from ethyl cyclopropionyl- 
diazoacetic acid’29 or  dimethyl homoquinolinic acid from 2-carbomethoxy- 
3 - d i a z o ~ e t o p y r i d i n e ~ ~ ~ .  

Diethyl a-fluoro-a‘-ketosuccinate yields triethyl crtx’-difluoro-iJ-hydroxy- 
glutarate by the action of aqueous potassium acetate”l. 

IX. S Y N T H E S I S  O F  M O N O E S T E R S  OF 
DI- A N D  P O L Y C A R B O X Y L I C  A C I D S  

A. Partial Esterification 

Partial esterification of dicarboxylic acids is possible if the esterification 
rate of the two carboxyl groups is different. This may depend o n  the steric 
factors, as is the case in the preferential esterification of the primary carbo- 
xyl in group ~rarts-~-(2-carboxycyclohexyl)propionic acid by refluxing 
with ethanol and a little p-to1 uenesulphonic acid23z. Electronic factors may 
also cause differences in the reactivity of the carboxyl groups. These factors 
(combined with steric effects) lead to  partial esterification of a,%-diphenyl- 
succinic acid t o  P-methyl ester when dry hydrogen chloride is passed into a 
refluxing methanolic solution of the acid233. The pure electronic factors 
play a part in the partial esterification of  oxalic, fumaric and some other 
carboxylic acids?. 

B. Partial Hydrolysis 

For partial hydrolysis it is necessary that the hydrolysis rates of the two 
ester groups should be different. This difference may arise on account of 
steric or electronic factors. Partial hydrolysis is mostly carried ou t  in mild 
conditions, with an equivalcnt quantity of alkali. 

The partial hydrolysis of 1 -acetyl-2,2-dicarbetlioxybisnordeoxyeseroline 
may be explained by stcric factors221: 
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Electronic factors are involved in the partial hydrolysis of dibenzyl 
N-carbobenzoxy-L-aspartate by a calculated amount of potassium hyd- 
roxyde in benzyl alcohol a t  room temperature with formation of P-benzyl 
es teP5.  

The formation of malonic acid monoesters from malonic acid diesters 
on mild hydrolysis a t  room temperature with an equivalent amount of 
alkali in ethano127”-23Q may be considered a result of electronic effects, as 
also may the partisl hydrolysis of dimethyl I , I  0-decanedicarboxylate with 
a calculated amount of barium hydroxide t o  monomethyl I ,  10-decanedi- 
c a r b o ~ y l a t e ~ ~ ~ ~ ~ ~ .  

In some cases the difference in the direction of partial hydrolysis may be 
determined by the change in reaction mechanism under different condi- 
t i o n ~ ” ~  : 

H,SO, E t o o C ~ ~  OMe aq. NAOH EtooC a :tiH 
35” COOEt EtOH. 20” 

NH NH 

HOOC 

NH 

The most convenient method for the formation of half-esters from 
mixed benzyl alkyl di- or polyesters is hydrogenolysis. Thus, benzyl 5- 
carbethoxy-4-carbethoxymethyl-2-methylpyrrole-3-carboxylate gives 5- 
carbethoxy-4-carbethoxymethyl-2-methylpyrrole-3-carboxylic acid when 
hydrogenated with Raney nickel in absolute ethanol244. 

C. Reaction between Acids and Esters; 

The reaction between di- or poly-acids and di- or poly-esters is a general 
method of obtaining partial esters. The reaction is carried out without 

or in the prcsence of ac idP7.  For example, if perfluoro- catalysts- 
adipic acid and ethyl perfluoroadipate are heated t o  170” ethyl hydrogen 
perfluoroadipate is ~ b t a i n e d ” ~ .  oj-Carbobutoxylauric acid is formed by 
boiling 1,2-undecanedicarboxylic acid with its di-n-butylic ester in an 
alcohol-water medium in the presence of concentrated hydrochloric 

345.346 

D. Alcoholysis of Anhydrides and Lactones 

The action of alcohols on anhydrides without catalysts24qs, or in the 
presence of sodium metho~ide*~’* tripl~enyisodiuni~~*, or pyridine25’* ‘‘XI 
is a general method for partial estcr synthesis. In some cases the reaction 
is complicated by isomerization. Thus a warm solution of maleic anhydride 
in methanol treated with same sodium chloride yields ethyl hydrogen 
fu m a ra t e2 j4. 
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The study of the alcohol;& of cyclic anhydrides was connected with 
the elucidation of their structures and configurations and with the synthe- 
sis of the corresponding dicarboxylic acids, obtained also from steroids. 
The half-esters of dicarboxylic acids o n  a sterically hindered carboxyl 
group 2re formed by the action of sodium ethoxide on an alcoholic solu- 
tion of rhe anhydride2s5*25G: 

Me Me Me 
\ ---CO MeONa '\.-COOMe KOH MeOOC--, / 

/--=O 
aq. MeOH 

! )O ---- ' 

\ 
,---COOH MeOOC--- 

These half-esters are also obtained by partial hydrolysis of dicarboxylic 
esters with an equivalent quantity of alkali in aqueous methanol257. 

The ha!f-esters on the sterically least hindered group are mainly formed 
by action of alcohols on anhydrides or  by partial esterification of dicarbo- 
xylic acidszsE: 

Me Me M e  

\i ---COOH HOOC--'/ 

aq. MeOH 
---__ - \'-'O MeOH I 

,--co I HOOC--- 
I )O-- I 

\ 
These regularities are often observed, but in  some cases mixtures of the 

various half-esters are forrnedll'. In the case of a tricyclic anhydride 
selective formation of a half-ester is observed only in the reaction with 
sodium methoxidezs8: 

The isomeric half-esters arc formed by crystallization of 1,3-dihydro- 
1-hydroxy-1-rnethoxy-3-oxofuro-[3,1-d]pyridi11e from methanol or methyl- 
ene chloride. In the former case 2-carboxy-3-carbornethoxypyridine was 
obtained and in the latter case 2-carbomethoxy-3-carboxypyridi11e~~~. 
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E. Miscellaneous Methods of Synthesis 

Monoesters are formed by hydrolysis of anhydrides“’ or l a c t ~ n e s ” ~ - ~ ~ ~  
containing ester groups. In some cases it is possible to introduce a carboxyl 
group by oxidation2G0 : 

MeOOC(CH,),CH-CH(CH,),COOH MeOOC(CH,),CH-CH(CH,),CH,OH -.--- 
KMnO. 

! I  I 1  
0 
\ /O 

CH, 

0 0  
\ /  
CH, 

Monoesters containing acidic methylene groups may be carboxylat- 
ed267. 268. Monomethyl succiiiate was formed from 2-formylacrylic acid by 
refluxing in methanol with potassium cyanide and sodium bicarbonate“’. 
Monoesters can be also obtained by condensing malonic acid with alde- 
hydoesters in the presence of basic agentsZ7O. The coupling of acetylenic 
esters with bromoacetylenic acids, by the reaction of oxygen in the presence 
of ruprous chloride is a new promising method for half-ester synthesis2”: 

MeOOC(CH,),C=CC=?CH + BrC-1C(CH,),COOH - -  ---- 

1. 

2. 
3. 
4. 
5. 
6. 

7. 
8. 
9. 

10. 

11. 

12. 

13. 

14. 

+ 
MeOOC(CH,),(C--C),(CH2),COOH 
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1. INTRODUCTION 

One of the most important aims of organic chemistry is to  relate energy dif- 
ferences between molecules with changes in molecular structure in theore- 
tical terms. Besides thermochemical. kinetic, and  spectral data, equilibrium 
constants of acid-base equilibria constitute the main body of experimental 
quantities suitable for such correlations. One obvious reason for this is the  
relative ease and speed with which reasonably accurate ionization constant 
measurements can be carried out for large series of compounds without 
resort t o  expensive and complicated equipment. The direct connection be- 
tween the logarithm of the ionization constant and the free energy change of 
the process then provides a set of data which can be used for testing theo- 
ries of substituent effects. 

If the experimental part of the problem is fairly siiaple, the theoretical 
treatment of equilibrium data is the more difficult. A qualitative discussion 
of the relative magnitudes of a series of constants can use any combination 
of polar, resonance, steric, and solvation effects, working parallel or  op- 
posite to each other, and will always furnish an ‘explanation’ for the observ- 
ed regularities or anomalies. Quantitative treatments, having avaiiable 
something around a dozen substituent parameter sets and a corresponding 
number of two- o r  multipararneter equations, a re  not much better off in 
this respect. If we then add some other important factors, such as the influ- 
ence of solvent composition, temperature, intramolecular hydrogen bond- 
ing, and conformational equilibrium, and also some trivial ones, such as 
contributions to  the entropy of ionization due t o  differences in entropy of 
mixing and/or symmetry number between acid and  ion, it is obvious that 
the organic chemist faces a formidabie problem when he tries to interpret. 
let alone predict, equilibrium data o n  the basis of such a number of more 
or  less adjustable parameters. 

The indisputable success of some quantitative treatments is, however, an 
indication that differences in the free energy of ionization between different 
acids in aqueous solution around room temperature actually parallel dif- 
ferences in potential energy, i.e. those energy differences between molecules 
which are due to electronic effects. Furthermore, the general trends for the 
effect of structural change on molecular properties obtained by the most 
diverse experimental techniques are closely parallel t o  those obtained from 
studies of acid-base equilibria, enabling us to use our theories with some 
confidence. It must nevertheless be stressed that utmost care must be exer- 
cized in attempts t o  explain small energy diflrerences. Unfortunately, small 
energy differences between molecules are more common than not, and it is 
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not surprising that a number of apparently conflicting interpretations can 
exist side by side within the theory of organic chemistry. Our theoretical 
tools are simply too crude to  handle the complex situation in any chemical 
system of moderate size. 

It is the purpose of this chapter t o  examine the ionization equilibrium of 
carboxylic acids with respect to the above mentioned factors, especially 
those related to inter- and intramolecular hydrogen bond formation. There 
will be no attempt to review the experimental methods for the determination 
of ionization constants, since excellent modern treatises on this topic are 
a ~ a i l a b l e l - ~ .  For a more general discussion of all types of acid-base 
equilibria the reader is referred to recent monographs by King1 and Bell5, 
and the classical review article by Brown. McDaniel, and HafligerG. 

11. DEFlNlTlONS A N D  S T A N D A R D I Z A T I O N  PROCEDURES 

A. Definition of Ionization Constants 

The ionization scheme for a nionocarboxylic acid in aqueous solution is 
generally written as in equation ( I )  where K,  denotes the thermodynamic 
ionization constant. defined by equation (2). 

K. 
RCOOH - H,O RCOO- + H,O+ (1) 

(2) 

Here u, c ,  andJ'represent activities. concentrations, and acti\ity coefficients 
respectively. while K,. is the classical dissociation constant, expressed in 
terms of concentrations. The water activity o r  concentration is considered 
to  be constant and as usual set equal t o  the activity or concentration of 
pure water and incorporated into K(l o r  K , .  Solvation of acid and ions is 
not explicitly accounted for in equation ( I )  but it is obvious that the meas- 
ured ionization constant is actually referring to a number of different sol- 
vated species. This problem has been discussed i n  detail by lves and Mars- 
den'. 

I n  practice it is ho\+ever customary to measure and report a 'mixed' 
ionization constant. K,ll. defined as i n  equation ( 3 )  since the majority of 

CRCOO- CH-  fUCOO-fU 4 - 
~ R C O O H  CRCOOH /RCOOH fKC0OH 

fucoo-fH + 

- - .______ - Kc-------- ~ R c 0 o - m -  K ,  = 

( 3 )  
('ucoo- h,',,,=. aH i 
(' RCOO H 

measurements have been made by potentiomctric titration using a glass 
electrode, which measure5 u14 - .  This means that,/,,,,- and,fRcoo, are set 
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equal to  unity, which in most cases is a valid approximation a t  the low 
concentrations used. For doubly or higher charged anions the omittance 
of activity coefficients is more serious, but as long as coillparisons are 
made between constants measured by a single author using a highly 
standardized method, the use of K,,, instead of K, will not affect relative I 

acidities or discussions based on these. Since it is common practice t o  
measure ionization constants for a series of compounds, including one 
or several reference acids of known acidity, it is usually also possible 
to  compare results obtained by different authors, although it is neces- 
sary to make certain that differences in experimental technique and 
calculation method do not invalidate the comparison. In later sections 
it will frequently be necessary to compare ionization constants from 
different sources, especially in discussions of the influence of struc- 
ture on acidity. Ionization constants K,, K,, and K,,, will then be treat- 
ed as  being equal and denoted by K, if it is not obvious that the small 
errors introduced by this convention will affect the discussion. In other 
cases, the use of KO, K,, and K,,, will be mentioned explicitly. Throughout 
this chapter the more convenient symbol pK = -log K will be used in- 
stead of K in discussions of acidities, because pK is directly related to the 
free energy of ionization through equation (4) where zero as a superscript 

AGO = 2-3RTpK (4) 

indicates that AG is referred to a hypothetical 1 M ideal solution as standard 
state. 

0. Comparison with Other Ionization Processes 

Ionization constants of carboxylic acids range over more than ten powers 
of ten in aqueous solution, from the completely ionized trifluoroacetic acid 
to the very weak second ionization step of rac-2,3-di-(t-butyl)-succinic 
acid with pK = 10.3. For comparison with some other ionization processes 
representative pK values for COOH, NH;, OH, and SH ionizations have 
been assembled in Table 1, in which the acids are arranged pairwise in the 
order of functional groups given above. For each type, the commonly used 
reference processes for ionization of aliphatic and aromatic acids are given. 
It can be noted that only carboxylic acids have ionization constants con- 
veniently accessible by simple pH-meter technique both in the aliphatic and 
aromatic series. Qualitatively, all four types are influenced in the same way 
by structural changes. 

A large number of ionization consta.nts in aqueous solution have been 
tabulated by Perrin8 and Kortiim, Vogel, and Andrussowg. 
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TABLE 1. Representative p K  values of organic ionization processes at 
2s0 

Process PK Reference 

CH,COOH+H,O CH,COO. +H,O+ 4.76 9 
PhCOOH +H,O -- PhCOO - + H,O + 4.20 9 

CH,OH --H,O C H 3 0 -  +H,O+ 15.5 10 
PhOH LH20 = PhO- +H,O+ 10.00 9 
EtSH +H,O = EtS - +H,O+ 10.54 11 
PhSH + H 2 0  == PhS - + H,O + 6.52 12 

CH,NHZ +H2O = CH,NH, t H , O +  10.66 8 
PhNH: +H,O = PhNH, +H,O+ 4.60 8 

C. Ionization Constants in M i x e d  Aqueous Organic Solvents 

A more serious difficulty is encountered when ionization constants of 
water-insoluble acids are determined in aqueous organic solvents. This is a 
frequently occurring situation and has unfortunately led to a proliferation 
of solvent mixtures, making comparisons between differents sets of data 
difficult and risky. Common solvent mixtures are mixtures of water with 
methanol, ethanol, 2-alkoxyethanols, acetone or dioxane in different pro- 
portions and it sometimes seems as if every single author has his own favo- 
rite solvent composition. In  the light of recent developments in the defini- 
tion of a useful p H  scale in certain aqueous solvents, to  be discussed below, 
this seems rather unnecessary and it is only to  be hoped that a reasonable 
degree of standardization will be introduced in this field. 

The usual method of obtaining the pF-1 of a solution in a mixed aqueous 
solvent is t o  standardize the conventional pH-meter set-up (glass elec- 
trode/saturated KCl(aq) bridge /calomel electrode) against an aqueous 
buffer of known acidity and then to  use the same cell for measurement of 
the pH of the unknown soluticn. Normally, the pH values so obtained are 
used directly for calculation of a n  apparent ionization constant, which will be 
denoted by K’ in this chapter. This treatment implies that the liquid junc- 
tion potential, although it may be of a considerable magnitude in solvents 
low in water, is sufficiently reproducible not to affect relative acidities. 
Fortunately, this appears t o  be the case, but nevertheless it is of consider- 
able importance to introduce a meaningful pH scale in aqueous solvents, 
i.e. the value of uH+ used for calculation of ionization constants should 
have a clear interpretation in terms of chemical equilibrium. 

I f  the unknown solution is denoted by X and the aqueous standard buffer 
by S, the operational (measured) pH is defined by equation (5) where Ex 
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and E, represent the e.m.f. of the cell. 

The electrode reversible t o  hydrogen ions may be the hydrogen, glass, or  
quinhydrone electrode, or any other electrode having this property. I t  has 
been shown by Bates and  coworker^^^-^^ that in alcoholic solvents, such 
as methanol-water and ethanol-water, it is possible t o  obtain pH' (which is 
related to  a&+, the activity referred to the standard state in the alcoholic 
solvent, in the same way as p H  is related t o  aHi in aqueous solution) by 
subtracting an  empirical correction term h from the p H  measured by the 
procedure described above and defined by equation (5 ) .  Values of 6 for a 
number of methanol-water mixtures up to 70;; by weight methanol1s and 
ethanol-wzter mixtures u p  to 100% e t h a n o P  have been tabulated ai:d thus 
make possible the determination of pH' by simple pH-meter technique 
using the glass electrode in a cell with a liquid junction. Table 2 gives values 
of 6 for a number of water-methanol mixtures. 

TABLE 2 .  Recommended 0 values's in  aqueous methanol mixtures 

Weight % MeOH 0 10 20 30 40 50 60 70 
3 0 0.01 0.02 0.04 0.07 0.1 1 0.15 0.13 

It is also possible t o  use selected standard buffer solutions of known pH' 
in the solvent to  be used for the determination of unknown ionization con- 
stants and to  standardize the pH-meter with this buffer. Then the pH-meter 
readings can be directly equated with pH'. Such reference buffers are now 
available for the solvent 50% methanol-water by weightI4 and no doubt 
other solvent systems will be investigated systematically in  the future. 

Another attempt, of wide scope and utility. to standardize measurements 
of ionization constants is the pK&, scale introduced by SirnonI6. In prac- 
tice, this method measures the apparent p H  value of a half-neutralized 
acid in the system methyl cellosolve-water (80 : 20 by weight) and this value 
is equated with pK&. The cell consists of a glass electrode/calomel elec- 
trode combination, whicli is calibrated in  aqueous standard buffers. A high 
degree of standardization with respect to  temperature, titration procedure 
and concentration leads to excellently reproducible pK& values, which 
correlate reasonably well with the corresponding pK values. A large num- 
ber of pK& values have been tabulated''-'9 and from this values list i t  
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is apparent that this solvent system has an excellent dissolving power and 
should be a preferable choice in many cases. 

It must be emphasized that consideration of the above factors does not 
affect reasoning based on relative acidity data but merely means that a se- 
ries of pf;' values obtained under standardized conditions should be re- 
duced by the same constant term h,  characteristic of the particular solvent 
mixturc. As long as  aqueous organic solvents of relatively high dielectric 
constants a r e  used, pK' values correlate well with ph'values with few excep- 
tions. In investigations aimed at  the detailed studies of medium effects, 
measurements are almost invariably made in cells without liquid junctions, 
so that p K  values have a direct relation to  chemical equilibria. Also, some 
very important devcloprnents have been made in the study of acid-base 
equilibria in non-aqueous aprotic solvents, ranging from benzene and 
chloroform. where it is actually t h e  association equilibrium between a 
series of acids and a common base which is measured, to acetonitrile, di- 
methyl sulphoxide. and dimethyl formamide, where an ionization equili- 
brium can be defined and studied but where ion-pair formation and forma- 
tion of higher aggregates have to  be taken into account. Such studies are 
usually made by spectroscopic techniques but it has been possible t o  use 
pH-meter techniques in some cases. These investigations, as well as those 
dealing with medium effects will be discussed in later sections. 

Fo r  investigations of substituent effects by pK measurements of water- 
insoluble acids in aqueous organic solvents, it is, hoic*ercr, stroligl! recorn- 
mended that the solvent s)*stems rc;fi.r-red lo above, pnr-iicular[j. 500; by 
weight i~ietliorio/-~c'atcr atid 800,; bJ* li.cight tncthj.1 cc!losol~.e-ic.ate,., be used, 
since these appear t o  satisfy even strong demands for dissolving power. 
This would introduce a certain amount of standardization within this field 
and allow direct comparisons between data obtained by diffcrent authors. 
I t  would probably also sa\-e a lot of duplicate \vork, which is now needed 
for the purpose of calibration. 

Some authors2*' have expressed grave doubts regarding the use of mixed 
aqueous organic solvents for the determination of ionization constants. The 
presence of two solvent species introduces complications i n  several ways. 
There will be a number of different acidic and basic species present. e .g .  
H . 0 ,  MeOH, H 3 0 L ,  IM~OH;, OH-, and MeO- in aqueous methanol. 
Also, the possibility of preferential solvation of the neutral acid and espe- 
cially the ions by either solvent species will cause problems, since then the 
macroscopic properties of the solvent will be less relevant than they are 
in pure sol\/ents. However, when faced with the enormous number of 
ionization constants measurcd in  mixed aqueous solvents. one can hardly 
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dismiss them on these grounds but must adopt a more pragmatic view. I n  
cases where comparison is possible, pK‘ values do correlate well with pK 
values, and this is at least an empirically valid reason for accepting them 
as meaningful quantities. 

D. Relative Acidity Constants 

It  is sometimes advantageous to compare acidity constants in  terms of 
a relative acidity constant K,, i.e. two ionization equilibria (6 and 7) are 
combined to give equation (8). 

RXCOOH 
K 

RXCOOH + H,O -- 
K r  

ROCOO- + R‘COOH .izzz? 

ROCOO- i H,O+ (6) 

R’COO- + H,O+ (7) 

ROCOOH i RXCOO- (8) 

K, (‘r’ denoting that the value is a relative one) is then a measure of how 
easily a proton is transferred from a given acid R T O O H  to the ion 
ROCOO- of the reference acid, and is related to KRzcooH and KRoCOOH 
through equations (9) and (10). 

The use of relative acidity constants has the advantage that Kr is dimen- 
sionless and the corresponding thermodynamic functions AG3 = - 2.3 
RT log K,, AH:, and AS: are thus independent of the concentration unit 
employed. Also, if the reference acid is chosen with some care, kinetic 
energy factors (contributions due to the fact that the molecules and ions 
are not in their ground state rotational and vibrational levels) probably 
cancel to a large extent. Although the solvent is not explicitly included in 
equation (8) it must be remembered that sohared species are involved; 
therefore contributions due to differences in solvation of molecules and 
ions cannot be expected to cancel. 

Akhough not always explicitly mentioned, equation (8) represents the 
basis of all comparisons between acidities and thus underlies the quantita- 
tive treatments of substituent effects. The use of pK instead of log Kr in 
this connection merely means that the unit scale employed is shifted by a 
constant factor, equal to the pK of the reference acid. 
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111. SYMMETRY FACTORS 

Before considering other factors, it is necessary to deal with the effect of 
difference in symmetry between the species participating in an equili- 
briumZ0. These effects arise from the contribution of the rotational partition 
function to the entropy of ionization. A well-known case is the so-called 
statistical factor of 4, which is always introduced in discussions of the 
ionization behaviour of symmetrical dicarboxylic acids. According to 
simple reasoning, and with the assumption that there are no interactions 
whatsoever between the acid centers, the diacid has two ionizable groups 
and should dissociate twice as fast as the monoanion. making K J K z  = 2; 
by the same reasoning the dianion with its two equivalent carboxylate 

(11) 
K ,  

HOCO(CH,),COOH $- H,O -=- -7 HOCO(CH,),COO- + H,O+ 

K ,  
HOCO(CH,),COO- t- H,O ZIZ -OCO(CH,),COO- + H,O+ (1 2 )  

groups should pick up protons from the solvent twice as fast as the mono- 
anion, again giving K I / K ~  = 2 (equations I 1  and 12). The total effect on 
K 1 / K 2  will then be 2x2 = 4, which is the theoretical ratio expected for a 
diacid with the carboxyl groups at  an infinite distance from each other. 
The same result is obtained by considering, in a way which will be obvious 
from the following discussion2', the symmetry numbers of the species 
involved. 

The experimentally accessible equilibrium constant of a reaction involv- 
ing the species A. B, C. and D. e.g.  equation (13): 

KCCl 

A + B  C f D  

can be written as 
K - - - .A€, ,  QCQD 

QAQB 
-'q - 

where Qi is the total partition function of species i and A€, is the difference 
in electronic energy between C + D and A + B. As usual, Qi is considered 
to be separable into translational, rotational, and vibrational partition func- 
tions (the partition function for electronic excitation is neglected and set 
equal to 1): 

Qi = ( Q i ) t r ( Q i ) r o t ( O i ) v i h  (1  5 )  

The rotational partition function for any species can be written as: 
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where 0; is the overall symmetry number of the i-th species. Then Keg can 
be rewritten as  

so that the symmetry numbers have been factorized from Qi, and Keg is 
given as the product between the quotient of symmetry numbers and a 
‘chemical’ equilibrium constant &hem. from which the effect of symmetry 
has been eliminated. Thus Kchen, is the equilibrium constant t o  be used 
in the comparison of the influence of substituent effects. 

The symmetry number 6, is a product of an ‘external’ symmetry number 
( u ~ ) ~ ~ ~  and  an internal symmetry number (oJinc. The external symmetry 
number is simply the number of ways in which the molecule as a whole may 
be rotated into a n  indistinguishable configuration. As an example, methane 
has four three-fold axes of symmetry and thus there are twelve ways in 
which the hydrogens may be interchanged, and the external symmetry 
number is twelve. Similarly, for the benzoate ion the symmetry number is 
2, since the ion has a two-fold axis of symmetry, whereas the symmetry 
number of benzoic acid is 1, since it has no axis of symmetry. 

The internal symmetry number is a symmetry number for rotation around 
bonds in the molecule. It corresponds to the number of equivalent posi- 
tions reproduced in the course of 360” rotation of the group considered. 
Thus, the internal symmetry number for  ethane is 3, corresponding to the 
number of reproduced (e .g .  staggered or eclipsed) conformations, for the 
acetate ion 6 ,  and for acetic acid 3. It should be noticed that the considera- 
tion of internal symmetry numbers as  described here is strictly valid on ly  
for unhindered o r  nearly unhindered rotations, with a potential barrier to 
rotation of less than 0.5 kcal/mole. Acetic acid, having a barrier t o  internal 
rotation around the C-C bond of about 0.5 kcal/mole, may be treated in  
this way. The barrier i n  the acetate ion is not known, but if the situation 
is assumed to  be similar to that of the isoelectronic nitromethane molecule, 
it should be almost completely free. For higher barriers no explicit formula 
covering the influence of ( u ~ ) ~ ~ ~  can be given and i t  is therefore not pos- 
sible to  evaluate t h e  effect directly. For simplicity, it is best t o  omit the 
consideration of the internal symmetry nuniber when the barrier is known 
to  be, or may be suspected to be, higher than 0.5 kcal/mole. 

Some examples will demonstrate the application and importance of  
symmetry considerations in the interpretation of ionization equilibria. 
0-Toluic acid is stronger than benzoic acid by a factor very close to  2.0, 
and this is usiially explained as 3 result of steric inhibition of resonance. 
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If only external symmetry numbers are considered for the equilibrium (18) 

K, will be a product of the quotient between the symmetry numbers and 
Kchem in accordance 

Experimentally9, Kr 

with equation (17): 

2 x  I /.( - 
- 1 x I then' 

is found to  be I -23SX 10-"/6.312>< = 1.96, so 
that Kchem will be equal to  1 within the limits of experimental error. Thus. 
the 'chemical' influence of the methyl group on the ionization of o-toluic 
acid as compared to benzoic acid is negligible. To get unambiguous con- 
firmation for the postulate of steric inhibition of resonance, one has to 
compare benzoic acid with an  acid possessing the same symmetry proper- 
ties, e.g. 2,6-dimethylbenzoic acid. I t  is also evident that the same factor 
must be taken into account when comparing the acidity of benzoic acid 
with any mera- o r  orrho-substituted benzoic acid. Fortunately, the sym- 
metry factor usiially cancels in Hainmett-type treatments. 

Another example is the above-mentioned case of ionization of a sym- 
metrical dibasic acid. Again assuming completely independent acid ccn- 
ters, equations ( I  I ) and (12) can be con\erted into (19)  by subtraction: 

K , I K ,  
HOCO(CH,),,COOH + -- OCO(CH,),COO- - -* 2 HOCO(CH,),COO- ( I  9) 

3, 

4 

S 

1 

2 

2 

Other examples have bcen discussed by Benson"' and Welvart". The 
above treatment involving rotational partition functions is equivalent to 
ascribing to a species with symmetry number ui an entropy of symmetry 
of R In 0,. 

Another contribution to the free energy of ionization is the entropy of 
mixing due to 3 particular species being a d/ form. This amounts to - Rln:! 
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entropy units, and Welvart- has demonstrated a case where this factor is 
of importance. 

To conclude, the considerations of symmetry numbers of species involv- 
ed in an ionization equilibrium may sometimes lead to small but signifi- 
cant corrections in the experimental K,. Since small factors are often 
discussed in terms of electronic effects, it is important to ascertain that 
they are not of this origin. 

IV. CONFORMATIONAL ASPECTS 

A. Rotation Around the C-COOH Bond 

It has long been recognized that a characteristic difference in acidity 
exists between axial and equatorial carboxyl groups in cyclohexane sys- 
tems, the axial conformer being the weaker acid (see section VIII. A). 
Only recently has it become possible to  demonstrate that the conforma- 
tional situation around the C-C bond connecting the carboxyl group to 
the rest of the molecule, in this particular case the cyclohexane ring, is also 
of importance in connection with a ~ i d i t y ? ~ - ~ ~ .  It is therefore appropriate 
to review the unfortunately somewhat meagre data concerning this prob- 
lem. 

From its microwave spectrum, acetic acid was shown to possess a three- 
fold barrier to internal rotation around the C-C bond of 0.48 kcal/moleZG. 
An earlier value of 2.5k0.7 kcal/mole determined by heat capacity meas- 
urementsZG, was dismissed since the result was probably influenced by as- 
sociation phenomena. The structure of the stable conformer was not given, 
but it is highly probable that it is analogous to the situation in  acetaldehyde 
and acetyl fluoride, chloride, bromide, aiid cyanide, in  which the stable 
conformer has one C-H bond and the C - - - 0  bond eclipsed (l)?*. 

H 0 

H 

Microwave studies on the mixed acetic-trifluoroacetic acid dimer indi- 
cate that in both acid parts the rotation around the C-C bonds is almost 
completely freez9. For the acetate ion itself nclthing appears to  be known 
in this respect, but some data on substit ited ecetic acids and their ions 
are available. On the basis of Raman spectra in aqueous solution, Spin- 
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nePo concluded that mono- and dichloroacetic acid and dibromoacetic 
acid, as well as the corresponding ions, exist solely in a conformation 
(2 and 3) with eclipsing C-X and C O  bonds (C-0 in the acid). In mono- 
bromoacetic acid and its ion two conformations in roughly equal amounts 
seem t o  coexist (4, 5, 6, and 7), whereas in iodoacetic acid and its ion the 

(4) (5) (6) (7 )  

gauche form predominates. A similar trend was observed in substituted 
ace tophen~nes~ '  : the conformation with eclipsed C--X and CO bonds is 
increasingly favored in the series iodo < bromo cl chloro x dichloro 2 
2 dibromo derivatives. A similar trend is observed for 2-halocyclohexa- 
nones32. In the series 8, X = F, C1, and Br, the equatorial conformer be- 
comes less and less favored, the equilibrium mixture in benzene solution 

X 

containing 77%, 440/,, and 24%, respectively, of the equatorial form. 
Chloroacetyl chloride, bromoacetyl 'chloride, and bromoacetyl bromide 
have stable conformations analogous to  2, and for the latter two com- 
pounds the energy difference between this conformation and the less stable 
one (probably the one with eclipsed C-H and C-0 bonds) was found 
to  be 1-0 and 1.9 kcal/mole, respectively3J. 

Unfortunately, nothing appears to  be known about the coiiformational 
situation in propionic acid and the higher fatty acids or their ions. A com- 
parison with some aldehyde data may be helpful: in p r ~ p i o n i c ~ ~  and jso- 
butyric aldehyde3j the favored conformation has a methyl group eclipsed 
with the carbonyl oxygen (9 and 11). I n  the latter compound, the free 
energy difference between 11 and the less stable conformation 12 
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( 1 1 )  (12) 

is about 1-3 kcal/mole, and the barrier to rotation is 2 kcal/mole. In 
cyclopropane c a r b ~ x a l d e h y d e ~ ~  the two conformers 13 and 14 are of 
almost equal energy and separated 

by a barrier to rotation of 2-5 kcal/mole. Note that in 13 and 14 the plane 
of the aldehyde group bisects the angle C(21-C(l)-C(3b, rather than the 
carbonyl oxygen and a CH:! hydrogen being eclipsed. This  was considered 
to be due to the different hybridization in the cyclopropane ring. 

As mentioned above, no experimental value for the internal barrier to 
rotation in the acetate ion appears to be known. On the basis of the 
similarity to the isoelectronic molecule nitromethane, which has a six-fold 
barrier of 0.006 kcal/niole, it has been concluded that rotation should be 
essentially free". Thus, it appears to be a reasonable assumption that the 
preferred conformation of carboxylic acids (and their ions) of the type 
RCH2COOH and RzCHCOOH, where R is a group of small or moderate 
size (e .g .  F, C1. Br, CH3, or  -CH2). has an R group and the carbonyl 
oxygen eclipsed. If R has greater steric demand (e.g. I )  the conformation 
with eclipsing hydrogen and carbonyl oxygen will dominate. A crude 
estimate using Spinner's results shows that for chloro-, dichloro-, and 
dibromoacetic acids and their ions in aqueous solution the former con- 
formation is favored by an enthalpy difference of at least 2 kcal/mole and 
for bromoacetic acid and its ion by 0.4 kcal/mole. For iodoacetic acid 
and its ion the gauche form appears to be more stable than that with 
eclipsing iodine and oxygen by at least 3 kcal/mole. 
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It would be highly desirable to have a n  estimate of the enthalpy differ- 
ences between the conformers of propionic acid corresponding to 9 and 
10, and of isobutyric acid corresponding to 11 and 12. These enthalpy 
differences might be expected to reflect the behavior of acids in the fatty 
and alicyclic acid series, since in such acids the conformational situation 
around the C-COOH bond is similar to that in either propionic or  iso- 
butyric acid. The importance of conformational factors has recently been 
emphasized by ionization constant s t iidies of certain cyclohexane carboxy- 
lic acidsz3-”. 

6. Rotation Around the CO-OH Bond 

In  the carboxyl group itself rotation around the OH bond produces a 
cis and a t ram conformation (15 and 16). The cis 

/y O 
‘04 ‘a 

R--C R-C Yo 

I 

conformer is more stable than the t r a m  by 2.0 kcal/mole and the barrier 
t o  rotation is about 1 I kcal/mole for the cis-trans conversion (known from 
studies37 on the microwave spectrum of formic acid). Thus, the situation 
in the carboxyl group is similar to that in amides and esters. This coofor- 
mational change is of some importance in connection with intraniolecular 
hydrogen bonding in dicarboxylic acids and their monoanions (section 

The above discussion has been concerned with the conformational situa- 
tion within the carboxyl group and around the bond connecting the car- 
boxyl group with the rest of the molecule. Of course, the conformation of 
the rest of the molecule is of no less importance for acidity, but a treatment 
of these aspects will be deferred to later sections (V111. A and VIII. C). It is, 
however. appropriate to stress that a n y  experimental ionization constant 
is a weighted mean of those of all possible conformations, and consequently 
interpretations of data from conformationally flexible acids. such as the 
aliphatic ones, must be undertaken with great care. 

VIII. c. 1). 

V. T H E R M O D Y N A M I C  F U N C T I O N S  

A. Calculation of Thermodynamic Functions of Ionization Equilibria 

The ionization constant A’ is related to the standard free energy of ioni- 
zation 4G0 through the familiar equation (20). Addiiional, although not 

AGM = - RT In A‘ 3.3 R T  ph‘ (20)  
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always easily interpretable, information can be obtained by accurate meas- 
urements of K over a range of  temperature^^^. As a first approximation, 
the standard enthalpy and entropy of ionization (4Hn and ASo, respecti- 
vely) are related to K according to the simple van't Hoff equation (2!), 

(21) 

where A = A S O / R  and B = - AI-I"/R. Equation (21) assumes constancy 
of 4 H 0  and 4S0, but since these conditions cannot be expected to be 
fulfilled except in very narrow temperature intervals, other empirica: 
equations have been developed. Normally, one finds that 4 H 0  is a function 
of temperature (equation 22) ,  i.e. the 

In K = A + BIT 

- Ilc; dAHo 
d T  

- (22) 

ionization process is accompanied by a change in heat capacity (AC;) .  
Assuming that 3C: is constant in the temperature range investigated. In K 
can be expressed in the form (23), 

In K = - A/HT-  B In TIRf D (23) 

from which 4 H " a n d  AC;,!can be obtained as A - BTand - B, respectively39. 
As a next higher approximation one attempts to  account for the dependence 
of ACF on temperature, e.g.  by the equation (24) 

log K = - A'IT- C'T+ D* (24) 

used by Harned and Robinson4" for the systematic computation of thermo- 
dynamic functions of ionization equilibria. From A',  C*, and D' the 
thermodynamic functions a re  obtained as AGO = A' - D ' T f  C'T?, A H n  = 

= A ' - C ' T S ,  AC; = -2C'T, and ASo = D'-C'T, where A',  C', and D' 
equal 2.3T times A',  C', and D'. 

lves and Pryor" used the simple quadratic equation (25) t o  

In K = A i B T f C T ?  (25)  

represent their early results o n  thc ionization of haloacetic acids. Equations 
(23), (24), and (25) are relatively easy to fit t o  the experimental results using 
a least squares treatment and h a w  been used for a large number of early 
computations. With the widespread availability of digital computers during 
recent years, niore complicated equations including cubic or higher terms 
in T c a n  be easily handled, and it is also possible to get a more rigorous sta- 
tistical treatment of the errors involved. Thus, Clarke and Glew" have 
demonstrated that rquation(26) is the best one lo use for obtaining un- 

In K = A +  B / T + C  In T +  DT+ET2 t FT? (26) 

biased t her 111 od y n ii m ic f u  nc ti o 11s for ionization eq ui I i br ia . 
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Since AH'' and AC; are computed by successive differentiations of In K 
with respect t o  temperature, it is important to note that these functions, 
especially AC;, are less precisely known than In A'". For equation (24), 
using pK values a t  0", lo", 20", 30', 40". and 50" wi th  an accuracy of - 0-02pK 
units, typical of measurements with a pH-meter, the errors in the corres- 
sponding values of A H 0 ,  AS0, and AC;aret0-2 kcal/mole, k 0.65 cal/rnole/ 
degree. and II 27 cal/mole/degree, respectively. With a precision of t_O.001 
in pK, attainable only i n  very careful work, the corresponding errors will 
be -t 0.01 kcal/rnole, 2 0.003 cal/molejdegree, and 1.3 cal/mole/degree. 
For a narrower temperature interval the errors will be appreciably larger. 
It is evident that any meaningf-ul calculation of 4Cp" must rely on very accu- 
rate pK data. 1ves and Marsden7 have nieasured pK values with an accu- 
racy of A 0.0001 7, which is sufficient not only for the accurate calculation 
of ACE but also to demonstrate that 4C: actually varies with temperature. 

With recent developments in reaction calorimetry it has become possible 
to measure enthalpies of ionization directly". Improvements in experimen- 
tal technique will probably also make accurate measurements of ACE 
feasible i n  the near future44. 

B. Discussion of Thermodynamic Functions of Ionization Equilibria 

Table 3 is a compilation of thermodynamic functions for carboxylic acid 
equilibria at 25". Care has been taken to include values of high accuracy 
since any discussion of such data relies heavily 011 the significance of differ- 

TABLE 3 .  Thermodynamic functions for carboxylic acids relative to thosc of acetic 
acid at 25O in water 

Acid 

- - -  

Acetic 
For in ic 
Propionic 
Butyric 
Isobutyric 
Valcric 
lsovaleric 
Hexanoic 
I soh esa n o i c 
Trimet hylacctic 
Diethylacet ic 
Fluoroace I ic 
Difluoroacetlc 
Trifliiol-oacetic 

.lGr 

(kcal/mole) 
log lir 

0 0 
0.99 - -  1.35 

-0.12 0.16 
- 0.96 0.08 
--0-10 0.14 
-- 0.08 0.1 1 
- 0.02 0.03 
-0.10 0.13 
-- 0.09 0.12 
-- 0.27 0.37 

0.02 - 0.03 
2.17 - 1.97 
3 .4  j -- 4.7 I 
4.54 - 6.20 

0 45 
5 45 

- 1  45 
- 3  45 
- 4  45 
- 3  46 
- 3  46 
-- 3 46 
- 3  46 
- 3  46 
- 6  46 

6 41 
16 47 
21 47 
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(Table 3 :  continued) 

Acid Relircnce 
A1Cr A l f  A S :  

log K ,  (kcallmole) (kcallmole) (e.u.) 
- 

Chloroacetic 
Dichloroacetic 
Trichloroacetic 
2-Chloropropionic 
3-Chloropropionic 
Bromoacetic 
Dibromoacetic 
Tribromoacetic 
2-Bromopropionic 
3-Bromopropionic 
Cyanoacet ic 
Diisopropylcyanoacc tic 
Glycolic 
Methoxyacetic 
Lactic 
Trirnethylarnmonioacetic 
Glycine 
a-Alaninr 
B-Alanine 
Oxalic (1) 
Oxalic (2) 
Malonic (1) 
Malonic (2) 
Succinic (1 j 
Succinic (2) 
Glutaric (1) 
Glutaric (2) 
Diethylmalonic ( I )  
Diethylrnalonic (2) 
Ethyl(isoamy1)malonic (1) 
Ethyl(isoamy1)malonic (2) 
Fumaric (1) 
Furnaric (2) 
Maleic (1) 
Maleic (2) 
Tartaric (1) 
Tartaric (2) 
Citric (1) 
Citric (2) 
Citric (3) 
Benzoic 
p-Brornobeiizoic 
p-Nitrobcnzoic 
Salicylic 
2-Furoic 
Phthalic (1) 
Phthalic (2) 

I .89 
3.52 
4.12 
1.88 
0.77 
1.86 
3.36 
4.90 
1.79 
0.77 
2.29 
2.20 
0.93 
1.19 
0.90 
2.94 
2.41 
2.4 I 
1-31 
349  

- 1.06 
1.93 

- 0-94 
0.55 

0.42 
- 0.66 

2.55 
- 2.53 

2.26 

1.66 
0.16 
2.85 

- 1.57 
I .72 
0.45 
1.63 
0.00 

- 1.64 
0.56 
0-76 
1.32 
I .76 
1.49 
1.81 

- 0.66 

-- 0.88 

- 2.55 

-2.58 
- 3.80 
- 5.52 
-2.57 
- 1.05 
- 250 
- 4.58 
- 6.70 
- 2.44 
- 1.05 
-3 .13  
- 3.00 
- 1.28 
- 1.63 
- 1-23 
- 4.01 
- 3-29 
- 3.29 
- 1.65 
- 4-77 

1.45 
- 2.64 

1.2s 
- 0.75 

1.20 
- 0.56 

0.90 

3 4 5  
- 3.08 

3.48 
-- 2.26 
- 0.22 
- 3.89 

2.14 
- 2.35 
- 0.6 1 
- 2.22 
0.00 
2.24 

- 0-76 
- I .04 
- 1-80 
- 2.40 
- 2.04 
- 2.47 

- 3.48 

0.90 

-- 1-05 
0.3 
I .57 

- 1.43 
- 0.25 
-- 1-17 

0.57 
0.87 

- 1.24 
-0.25 
-0-83 
- 3-33 
0.15 

- 0.89 
-0.10 
-0.01 

I 4 0  
0.69 
1.25 

- 1.43 
0.36 

0.87 
0.13 

- 0.95 

- 0.99 

- 0.05 
-0.51 
- 1.18 
- 0.75 
-- 1.24 
- 0.29 

0.18 

0.15 

0.8 I 
0.3 1 
I .07 
0.65 

- 0.73 
0.17 
0.22 
0.14 
0.80 

- 1.19 
- 0 3 7  
-- 0.43 

- 0.6 1 

.- 0.76 

5 
16 
34 
4 
5 
5 

14 
20 
4 
4 
8 

- I  
5 
2 
4 
13 
14 
13 
10 
13 

-3  
10 

-7  
5 

- 4  
2 

- 5  
8 

- 14 
8 

- 13 
8 
I 

13 
- 10 

I 1  
3 

I I  
2 

- I 1  

4 
7 

I 1  
3 
6 

- 4  

-4 

41 
47 
17 
43 
43 
41 
47 
47 
33 
43 
35 

7 
43 
49 
50 
51 
53 
5 3  

13 
43 
43 
43 
43 
4 3  
43 
43 
43 
4 3  
43 
43 
43 
43 
43 
43 
55 
5 5  
56 
56 
56 
43 
57 
57 
58 
59 
60 
60 

54 
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ences between small numbers. Thermodynamic functions are given rela- 
tive to acetic acid (equation 8, Ro = CH3) and are denoted AC, A@, and 
AS:. For acetic acid, the following values were used: pK = 4-76, AHO = 
= -0.07 kcal/mole, AGO = 6-49 kcal/mole, and 4s' = -22 cal/mole/ 
degree. 

Inspection of Table 3 reveals some important factors which must be 
considered in any discussion of acid strength in terms of molecular struc- 
ture. First of all, small differences in pK should be interpreted with great 

Temperature ("c 1 

FIGURE I .  Plot ol' K versus temperature for alkanecarbosylic acids. ( 1 )  Diethyl- 
acetic acid, (2) isovaleric acid, (3) butyric acid, (4) valeric acid, ( 5 )  isocaproic 
acid, (6) isobutyric acid, (7) caproic acid, (8) acetic acid, (9) propionic acid, and 

(10) trimelhylacetic acid. Data were taken from refercncc 9. 
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4 0 -  

care, since it is often possible t o  invert the order of acid strength by a rela- 
tively small change in temperature. Figure 1 shows plots of K versus tem- 
perature for ten alkanecarboxylic acids in the p K  range 4.75-5.03, and it is 
easy to see thzt 21 large number of acid pairs invert their relative acid strength 
a t  some temperature. Also, if pK values are compared at 60" instead of the 
convenient but arbitrarily chosen temperature of 25': a slightly different 
picture is obtained. At 25", the ionization constants are fairly well spread 

r. 
9 

0 

2.0 

kL 
8 

0.0 

- 2 0 ,  

FIGURE 3,. Ploi or log K ,  against &,is; for the acids tabulatcd i n  Table 3 
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over the whole interval, whereas a t  60' the ionization constants of mono- 
and dialkylacetic acids fall wi th in  ;I very narrow range, outside which acetic 
and trimethy1:~etic acia5 emerge as slightly stronger and iveaker. respecti- 
vely. The appearance of inversions i n  relative acid strength is not limited 
to thc fatty acid series but can also be found among substituted acetic 
acids. To take an extreme example. ciiisopropylcyanoncetic acid and 
p-alanine with pK values at 25' 2.55 and 3-55. respectively, will invert their 
relatibe acid strength a t  about 110'. 

For a symmetrical reaction likc(Y) one wou!d expect that the entropy term 
would be approsimately zero. As is seen from Table 3 a n d  Figure 2. which 
shows a plot of log h', against IS:, this is certainly not the case. Instead, 
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the log K ,  value is almost entirely governed by the entropy term, and there 
is no correlation whatsoever between log K, and A@, nor  can any enth- 
alpy-entropy relationship be found. There is every reason to  believe that 
this entropy dependence is caused by differences in solvent-solute interac- 
tions. 

From the point of view of current electronic theories about substituent 
effects, tlie lack of correlation between log K, and AH:is somewhat disturb- 
ing, since it is thought that differences in potential energy, i.e. inductive and 
resonance effects, should be largely reflected in this term"'. Thus, accord- 
ing to the simplest electronic view, the inductive effect from a dipole is 
transmitted by successively weaker polarizations of the (T bond framework, 
thereby either strengthening (17) or  loosening (18) the 0 - H  bond. It is 

evident that any such effect does not occur in the AH: term, nor 
can this theory account for inversions in relative acid strength on tem- 
perature changes. The extended electronic view that a n  electron-attract- 
ing substituent increases acid strength by decreasing solvent orientation 
around the anion through better dispersion of its negative charge, leads to 
the prediction that AH: and 4s: must always have opposite sign and hence 
this theory also does not provide for the occurrence of inversions in relative 
acid strength. 

Entropy-controlled ionization equilibria are not unique to the carboxylic 
acid series. It has been shown that the ionization of both phenols62 and 
thioll" are dependent on entropy changes. Conversely, AH" is the major 
contribution to  the variation in  pK of cyanocarbon acidsG3 over a pK range 
of -- 5.S t o  i i.2. 

H e p l ~ r - ~ ~ ' ,  stressing that any theory of the thermodynamics of ionization 
in solution must be concerned with the properties of the solvent used and 
with solvent-solute interactions, tricd to solve tlie problem by dividing 
enthalpy and entropy contributions to the free cnergy change accompany- 
ing reaction (8) into csferrral and i t i /wiuf  ones. External contributions are 
associated wi th  sol irent-sol Ute interactions, whereas interna I contributions 
affect enthalpy and entropy differences within the molecules and ions. 
Resonance and inductive efl'ects obviously belong to the latter type and it is 
therefore important to t ry  to separate these from the external contributions. 
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Hepler accordingly wrote AH: and AS: as a sum of esternal and internal 
contributions (equations 27 and 28). (AS,O);,, must be very close to zero 

for the symmetrical reaction (8), as can be shown by Pitzer's methodG"", 
and it is further assumed that (Aify)cxc is proportional to (propor- 
tionality constant p) ,  which follows from the assumption that Born's 
equation"' is valid. I t  is then easy t o  derive the expression (29) for 
(4H9in1, and i t  on ly  remains to assign a reasonable value to p. A value o f  

(AHPji,, = >H:-/I AS: (29) 

/j = 284" K was deduced on the basis of the assuniption that (AH:)inl is 
proportional t o  $-- I!: for a series of methyl-substituted phenols where i p s  

and vu are the stretching frequencies of the free 0-H group for a subs- 
tituted and unsubstituted phenol, respectively. Other estimates _give 
similar values of 8, and Hepler chose p = 280" for his calculations and 
discussions, values of being fortunately not itcry sensitive to 
the choice of p. Substitution of equation (29) into AH: = AG;-TASf 
gives equation (30), where the second right-hand term is much smaller 

than unity for 6 values close to  T. Accordingly 1G:z  demonstrat- 
ing that the free energy change of an ionziation process is actually a 
valid approximation for changes in potential energy wi th in  the species 
participating i n  the equilibrium. 

Using LL more elaborate treatment based on the consideration of liydra- 
tional equilibria, Ives and Marsden' have arrived a t  the same conclusion, 
with the difference that $ i n  equation (29) is actually equated with T. the 
absolute temperature at  which the measurements are made. 

Thus, it follows that 4.G" is the thermodynamic function best suited for 
discussion i n  relation to niolecular models rind electronic effects operating 
within these. since it is much less sensitive than A H o  dC AS" -to -coniplica- 
tions introduced by the solvent cmploycd in piiriicular investigation. l t  
must be emphasized, though, that n o  thermodynamic function can complet- 
ely eliminate the eff'ects of solvent-solute interactions: therefore there will 
always be a]; inherent uncertainty attached to any  substituent parameter 
derived from therniodynamic data,  
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VI. KINETICS OF CARBOXYLIC ACID IONIZATION 

During the last decade it has become possible to measure the kinetics of 
very fast proton transfer  reaction^^^-^', enabling a n  analysis to  be made of 
ionization equilibria in terms of a dissociation and a recombination reac- 
tion with experimental rate constants k, and k,, respectively. Using the 
high level faradaic rectification method, Nurnberg and Diirbeck68 have 
determined k, for a number of carboxylic acids (equation 31), and k ,  is 
then obtained from kd and Kc, 

RCOOH (as)+ H,O -7- RCOO- (aq)+ H,O+ (as) (31) 
kd 

k r  

the equilibrium constant under the conditions employed, through the ex- 
pression k, /k ,  = Kc. Their kinetic data, together with the corresponding 
pK values, are given in  Table 4, while Figure 3 shows plots of log k, and 

T A n L E  4. Rate constantsGR for  the  ionization (kd) a n d  recombina- 
tion (k,) steps of  carboxylic acid equilibria in 1 M LiCl at 20° 

Acid 

Formic 
Acetic 
Propionic 
Butyric" 
Valeric 
Lactic 
Phenylacctic 
Mandelic 
Benzoic 
Salicylic 
m-H ydroxybenzoic 
p-Hydroxy benzoic 

18.0 
1.39 
0.82 
0.67 
0.87 
3-85 
4-48 
40.9 
4.0 
9-3 
7.7 
2.27 

4.8 
3.8 
3.1 
2.2 
2.9 
0.86 
4.4 
4.5 
2.8 
0.4 
4.2 
4.0 

3-75 
4.76 
4.87 
4.8 I 
4.83 
3.86 
4.3 1 
3.40 
4.20 
2.99 
4.08 
4.59 

At  16.5". 

log k ,  against pK. Except for some acids capable of giving intramolecular 
hydrogen bonds in the anion (lactic, salicylic), log k ,  is linearly correlated 
with pK, whereas log k ,  is constant within the limits of error (t 30% in k , )  
for the range of acids investigated. These acids are said to exhibit 'normal' 
behavior. 

The numerical average value of k,  = 3.7 x 10'" l/mole/sec for the normal 
acids is in accordance with the rate-determining step for recombination 
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being the diffusion-controlled approach of a hydrated hydrogen ion 
and a hydrated anion to  a critical distance of 7-8 A ,  for which a 
theoretical value of k, = 4-9X 1Olo I/mole/sec can be estimated. At 
this distance the two hydrated species can form a 'latent ion pair' (19), in 

- k k  H H -  YI 
H+ (aq) + RCOO- (aq) LL - \&-- 0 -- -. 

k g  H/ \H. \C--R ku 

.. / (19) '0 

which the proton and  the anion are separated by a well-defined hydrogen- 
bonded system (equation 32). Once the latent ion pair has been formed 
valence bond reorganization of the system can occur a t  a much higher rate 
than the latent ion pairs are formed by diffusion-controlled encounters of 
the hydrated species. This type of ultra-fast proton transfer has been de- 

PK 
FIGURE 3. Plot of log k, (open circles) and log k ,  (solid circles) versus pK for the 
acids given in Table 4. The two pairs of points deviating from the linear rela- 

tionships correspond to lactic and salicylic acid, respectively. 
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monstrated to occur in ice, where the hydrogen bond system in the crystal 
structure allows the proton-jump mechanism over distances limited only by 
the number of disruptions of the crystal lattice. The same mechanism can 
also occur in  the liquid state, although the ice-like order in water is likely to 
be of short range, such as is the case in the latent ion pair 19. The rate con- 
stant of the proton-jump reaction is of the order of 10I3/sec. 

Equation (32) defines rate constants for the individual steps in the forma- 
tion of the latent ion pair, the proton-jump reaction, and the reversal of 
these reactions. The experimentally accessible rate constants k,  and k ,  are 
related t o  k,, kb. k,, and k: for the case of a diffusion-controlled reaction 
between RCOO-(aq) and HaO+(aq) (k, c k:)  through equations (33) 
and (34). 

k, 
k ,  = k , - = k  DKu (33) k: 

k ,  = k b  (34) 

The dissociation step consists of a transformation of RCOOH (aq) into the 
latent ion pair, for which either a retransformation into RCOOH (aq) or a 
diffusive separation into RCOO- (aq) and H30+  (aq) is possible. For the 
latter process, the rate constant k, for a normal acid (i.e. free from cornpli- 
cations due to intramolecular hydrogen bonding) should be independent of 
the structure of the acid just as k b  is. The theoretical value of k, a t  zero 
ionic strength is calculated to be about 2X 101O/sec. Thus, k, being essen- 
tially constant for normal acids, the experimental rate constant k ,  for the 
dissociation process is determined by the ratio k, /k:  = K,, the equilib- 
rium constant for the dissociation of RCOOH (aq) into the latent ion pair. 
I t  is K ,  which is sensitive to changes in the structure of RCOOH, and 
since k ,  is also approximately constant, variations in  the equilibrium 
constants of carboxylic acids originate from variations in the rate constants 
of dissociation k,  (Figure 3). 

For acids capable of forming an intramolecular hydrogen bond in the 
anion (e.g.  salicylic acid) there will be an equilibrium between anions 
having an internal hydrogen bridge and anions which have been opened 
by an internal rotation process. Opening and closing of the intramolecular 
hydrogen bond occurs at a very high rate. This means that only the frac- 
tion of the anions which have just been opened is accessible for intermole- 
cular hydrogen bond formation to form latent ion pairs, and thus k ,  will 
be correspondingly smaller. Table 4 shows that this is the case for salicylic 
and lactic acid. 

For an extended discussion of the kinetics of proton transfer processes 
the reader is referred to Eigen's excellent reviews", G7. 
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VII. S O L V E N T  EFFECTS 
A. Classification of Solvents 

For the purpose of discussing medium effects on carboxyl group acidity, 
solvents are conveniently divided into four groups. 

(1) Protic solvents of high dielectric constant, such as water (D = 78-5), 
ethylene glycol (D = 37-7), methanol (D = 31-5), ethanol (D = 24-2), 
and formamide ( D  = 110). These solvents can function in hydrogen bond- 
ing both as donors and acceptors, and their dielectric constants are high 
enough to  exclude ion pair formation, which causes complications in 
protic solvents with dielectric constants lower than about 25. 

(2) Protic solvents of low dielectric constant, such as rt-butanol ( D  = 
= 17.4) and rn-cresol (D = I I-S), which possess good hydrogen-bonding 
properties both as donors and acceptors but which will tend to favor the 
formation of ion pairs or  largcr aggregates. 

(3) Dipolar aprotic solventse0 of a relatively high dielectric constant, 
such as N,N-dimethylformamide (DMF, D = 36.7), dimethyl sulfoxide 
(DMSO, D = 46.7), and acetonitrile ( D  = 37), which can function only 
as hydrogen bond acceptors, acetonitrile being considerably weaker as 
such than the two others. In these solvents, care has to be taken to  exclude 
effects of ion pairing and the formation of conjugated species, such as  
RCOOH. . . . OCOR, which is especially pronounced in acetonitrile 
because of its low hydrogen bond acceptor strength. 
(4) Inert or  nearly inert solvents of low dielectric constant, such as  

benzene ( D  = 2.3) or chloroform (D = 4-8). Here one actually measures 
association constants between a series of acids and a common added 
base, such as triethylamine, and measurements are complicated by the 
formation of conjugated species and by the existence of the carboxylic 
acid monomer-dimer equilibrium. 

8. Electrostatic Theories of Solvent Effects 

Since excellent reviews on medium effects upon acidity from the elec- 
trostatic point of view are available'.5, only a short summary of the most 
important conclusions will be given here. Inslcad, emphasis will be laid 
on  specific solvent effects. such as hydrogen-bonding and dispersion effects, 
i n  which field considerable progress has been made during recent years. 
The discussion will also be limited to piire solvents because of the objec- 
tions which can be raiscd against the use of niixed solvents (section 11. C). 
F o r  a discussion of ionization equilibria in  water-organic solvents the 
reader is referred to the book by King'. 
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Electrostatic theories of solvent effects upon ionization equilibria are 
based on the simple Born model of an ion as a conducting sphere of radius 
r immersed in a homogeneous isotropic linear medium of dielectric con- 
stant D. To eliminate the problem of the medium effect of the proton, 
comparisons between relative acidity constants (K, in equation 8) in differ- 
ent solvents are  preferred to  the considerably more difficult task of deriv- 
ing absolute values of acidity constants. Using the Born model, Wynne- 
Jones'O made an electrostatic calculation of the effect of a change in dielec- 
tric constant o n  K,, resulting in equation (35) for matched pairs of carbo- 
xylic acids, where KT is the value of Kr in a hypothetical medium of 

infinite dielectric constant, e is the electronic charge, k is the Boltzmann 
constant, ro is the common radius of the reference acid and this ion, and r 
is the common radius of the acid of interest and its ion. Thus, equation 
(35) predicts a linear correlation between log K ,  and I / D  with different 
slopes for different acids, depending on ro and r .  

Equation (35) is approximately valid for carboxylic acids in  a series of 
solvents which are chemically very closely related, such as water, ethylene 
glycol, methanol, and ethanol, whereas i t  does not hold if a solvent of high 
dielectric constant but of different type, such as formamide, is included''. 
Although the dielcctric constant of formamide is larger than that of water, 
log K,. values are nevertheless larger in formamide than water. This effect 
has been ascribed t o  the formation of a cyclic hydrogen-bonded complex 
between formamide and the undissociated carboxylic acid". A similar 
effect is observed for ionization equilibria in N-methylacetamide (D = 165), 
where the ph' of acetic acid is 7.14. N o  other acids have been studied in 
this medium, but it is known that trichloroacetic acid gives a solid I : 1 
complex with N-rnethyla~etarnide~~.  Of course even greater deviations are 
to  be expected for comparisons between solvents chosen from the different 
groups defined above, since the simple electrostatic picture does not 
account for specific sol vent-sol ute interactions. 

Also, any theory which predicts a linear correlation between log K,  and 
1 / D  will lead to the prediction that IGY should be linearly correlated 
with AS; for a single solvent". " I .  as is indeed found for a wide range of 
carboxylic acids (Table 3 and Figure 2). 

Electrostatic theories o f  substituent effects i n  acids containing a charged 
o r  a dipolar substitucnt usually predict an inverse variation with the macro- 
scopic dielectric constant of the solvent (the Bjerrum equation 53) or  the 
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effective dielectric constant (the Kirkwood-Westheimer equation 54). 
These equations will be dealt with i n  section VIII. B. 2 in connection with 
substituent effects. Like Wynne-Jones’ treatment, they do not include 
terms for specific solvation effects, and it is difficult to test them with 
respect to medium effects because of the lack of suitable data. I n  the few 
cases where testing is possible, King75 has demonstrated that the varia- 
tion in log K ,  with dielectric constant is best represented by the Kirkwood- 
Westheimer treatment. 

c. Specific Solvent-Solute lnteractions 

In view of the substantial differences in  solvent properties between the 
solvent groups (1)-(4) referred to above, there is no a priori reason to 
expect that log K ,  values ( K ,  taken in the wide sense, i.e. including rela- 
tive association constants in solvents of low dielectric constant) shocrid 
correlate well with those measured in aqueous solution. In his survey on 
the effects of the medium upon acidity. Bell5 nevertheless concluded that 
the relative strengths of acids of the suine charge arid chemical type are 
independent of solvent. Later investigations i n  other solvents do not 
invalidate this statement as far as gross eflects are concerned, but i t  must 
be remembered that inversions in relative strength between acid pairs of 
similar acidity do sometimes occur, just as they do in a single solvent when 
the temperature is changed slightly. 

The electrostatic contribution to the solvent effect, as defined by equa- 
tion (35), depends on only one structural parameter of the species parti- 
cipating in an ionic equilibrium, namely size. This is of no particular chemic- 
al interest. The most important and chemically interesting solvent effect 
originates from interactions between solvent and solute, such as hydro- 
gen-bonding, dipole-dipole, and dispersion interactions. which are closely 
related to the molecular structure of the acid and its ion. Hydrophcbic 
bonding may also be included to complete the list of intermolecular forces, 
although it is a type of bonding unique to compounds having nonpolar 
hydrocarbon groups in aqueous solution. 

A well-known manifestation of the strong hydrogen-bonding ability of 
carboxylic acids7G is the formation of cyclic dimers (20) in the gas phase or 

~CgO. - .H  0, BC 2 RCOOH - -.-- 
‘ 0  H....O 

(20)  

in nonpolar solvents, such as benzene or carbon tetrachloride”. I n  protic 
and dipolar aprotic solvents at low acid concentrations the dimers are 
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broken up  to form 1 : 1 o r  1 : 2 hydrogen-bonded complexes with the sol- 
vent. This has been demonstrated by a variety of techniques in water76, 
alcohols7', amides"'. 73* 79 , suIfoxidesHn* ", acetonitrile7'- 82, and acetone". 82. 

The predominant formation of heteroassociated species in such solvents 
is sometimes due to a simple mass act'ion effect, as for example for acetic 
acid*O in DMSO, where KSclrassn. is 1730 and Khc,cro;rssn. is 380, and some- 
times t o  an inherent instability of t he  dimer, as for example for acetic acid 
in  waters3, where Ksclrarrn. is about 0.1. Even in solvents like carbon tetra- 
chloride and benzene, there are indications of hydrogen-bonding between 
RCOOH and chlorine or  RCOOH and the x-electron system, resulting 
in lower dimerization constants than in completely nonpolar solvents76. 

Hydrogen bonding of the type RCOOH. . . B, where B is a nitrogen base, 
has been studied extensively both i n  :he solid and liquid and 
it is possible to  demonstrate the transformation from RCOOH. . . B into 
a hydrogen-bonded ion pair RCOO - . . , . HB' a t  a critical pK difference 
between the acid and the nitrogen base. Some of these complexes have 
hydrogen bonds of the single minimum type, and it appears that the type 
of bond is the same whether the complex is in the solid phase or in an  
acetonitrile solution. 

The ability of RCOO- to  form hydrogen bonds with proton donors is 
also well documented. Apart from the above-mentioned case of hydrogen- 
bonded ion pairing, carboxylate groups can form hydrogen-bonds t o  a 
phenolsG (21a) o r  to a molecule of the corresponding acid (21b). Species 
(21b) has been denoted as a 'homoconjugated' anion by Kolthoff and 

(2la) (21b) 

Chantoonib7. Homoconjugated anions have attracted considerable inter- 
est during recent years, since it has been shown by X-rayM8-", neutron 
difiractiong"~ i.r.04-"6, and n.m.r.'34 measurements that some of them are 
held together by a symmetrical single minimum hydrogen bond in the 
solid phase. In solution. homoconjugated species tend to  form in solvents 
of low hydrogen-bonding acceptor ability, e.g.  acetonitrile, in which a 
number of association constants have been determi nede7-" (Table 5) .  
Figure 4 shows that the stability of the homoconjugated anion decreases 
linearly with the p K  of the corresponding acid i n  aqueous solution. The 
difference of about one power of ten between the two sets of data hitherto 
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TABLE 5 .  Stability constants of some homoconju- 
gated anions RCOOH. . .OCOR- in acetonitrile 

Acid 

Benzoic 
p-Methylbenzoic 
p-Hydroxybenzoic 
Salicylic 
p- Met hoxybenzoic 
m-Chlorobenzoic 
m-Bromobenzoic 
p-Nitrobenzoic 
3,s-Dinitrobenzoic 

3.6 

3- 1 
3.3" 

- 

- 
3-8 
3-8 
4.0 

2-63 
2.61 

- 
2.58 
2-72 

2-78 

Another studyog gave a value of 3.0-3-2. 

reported is probably due to some systematic error in  one or both of the 
widely different methods used for their determination. Generally, hydro- 
gen-bonding equilibrium constants tend to be linearly correlated with 
pK1O0. 

It is interesting that the formation of carboxylic acid dimers and homo- 

4 

IN 
=a 

LX 

- 3  
0 
0 

2 4 5 
P K  

FIGURE 4. Plot of log Kua, versus pK for the benzoic acids given in Table 5. 
Open circles correspond to Kolthoff and  Chanlooni's valucsQ7, and filled the 

ones t o  Gordon's values". 
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conjugated anions cannot always be neglected even i n  aqueous solution at 
high concentrations of acid and salt. Thus, Farrer and Rossottia3 were 
unable to described the hydrolytic equilibrium in sodium acetate solu- 
tions by means of a single parameter, and suggested that formation of 
(CH3COOH)2 and (CHsCO0)zH- might account for the experimental 
results. Log K,,,,, for (CH3COOH)a and (CH3COO),H- were then found 
to be -0.96 and - 1.0, rcspectively, whereas log K for equilibrium (36) 
was found to be 5.06, i.e. the pK for ionization of the dimer, the reverse of 

(CH,COO),H- + H+ ii-2 (CH,COOH), (36) 
K 

equation (36), is not very much different from the pK of monomeric acetic 
acid. 

Schrier, Pottle, and Scheraga1"I extended the study of the dimer equi- 
librium in  water to a few other n-alkanecarboxylic acids, and found that 
dimer formation was favored by increasing chain length. From these re- 
sults they concluded that the carboxylic acid dimer in  water is not cyclic 
(20) but open (22), and that the increase in stability with increasing length 
of the nonpolar part of the acid is due to hydrophobic bonding10a between 
the hydrocarbon portions. Support for this view is provided by studies on 
association equilibria in dilute aqeous solutions of carboxylic acid soapslo3. 

'0 

C' 
- CH,---CH,--CH,- C( 

Apart from the hydrolytic equilibrium (equation 37) which predicts the 

RCOO- + H,O Xl-. RCOOH + OH- (37) 

hydrolytic behavior of carboxylic acid soaps only at concentrations below 
lou4 M ( C I ~  soap) or lo-' M (C14 and CIS soaps), Eagland and Franks 
considered the formation of homoconjugated species (equation 38) with 
the equilibrium constant K,, and its ionization (equation 39) with an ioni- 

K D  
RCOOH -;- RCOO- ---I? (RCOO),H- 

K; 
(RCOO),H- + H,O i:-- (RCOO)22- + H,O+ 
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TABLE 6. pK values associated with equilibria (38) and 
(39) at 25" in aqueous solutionlo:; 

. . ... - . . - . .. . . - - . -_ 

zation constant Ki. Values of pKD a n d  pKi are shown for C12, C14, and 
Clo soaps in Table 6 .  The association constant K D  for the formation of the 
homoconjugated species increases appreciably with increasing chain length, 
just as is observed for dimer formation in water, and this can best beexplain- 
ed in terms of hydrophobic bonding, since there is no rezson to expect 
any great change in hydrogen-bonding donor or acceptor ability in this 
series of closely related zcids. The same factor must be responsible for the 
aggregation of ions of long-chain fatty acids into dimeric ions. as has been 
shown by Mukerjeelo4. The stability of the dimeric ion makes possible the 
determination of its ionization constant K i  (Table 6) ,  which is formally 
analogous to that of an intramolecularly hydrogen-bonded monoanion of 
a dicarboxylic acid (section VIII.  C .  1). Such monoanions have abnormally 
low ionization constants with pK values in the range 6-5-10. 

In order to provide a basis for the discussion of solvent-solute inter- 
actions and their effect on acidity, ionization constant data for carboxylic 
acids and, for comparison, phenols, in protic and dipolar aprotic solvents 
are shown in Table 7. Data are taken from investigations carried out by 
Verhoeklo5, Izmailov, Chernyi, and SpivakJoG, Konovalov107, Clare and 

and Kolthoff and coworkers"~ log, and were chosen to cover 
a representative number ofacids and solvents. All values of log K ,  are given 
relative to benzoic acid, i .r .  in the case of phenols ArOH will take the 
place of R"CO0H in  equation (8). Due to the inhomogeneity of the mate- 
rial, log K, values are probably not known with better precision than 
5 0.2 log units, except for those in water. 

Figure 5 shows plots of log (K,),,,, against log (Kr)H,O for carboxylic 
acids. Considering the magnitude of possible errors, the lines for methanol, 
ethanol, formamide, and DMF are hardly distinguishable from each 
other, whereas the lines for acetone and acetonitrile differ appreciably 
from the others. Data for carboxylic acids in DMSO are unfortunately very 
few, but the existing ones fit reasonably well with the regression line for 
acetonitrile. Regression lines for the correlations shown in Figure 5 were 
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calculated using the method of least squares and were found to be: 

log Kr H20 

FIGURE 5. Plot o f  log (K,) solvent vcrsus log (A;)H,O for carboxylic acids (data 
from Table 7). Thc lines shown correspond to equations (40-(45). For clarity, 
individual points have not bcen plotted. ( I )  Methanol. (2) ethanol. (3) form- 
amidc, (4) dimethylformamidc, (5) acetonc, and (6) acetonitrile and dimethyl- 

sulfoxide. 

The existence of different lines for different solvents or groups of solvents 
indicates a differentiating effect of the particular solvent or solvent group 
compared to water, whereas any deviation of the slope of the regression 
line from unity indicates a differentiating action of a solvent within a 
series of acids of given type. 

A similar behavior is exhibited by phenols (Figure 6 ) ,  the order of 
differentiating power being approximately the same as for carboxylic 
acids (except for D M  F). 



245 Acidity and hydrogen bonding of carboxyl groups 

Next, attention is turned to log K,. values determined in solvents of low 
dielectric constant. Here log K, values are derived from association con- 
stants for the equilibria between a series of acids and a common reference 
base, e.g. triethyIamine1]-0 or 1,3-diphenylg~anidine~~* Some represen- 

-5 0 5 
log K, HZO 

FIGURE 6. Plot of log (K,) solvent against log (K,)H,O for phenols (data from 
Table 7). ( I )  Methanol (filled triangles), (2) ethanol (open triangles), (3) form- 
aniidc (filled circles). (4) dimethylformamide (open circles), (5) acetone (open 

squares), and ( 6 )  acetonitrile and dimethylsulfoxide (filled squares). 

tative data covering different reference bases and solvents have been col- 
lected in Table 8. while Figure 7 shows that log (Kr)so,v is again linearly 
correlated with log (Kr)H,O. As before, data from only a limited number 
of investigations are included in order to have a consistent set of data for 
every base and solvent employed. For  other references to this work in this 
field the reader is referred to a recent paper by Davis and P a a b ~ ~ ~ .  

As can be seen from Figure 7, different solvent-basc combinations 
differ slightly in their ability to differentiate within the carboxylic acid 
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series. The effect is, however, not very pronounced, and the general con- 
clusion from the data in Table 8 is that within a group of solvents of the 
same nature the differentiating action is small or absent, as long as the 
same reference base is used. 

In order to  analyze the solvent effect on the individual species parti- 
cipating in an  ionization process, izmailov and Izmailova114 related KHaO 

6 

4 

c 
t 
P 2  
3 
k' 
m 
0 - 

0 

. - 2 1  , , , , , 
0 2 4 

log K, H20 

FIGURE 7. Plot of log (K,)  solvent against log (K,)H,O for carboxylic acids in 
low dielectric constant solvents (data from Table 8). (1) 1 ,2-dichloroethane/ 
triethylamine, (2) carbon tetrachloride/triethylamine, (3) chlorobenzene /triethyl- 
amine, (4) benzene/triethylamine, (5) chloroform/butylamine, and (6) chloroben- 

zene/isobutylamine. 

to KM, the ionization constant, in a solvent of interest, through equation 
(46), where yH+, yRCOO-, and yRCOOH are the medium activity coe8- 

KH 
= KLI YH + ;'RCOO - 

YRCOOH 

cients (not t o  be confused with the Debye concentration activity coeffi- 
cients, here denoted by f) for the species H + ,  RCOO-, and RCOOH, 
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defining the change in free energy on transfer from the solvent M t o  water 
by the expression log y = A C / 2 - 3 R T .  Taking logarithms of equation (46) 
and rearranging the terms, one obtains equation (47) which expresses the 

log KH,O - log KM = ~ P K M  = log Y H +  log YRCOO- - log YRCOOH (47) 

change in pK, ApKM, in transferring the process from water to M, in terms 
of medium activity coefficients. Log ~ R c o o H  and (log yH+ + log yRcoo-) 
can be obtained by e.m.f. measurements, either alone or in combination 
with solubility measurements, and if log y H + ,  which is independent of the 
acid type and determined solely by the change in  solvation energy of the 
protori on transfer from M to  water, can be estimated, the solvent effect 
on RCOO- and RCOOH can be evaluated. Values of log yHL for a 
number of solvents were calculated by I ~ r n a i l o v ~ ~ ~ ,  and are given in Table 9 
together with hpK, values for some representative carboxylic acids. 

If the change in acid strength on transfer from water to M was solely 
determined by the change in solvation energy of the proton, ApK, would 
be equal to  logy,,. Table 9 (which can be extended by many more 

TABLE 9. Values of l o g y H L  in different solvcnts together with ApK,,, values for some 
representative acids 

A P l H  
Solvent log ‘/n+ 

CH,COOH CICHtCOOH PhCOOH p-NO,C,H,COOH 

H,O 0.0 0.00 0.00 0.00 0.00 
MeOH 3.2 4.9s 4.98 5.02 4.99 
EtOH 4.2 5.65 5.65 5.93 5.46 
PrOH 4-2 - 6.12 - 
BuOH 4-7 5.60 5.44 6.04 5.69 
Acetonc 3.9 __ - 7.75 7.18 

- 

ApK, values) shows that it is indeed true that a considerable proportion 
of 4 p K M  is determined by log yH - and that there is a very rough parallel- 
ism between these parameters for closely related solvents, such as  the 
lower alcohols; but it also shows that chanses in solvation of RCOOH 
and RCOO- are important. For the dipolar aprotic solvent acetone, the 
parallelism does not hold, however. log yRcoo -log yRCOOH being the 
dominant contribution to A p KM. 

Table 10 is taken from Konovalov’s work’O’, in which log yRCooH 
values were determined by a n  e.rn.f. method instead of the less accurate 
solubility measurement method, and gives ApK,,, log yKCOok, and 
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log yRcoo- for a number of carboxylic acids on  transfer from water t o  
methanol, ethanol, and acetone, respectively. The most important trend 
(Figure 8) is that acid molecules are more stabilized in these solvents than 
in water (logy,,oo, -= 0). Anions are not much affected in methanol, 
log yRCooH ranging from 0.4 t o  -0.7, whereas in ethanol stabilization 
occurs in all cases. Conversely, anions are destabi!ized in acetone, which 

FIGURE 8. The variation of log yRcoorr and log y H c o o -  nith changes in acid 
structure. ( A )  Acetic acid, ( B )  chloroacetic acid, (C) benzoic acid, ( D )  salicylic 
acid, ( E )  2-nitrobenzoic acid, ( F )  3-nitrobenzoic acid, and (G) 4-nitrobenzoic 
acid. ( 1 )  log yRcoo-  in acetonc, ( 3 )  log in methanol, (3) log yncoo- 
in ethanol, (4) log yHCooH in methanol. ( 5 )  log yH,.OOH in acetone, and (6) 

log yttCoorc in ethanol. 

can be accounted for qualitatively because of its inability to function as a 
hydrogen bond donor. Generally, molecules and anions of aromatic acids 
seem to be more stabilized than those of aliphatic ones, although more data 
are clearly needed t o  establish this firmly. It may be noted that the sali- 
cylate anion is least affected by solvent interactions in  the series of acids in 
Tzble 10, probably due t o  its ability to  stabilize itself by ‘internal solvation’ 
through intramolecular hydrogen bonding (section VIII. C. 2). 

Thus, the hydrogen-bonding properties of the solvent appear t o  be of 
primary importance in determining ApK, on transfer from water to  M, 
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especially if M is an aprotic solvent. Both anions and molecules are affect- 
ed by solvent, the stabilizing effect being roughly parallel for the two kinds 
of species (Figure 8). 

Clare and coworkerslo8 have attempted t o  assess the importance of 
hydrogen-bonding on the relative acidities of a wide variety of acids, in- 
cluding some carboxylic ones, on transfer from a dipolar aprotic solvent 
(DMF) t o  a protic one (MeOH). For equation (48), where B - is a suitable 
reference base and HA represents a series of protonic acids, they expres- 

Kr 
HA+ 0- HB+A- 

sed (Kr)DMF as a function of ( K r ) M a H  and the medium activity coeffici- 
e nts, analogously to equation (46). These were factorized into yy,  related 
only to the change in hydrogen-bonding interactions on transfer from DMF 
to MeOH, and y:, which accomodates all other interactions (equation 49). 

* *  H H  

(K)DMF = (K)M~oH--T-~ H H 
YHBYA- YHBYA- 

YHAYB- YHAYB- 
(49) 

On taking logarithms, equation (49) can be rearranged to  equation (50). 
If the differences in log (Kr)DMF-log (Kr)McOH for a series of anions A- 

are due entirely t o  differences in hydrogen-bonding solvation of A- rela- 
tive to B- ,  then the final t w o  terms in equation (50) must be constant. This 
means that a plot of [log (Kr),co,+log yz-  1 against log (Kr)DMF should 
be linear and have unit slope. Values of log 3’2- were calculated as the 
quotient between the second-order rate constants for the reaction A- + 
CH31 -. ACH3fI- in D M F  and methanol. respectively; this could be 
shown to be a justifiable procedure. The plot thus obtained was indeed 
linear and of unit slope, demonstrating the validity of the approach. The 
conclusions of this work may be stated as follows: ‘If A- and B- differ 
markedly in their hydrogen bond acceptor properties, large changes in 
K ,  occur on transfer from DMF to MeOH. If A- and B- are equivalent 
acceptors, the change, if any, will be small.’ 

Applied to carboxylic acid ionizations, the latter statement implies that 
anions of different carboxylic acids should be approximately equivalent 
acceptors of hydrogen bonds from methanol, since log K, values on trans- 
fer from D M F  t o  methanol are largely unchansed (Figure 5 .  Table 7, and  
equations 30 and 43). 
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However, changes in log K ,  do occur on transfer from methanol to 
acetone, acetonitrile, or DMSO (Figure 5 and equations 44 and 45), indi- 
cating that the statements cited above cannot be extended to other dipolar 
aprotic solvents. Obviously, the ability of the solvent to accept hydrogen 
bonds from acid molecules cannot always be neglected (log y&/;.EA in 
equation 50 is not a constant). 

D. Dispersion effects 

Dispersion forces are weakly attractive forces between molecules, result- 
ing from interactions between electronic oscillators, i.e. instantaneous 
dipoles which are created by the motion of electrons. In the previous dis- 
cussion these forces were included in 7):. Grunwald and Price'lG have consi- 
dered the effect of dispersion forces on  the equilibrium constant of equa- 
tion (48) on transfer from water to methanol or ethanol, B- being the 
acetate ion and the acids HA being picric and trichloroacetic acid, respec- 
tively. Now the picrate ion is a delocalized electronic oscillator, being 
capable of stronger dispersion interactions with solvent than localized 
ones, to  which category the acetate and trichloroacetate ions, and undis- 
sociated picric, acetic, and trichloroacetic acid belong. If in equation (48) 
B- is the acetate ion and A- the picrate ion, one can qualitatively predict 
that K ,  will increase when the solvent molecules become stronger centers 
of dispersion, i.e., when A-, being the only delocalized electronic oscil- 
lator of the equilibrium, can have its chemical potential lowered relative 
t o  the three other localized oscillators of the system. Such a change in  K,  
is expected on transfer from water to methanol or ethanol, since the mole- 
cules of these solvents are stronger centers of dispersion than water mole- 
cules. Table 11  gives K ,  values for picric and trichloroacetic acid relative 
to acetic acid in water, methanol, and ethanol, showing that K, actually 
unchanged for trichloroacetic acid. Grunwald and Price were also able to 
demonstrate by theoretical calculations that the effect on K, is of the 
correct magnitude for a dispersion efi'ect. 

TABLE 1 1 .  K, values for picric and trichloroacetic 
acids in nater, methanol, and ethanol (acetic acid 

as  reference)"" 

10- 'K,  
Sol \cnt  . . . -. .. -. . - . - - -. . . . . -. - - - . .. 

Picric acid Trichloroacetic acid 
.- - _._ -. . .. .. . . - . . .. 

H ?O 
McOH 
EtOH 

2.6 -5 
78 6.0 

210 7 . 3  
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E. Isotope Efects 

A special case of solvent effects is the effect on ionization constants of 
the transfer of the ionization process from ordinary water to  D20. Since 
the general principles of this subject have been thoroughly discussed by Bell5 
and King'. only recent developments will be summarized here. 

A pD scale has been defined by Gary, Bates, and Robinson117, and two 
reference buffer systems are  available for calibration purposes. 

Earlier data o:i the solvent isotope effect*I8 suggested that the difference 
(pK,,-pK,,) was linearly correlated with PKHA, as in equation (51) 
where subscript H A  refers to  any protic acid in H2O. and DA t o  the cor- 

I>KDA-PKHA = a - f b  P K H ~  (51) 

responding deuterio acid in D20,  and a and h are constants. provided 
that acids capable of giving intramolecular hydrogen bonds were excluded. 
Such acids were thought t o  give anornalously high or low (pKDA-pKHA) 
values. The value of /> 2 0.02 was of the correct order of magnitude to be 
expected if the origin of the isotope effect was a difference in  zero-point 
energies for the H- and D-acids and if allowance was made for changes in 
hydrogen bonding in the dissociation process. 

As more data have become available. equation (51) has been shown to be 
of doubtful validity, a t  least for carboxylic acids"'. . H owever, phenols 
and alcohols follow this relationship"'. and for carboxylic acids forming 
strong intramolecular hydrogen bonds. (pK,, - pKHA) values do not 
always show anomalous b e h a ~ i o r " ~ .  

Hepler'?O extended his studies of substituent effects on acidity to a corn- 
parison between water and D20.  Substituent effects were considered in  
terms of relations of the usual symmetrical type. as in equations (52) and 
(53) where HR and DR represent reference acids. Starting from equation 

i R D  

(52 )  

(53) 

( 5  I ) ,  he derived equation (54). which predicts that substituent eft'ects should 

be uniformly greater for D-acids in D 2 0  than for H-acids in H 2 0 .  Although 
available data were mostly in agreement with this qualitative prediction 
(except for intramolecularly hydrogen-bonded acids, where the quotient 
above is generally CT l ) ,  Hepler concluded that (pKDA-pKDR)/(pKHA - 
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PKHR) was not  a constant as demanded by equation (54): the reason 
for this was considered t o  be the failure of equation (51) for carboxylic 
acids. However, in the author's opinion, the disagreement is not very seri- 
ous if experimental errors in  the measured pK values are taken into ac- 
count. Symptomatically, the largest deviations occur for acids where pKHn 
and pKHR are very close to each other, making (pKDA - pKDR)/(pKHA - 
- pK,,) very sensitive t o  expcrimental errors. This is evident from Figure 
9, which shows a plot of (pKDA-pKDR)/(pKH*-pK"R) versus pKHA; 

t 6 

0.6 1 , , , 
2 4 

KHa 

I 
6 

FIGURE 9. Plot of (pKUA - PKDH)!(PKH,+ - pKHK) versus pK,,., (for sources 
of data. see reference 129. The solid vertical line indicates the position or 

pKHK (acetic acid). 

acids having intramolecular hydrogen bonds have been omitted. The dot- 
ted line corresponds to  b = 0-02, and the solid vertical line indicates the 
position of pKHR (acetic acid, pK = 4.76). Excluding the point at pKHA = 
4-60 (second pK of fumaric acid), a h value of 0.036 would seem to fit 
the data fairly well, considering the possible errors involved. 

Hepler also analyzed the solvent isotope effect in terms of internal and 
external contributions to AH: and 4s: of the equilibria (52)  and (53). and 
concluded that internal energy effects, i.e. isotope effects on the 0-H o r  
0-D bonds, rather than external effects, such as isotope effects on  dielec- 
tric constants of solvents o r  hydrogen bonding between solvent and solute, 
were important in determining the solvent isotope effect. 
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Bellamy, Osborn, and Pace121 have measured the monomeric 0 - H  and 
O - D  stretching frequencies of some aliphatic carboxylic acids in a number 
of solvents. The relative frequency shifts ( A v l v )  for any of the acids in the 
range of solvents were plotted against the corresponding values for acetic 
H-acid as reference, giving a series of good linear correlations. The 
slopes of these lines should be a function of the proton donating power 
of the acids relative to that of the reference acid. Plotting the slopes for the 
H-acids and the D-acids gave two linear plots, one for each kind of acid, 
indicating that the proton donating power of any particular acid as defin- 
ed above is directly related to its acid strength in water. It could also be 
shown that H-acids are stronger than D-acids in non-aqueous solvents. 

In the vapor phase, vOH and voD were found to be constant for the acids 
investigated, which covered a range from the very strong trichloroacetic 
acid to the weak trimethylacetic acid. Thus, in the free gaseous state the 
acids all have the same OH(D) force constant, unaffected by the presence 
of strongly polar substituents. However, when the acid is transferred to a 
medium where association between solvent and acid becomes possible, 
the influence of the substituent is important in determining the strength 
of the hydrogen bond formed. This kind of interaction is detectable even 
in carbon tetrachloride, since values of vOH in this solvent reflect differen- 
ces in aqueous pK values, and thus the difference between carbon tetra- 
chloride and other more polar solvents as proton acceptors is one of mag- 
nitude. 

Isaacs12' determined the extent of protonation of weakly basic indica- 
tors in CH3COOH and CH3COOD and concluded that protonation occurs 
more readily (- 10% more) in the protic acid. 

VIII. S T R U C T U R A L  EFFECTS 

A. Conformo:lonal E flects 

The influence of conformational equilibria on acidity constants was 
first studied in the cyclohexane series, using the general principles set out 
by Eliel and Lukach1?3 and Winstein and H o l n e s ~ ' ~ ~ .  A relationship be- 
tween ionization constants and conformational equilibria in the cyclo- 
hexane carboxylic acid system (see scheme below) was dPrived and 
used for the calculation of AGEoo, and AGOcoo-, defined as - RT In 
Kcoo,, and - RT In KCOO-, respectively. Stolow125 combined the ioni- 
zation constant data in water for cis- and trans-4-methyl cyclohexane and 
cyclohexanecarboxylic acid, and, using the known value of AGEH,, 
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coon 

yCooH I H,O 
KCOOY 

. y o  - - L-4 

:oo' 

I, 
obtained AGEook, = -1-7+0.2 kcal/mole and AGEoo- = -2-4, 
0.4 kcal/mole. He also chose the ionization constants of cis- and tram-4-t- 
butylcyc!ohexanecarboxylic acid (in 66',7, DMF-water) to represent aci- 
dity constants of pure conformations with an axial and equatorial car- 
boxyl group, respectively, and arrived at  - OG~oo,  = 1.2-2-0 kcal/mole. 
Using the same approach', Tichy, Jonas and Sicher12G calculated AGEooH = 
- 1.6kO-3 kcal/mole and A G ~ o , -  = -2.2k0.3 kcal/mole from data 
in 80% methyl cellosolve-water, whereas van Bekkum. Verkade, and 
WepsterZ5 obtained -A@,,,, = 1.5-1-6 kcal/mole from data in 50% 
ethanol. Recently, Sicher, Tichy and SiposZ4 have redetermined h G ~ o o H  
and A G ~ o , -  by ionization constant measurements on some other sys- 
tems and have arrived a t  slightly different values, - 1.2 kcal/mole and 
- 1.8 kcal/mole, respectively. Table I2  gives the data used for the above- 
mentioned calculations. 

Inspection of Table 12 reveals that an acid with an  axial carboxyl 
group is distinctly weaker than one with an equatorial carboxyl. as meas- 
ured by the pK difference, 0.4-0.5 pK units, between cis- and trans-4-t- 
butylcyclohexanecarboxylic acid. The acid-weakening effect has been 
attributed t o  steric inhibition of solvation of the carboxylate anion in  the 
axial conformation'". lZ6, where the bulk of the molecule should prevent 
solvation from one side. This effect is normally found in carboxylic acids 
containing groups with great steric demands (section VIII. B. I ) ,  and it 
appears reasonable t o  explain the diKerence between an axial carboxyl and 
a relatively unhindered equatorial one in this way. 

The use of ionization constant data for- evaluating AGEooH and h@&,- 
is not entirely satisfactory from several points of view. Firstly, the method 
of calculation involves differences between ionization constants which 
are fairly close to  each other and is thus very sensitive to experimental 
errors. Secondly. i t  is not known how the temperature influences the ioni- 
zation constants employed in the calculations. In  section V. B it has been 

I 
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TABLE I ? .  Ionization constant data for cyclohexanccarboxylic acids 

p K  in 
-- - - -  - . .- . . - . _. . - -  

Acid 

Cyclohcxanecarboxylic 
trans-4-Methylcyclohexane- 

cis-4-Methylcyclohcxane- 

trans-4-Isopropylcyclohexane- 

cis-4-Isopropy lcyclohexane- 

~rutis-4-t-Butylcyclohexane- 

cis-4-r-Bu tylcyclohexane- 

carboxylic 

carboxylic 

carboxylic 

carboxyl ic 

carboxylic 

carboxylic 

4.89 

4.90 

5.04 

- 

._ 

- 

7.8 1 

- 

- 

- 

- 

7.79 

8.23 

Methyl cellosolve- EtOH-H,O 
H,O 80:.;2#. I26 50 :'j 

7-43 6.30 

7.4 I - 

7.67 - 

7.39 - 

7.75 - 

7.39 6.28 

7.84 6.78 

- ---- 

shown that ionization constants change with temperature in a seemingly 
erratic manner (probably due to changes in hydrational equilibria), and 
since ionization constants of a supposedly sterically hindered acid (axial 
COOH) and a relatively unhindered one (equatorial COOH) are used in 
the calculation of the conformational equilibria, it is possible that a slight 
change in temperature may change the conformational free energies with- 
out necessarily being due to  changes in the equilibrium positions. In 
other words, the choice of 25"c as a standard temperature gives one set of 
values, whereas measurements at, say 40"c, might well give considerably 
different values as a result of solvation changes and not because of chan- 
ges in the position of the conformational equilibrium. To exemplify, the 
Winstein-Holness treatment might as  well be applied to the conformatio- 
nal situation around the C-COOH bond in propionic acid, taking acetic 
and trimethylacetic acids to  represent pure conformations: but as is evi- 
dent from Figure l ,  such a calculation would be of rather doubtful value 
because of the lack of knowledgc as  to which factors really make the ioni- 
zation constants differ from each other. Thirdly, the use of aqueous orga- 
nic solvents may influence pK values in the manner described i n  section 
11. C, and an error of unknown magnitude may thus be introduced. 

It is therefore gratifying to note that conformational free energies from 
ionization constant data are in reasonable agreement with values obtained 
by equilibration of cis- and rraiu-4-r-b~1tylcyclohexanecarboxylic acids, a 
nethod which is more accurate and in  addition allows the determination 
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TABLE 13. Thermodynamic functions for the conformational equilibria between axial 
and equatorial carboxyl, carboxylate, and carbonyl chloride groupstz7 

Group Solvent - A G i ,  
(kcallmole) 

- A H 0  
(kcallmole) 

3 so 
(C.U.) 

COOH Dodecane 1-38 L-0.10 1.63 k 0.02 -0.83 k0.05 
Aq. diglyme, 1.36k0.22 1-56? 0.05 - 0.68 k 0.09 
10 mole % H,O 
Aq. diglyme, 1.20 1-12" + 0.28 
50 mole % HzO 

coo 2.0 k 0.5 2.12 * 0.06 - 054+ 0.12 
COCl Dodcca ne 1-3 10.5 1.38 k 0.06 - 1.3k0.5 

' Calculated from two points only. 

of both conformational enthalpies and entropies. Table 13 gives data 
obtained by Reese and Elie1lZ7 for the carboxyl group in three different sol- 
vents and for the carboxyl chloride group in dodecane. Within the limits 
of error A@coo, and AGO,,,- determined by the equilibration method 
are in good agreement with the values calculated from ionization constant 
data. 

Some other important conclusions can be drawn from the data in Table 
13. From dodecane, a completely nonpolar solvent, to the polar solvent 
10 mole "/, water-diglyme, the change in thermodynamic functions for the 
conformational equilibrium of the carboxyl group is very small. Changes 
are somewhat greater on transfer to 50 mole % water-diglyme (data are 
less precisely known in this solvent, however), especially in the entropy 
term, which is slightly positive, whereas it is negative for the two former 
solvents. The negative entropy contribution in dodecane is not likely to 
originate from differences between dimerization constants of the acids, as 
indicated by the very similar values of 4G0, AHo,  and ASo for the non- 
hydrogen-bonding COCI group in dodecane. Actually, an axial carboxyl, 
being weaker as an acid than an equatorial one, would be expected to give 
the higher dimerization constantloo, so that any correction for differences 
in dimerization constants would tend to  make the entropy change more 
negative. 

A more attractive explanation can be found in terms of preferred con- 
formations around the C-COOH bond in the axial 2nd equatorial con- 
formations (see scction IV. A). The axial carboxyl group must exist in 
two enantiomeric conformations with eclipsed carbonyl and C-C bonds 
(23 and 24), whereas 25 with eclipsed carbonyl and C-H bonds is very 
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H H 0 

(23) ( 2 4  (25) 

unfavorable due to  repulsion between the OH group and the syn axial 
hydrogens. The situation in the equatorial carboxyl conformation is less 
obvious. Two enantiomeric conformations (26 and 27) with eclipsed 
carbonyl and C-C bonds are possible in addition to a third one with eclip- 
sed carbonyl and C-H bonds (28), and since nothing is known about the 

H ti 0 

conformational preference of the carboxyl group in this type of system, i t  
is necessary to rely on  assumptions. I t  is therefore postulated that a n  equa- 
torial carboxyl group prefers conformation 28 so that this becomes the 
predominant one. With this assumption the axial conformer will be favo- 
red by an entropy of mixing factor R In 2, since it exists in two enantio- 
meric conformations (23 and 24), but the equatorial conformer will pre- 
fer one conformation (28) to a large extent. This picture is in good agree- 
ment with the values of AS&oH and ASgoc, in dodecane given in 
Table 13. In the hydrogen-bonding solvent 10 mole "/, water-diglyme, 
dimerization does not occur in competition with solvent-solute interac- 
tions (section VII. C). Again, the value of ASgooH is consistent with the 
explanation discussed above. The value reported for 50 mole % water- 
diglyme is obtained from only two measurements and is less accurate 
than the others. The change to a slightly positive ASt&oH might indicate 
a change in conformational preference of the carboxyl group in the equa- 
torial conformation, but may also be caused by solvation effects. 

Irrespective of the method used for determination, AGOcoo- comes out 
as more negative than AGEook,, indicating a larger effective size of the car- 
boxylate ion. This has been ascribed t o  solvation effects on the ion126. 

Additional, if not altogether conclusive, evidence for the above assump- 
tions about the conformational preference of the carboxyl group in axial 
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or equatorial positions comes from recent work by Sicher, Tichy and 
Siposm* 34 on the effect of a 2-methyl group on the acidity of cyclohexane- 
carboxylic acid. Values of p K  in  80% methyl cellosolve-water (pf&) for 
acids 29-36 were determined and the conformational free energy, 4GtooH 

- ,c~on COOH 

(33) (34) (35) (36) 
P KZca 7.42 7.70 7.05 7.39 

for cis-2-methylcyclohexanecarboxylic acid (equation 52) was calculated 

COOH 

to  be -0-6&0-2 kcal/mole. and AG&,- to  be - 1.5 kcal/mole. If addi- 
tivity of the individual conformational free energies is assumed, OGgoo, 
for equation (52) should actually be - 1 . 1  5-( - 1-7) = f0.6 kcal/mole, 
a difference of more than 1 kcal/mole. For the ionized form the deviation 
from additivity is even larger, about 1-5 kcal/mole. It was concluded that 
the axial conformer must be subject to  a powerful destabilizing effect, 
which could be further substantiated by comparison of the conformatio- 
nally rigid 4-~-butyl-2-methyl-substituted acids 29-32 with their parent 
acids (35 and 36). The difference i n  PA' between the methyl-substituted and 
the appropriate parent acid was denoted ApK,,, (see below). These 

CO55 
COOH 

0.03 

CH? 

0.2 I 0.42 
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ApK,, values were rationalized by assuming that conformations 23 and 
28 were the preferred ones for an axial and equatorial carboxyl group, 
respectively (and for the corresponding ions). A 2-methyl group tends to 
force the carboxyl group into an unfavorable conformation and this effect 
would be especially pronounced in acids 31 and 32. Since the effective 
size of the carboxylate ion is larger than that of the carboxyl group, this 
effect should be stronger in the ionized form and hence an acid-weakening 
effect is observed. 

Van Bekkum, Verkade, and WepsterZ5 have reached similar conclu- 
sions in the course of their investigations on substituted cyclohexanecar- 
boxylic acids. Both groups have commented on the validity of Simon’s 
rules128, which were intended to  correlate structure and acidity in certain 
cyclohexanecarboxylic acids i n  terms of one increment assigned to  any 
y - s y  hydrogen and one assigned to  I-methyl substitution or ring junc- 
tion in the I-position. These rules d o  not allow for changes in the rotatio- 
nal orientation of the carboxyl group, and van Bekkum and coworkers 
revised them accordingly t o  provide for this complication. 

6. Steric, P ofar, and Resononce Effects 

As mentioned in the introduction, ionization and rate constants cgnsti- 
tute an important part of the experimental basis for testing theories of 
substituent effects and their propagation i n  orgafiic molecules. The general 
subject of structure-reactivity relationships has been critically examined 
recently, both from thc theoretical123 and empirical13u point of view, and 
treatises 011 the effect of structural changes on acidity can be found in any 
modern textbook in physical organic chemistryi4, i n  special monographs’. ’, 
or in review articles”’31, and needs no repetition here. The following 
discussion will be concerned with some selected problems in the field of 
substituent effects, mainly with the intention of demonstrating the limi- 
tations of current concepts and theories. For convenience, the usual sepa- 
ration into steric, polar, and resonance effects will be retained. 

1. Steric effects 

Steric cll’ects on carboxyl group acidity can be classified as primary, 
being caused b y  a direct steric interaction between a substituent or  other 
part of the molecule and the acidic center, and sccondurj., being caused by 
an overall change in the inolecule by one or several bulky alkyl groups132. 
To exemplify, the forcing of the carboxyl group into an axial conformation 
by a cis-4-i-butyl group i n  cyclohexanecarbosylic ricid would be a secon- 
dary steric effect, whereas the steric inhibition of solvation inflicted by the 
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svit hydrogens in this conformation would be a primary steric effect. In 
this section primary steric effects will be discussed, with one exception. 
Intramolecular hydrogen bonding, which can be classified as a particular 
primary steric effect, heavily dependent on secondary ones, will be reser- 
ved for a separate discussion (section VJII. C). 

Some effects of steric origin have already been encountered in connec- 
tion with conformational equilibria (section VIII.  A). Thus, the fact that 
an  axial carboxyl is less acidic than an equatorial one has been ascribed to 
steric inhibition of solvation in the anion, as is generally postulated for 
explaining the lower acidity of di- and trialkylacetic acids as compared to 
acetic acid. Table 14 gives some examples of this effect. This assumption 
implies that solvation of the acid molecule itself is more or less unchanged 
by increasing the number of, and/or steric demands of, alkyl groups at- 
tached to the CL carbon. Since a protic solvent will form stronger hydrogen 

TABLE 14. Ionization constant data for sterically hindered aliphatic acids in 509; (v/v) 
methanol at 4Ooc 

RV\ 
R'-C-COOH 

-108 Kr Reference 
R3/ 

R' R' R' 

H 
t-Bu 
i-Pr 
I-BU 
t-Bu 
t-Bu 
1-BU 
neopentyl 
neopentyl 
Et 
Et 
Et 
Et 
Et 
Et 
Me 
Me 
Et 
Me 
Me 
Me 
i-Pr 

H 
H 
i-Pr 
Me 
Et 
i-Pr 

Me 
neopentyl 
Et 
Et 
Et 
Et 
Et 
Et 
Et 
i-Pr 
i-Pr 

Me 
Me 
i-Pr 

t-Bu 

t-Bu 

H 
H 
H 
H 
H 
H 
H 
H 
H 
Me 
Et 
Pr 
i-Pr 
i-Bu 
neopcntyl 
i-Pr 
i-Pr 
i-Pr 
ncopcntyl 
neopen tyl 

i-Pr 
1-BU 

0 
0.55 

0.85, 0.79 
0.70 , 

0.76, 0.81 
1-07 
1.35 
0.49 
0.96 
0.72 

0.86, 0.89, 0-96 
0.89 
I .09 
1.01 
1.05 
0.93 
1.28 
1.54 

1-33, 1-62 
0.94 
1.19 
I .67 

- 
133 

134, 133 
134 

134, 133 
134 
133 
133 
134 
135 

135, 134, 133 
135 
135 
135 
135 
135 
133 
133 

134, 133 
135 
133 
133 
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bonds to an ion than to an  acid molecule due to the partly electrostatic 
character of the hydrogen bond, e.g., compare the enthalpy of formation 
of the H F .  . . . HF bond (about - 7 k ~ a l / m o l e ~ ~ )  to that of the F. . . H . . . F- 
hydrogen bond (- 37 k ~ a l / r n o l e ~ ~ ~ ) ,  this picture is in at  least qualitative 
agreement with facts. .4n exception is, however, the case of cyanoacetic 
versus diisopropylcyanoacetic acids7, which are of equal strength in water 
(actually, there is a reversal in acid strength a t  285”K, the diisopropyl acid 
being the stronger one at lower temperatures). lves and Marsden7, starting 
from thermodynamic data for the ionization of fatty acids, attempted to 
rationalize this result as being due to a solvent exclusion effect. Every car- 
bon atom in the hydrocarbon group except the a carbon was assigned an 
increment in terms of - A H :  and - T AS: (relative to acetic acid), and it 
was then found that two of the p’ carbons had an appreciable effect, and 
that the y carbons all contributed with large increments, whereas b, E and 

c-&--y-fi-a-COOH 

J ;, 8 
carbons further away had negligible effects. On rotation about the a-car- 
bon-carboxylate bond, the hydrocarbon group sweeps out a certain volu- 
me of low dielectric constant in the surrounding solvent, and y carbons 
being most effective. Thus, the ion is divided into two regions, one where 
solvent exclusion has led to a reduction in dielectric constant and redist- 
ribution of the ionic field, and one ‘watery’ region at  the carboxylate end 
which is much the same for all types of carboxylate ions and which is the 
center of primary hydration by hydrogen bonding to water. By the 
field redistribution the field strength will increase in the carboxylate region 
and this will increase the extent and stability of hydration. 

Although consistent with some data for fatty acids and the cyano acid 
observations, this model hardly accounts for the data from highly alkyl- 
substituted acetic acids. Qualitatively, the model by itself would predict 
an  acid-strengthening effect of the accumulation of alkyl  groups. which is 
contrary to what is observed. 

Another model related to  ideas about hydrophobic bonding*37 can be 
briefly described in the following way. The primary hydration shell around 
the carboxylate end of the ion consists of a highly ordered arrangement 
of water molecules, outside which a zone more disordered than unperturb- 
ed water prevailsL38. Large alkyl groups will penetrate into this zone and 
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increase the order by 'hydrophobic hydration' (hydration due to  hydro- 
phobic bonding), thus decreasing the entropy of the ion relative to acetate 
ion. Very few thermodynamic data on the ionization of di- and trialkylace- 
tic acids are available, but the existing ones are in  qualitative agreement 
with this model (Table 3). 

Clearly, whichever of these models one prefers, the mode of operation 
classifies this acid-weakening effect as an  external one in Hepler's treat- 
ment (section V.B). i.e. (AH,"),,, relative to acetic acid (equation 29) should 
be close to  zero. However, t o  meet this requirement for a difference of 
0.5 pK units, it must be assumed that 4s: is about -40 e.u. (for a /? value 
of 280"K), which appears quite unreasonable in  view of thedata in Table 3. 
Alternatively, one would have to admit an  electron-repelling inductive 
effect of alkyl  groups which for some reason does not operate in the cyano 
acid case and is anyway strongly dependent on temperature (Figure I).  
I t  is evident that any interpretation of fatty acid ionizations in terms of the 
inductive effec? of alkyl groups will be virtually meaningless. Accurate 
data  on the thermodynamics of ionization for highly alkyl-substituted 
acetic acids in  water are urgently needed t o  resolve these difficulties. 

has bccn defined in the axial 
(the carbosyl g o u p )  conformer of 2-niethylcyclohexa1iecarboxylic acid 
(section VIII. A), where the equatorial methyl group is assumed to  force 
the carboxyl group into thc unfavorable conformation 25. This eRect 
should be more pronounced i n  the ionic form because of the larger effec- 
tive size of the carboxylate ion, leading to a larger energy difference be- 
tween acid and ion and consequently a larger pK. An alternative explana- 
tion based on the concept of steric inhibition of solvation i n  thc anion 
cannot be excluded, however. as long as no independent experimriital 
evidence for a purely conforniational effect is available. 

Another steric el'rect related to  the above is the acid-strengthening effect 
due to  the presence of ortho alkyl groups in aromatic acids. The alkyl 
groups will force the ionizing group out of the planc of the phenyl group 
thereby decreasing thc conjugative interaction between the groups. Re- 
cause of its negative charge, the decrease will be less pronounced in the ion 
than in the acid molecule, and hence an increase i n  acid strength will 
occur. Some representative data on this effect have been collected in 
Table 15. As already mentioned in section 111, symmetry factors must be 
considered when benzoic acid is the reference acid, making log K, for 
o-alkylbenzoic acids 0.3 pK units higher. Thus, o-toluic acid is of almost 
exactly the same strength as benzoic acid after applying this correction 
(sectioa 1 1  I ) .  I n  benzene with l73-diphenyIguanidine as the reference basel", 

A second type of primary steric 
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TABLE 15. Log K ,  values for some sterically hindered benzoic 
acids 

Substituents log Kr in 
HzO 

log I(, in 
50: ;  hIeOH 

Reference 

-- . .. -. _- 

None 
2- Met h y 1 
,-Ethyl 

2 - f - B ~ t y l  
2-Isopropyl 

2.3-Dimethyl 
2,6-Dimethyl 
2,6-Diisopropyl 
2,5-Di-t-butyl 
2,4,6-Tri-f-butyl 

0 
-0.01" 

0.1 1 "  
0.27" 
0-37" 
0.17" 
0.96 
1 . 0 1 b  

0 

- 
0.14" 

- 1.04 

- 
9 
9 
9 
9 
9 
9 

139 
140 
140 

Corrected for symmetry ditferences. 
b Extrapolated value. 

a-toluic acid is actually weaker than benzoic acid, which was accounted for 
by assuming that steric inhibition of resonance is augmented in water 
because of the larger size of the carboxyl group in this medium (due to  
hydration). 

However, turning t o  other a-alkylbenzoic acids, the acid-strengthening 
effect is observed in the 2-ethyl, -isopropyl, and -r-butyl derivatives (see 
Table IS) the trend being that expected for a steric effect. Introduction of 
two o-methyl groups has a still larger effect in the same direction, as is 
probably also true for the 2,6-diisopropyl acid139 (the value of log Kr is 
somewhat uncertain since it is obtained by extrapolation from data in 
ethanol-water mixtures). 2,6-t-Butyl groups, on  the other hand, lower the 
acidity by about a power of ten as compared to benzoic acid, and again 
steric inhibition of solvation has been invoked1J0. 

Steric inhibition of resonance has also been proposed to explain the 
higher acidity of cis-3-alkylacrylic acids compared to  the corresponding 
trans acids, but this has recently been questioned since one can find just 
as many data contradicting as supporting this viewlql. 

2. Polar effects 

The effect of a dipolar o r  cliarged substituent on acidity is commonly 
assunled to  be electrical i n  origin, but two conflicting views exist as to  its 
mode of operation and propagation1Zg. According to one view, it is thought 
that the charge separation a t  the site of the substituent, be it a dipole or a 
point charge, is propagated through the bonds connecting it with the acidic 
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center only by successively weaker polarizations, thereby influencing the 
strength of the ionizing bond (section V.B). Alternatively, the polarization 
induced in the bond connecting the acidic group to the carbon chain is 
assumed t o  change the ability of the ion t o  disperse its charge, an electron- 
withdrawing substituent resulting in  a greater dispersion of charge in a 
carboxylate ion than an  electron-repelling one. In section V.B it was men- 
tioned that none of these views of the inductive effect (the term 'inductive' 
will be used here t o  denote a through-the-bonds propagated effect) was 
in accordance with thermodynamic data on carboxylic acid ionizations, or, 
for that matter, phenol and thiol ionizations, except possibli in Hepler's 
modification. Neither temperature nor solvent effects are accomodated 
within the concept of the inductive effect, which would be expected to be 
invariant with respect to these variables. 

According t o  the second view, the polar effect is an electrostatic etfect 
(a field effect) from the dipole of charge on the dissociating proton, propa- 
gated through the surrounding solvent (the original Bjerrum treatment) or 
through both solvent and molecule (the Kirkwood-Westlieirner treat- 
ment14'). The work of transfer of the proton from the ionizing group to 
a point a t  an infinite distance away in the solvent is dicided into an  elec- 
trostatic part, \re,, a non-electrostatic part, wnon-cl, and a statistical part, 
RT In 6, where 0 is thc symmetry number defined in section 111. 

.AGO = wel + wnon-el + RT In 0.  

The lion-electrostatic part includes bond dissociation energies, changes in  
translational, rotational, and vibrational partition function, specific solva- 
tion effects, and intramolecular hydrogen bonding effects. By comparing 
two matched acids as in  equation (8) it is hoped that the non-electrostatic 
parts will cancel, so that the log K ,  value will be a true reflection of the differ- 
rence in electrostatic effect from the substituents in the two acids, allow- 
wance being made for possible diKerences in symmetry properties. RT In G 

is generally incorporated i n t o  log K ,  = ph' (reference acid) -pK (given 
acid) -log 0. 

For a charged substitueiit (e.g. COO- in a dicarboxylic acid) log K, is 
calculated as the work required to move the proton from the position of 
the ionizing group ( i n  a carboxylic acid, the proton is gencrally pluccd on 
the  line bisecting the 0-C-0 angle nt a distance of 1-45 A amay from the 
carbon atom) t o  infinity under the influence of the field of the charge, and  
is given by equation (53 ) ,  where z is the charge number, c' is the electronic 
charge, D is the dielectric constant of t h e  solvent, I' is the distance between 

log Kr = ze2/2.3k7'Dr (53) 
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the chsrge and the proton, and k and T have their usual meanings. For a 
dipolar substituent the relation between p, the dipole moment of the X-C 
bond. 0.  the angle between the dipole moment vector and the line connect- 
ing its midpoint with the proton, and the quzntities defined about, is 
given by equation (54). 

log K ,  = e,u cos 0/2*3kTDr' (54) 

These equations were later modified by Kirkwood and Westheimer, who 
exchanged D for D,, the effective dielectric constant, which has a value 
between that of the solvent and that of the low dielectric constant cavity 
defined by the molecule. The value of the internal dielectric constant is 
usually set equal to  2-00, the dielectric constant of a liquid n-alkane. D, is 
a complicated function of the shape and size of the molecule, and the 
locations of the charge or dipole and the acidic center within it. Due to 
mathematical difficulties, molecules have to be treated as being either 
spherical or ellipsoidal. 

The electrostatic model is conceptually more attractive than the induc- 
tive one, since it is directly related to AGO, the maximum useful work obtain- 
able from the process. I t  does provide for the solvent etTect connected- 
with a change in the dielectric constant (section VLI. B) but not for tempe- 
rature effects. It also accounts for differences in pK between stereoisomeric 
molecules (c is  and t r a m  forms, diiTerent conformations), although admit- 
tedly in a crude way. The assumption that specific solvent effects cancel in 
equation (8) is a questionable one, and it has been shown that intramolec- 
ular hydrogen-bonding effects d o  not  cancel (section VI11. C. 1). A cer- 
tain arbitrariness in the choice of the molecular parametcrs necessary for 
the computation of D, is another weakness, as is also the assumption that 
the solvent can be treated as an isotropic, linear, and homogeneous me- 
dium. 

T a n f ~ r d ' ~ ~  modified the K irkwood-Westheimer treatment hy consider- 
ing the molecular cavities to be ellipsoids of revolution and the depth of 
the charge or dipole in t h e  cavity t o  be the important parameter. Dewar 
and Grisdale'dd introduced a field effect term i n  their treatment of sub- 
stituent eflects. but used a n  r - '  term to accocnt for the electrostatic inter- 
action between an eflecti\ e ntonopoic. locared at  the carbon atom t o  which 
the substituent is attachcd, a n d  the acidic czntcr. 

%ecessary requirements for the application of the Kirkwood-Westhei- 
nier method or  the Tanford niodificdtion of it are that the molecules of 
interest must be free from conjugative, stcris, and intraniolecular liydro- 
gen-bonding effects, be approximately spherical or ellipsoidal in shape, 
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and be sterically rigid in order to allow fixation of structural parameters 
and avoid complications due to conformational equilibria. Only a few 
series of carboxylic acids satisfying these requirements have been used for 
testing the electrostatic models, 1.4-derivatives of bicyclo[2.2.2]octane 
being the favorite choice after the pioneering study by Roberts and More- 
land145. Holtz and Stock14s calculated log K, values for a number of 4- 
substituted (dipolar substituents) bicyclo[2.2.2]octanecarboxylic acids, 
using both the original Kirkwood-Westheimer and the Tanford approach. 
The former model underestimates log K, by a factor of two or more, where- 
as the latter one is in considerably better agreement with experiments. 
A plot of p / r 2  versus pK for all acids except the H- and alkylsubstituted 
ones gave an approximately linear correlation, from the slope of which a 
value of D,  = 5.6 could be calculated. This value was in good agreement 
with those predicted by the Tanford model for the various acids but not 
with the Kirkwood-Westheimer theory, which predicts a fairly wide range 
of D, values. Hydrophobic hydration was considered a possible cause of 
the anomalous behaviour of the H- 2nd alkyl-substituted acids. 

Wilcox and McIntyre14’ investigated charged substituents in the 4-posi- 
tion of the same system and treated the results using the Tanford model. 
A reverse treatment of the problem was adopted, the depth of charge in 
the cavity being calculated from the observed log K, values. The theoretical 
log K, values for different values of the solvent dielectric constant were 
then calculated in order to uncover the factor responsible for the strong 
solvent dependence of 0 values for charged substituents. The great sensi- 
tivity of the theoretical log K,  values for charged substituents towards 
changes in solvent dielectric constant, which contrasts strongly with the 
calculated behavior of dipolar substituents, led Wilcox and Mclntyre to 
conclude that the observed variation i n  CT constants of charged substituents 
is actually a bulk dielectric constant eflect and not a specific solvent 
effect. 

Wilcox and Mclntyre considered the COO- substituent to possess two 
opposing effects; (1) a negative potential field created by a point charge 
centered between the oxygens, and (2) a positive potential field originat- 
ing from the dipole of the anion. Again using the Tanford model in the 
reverse manner, the dipole moment was calculated to be 3.2 A, which 
appears to be a reasonable value. 

Bell and Wright148, using ionization constant data on sulfocarboxylic 
acids of the type HOCO(CH,),SO; in combination with clectrostatic 
theory, were similarly forced to conclude that the SO; group acts as a 
superposition of a charge and a dipole, thus accounting for the fact that it  
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is electron-withdrawing at  short distances and electron-repelling a t  longer 
distances. 

Ritchie and Lewis149 studied the ionization behavior of 4-substituted 
bicyclo[2.2.2]octane-1-carboxylic acids in a range of solvents, including 
methanol, ethanol, DMSO, and acetone, as well as mixtures of these with 
water, and concluded that no sipgle electrostatic theory could correlate all 
of the data obtained. Only for the H- and (CHa)3N'-substituted acids 
were linear correlations between log K, values and 1/D, observed, and 
it was concluded that specific interactions between solvent and solute 
might alter the effect of the substituents, which is a reasonable assumption 
in view of the discussion in section VI1.C. 

Ionization constant data for tmns-4-substituted cyclohexanecarboxylic 
acids have also been found to  agree reasonably well with predictions based 
on the electrostatic model, especially in Tanford's modification'". 
K1 / K z  ratios for saturated dicarboxylic acidsljl have been extensively 

used in connection with the Kirkwood-Westheimer theory, but in most 
cases suffer from complications due to the uncertainty as t o  which confor- 
mation is the preferred one. An attempt to estimate the barrier t o  internal 
rotation around the central C-C bond in succinic acid from the K 1 / K z  
ratio and the Kirkwood-Westheimer theorylj' gives a reasonable value for 
the barrier, though this is probably fortuitous. The theory would gener- 
ally not be expected to differentiate between such small effects. 

Unsaturated systems, such as 3-substituted acrylic acids and substituted 
benzoic acids, are less suitable for comparison with electrostatic models 
because of possible conjugative interactions between the substituent and 
the acidic center. For references to earlier work in this field and critical 
discussions. the reader is referred to papers published by BowdenlS3 and 
Roberts and Jaffe1j4. The general conclusion appears t o  be that both the 
inductive and field effects are important, although a strict separation is 
difficult to make o n  the basis of the experimental material available. In 
ortho-substituted benzoic and cis-3-substituted acrylic acids the field affect 
is a major constituent of the total electrical cKect'"j' '". 

In a recent paper, Exner1j7 has presented evidence that the polar effect is 
transmitted more etrectively to the acidic center from the para than the 
niefa position, i . ~ .  i. in equation ( 5 5 )  is larger than unity. This cannot be 

( 5 5 )  

rationalized on the basis of an inductive etrect, and Exner also claimed that 
the field effect, as calculated by the Kirkwood-Westheimer theory, was 
not adequate either. However, the calculations1~~3 referred to by Exner 

log h'p = i log A,:' 
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were the result of a simplified treatment, which equated the D ,  for tneta 
and para derivatives, i.c., only the ,u cos O/r2 factor was considered. Even 
so a J. slightly larger than unity is obtained for dipolar substituents if the 
structural parameters originally used by Kirkwood and Westheimer ere 
used (the proton located on theline bisecting the 0-C-0 angle 1-45 A 
from the carbon atom, and the dipole located at the mid- point of the dipo- 
lar bond). A correction for differing D ,  values for nieta and para deriva- 
tives would lead to a still larger j., since a larger D ,  is to  be expected for 
a meta compound. Of course, this merely demonstrates the shortcomings 
of the electrostatic theories and by no means implies that the 7-inductive 
effect introduced t o  rationalize a value of i. z I ,  does not operate i n  aro- 
matic systems. 

3. Conjugation effects 

To assess the importance of conjugation effects on  carboxylic acid equi- 
libria one is faced with the problem of separating conjugation effects from 
polar and steric ones. For a carboxylic acid it would be expected that 
conjugative interactions are more effective in the acid molecule than in the 
ion, resulting i n  a stabilization of the acid molecule and a decrease in 
acid strength. The small change in pK between benzoic and acetic acids 
(4-20 and 4.76, respectively) is accordingly the result of a superposition of 
two opposing effects. an electron-withdrawing polar effect of the phenyl 
group and a resonance interaction between the benzene ring and  the car- 
boxyl group, the two effects bcing approximately equal in magnitude. 
Some idea of the magnitude of the conjugation effect can be obtained from 
ionization constant data on 2.6-dimethyl- and 2,6-diisopropylbenz0i~ acids, 
in which the carboxyl group is forced out of the plane of the benzene ring 
(Table 15) and t h e  conjugation is accordingly weakened o r  absent. These 
acids are stronger than benzoic by roughly a factor of 10, but since it is not 
known t o  what extent steric inhibition of solvation (compare with the 
2,4,6-tri-t-butyl acid) may influence the acidity the conjugation effect may 
be even greater, perhaps a factor of 50. This would make the polar effect 
of a phenyl g o u p ,  as compared to  methyl, connected directly to the car- 
boxyl group correspond lo a p K  change of r?bout 2.3. This estimate is in 
reasonablc agreement with the polar effect of the phenyl group on anili- 
nium ion acidity, experimentally establishcd to t:orrespond to 2.7 p K  
units’ss. 

Considering aromatic acids without added complications due to substi- 
tuents, it does not appear possible to interpret the obscrbed differences in 
strength of the various positional isomers i n  polynuclear systems in terms 
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of resonance aloneG. The differences are generally small and may depend 
on solvent, c.p. the pK difference between 2- and I-naphthoic acid159, is 
0.46 in water, 0.36 in 207; dioxane-water. 0-06 in 50% butyl cellosolve- 
water. and 0.05 in 78% ethanol-water. I t  is therefore doubtful if any 
consistent and meaningful interpretation of these data is possible a t  
present. 

The ionization constants of I -, 5-, and 6-azulenecarboxylic acids have 
been measured (6.67, 5.9 I ,  and 5-75, respectively, in 50:< ethanol-water, 
where benzcic acid has pK 5-46) and are found to correlate well with the 
electron density of the carbon to which the carboxyl is attached1Go. The 
agreement may be fortuitous, since hydrolysis rates for tlie corresponding 
esters did not fit in a t  all with the electron densities. 

The conjugative interaction between substituents and tlie carboxyl group, 
transmitted by conjugation through the unsaturated hydrocarbon residue, 
has been the subject of much recent . Generally an  empirical 
separation in terms of substituent parameters for the conjugation and polar 
effects, oR and ul, is possible. and it happens that resonance interactions 
are generally small, except in the case of substituents with conjugative 
character opposite to  that of the carboxyl group (e.g. the OH and NH2 
group). Steric inhibition of resonance between the substituent and the 
benzene ring has been studied in 3,5-dimethyl-4-substitiited ber.zoic 
acidsl6I, and for sterically demanding substituents like the nitro, carbo- 
methoxy, and dimethylamino groups the observed pK changes were in 
closc agreement with predictions based on oR values. 

Summarizing. resonance effects on carboxyl group acidity are generally 
small, except when mutual conjugation between the substituent and the 
acidic center is possible. I n  many cases involving small pK changes, judg- 
ment regarding the relative importance of the polar and resonance effects 
should be reserved until studies have been performed at other temperatures 
and in other solvents. 

The same general conclusion might well be applied t o  all qualitative and 
quantitative treatments of substituent effects on acidity. Often small, and 
sometinies even large. alterations in pK may be due to  solvent or tempera- 
ture, and any interpretation in terms of electronic effects will therefore 
have to  be modified to fit in with the results, a far from satisfactory state 
of affairs. ‘Anomalies’ are often ascribed to solvation efl’ects, which is 
probably closer to  the truth than anything else, inasmuch as the solvent 
must be of fundamental importance i n  connection with ionization equi- 
libria. I t  actually seems as if the acidity of a givcn acid is more a reflection 
of the solvent properties than of those of the solute, and future investiga- 
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tions must aim at  solving this important problem. A beginning realization 
of this aspect is reflected in recent articles on dispersion effects116, hydrogen- 
bonding effects'o6* 16?, and general solvation effects'63- lG4. 

C. Intramolecular Hydrogen Bonding and Acidity 

Following a proposal by Jones and SoperlG5 to ascribe the anomalously 
high KI/K:! ratio of cis-caronic acid (3,3-dimethyl-cis-cyclopropane-1,2- 
dicarboxylic acid) t o  intramolecular hydrogen bonding, McDaniel and 
Brown106 suggested in 1953 that this concept might be extended to a num- 
ber of other dicarboxylic acids, e.g. dialkylmalonic acids, maleic acid, and 
tetramethylsuccinic acid. In their opinion, the field effect, as calculated by 
the Kirkwood-Westheimer treatment, could not alone be responsible for 
the high ratios observed. Intramolecular hydrogen bonding i n  the acid 
ion would facilitate the first ionization step and make the second one more 
difficult, thereby increasing the K1/K2 ratio. The crucial role of steric 
effects, such as minimization of rotation of carboxyl groups by alkyl 
substitution or relief of steric strain in the cyclic hydrogen-bonded struc- 
ture as compared to the open one, was emphasized. Some years later 
Westheimer and BenfeyIG7 partly corrected this picture by showing that 
the KJK, ratio, where KE is the ionization constant of the monomethyl 
ester of the diacid, forces an upper limit t o  the factor by which intramo- 
lecular hydrogen bonding can contribute. Thus, for diethylmalonic, maleic, 
and tetramethylsuccinic acids internal hydrogen bonding makes an appre- 
ciable contribution to the K1/Kz ratio, but is not a dominant factor. For 
phthalic acid, K , / K E  in water is 2, which is equal to the statistical factor; 
this criterion would therefore seem to indicate that the acid phthalate ion 
does not exist in an internally hydrogen-bonded form. 

A large number of investigations related t o  this subject have been pub- 
lished since the time of the above-mentioned reviews, and the following 
discussion will attempt t o  summarize the results and to  obtain a consistent 
picture of the role of internal hydrogen bonding in determining acidity. 

1. Oicarboxylic acids 

As already mentioned in section VII.C, a COOH group can act both 
as a hydrogen bond donor and acceptor, whereas a COO- group can func- 
tion only as an acceptor. On the basis of the simple electrostatic model of 
the hydrogen bond, anions would be expected to  form stronger hydrogen 
bonds than neutral molecules, and available data support this view for the 
carboxylate ion as compared to the unionized carboxyl group. i n  a num- 
ber of homoconjugated carboxylate ions (section V11. C) of the type 
RCOOH ~ . . OCOR-, infrared, n.m.r. and x-ray diffraction results indi- 
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cate that the intermolecular hydrogen bond is of the single minimum, 
symmetrical, very strong type in the solid state, whereas intermolecular 
hydrogen bonds between -COOH and neutral molecules belong t o  the 
asymmetrical, double minimum type. The strength of the HF.  . H F  bond 
compared to the F. . H .  . F- bond is also indicative of this large difference 
(section VII1.B. 1). 

For intramolecular hydrogen bonds the situation is analogous. In the 
solid state, maleic acid possesses an asymmetrical hydrogen bond168, 
whereas in the acid ion the internal hydrogen bond appears from n.m.r.94, 
infraredlB8, x-ray d i f f r a ~ t i o n l ~ ~ ,  and neutron diffraction171 data to  be a 
symmetrical one. The symmetrical hydrogen bond persists in the asym- 
metrically substituted acid chloromaleate Conversely, phthalic 

and the acid phthalate ion174 in the solid state do not possess intra- 
molecular hydrogen bonds. In the acid the carboxyl group planes are forc- 
ed out  of the plane of the benzene ring by about 30°, whereas in the 
monoanion the carboxyl and carboxylate group planes make an angle 
with the benzene ring of 30 and 75", respectively. 

An x-ray investigation of the crystal structure of dipotassium ethylene- 
t e t r a c a r b o ~ y l a t e ~ ~ ~  showed that the ion is not planar and that no intranio- 
lecular hydrogen bonds exist in  it. 

The existence of a particular hydrogen-bonded structure in the solid state 
does not necessarily prove that the same structure will remain stable in 
solution. The intramolecular hydrogen bond may be broken by competing 
external hydrogen bonding to  solvent molecules or the molecule may 
adopt a different conformation in solution. Borderline cases involving the 
simultaneous presence of internally and externally hydrogen-bonded con- 
formations are  to  be expected and the experimental ionization constants 
Kl and  K2 will then be the weighted means of those of the individual 
conformations. 

Before considering this problem, the pertinent experimental material 
will be examined. Table 16 is a compilation of pK1, pK2, log Kl/Kz and 
log K , / K ,  values for alkyl-substituted malonic, succinic, and glutaric 
acids, open-chain and cyclic ethylene-I ,2-dicarboxylic acids, cycloalkanedi- 
carboxylic acids, and bicycloalkanedicarboxylic acids, selected to  illust- 
rate the different factors involved in determining the K1/K2 ratio of a 
given dicarboxylic acid. Additional data can be found in  the references of 
Table 16, as well as  in other papers treating diacids of u n s y r n m e t r i ~ a l ~ ~ ~  
and more unusual  structure^'^^-^"^ Only diacids without polar substi- 
tuents have been included in order to avoid the uncertainty involved in 
estimating the magnitude of the polar effect. 
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Inspection of Table 16 reveals two opposite effects of alkyl substitution. 
In mono- and dialkylmalonic, racemic 2,3-dialkyl- and tetraalkylsuccinic 
and 3-mono- and 3,3-dialkylglutaric acids, increasing size and number of 
alkyl groups strongly increases log K1 f Kz. whereas in meso-2,3-dialkyl- 
succinic, maleic and dialkylmaleic acids. and cyclopropane- 1,2-dial kyl- 
1,2-dicarboxylic acid, the trend is opposite and not so pronounced. Some 
of the cyclic and bicyclic unsaturated acids exhibit extremely high ratios, 
whereas the cycloalkanedicarboxylic acids appear to have normal log K1/K2  
values. Generally, high K I I K Z  ratios are  accompanied by high K1fKE 
ratios, as demanded by the criterion for intramolecular hydrogen bonding 
in the acid ion developed by Westlieimer and BenfeyI67. 

It should be pointed ou t  that there is a fundamental difference (at least 
from the experimental point of view) between inter- and intramolecular 
hydrogen bondslD2. Since a n  intermolecular hydrogen bond is formed 
between two molecules, the entropy term for the equilibrium A - H t  
+ B = A-H. . . B will be negative. Only relatively strong hydrogen bonds 
will be experimentally detectable, since a n  appreciable (- A H )  term is 
required to  balance the unfavorable T 4 S  term, which in solution was 
estimated to be about 3 kcaI/mole. Conversely, the formation of a n  intra- 
molecular hydrogen bond within a single molecule was not considered to  
give rise to any large entropy changes, since the contributions to the en- 
tropy of the molecule from the various bond-stretching vibrations would be 
small and only moderate changes in the associated force constants were 
t o  be expected upon hydrogen bond formation. Contributions to the 
entropy change from changes in solvation were also assumed t o  be negligible. 
and accordingly the total entropy change was approximately set t o  zero. 
In this case even weak hydrogen bonds will be reflected in experimentally 
accessible quantities, such as  ionization constants and spectral changes. 

E b e r ~ o n ~ ~ ~  compared infrared spectra of alkylated succinic acids, their 
monoacid salts, and solutions of these i n  methanol and DsO. The salts of 
acids with very high K I / K 2  ratios displayed some very characteristic fea- 
tures, which were present in  both the solid and liquid state. In DzO, the 
asymmetric stretching frequency of the COO- group was uniformly about 
35 cm -1 higher than expected for a non-hydrogen-bonded structure and 
the carbonyl stretching frequency of the COOH group was about 30 cm-l 
lower than that of a normal COOH group. Also, the carbonyl band was 
of low intensity. whereas a very strong and broad absorption occurred in  
t h e  region 1600-li100 cm-I. These spectra were quite different from those 
of the salts of diacids having low K,fK2 ratios. which were essential!y 
superpositions of the simple COOH and COO- group spectra. 
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Similarly, Dodd, IMiller, and W y n n e - J ~ n e s ' ~ ~  studied solutions of maleic 
acid and potassium maleate in water, D20, methanol, and dioxane. They 
concluded that the intramolecular hydrogen bond present in maleic acid 
i s  not strong enough to  withstand competition from external hydrogen 
bonding to  these solvents, whereas the hydrogen bond in t h e  acid maleate 
ion appeared to  remain stable in water, DzO, and methanol, but not in 
dioxane, a very good hydrogen bond acceptor. !n D20, both internally and 
externally hydrogen-bonded species appeared to  coexist in comparable 
equilibrium concentrations, indicating that the intramolecular hydrogen 
bond is actually a fairly weak one. 

Chapman, Lloyd, and Prince195 reached similar conclusions regarding the 
intramolecular hydrogen bond in the acid maleate ion, the acid di-n-propyl 
maionate ion,  and the acid phthalate ion, which all appear to  exist i n  the 
internally bonded form in D20. Likewise, HanrahadgG demonstrated in- 
tramolecular hydrogen bonding by infrared methods in some selected 
substituted acid malonate ions in D20. On the other hand, an  infrared 
studylQ7 of the hydrogen malonate ion itself demonstrated that the ion is 
not internally hydrogen bonded, as was proposed on the basis of thermo- 
dynamic dataIgR. The same conclusion \vas reached from an investisation 
of the carbon isotope effect in the formation of the hydrogen malonate 

ForsCn2000 has shown that sodium hydrogen maleate and potassium hyd- 
rogen phthalate in  DJMSO show n.m.r. signals a t  very low field (about 15 
p-p.m. downfield from a n  external water standard) and ascribed these to the 
internal hydrogen bond, which is retained in this solvent. Similar shifts2Ol 
were observed in DMSO for potassium hydrogen iac-2.3- diisopropyl, 
rac-2,3-di-(t-butyl), iac-2,3-dicyclol~exyl, and tetraethyl succinate. which 
all correspond to  diacids with extremely high K I / K Z  ratios. The I ) I E S O  forms 
of the above acid salts did not show any signal attributable to an internal 
hydrogen bond. If the magnitude of the chemical shift is an approximate 
measure of hydrogen bond strength, these acid ions must indeed possess 
very strong hydrogen bonds, even if opinion must be somewhat reserved 
because of the possible influence of t h e  negative charge upon the chemical 
s h iftI5l. 

Another approach was used by Silver and coworkers3"?, who measured 
the proton chemical shifts of the noii carbosylic hydrogens of a number of 
dicarboxylic acids as a function of the degree of neutralization in water and 
methanol-water mixtures. For aliphatic saturated acids (except formic) 
neutralization was accompanied by an  upfield chemical shift, whereas i n  
phthalic, pyromellitic, and maleic acids, a downfield shift was observed on 
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addition of the first equivalent of base, the second equivalent again causing 
an upfield shift. This result was interpreted in terms of a hydrogen-bonded, 
approximately planar acid ion, in which a ring current in the chelate ring 
would shift the protons i n  the aromatic ring towards lower fields. Thc :;olvent 
effect was in agreement with this interpretation. 

Although spectral data also seem to support the intramolecularly hyd.. 
rogen-bonded structure in solutions of the acid salts discussed above, 
some cases may still be doubtful. Potassium rnaleate has a strong, symmet- 
rical hydrogen bond in the solid state, but the almost plansr ion is consi- 
derably strained as indicated by the increase of the C-=C-C angles by 
about 10". Darlow and C ~ c h r a n ' ~ ~  estimated the strain to be about 
7.5 kcal/mole, and it is quite possible that intermolecular forces in the crystal 
lattice may help to maintain the planar structure. This is not possible in 
aqueous solution, where in addition intermolecular hydrogen bonding may 
interfere with the internal hydrogen bond. The results obtained by Dodd, 
Miller, and Wynne-J~nes'~'  indicate that cyclic and open ions exist in com- 
parable concentrations in D10, so that the measured log K , / &  value may 
be a blend of those of several species. A Kirkwood-Westheimer c-alculation 
demonstrated that the field efTect might actually be solely responsible for 
the K1 /Kz ratio observed'". Similar calculations for highly alkylated succi- 
nic acidsIs* were more conclusive as regards the influence of intramolecular 
hydrogen bonding. For r~c-2,3-(t-butyl)-succinic acid, thc calculated log 
K l / K 2  ratio (assuming COOH groups to be gauche) is 3.6, which is far 
below the observed value. 3.5. Even if the shortcomings of the theoretical 
model are taken into account, no possible explanation can be given for this 
large difference except i n  terms of intramolecular hydrogen bonding. An 
estimate of this factor from the K , / K i t ,  ratio in combination with the calcu- 
lated field effect was in  good agreement with experiment"'* I". 

The data on phthalic acid are even more confusing. There is n o  intranio- 
lecular hydrogen bond in solid potassium hydrogen phthalate, whereas 
both i.r. and n.ni.r. data in  solution point to its existence. The K , / K E  value 
is close to the statistical factor 2 and is a strong indication against it. 

M ccoy i h7. :'I):: has provided an  elegant dcinonstration of the very irnpor- 
tant effect of slight changes i n  geometry on the Kl/K2 ratio. Assuming that 
the intramolecular hydrogen bond would have its largest effect on the 
K1 /K2 ratio in  a diacid tvhere an 0. . . . .O distance of about 2.4 A could be 
attained without serious steric distortions, hc calculated this distance in a 
number of sterically rigid acids i n  their (hypothetical) undistorted planar 
structure. The results o f  these calculations are shown in Table 17. Again 
returning to rnaleic and phthalic acids, one can see that the 0. . . . .O dis- 
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TABLE 17. Log K , / K ,  values and calculated 0-0 distances in the 
O.-.H--O grouping for some selected dicarboxylic acids**: 

log K , / E ,  O . . H . . O ( . & )  Acid 

--___--- ___---- 

Cyclohex-I -ene-l,2- 

Phthalic 
Maleic 
Cyclopent-l-ene-l,2- 

dicarboxylic 
Bicyclo[2.2.l]hepta-2,5- 

diene-2,3-dicarboxylic 
Bicyclo(2.2. Ilhept-1- 

ene-2,3-dicarboxylic 
Furan-3,4-dicarboxylic 
Cyclobu t- 1 -em- 1,2- 

dicarboxylic 

dicarboxylic 

2 .9  
2.46 
4-42 

5-63 

6.45 

6.65 
6.40 

6.5 I 

1.44 
1.60 
1 -68 

1.92 

2-07 

2.1 1 
2.93 

2.6 I 

tance is much smaller than that required in a strain-free, planar. hydrogen- 
bonded ion. By small changes in the bond angles, which can be accomplish- 
ed by incorporating the ethylene- 1,2-dicarboxylic acid structure in cyclic 
systems, the 0. . . . . 0 distance increases until one arrives at acids withextre- 
mely high K1 / K 2  ratios, such as 1 -cyclobutene-l,2-dicarboxylic acid. The 
increase in K1/K2 is paralleled by a strong increase in K ,  /KE. 

This treatment demonstrates the importance of internal hydrogen bond- 
ing in determining the K l / K 2  ratio in a most convincing way. By increasing 
the distance between the carboxyl groups the field effect will decrease and 
yet a n  enormous increase in log KI/Kz is observed. The crucial importance 
of the 0. . . .O distance is emphasized, and it appears highly probable that 
ions which cannot attain a planar structure having an 0. . . .O distance of 
about 2-4 A without inducing severe steric strain, d o  not exist in solution as 
internally hydrogen-bonded forms. The acid phthalate ion almost certainly 
belongs t o  this class, and the acid rnaleate ion is probably a borderline case. 

The decrease in K ~ / K R  ratio in the dialkylmaleic acids185 and the 1.2- 
dialkylcyclopropane-I .2-dicarboxylic acids1J1 as compared t o  the parent 
compounds becomes intelligible on  the basis of McCoy’s treatment. The 
steric interference between the alkyl groups and the carboxyl groups will 
increase the steric strain in a hypothetical planar ion, and the planar ion 
will thus be still more disfavored. 

Another question is posed by the above treatment. What is the K I / K : !  
ratio in a saturated 1,2-dicarboxylic acid, where the carboxyl groups are so 
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close as to  preclude intramolecular hydrogen bond formation? Such an 
acid would have the carboxyl group planes almost parallel to  each other 
and the field effect would be a t  its maximum. A consideration of molecular 
models suggests that bicyclo[2.2.1 ]heptane-eso-cis-2,3-dicarboxylic acid 
(37) with a log K 1 / K z  value of 2-20 in water might be the best model (the 
endo isomer probably has too  strong interactions between the endo-5,6 

COOH 

/< COOH coon 

(37) (38) 

hydrogens and the carboxyl groups to be a suitable choice). Cis-bicyclo 
[2.2.2]octane-2,3-dicarboxylic acid (38) (log Kl / K 2  = 2-27) may also re- 
present this type of acid. Since small changes in the conformation around 
thc i-COOH bond may cause small changes in K 1 / K 2 ,  it is obviously futile 
to  try to find better examples. As a crude estimate it is enough to know that 
the field effect between two cis-situated carboxyl groups on adjacent carbon 
atoms corresponds to a log K1 /A'? ratio of 2 - 2 5  and that log K I / K z  ratios 
in excess of the latter value indicate that intramolecular hydrogen bonding 
may influence t h e  K1 / K 2  mtio. 

Having recognized that the attainmcnt of an  0. .  .O  distance of about 
2.4 A in aii unstrained or  nearly unstrained structure is the crucial factor, 
the data in Table 16 are now cmenable to  a more detailed discussion. In the 
malonic acid series the KI  / K 2  ratio of the  parent compound is not influenc- 
ed by  intramolecular hydrogen bonding, since the field effect is enough to 
account for i t .  Alkyl and cspecially dialkyl substitution strongly increases 
the K ,  / K 2  ratio, much more than the Kirkwood-Westheimer treatment can 
accornodate. From the geometry of the  malonic acid molecule it iseasily 
seen that an 0 . .  . . O  distance of 2.5-2.6 A is attainable without steric 
distortions (39). but that the hydroge!l bond formed is not linear. 
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Nonlinear hydrogen bonds are considered to be less favorable than linear 
ones76, and this probably means that any internal hydrogen bond in the 
rnalonate system is fairly weak. Another factor to be considered is the con- 
formational situation around the C-COOH bonds. As pointed out in 
section XV, conformations with eclipsing CO and CH or eclipsing CO and 
CC are favored. To form the internal hydrogen bond, one of the carboxyl 
groups has to be somewhat removed from its favored position, thereby 
introducing a second destabilizing factor. Inspection of models reveals that 
alkyl and dialkyl substitution may possibly assist in pushing the carboxyl 
group out of its favored conformation and consequently ease the formation 
of the hydrogen-bonded form. A second conformational factor not hitherto 
recognized is the rotation around the C-OH bond within the carboxyl 
group itself. The stable cis conformation cannot possibly form an internal 
hydrogen bond, so that about 2 kcal/mole have to be spent before the truns 
conformation can be attained, as illustrated below. The same reasoning 

applies to almost all situations where the COOH group acts as a proton 
donor in a n  intramolecular hydrogen bond. 

As they have at least two factors opposing intramolecular hydrogen bond 
formation, one may ask why it occurs at all in malonic acids. The answer 
probably lies in the explanation given by McDaniel and Brownla6, namely 
that steric: strain in the open molecule is relieved in the cyclic form. This is 
commonly assumed to be the reason why alkyl substitution in a carbon 
chain leads to an increase in cyclization tendency(denoted as the gem- 
dialkyl effect, although the alkyl groups need not always to be geminal). 
Thus, in spite of the unfavorable conformational situation, intramolecular 
hydrogen bonding is still favored because of the decrease in steric strain 
possible in the cyclic arrangement. 

This becomes still more evident in the succinic acid series. Succinic acid 
itself in its gauche conformation needs very little readjustment in  the dihed- 
ral angle to form an almost linear hydrogen bond of the desired length (40). 
Yet there is no evidence from ionization constant data of intramolecular 
hydrogen bonding in succinic acid (in fact. dipole moment studies?04 show 
that the trans conformation is favored in dioxane solution), and this must 
be ascribed to the conformational factors mentioned above. A tetraalkyl- 
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H 

I 

succinic acid, on the other hand, is severely strained and some of the strain 
can be relieved in a cyclic internally hydrogen-bonded conformation in 
spite of the increase in conformational strain. 

The importance of secondary steric effects is also evident from:the results 
in the tizeso- and rac-2,3-dinlkylsuccinic acid series. Increasing the size of 
the alkyl groups leads to  a complete dominance of a conformation with 
gauche carboxyls in the racemic series, and one with trans carboxyls in the 
rneso series (41 and 42). The result is a very strong increase in log KI/& 
in the racemic series,whereas the opposite trend is observed in the meso series. 
The extreme example of this effect is 2,3-di-(~-butyl)-succinic acidls4, whose 
inem and racemic forms have log K l / K 2  values of 1.86 and 9.5 (8.0 in 
water1Ig), respectively, in 50yL ethanol-water. Evidently, the bulky alkyl 
groups cause a severe steric strain in this molecule, and this is effectively 
relieved in the internally hydrogen-bonded structure. 

(43) 

Recently, King'"> proposed that the old Anschiitz structure (43) might 
be invoked to  explain very high Kl/Kz ratios. This possibility was discussed 
some years ago by t h e  authorzos but dismissed on the basis of all the struc- 
tural work known at  that time. From the theoretical point of view, it is not  
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very attractive, because 33 i s  commonly assumed to  be the very short-lived 
tetrahedral intermediate in anhydride solvolysis, and is anyway completely 
ruled out today by the n.m.r. studies referred t o  above. 

Glutaric acids are considerably more complicated. Even if it is evident 
that 3-alkyl substitution will favor conformations with carboxyl groups 
close to  each other, the flexibility of the system nevertheless precludes any 
detailed discussion of the K1 / K s  ratios'"". Hydrogen-bonded and non-hyd- 
rogen-bonded conformations may exist in comparable equilibrium con- 
centrations and there is no  means of zssessing the importance of hydrogen 
bonding from ionization constant data alone. 

Acid ions of ethylene-] ,2-dicarboxylic acids are theoretically best suited 
for intramolecular hydrogen bond formation. If an 0. . . . .O distance of 
2-4-2-5 A can be attained without steric distortion of the rest of the mole- 
cule, it will be almost linear. The conjugation between the double bond and 
the carboxyl groups w i l l  favor the planar arrangement, and the only de- 
stabilizing factor to  be overcome is the cis-tram conformational change in 
the COOH group (15- 16). It  is also here that extreme log K l / K z  values 
are found and the best evidence for internal hydrogen bonding is obtained. 

Additional evidence for intramolecular hydrogen bonding has been pro- 
vided by Eyring and coworkers'". 2"7--90'J by a kinetic method. The reac- 

tion HA-i -OH-  A?-+ HzO can be studied by the temperature-jump 
method, and Table I8 gives a compilation of their data on several types of 
dicarboxylic acids. Figure 10 reveals that a high K I / K z  ratio of a diacid is 
accompanied by a low rate constant for the neutralization reaction. This is 
exactly the effect t o  be expected if an intramolecular hydrogen bond has to  
be broken i n  the process. Isotope efl'ects in D.0 have also been studied but 
are not coiiclusive as regards the role of internal hydrogen bondingzn9. 

Except for cyclopropane-l,2-dicarboxylic acid and cis-caronic acid, 
intramolecular hydrogen bonding does not seem to bc important in the 
ionization of cycloalkanedicarbosylic acids2l1. Due to the intricate confor- 
mational relationships in these ninlecules (compare section VI I I .  A) the 
small differences in log KliK2 between cis and trails isomers are difficult to 
interpret and a discussion must be deferred unt i l  more data  are available. 

2. Hydroxy carboxylic acids 

The cis-trurrs conformational change i n  the COOH sroup (15- 16) 
required to  form an internal hydrogen bond would seem to prevent thc 
formation of weak intramolecular hydrogen bonds between the ccirboxyl 
group and acceptor groups other than the carboxylate ion. Thus, one would 
not expect that hydrogen bonds of the type COOH . . . Hal, COOH . . . . S, 
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TABLE 18. Rate constants for the reaction HA-+OH- - A?-+H,O at  25" in 
aqueous solution 

Acid 

- - . . . . . . . - .. . . .. .. -. - . - __ . . . . .___ 

Dicthylmalonic 4.90 

Ethylisoamylmalonic 5.16 
Ethylbutylmalonic 5.10 

Dipropylmalonic 5.19 
Ethylphenylrnalonic 5.22 
Ethyljsopropylmalonic 6.07 
Diisopropylrnalonic 6.42 
cis-Caronic 5.97 
3,3-Diphenylcyclopropane- 1,2-dicarboxylic 6.90 
Tetramethylsuccinic 3.85 
Tetraethylsuccinic 4.67 
rac-2.3-Di-t-bu tylsuccinic 8.05 
Maleic 4.42 

28 
16 
16 
13 
14 
5.5 
4.5 
6.3 
0.44 

5.3 
0.23 
9" 

25 

182 
182 
182 
182 
182 
182 
182 
208 
208 
208 
208 
208 
210 

a Estimated from a value measured at 12". 

9I 

€3 8 
4 6 

PK2- PK, 
FIGURE 10. Plot of log k for reaction HA- :-OH-- - A -  f H,O against pKz - 
ph', for intramolecularly hydrogen-bonded acid ions (data from Table 18). 
Open circles correspond to 1 ,l-dicarboxylic acids, closed ones to 1,2-diczrbox- 

ylic acids. 
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COOH. . . OS, or  COOH.. . OnS would have any appreciable influence on 
the ionization constant of carboxylic acids containing halogen, sulfide, 
sulfoxide, or sulfone groups in suitable positions. Available data'. "' are 
in agreement with this prediction. This leaves us with cases where the car- 
boxyl group or the carboxylate ion acts as a hydrogen bond acceptor, e.g. 
in hydroxy carboxylic acids, where no conformational obstack to forrna- 
tion of OH..  . .OCOH bonds exists. 

Sicher and coworkers213 have determined the ionization constants for the 
different axial (a) or equatorial (e) isomers of 3- and 4-r-butyl-2-hydroxy- 
cyclohexanecarboxylic acids and noticed some interesting regularities. 
Subtraction of the pK value of the 'parent' acid from that of the appro- 
priate hydroxy acid gives the ApKoH value, shown in Table 19. In the 
COOH'OH" conformation the difference is 0-45 p K  units, considered to be 

TABLE 19. Values of ApKo= and ApKon(H-bond) for 4-r-butyl-2- 
hydroxycyclohexanecarboxylic acidsZI3 

Conformation COOH'OHa COOHCOH- COOHrOHv COOH*OHe 

A PKO R 0.45 0.57 0.8 1 !-39 
ApKoa(H-bond) - 0.12 0.36 0-94 

due solely to the inductive effect. Assuming that this is independent of 
stereochemistry, the difference, ApKo,(H-bond), between ApKoH and 0-45 
was taken to represent the contribution from internal hydrogen bonding. 
The strongest effect, 0.94 pK units, was observed in the C0OH"OH' con- 
formation. This could be rationalized on the basis of a preferred conforma- 
tion oftheaxialgroup which would be especially suited for internal hydrogen 
bond formation. Again, one assumes that the internal hydrogen bond is 
stronger in the anion than in  the acid molecule, and hence an acid-strength- 
ening effect would be the result of intramolecular hydrogen bonding. The 
effects are small, .however, and the interpretation is based on the inductive 
effect being independent of stereochemistry (as it should be as a first ap- 
proximation). The situation would be somewhat different if the polar effect 
were treated as a field effect, which is certainly not independent of stereo- 
chemistry. A judgment regarding intramolecular hydrogen bonding in these 
acids is obviously difficult to make in the absence of supporting physical 
measurements of other kinds. 

A better case for the intervention of intramolecular hydrogen bonding 
can be made for salicylic acid'. 'I4. Ionization constant data for salicylic 
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acid and some reference compounds are given in Table 20. The first ioniza- 
tion step of salicylic acid is considerably stronger than that of p-hydroxy- 
benzoic acid, whereas the OH ionization step is much weaker. An inter- 
nally hydrogen-bonded acid ion is again in agreement with these data. The 

TABLE 20. Ionization constant data for salicylic acid and some 
reference compounds*14* *Is in water at 25" 

Acid p K  of COOH group pK of OH group 

Benzoic acid 4-22 - 
Phenol - 9-86 
p-Hydroxybenzoic acid 4-48 9-09 
Salicylic acid 2-83 12-62 
Ethyl p-hydroxybenzoate - 8.34 
Ethyl salicylate - 9.92 
3-Methylsalicylic acid 2.95 14.6 

standard enthalpy and entropy of formation of the intramolecular hydro- 
gen bond in the acid ion was calculated to be - 5.0 kcal /mole and -4-0 
e.u. Steric interference between a 3-methyl group and the hydroxyl group 
in salicylic acid produces even more dramatic effects on the pK1 and espe- 
cially the pK2 value, being 2.95 and 14-6, respectively, for 3-methylsalicylic 
acid2l5. 

Intramolecular hydrogen bonding has also been invokeda to explain the 
large difference in acidic behaviour between o-aminobenzoic and 0-(N,N- 
dimethylamino) benzoic acids (44 and 45). The decrease i n  pK1 and increase 
in pK2 for the dimethylamino acid indicates an internally hydrogen-bonded 
structure for its zwitterion (46). Temperature-jump measurements have 
shown that the reaction between the zwitterion and hydroxide ion is slowed 
down by at least three orders of magnitude from the diffusion-controlled 
value216, which is similar to what is observed for internally hydrogen-bond- 
ed acid ions of dicarboxylic acids (Table 18 and Figure 10). 

CHJ 

H c H , . ~  .,H.. 
I .  "N 0 

Nti,  CH,--N - CHj  

a C O O H  a C 0 O t - l  &:\ 0- 
(44) 

pK, 2.04 
pK, 4.98 
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Intramolecular hydrogen bonding has also been studied i n  ions of 
EDTA and related compounds217. 
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1. T H E  CARBONYL OLEFINATION REACTION 

A. Introduction 

Carbony1 olefination, onc of the most general methods for chain elon- 
gation, has been widely used for the synthesis of carboxylic acids and 
their derivatives. The underlying principle of the method has been briefly 
discussed in the first volume of this series]. The prescni chapter treats the 
method in more detail with particular attention to such of its aspects 
that have a bearing o n  the stereospecific synthesis of various types of 
unsaturated carboxylic acids. 

8. Method of Corbonyl Olefination 

Under the general name of  carbonyl oletinatiorl are classified a group 
of reactions i n  which phosphorus ylides ( I )  or their PO-activated analogs 
(2) react with carbony1 compounds to form olefins. 

\P-& +O:CR, -_- R,C- -CR,+---P- \ -0 
7 ,  / -  

(1) 
0 0 

(2) 

The chief merits of this method, djstinguishing i t  from othcr methods 
of building up the carbon chain, are that it occurs under mild conditions, 
that i t  does not induce isomerization or rearrangement and that it is t‘re- 
q ue n t ly stereos peci fi c. 

Triphe n y la 1 k y len cp h osp ho ra lies (3) (Wit t ig reagents) a re 11105 t o f t  e 11 

used as olefinating agents”’; trialky~ analogs (4)””, or compounds o f  
type 3 containing various substituents at the P-plienyls’6-“’ have found 
much rarer application. Lately the PO-activated analogs; of the phosphorus 
ylides. namely carbanions of phosphonic and phosphinic acids (5 .  6) and 
diphen).lphosphine oxides (7) are beinp used more and  more cxtcnsivel!.?’. 

- -  
P ha P-C H R 

(3) 

L -  

R,P-CHR 

(4) 
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0 0 
I !  - Ii - 

0 
I .  

RO,P--CHR Ph( R0)P-CH R PhZP-CHR 

(5 ) ( 6 )  (7)  

In  this article we shall discuss only the practically most important ole- 
finating agents-the triphenylalkylenephosphoranes (3) and their PO- 
activated analogs (5) and (7). 

Triphenylalkylenephosphoranes (3) are usually prepared by treating 
triphenylphosphoniurn halides (8) with bases4* '. 

-H)( -. - 
[Ph,P-CH2R]+X- -L.-. Ph,P--CHR 

+ HX 

(8 )  (3) 

Since the phosphorus ylides (3) are in  turn capable of adding HX with 
the formation of phosphonium salts (8). the latter can be regarded as 
Bransted acids. and the ylides (3) as their corresponding bases. The 
strenzth of the base deprotonating the salt (8) depends on the acidity 
of the latter, which is determined by the nature of the substituent R. Elec- 
tron-accepting R substituents augment the acidity of the salt and lower 
the basicity of the phosphorus ylide. Because of this, when R=COZMe, 
the phosphoniurn salt, being a strons acid, is ylidized even by dilute soda 
solutiong, whereas when R = alkyl. strong bases such as hydrides, amides 
and alcoholates of alkali metals or  orgallolithium compounds are required 
for this purpose. Recently the methylsulfinyl carbanion, formed by the 
action of. sodium hydride o n  dimethylsulfoxide. has been recommended 
a s b a s eZ2. 

The becond method of practical importatice involves the transylidization 
prin~iple'~. The interaction of the phosphorus ylides (3) with the phos- 
phonium salt (8a) leads to the equilibrium: 

Its position depends upon the relative acidity and basicity of the salt and 
ylidc, i.e. on the nature of the substituents R and R'. If  3 and 3a differ 
strongly in basicity. the equilibrium is shifted in the direction of the less 
basic ylide and the less acid phosphonium salt. The ylides (3) can. thers- 
fore. be transylidized by the phosphonium salts (8a) i f  in the series COPh. 
C02Me. Ph. Alk. the substituent R occupies a position closer to the right 
than does R'. 
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Other methods of preparing trlphenylphosphoranes are only of limited 
applicability. Among these is the reaction of triphenylphosphinz with 
aliphatic diazo compounds in the presence of copper ~ a l t s ~ ~ - ' ~ .  

+ -  
Ph,P; N,CHR ZUL Ph,P-CHR+ N, 

z-Halo-substituted triphenylphosphorus ylides can be obtained by the 
additiDii of carbenes to  rriphenylpho~phine"-~~. 

base  - 
Ph,P I CHZX, - - - Ph,P-CHX 

base + - 
PhsPt  CHX, -.- PhaP-CX, 

+ -  
2 Ph,P+ CX, - 2- Ph,P-CX,- Ph,PX, 

Ylides are also formed in the  interaction of triphenylphosphine with 
derivatives of acrylic acid (9, X = O R  or NH2)35, 

7 -  

Ph,P+ HZC---CHCOX --- Ph,P-CHCH,COX 

(9) 

or 011 thermal decomposition of ~-niethoz;~carbon~:lalkylphosphonium 
salts 

. -  1 
[Ph,PCH(R)CO,Me]+X- --- - *  Ph,P-CHR i CO, -t MeX 

(10)  

Finally, phosphorus ylides (13) with two electron-accepting cx-substi- 
tuents can be synthesized from triphenylphosphoniuni dichloride (11) and 
derivatives of malonic acid (12, X, Y = C0& or CN)3a. 

E r N  - - /x 
Ph,PCI,; C H X Y  5- Ph,P-C/ 

(11) (12) (13) 
\Y 

PO-activated mialogs of phosphorus j.lides (5  and 7) are przpared by 
metalating the corresponding phosphinates (R'O)zP(O)CH?R or diphenyl- 
phosphine oxides Ph2P(0)CHBR. Hydrides, amides or thc alcoholates of 
alkali metals, as well as butyllithium and phenyllitliium are used as metal- 
ating agents". 

The stability of the inetalated compound depends upon the nature af 
rhe alkali metal. Lithium derivatives are the most stable and i n  some cases 
can bo cven i s ~ i i i t e d ~ ~ .  One of the advantages of the PO-activated ylides 
i s  that the alkylphosphorous acid salts formed in the carbonyl olefination 
reaction are water-soluble, so that i n  contrast to the insoluble tripheiiyl- 
phosphine oxide they can be readily separated from the olefins. Moreover, 
PO-activated yljdes rcnct more easily with ke:ones than do Wittig rea- 
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gents. However, the  set of PO-activated olefinating reagents is limited 
because the reaction proceeds satisfactorily only with ylides stabilized by 
electron-acceptor substituents on the ylide carbon (5-7, R=CO,Et, Ph, 
erc.) .  

Usually an attempt is made to carry out the reaction in a single step, 
i.e. without isolating the olefinating agent. Hence when the latter is triphe- 
nylalkylenephosphorane (3), obtained from the corresponding phospho- 
nium salts, the reaction mixture as a rule also contains alkali metal halides. 
Since the latter can have an important bearing on the yield of olefins and 
on the stereoselectivity of the r e a ~ t i o i i ~ ~ - ~ ~ ~ ,  special methods were devised 
for obtainin& salt-free triphenylphosphorus ylide solutions in  polar and 
non-polar solvents4' 41a. 

In order to avoid side-reactions it is often necessary to carry out the 
carbonyl olefination in an absolutely dry, inert gas. The reaction is usually 
completed by treatment with water, so as to dissolve the inorganic salts 
(metal halides, alkylphosphites) and, in some cases, to decompose inter- 
mediates (see below) which rapidly yield the products in the presence of 
water. 

C. Structure and Properties of Phosphorus Ylides* 

Since a phosphorus atom is capable of enlarging its electron octet to a 
decet, phosphorus ylides can be regarded as ylide-ylene resonance hyb- 
rids 

\ p _ y R  _-_- LC<; 
/ \R / 

The degree of double bonding and consequently the reactivity of a 
given ylide depends on the nature of the substituents on the phosphorus 
and on the ylide carbon. 

The eflect of the substituents on the phosphorus atom is determined by 
their ability to decrease or increase the ( I  orbital resonance, since a de- 
crease in tlic latter lowers the degree of double bonding. Therefore, elec- 
tron-accepting substitucnts o n  phosphorus decrease, and electron-donat- 
i n s  ones increase, the reactivity (nucleophilicity) of the phosphorus ylide. 
I t  j, for this reiison that rzplacemcnt of phen1.l substituents on the ylide 
phosphorus by alkyl substitueilts considerably augments the reactivity of 
the p h o ~ p l i o r u ~  ylides'* . Negatively-charged osygen on the phosphorus 

* Thr aim of this section is to give the general background necessary for the under- 
standing of the mechanism and the stercochemistry of carbonyl olefination. h more 
thorough discussion can be found in thc monograph of A. W. Johnson'. 
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atom is wen more effective. Phosphonate ions of the type 14 are much 
more nucleophilic than the corresponding triphenylpliosphoranes because 
of the greater weight of the carbonyl structure i n  the latter?". 

0- 0 
I - I 

(EtO),P --CHCO,Et ---+ (Et0)ZP-CHC0,Et 

04a)  W b )  

With reference to the substituents on tlie ylide carbon i t  is to be noted 
that electron acceptors which diminish the negative charge, decrease (elec- 
tron donors increase) t he reactivity of the phosphorus ylides. Depending 
upon the nature of the substituent on the ylide carbon, triphenylphos- 
phorus ylides (Wittig reagents) can be subdivided into three groups. 

1. Non-stabilized ylides. 

To this type belong triphenylalkylenephosphoranes i n  wluch the ylide 
carbon substituents have little effect upon the carbanionic character of 
the molecule. Non-stabilized phosphoranes display quite definite nucleo- 
philic properties. being readily decomposed by water. oxidized by atmos- 
pheric oxygen and usually reacting vigorously with carbonyl compounds 
even at room temperature. 

2. Stabilized ylides. 

To this group belong triphenylphosphoranes with strong electron accep- 
tor substituents on the ylide carbon. They have a less marked nucleophi- 
licity than the ylides of the first group and are less reactive. not being 
hydrolyzed by water or oxidized by atmospheric oxygen. 

3. Partly stabilized ylides 

In  ylides of this type the subsrituent on  the ylide carbon does n o t  possess 
marked electron acceptor properties. Tlieir reactivity i h  intermediate be- 
tween the ylides of the first and second groups. 

Characteristic representatives of the above three groups are the alkgl- 
idene- (15). tlie alkosylcarbonylmethylene-( 16) and the beiizylideiie-(l7) 
or alkenylidenetriplieri~~Iphosphor,?iies (18). 

Ph,P--CH(CH,),CH, Ph,P--CHCO,R Ph,P--CHPh Ph,P - CHCH -CHR 

(15) (16) (17) (18) 

Of considerable importance for undcrstandiiig the rneclianibm and 
steric course of the carbonyl olefination reaction is the stereochemistq, 
of the initial phosphoru\ j lides. At present little information is available 
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on the geometry of the ylide carbon and phosphorus atoms. The results 
of an estimation of the valence angles of a stabilized phosphorus ylide41b 
are not inconsistent with tetrahedral hybridization of the ylide phosphorus 
(overlap of the phosphorus d orbital with a p orbital of the ylide carbon). 

In the case of the stabilized ylides of type 16 the substituent, by lowering 
the electron density of the ylide carbon atom, itself acquires an excess 
negative charge. Because of this, such ylides have a predominantly cisoid 
structure (19)42. Apparently the negative charge on the ylide carbon is 

- + T 

PhlP, .o O R  
H,c-c<oR H 0 

also delocalized in the partly stabilized phosphorus ylides (17): 

O n  the other hand the phosphorus atom should exert a strong effect 
on the phenyl groups directly bound to it, lowering their electron density. 
The most prefered conformation in this case should therefore be 21, 
wherein the C-phenyl is situated between two P-phenyls and is transoid 
to the third P-phenyl. 

6' 
Ph 

Ph - Phh' *- 

H 
Ph 

6' 

D. Mechanism of Carbonyl Olefination 

I t  is well established that carbonyl olefination proceeds through the 
formation of the intermediate betaine (22), whose structure has been 
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confirmed by a number of indirect data43"4*51. 

It  was shown on the basis of kinetic and stereochemical data that the 
stage of betaine formation is reversible for both stabilized or  semistabiliz- 
ed phosphorus ylides (16 and 17) and non-stabilized ylides (15)5"-54* ''. 

As a rule the betaines thernselvcs cannot be isolated, but betaine-type 
intermediates have been obtained in certain special  case^^^-^'. It was 
shown in the example of optically active phosphorus ylides tha t  the last 
stage of carbonyl olefination-decomposition of the betaine (22a) into 
phosphine oxide (26) and olefin-takes place with retention of the con- 
figuration at the phosphorus atom4"". 

From this i t  follows that the betaine decomposes via the cyclic transition 
state (23) by cis elimination. Hence the configuration of the olefin (24) 
is predetermined by t h e  configuration of its betaine precursor (22). 

Regarding the rate-determining stage of carbonyl olefination, i t  was 
unequivocally shown by kinetic studies14* ''* '' that for the relatively slug- 
gish, stabilized ylides of type (16) i n  non-polar media the rate of decom- 
position of the betaine into olefin and phosphinr oxide exceeds the rate 
of its formation. 

Direct kinetic ineasuremeiits are difficult to carry o u t  in  the case of 
the partly stabilized ylides. due to their fast rcaction rates. However, 
investigation of the competing reactions of ylide 17 with various aldehyde3 
showed that i n  this case also the rate-determining stage is formation of 
thc betaines'"". ". 

An important fcature of the non-stabilized ylidch (15) is that thev form 
betaines so fast that the rates of both stages become cominensurate. How- 
ever at least under certain conditioiis (non-polar solvent, absence of foreign 
salts) betaine formation remains the rate-determining stagesG. Another im- 
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portant characteristic of non-stabilized ylides (15) is that in the reaction 
with aldehydes the relative rates of the separate stages may depend upon 
the presence of inorganic salts forming complexes with the betaine 

[P~,;P---CHRCHR'O]. Lix 

I n  such complexes the charges on the phosphorus and oxygen are partly 
neutralized and, moreover, these atoms become sterically less accessible 
than in the initial betaine. Especially stable are the complexes with lithium 
salts, the equilibrium between the free betaine and the lithium complex 
being strongly shifted towards the latter. This slows down the second stage 
of the reaction (decomposition of the betaine into the endproducts) to a 
point where it becomes rate-determiniiig4la* "9 " (see section 1.E). 

The mcchanism of the PO-activated olefination has been investigated in 
much less detail than the mechanism of the Wittig reaction and is still 
largely hypothetical. It has been suggested by analogy with the Wittig 
reaction that PO-activated carbonyl olefination proceeds through forma- 
tion of the 8-hydroxyphosphorus derivative (27) which decomposes via 
the transition state (28) into met21 alkylphosphonate and olefin. In some 

0 0 0 0 

)b--CHR - >P.--TH R >b...CHR 
>I' 

CHR 

O--CR, 0-CR, 0 ... C R ,  0- CR, 
- I -c 1, _- . . +. - 

(27) (28) 

cases the alkali metal salts of the anion (27) could be i s ~ l a t e d ~ ~ * ' ~ * ~ ~ ,  
lithium salts being as ;1 rule more stable than the sodium or potassium 
compounds. The latter are largely decomposed into the initial reactants, 
from which the conclusion was drawn that the first stage ot'the reaction is 
reversi bleS9. 

The question of the rate-determining stage of the PO-activated carbonyl 
olefination still remains unresolved. However. competition reactions of 
benzaldehyde with the ylide 17 and the carbanion (7. R = Ph) showed 
the latter to be more reactiveG0. From this, one may conclude that in PO- 
activated carbonyl olefination also, the betaine formation stage is rate- 
determining; otherwise the end-products should form more readily from 
(he ylide 17, phosphorus being more electrophilic in the latter. 
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E. Stereochemistry of Carbonyl Olefination 

Since olefiiiatioii of aldehydes leads t o  a mixture of cis and trans olefins, 
the interniediarc betaine should be in the form of both rryihro and i/wc>o 

isomers (29 and 30; see Scheme I)*. 

0 = CHR' 

f30) 

Ilrreo 
SCHEME I .  

Early investigations showed that the Wittig reaction is often non-stcreo- 
specificG, whence the conclusion \\'as drawn that the energy difference 
between the diastereomeric betaines must be very small. However. experi- 
mental facts accumulated i n  recent years have demonstrated that iinder 
certain conditions carbonyl olefination can display striking selectivity, with 
the stcric course of the reaction much more dependent o n  the structure 
of the  ylide than on that of the aldehyde. Thus, non-stabilized phospho- 
rus ylides of type 15, in non-polar solvents and in the absence of halides, 
give with various aliphatic and aromatic aldehydes high yields of cis 

olefins, whereas stabilized ylides of type (16) form the irons isomer 
(Table 1) .  Partly stabilized ylides (17 and 18) also give predomiiiantly 
trans olefins with aldehydes, but  the reaction is less specific. 

On passing over from the stabilized or partly-stabilized triphenylphos- 
phorus ylides to the trialkyl analogs the tendency to undergo frarzs-carbo- 

* Thc term cr.vr/rm refers to the bctaine with both hydrogens and substituents R 
and  R' cisoid in one of the cclipsed conformations. whereas threo refers to the second 
i soiner. 
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TABLE 1.  Stereochemistry of the reaction 

(in non-polar solvents). 
EtCHO + PhaP-zCHR -EtCH-CHR + Ph3P0 

R Type o f  ylide cis: trans Ratio Reference 

--___ ~ .- 

Et 15 92:  8 41a 
C0,Me 16 1 : 99 61 
Ph 17 18:  82 31a 
CH=CH2 18 6 :  94 62 

nyl olefination markedly increases (Table 2). Trans olefins also prevail in 
PO-activated carbonyl olefination, the steric course of the reaction being 
practically independent of the nature of the substituent on the ylide carbon 
(Table 3)57.58. 63-66 

TABLE 2. Effect of the replacement of phenyl by alkyl 
groups at the ylide phosphorus atom upon the 

stereochemistry of the reaction of stabilized ylides with 
benzaldehyde (in ethanol). 

Ylide cis: truns Ratio Reference 

Ph ,P-CH CO Me 1 6 :  84 13 
Bu3P---CHC02Mc 5 : 95 14 
Ph,P-CHPh 55 : 45 15 

PhMe,P-CHPh 12: 88 1s 
(C6H, ,),P-CHPh 8 : 9' 15 

Ph2MeP---- CHPh 3 2 :  68 15 

TABLE 3. Stereochemistry of the reaction of phosphonate 
and phosphine oxide carbanions with benzaldehyde. 

Wide cis: t rans Ratio Reference 

~ .______ 

(EtO),P(O) -6CHC0,Et" 13: 88 57, 63, 64 

(EtO),P(O) - CH Ph6 
- 

Ph,P(O) -CHPh* - 
Ph ZP(0) - C H E tc  

6 : 94 65 

5 : 95 65 

4 :  96 65 

0 In benzene. 
b In cyclohexane. 

In dimethylformanride. 
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House and R a s r n u ~ s o n ~ ~  attempted to explain the selective t ram reac- 
tion of stabilized ylides (16) by differences in  the rates of decomposition 
of the intermediate betaines due to overlap of the ?G electrons of tlie 
carbonyl group and the newly formed ethylene bond. 

According to House and Rasmusson the coplanarity required for 
maximum overlap of t hez  electrons can be realized more easily in the case 
of the rlzreo betaine with transoid arrangement of the substituents (see 
30a), whence it follows that this isomer should decompose at a faster rate 
then the other. I f  i t  be assumed that the stereoisomeric betaines form at 
about the same rates and come to equilibrium with sufficient rapidity, the 
efl'ect of such coplanarity should be predominant formation of the trans 
olefin. This hypothesis was used time and time again by various authors 
to explain the selective trans olefination by stabilized and partly stabilized 

. However. i t  had to be rejected after 
it was shown that the rate-determining stage of carbonyl olefination by 
tripheuylphosphorus ylides (15, 16 and  17) is the formation of the betaine 
(see section 1.D). Indeed, i f  this stagc is reversible and at the same time 
rate-determining, the reactions could be treated by the steady-state con- 
centration method, which yields equation ( I ) ,  expressing the cis.-frarzs 

phosphorus ,,lides!#. 14. 15. 28. 32. 67. 68 

ratio of olefins a s  a function o f  the rate constants 
(see Scheme 

of' six elcrnentary steps 

( 1 )  

Since under normal conditions the experimeiital values for kz/kn and 
ks/ke differ little from each others2, equation ( I )  shows that marked select- 
ivity of tlie reaction is possible only i n  the case of large differences in 
the rates of forniation ( k l  and k4) of the eryrhro and /hreo betaines. 
A high stereospecificity of carbonyl olefination therefore bears evidence 
of considerable energy differences between the diastereomeric betaines (or 
between the transition states leading to the betaines)". 

It  might have been assumed that the source of such energy differences 
could have been differences in the steric interaction between the R and R' 
groups in  the eclipsed conformations 31 and 32. 

* On the grounds that with non-stabilized ylides in the presence of salts betaine 
formation step is the fast stages3, Johnson; concludcd that for  such ylides steric influ- 
ences are not pronounced in the transition statc leading to betaine formation. This 
conclusion must be considered as not valid for salt-free rcactions. 
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0 0 

However, a n  examination of the models shows that owing to the bulki- 
ness of the phosphorus atom and its three pendant phenyl groups, the 
eclipsed conformation cannot be realized without serious distortion of 
the atomic parametersG8. The betaincs must therefore form in the stag- 
gered conformers 29 and 30 (Scheme 1)  with skewed phosphorus and 
oxygen and transoidal arrangement of the large triphenylphosphine and 
R' groupings. In this case the erylhro ,betaine (29) differs from the threo 
isomer (30) by an unfavorable interaction between the substituent R and 
the oxygen atom. Since, however the latter is relatively small, this effect 
could result only i n  some excess of tram over cis olefin, but it is without 
doubt too small to be responsible for the high trans selectivity of carbonyl 
olefination by stabilized and partly stabilized ylides of type 16 and 17. 

Since these ylides contain an electron acceptor group at the ylide carbon, 
interaction of these groups with other charged centers should also be 
taken into account. It is easy to see that in the case of the ylides 16 and 
17 the mutual repulsion of the negative groups hinders the formation of 
the erythro betaine, leading to more rapid formation o f  the threo isomer. 
that is (providing the first stage is the rate-determining one) to trans- 
carbonyl olefination (cf. 33 and 34, which are transition states in the 
formation of diastereomeric betaines by stabilized phosphorus ylides). 

R ' R  

(34) 
threo 

When thc substituent on the ylidc carbon is electrically neutral (non- 
stabilized ylides of type 25). the decisive effect on the arrangement of the 
betaine-forming reactants is due to the ir?teraction of the carbonyl-oxygen 
with the electrophilic phenyl groups of the ylide. 
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A consideration of niodels shows that i n  the transition state 35 leading 
to the eryrhro betaine, the distance between the catbonyl-oxygen and near- 
est phenyl group is much less than in the case of the rhreo betaine (36). 
The eryrhro compound therefoie forms more rapidly than its rlireo coun- 
terpart, which, under conditions o f  the first stage being rate-determining, 
leads to predominant cis olefination'. 

I 
R 

This approach also makes clear a number of other observations on the 
effect of the ylide structure upon the stereochemistry of carbonyl olefina- 
tion. 

Thus the lesser trans selectivity of carbonyl olefination by partly stabiliz- 
ed ylides (17) than by stabilized ylides (16) (see Table 1 )  can be explained 
by the weaker electron-accepting properties of the phenyl group of 17 
compared to the carboxylic ester group of 16. with the corresponding 
lower tendency of the former ylide to form the transition state 34. 

I n  the reaction of diphenylphosphine oxide carbanions (7) with alde- 
hydes, repulsion between two negatively charged oxygen atoms leads to the 
most stable conformations becoming 37 and 38 (see Scheme 2)65. I n  such 
a conformation the eiy/kro betaine 37 differs from the / h ! m  isomer (38) 
by a highly unfavorable interaction betiveen the phosphorus-containing 
grouping and the substituent R'. so that i t  is the tkreo compound which 
forms predominantlys9. Possibly i t  is for this reason that PO-activated 
carbonyl olefination is so highly trans selective (see Table 3). 

The steric course of tlie carbonyl olefination reaction naturally depends 
upon the reaction conditions as well as upon the structure of the reactants. 
At present only the effect of solvntion and o f  certain inorganic salts has 
been investigated in  detail. 

* Another possiblc cause for the cis-carbonyl olefination by nnn-stabilized ylidcs 
(15) in non-polar medium could bc the formation of intermolecular associates between 
the ylides and betaines. However, cryoscopic measurements of the molecular weight 
of the ylides 15 and 17 showed that in benzene they are practically unassociateds6. 
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Ph 

(37) 
eryfhro 

Ph 

C--H 
4, 

R - c  

'H 

CiJ 

'H 
(38) trans 

rlirco 
SCHEME 2. 

I. The steric effect of solvation 

Solvation of the initial reactants and of the betaines may have a dual 
effect on the stereochemistry of carbonyl olefination. The solvation of 
the oxygen and phosphorus atoms diminishes their mutual attraction, 
so that the preferred betaine conformation becomes that with transoidal 
arrangement of the solvated groups. In this conformation the erythro 
betaine (39) is energetically more favorable than the threo form (40) (see 

(40, t rans 
Iiireo 

SCHEME 3. 
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Scheme 3).  I f  the rate-determining stage is betaine formation, the above 
effect should lead to an increase i n  the proportion of cis olefin among 
the reaction products. 

On the other hand, solvation may retard the decomposition of the 
betaine into olefins and phosphine oxide. As a result the reaction becomes 
more subject to the control of thermodynamic factors, which should lead 
to a relative increase in  the amount o f  trans olefin. 

The strength of each of these solvation effects depends upon the striic- 
ture of the reactants and the nature of the solvent (Table 4). 

Non-stabilized ylides (15) give predominantly cis olefins in both non- 
polar and polar media; however, transition from non-polar to polar soh-  
ent diminishes the selectivity, owing to closer first and second stage reac- 
tion rates. In the case of partly stabilized ylides (17), transition from non-  
polar to  polar solvent greatly increases the yield of cis isomer. 

Stabilized ylides are as selective i n  the aprotic polar solvent, dimethyl- 
formamide, as in non-polar media, but i n  methanol the reaction becomes 
non-stereospecific. The different effects of protic and aprotic solvents can 
be explained by the different ways in which they solvate the phosphorus 
and oxygen atoms i n  the betaine. The nucleophilic dimethylformamide 
solvates chiefly phosphorus. It therefore manifests a considerable cis 
effect in the case of partly stabilized ylides (17), but has little or no influ- 
ence on the stereochemistry of the reaction of the CO-stabilized ylide 
(16), which is governed chiefly by mutual repulsion of the ylide and alde- 
hyde carbonyls (see above). At the same time the cis effect of protic solv- 
ents is considerable, since by solvatin? the carbonyl goups ,  they dimin- 
ish their mutual repulsion. 

TABLE 3. The effect of solvent polarity o n  the steric coursc of carbonyl olcfination. 

cis: rrans Ratio 

Ylide 
In polar media 

Aldehyde In non-polar 
Reference 

ROH VMI; 
media0 

Ph,P-CHEt (15) PhCHO 91 : 9* - 7 9 :  91 41a 
Ph,P---C HPh (17) PhCHO 3 4 :  66' 5 5 : 4 5 '  60:40 41a 
Ph,P-XHCO,Me (16) MeCHO 6 :  93d 38 : G? 3 : 97 70a 
(Et0)2P(0)--FHPh (5 )  EtCHO 3 : 96' ._ 9: 91 65 

0 In the abscncc of inorganic salts. 
b In benzene. 

i n  ethanol.  
In methylcne chloride. 
In cyclohcxane. 

.' In methanol.  
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2. The steric effect of inorganic salts 

It  has already been mentioned that carbonyl olefination by non-stabiliz- 
ed and partly stabilized ylides 15 and 17 is most often carried out in the 
presence of alkali halides formed during generation of the ylides from 
the corresponding phosphonium salts. I t  was found that lithiurn halides 
can significantly diminish the stereospecificity of the reaction of such ylides, 
the steric salt effect becoming especially marked in non-polar solvents 
(Table 5), but not in polar (DMF) solvents"'". The steric effect depends 
upon the nature of the halogen, increasing in the order C1- -= Br- -= I - .  

TABLE 5. The effect of lithium iodide on the stereospecificity 
of reactions of non-stabilized and partly stabilized ylides (in ben~ene)'~'. 

cis: trans Ratio 

A'drhydc In the abscnce In the presence Ylide 

of salts of LiI 

Ph,P.:-CHEt (15) ElCHO 92:  8 77 : 23 
PhCHO 91 : 9 35 : 65 

PhZPTCHPh (17) EtCHO 18 : 82 41 : 59 
PhCHO 34 : 66 4s : 55 

One might assume that the cause of the steric effect of lithium halides 
is complex formation with the betaines. I n  the case of non-stabilized ylides 
(15) lithium halide -betaine interaction hinders the second stage of the 
reaction (k3 and ks i n  Scheme 1) so that it becomes the rate-determining 
one*, and the reaction is then controlled more by thermodynamic than 
by kinetic factors. The reaction therefore proceeds preferably via the 
rlireo bctaine, which decomposes into the end-products more readily and 
into the initial reactants less readily than does the erythro isomer. 

In  the case of the partly stabilized ylides (17) lithium halides also coor- 
dinate with the betaines, without however hindering their decomposition 
sufficiently for this step to become the rate-determining one. The stereo- 
chemistry of the reaction therefore remains under kinetic control, and 
coordination of LiX with the betaine. lowering the attractive force 
between phosphorus and the carbonyl-oxygen, facilitates formation of 
the erythro isomer and hence of the cis olefin. 

* In some cases, retardation of the second stage is great cnough t o  permit isola- 
tion of the lithium halide-betaine complexes1'# j3* 3s* ''. 
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With CO-stabilized ylides (16). the effect of inorganic halides becomes 
noticeable only when the reaction is carried o u t  i n  polar. aprotic solventsio3 
(Table 6 ) .  It  was suggested that i n  this case the alkali metal halides act 
as Lewis acids. coordinating with the nesative carbonyl-oxygenioa. By 
diminishing the electrostatic repulsion of the carbonyl groups such coor- 
dination should facilitate the formation of the eryfltro betaine and, provid- 
ing tlie first stage of the reaction is rate-determining. the reaction should 
become less stereospecific. 

TABLE 6. Efect of lithium bromide on the 
stereoselectivity of the reaction 

MeCHO+Ph,P= CHCOOMe - - 
McCH: CHCOOMe 1 Ph3POio”. 

Fraction 01‘ rir isomer 

I n  the absence In  the prcscnce S a l v r n t  

of 5 3 1 l S  o f  LiBr 

CH,CI, 
DMF 

Since i n  the presence of lithium halides the second stagz of the reaction 
of non-stabilized ylides (15) is rate-deterrnining (in non-polar solvents). 
its stereochemistry becomes dependent upon the reaction time and renc- 
tant ratio. 

I t  was found that  under tlie above conditions, the stereospecificity of 
the reaction is at first very high. the cis olefin being formed almost exclu- 
sively, but thcn thc cis: /ram ratio quickly falls until i t  finally reaches a. 
constant viiliicJ13. Owing to the high energy level of the ylide 15. the k 2  
and k:, values are much smaller than those of k l  and h-4 (see Scheme 1). 
Hence equilibrium between the diastereomeric betaines 29 and 30 is es- 
tablished relatively slowly. 111 the initial period. Lvhen the amount of 
eryrho  betaine is relatively l a r p  the  rsaction is much inore btereospecific. 
the specificity fallin_g only \vith timc. 

With regard to the reactant ralioh. ;in excesz of O I I C  of the reactants 
under second stayc rate-determining conditions sharply increases the re- 
lative yield o f  cis isomer54. This stcreochemicnl effect is ahcribed to the 
considerable !‘all i n  the h-, and k5 values i n  the prese:ice o f  an excess of 
one of the reactants (see Schcrne I ) .  In t h i \  case. therefore. the e.it:iblishing 
of equilibrium betlvecn the diasterroincric betaincs. i .e. transition of the 
initially formcd cr?*lliro isomer into the thrcn 1-orm. is hindered. Natur- 
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ally, in  all other cases, when the rate of carbonyl olefination is deter- 
mined by the betaine-forming stage, neither the duration of the reaction, 
nor the reactant ratio has any  effect on the stereospecificity. 

The above-mentioned correlations between the stereochemistry of car- 
bony1 olefination and the structure of the reactants and environmental 
conditions reveal the existence or' certain limitations with respect to the 
stereoselectivity of the reaction. Salt-free reactions in non-polar media 
permit the cis olefination of aldehydes by non-stabilized ylides (15) and 
their trans olefination by partly stabilized ylides (17 and 18) but in the 
presence of lithium salts the reaction becomes non-stereospecific. If the 
reaction of these ylides is to take place in the presence of lithium halides, 
i t  should be carried out in dimethylformamide when one desires to increase 
the yield of c i J  olefin. However, if the reaction with non-stabilized ylides 
(15) must be carried out in a non-polar solvent in the presence of lithium 
iodide, then i n  order to increase the yield of cis isomer excess ylide should 
be used*. 

With the stabilized ylides (16), :or maximum yield of tram olefin. the 
reaction should be carried out i n  a non-polar medium, independent of 
the presence or absence of inorganic salts. 

With these limitations i n  mind, carbonyl olefination can be used 
for the stereoselective synthesis of 1,6substituted 1,3-butadienes 
RCH=CHCH==CHR. For instance, condensation of saturated aldehydes 
with the partly stabilized trans-alkenylidenetriphenylphosphoranes (41)gi- 
ves tram-trans dienes i f  the reaction iscarried out  in a non-polar medium, 
while the cis ylides (42) give selective!y t r a m - c i s  dienes8?. Another 
method of obtaining rrans-cis dienes is by the cis olefination of trum-z, 
@-unsaturated aldehydes by non-stabilized ylides (15) i n  DMF or in non- 
polar media in the absence of salts73. 

tram II'UIIS iratis 
RCHO 1- Ph,P-:-.-CH--CH--- CHR - -- RCH:-CH---CH--CHR 

(41) 
cis cis t r a m  

RCHO + Ph,P - -CH.  -CH --CHR .- - RCH--CH---CH -CHR 

(42) 

t r a m  t r a m  cis 
RCH -CHCHO - Ph,P---CHR - - - RCH-. CH --CH-.-CHR 

(15) 

* Trans olefination of aldehydcs with non-stabilized ylides may be achieved by 
Ireatnicnt of the betaine-lithium halide complex with a second equivalent of butyl- 
lithium70b. However, this method seems not to be suitable for the synthesis of carboxy- 
lic acid derivatives. 
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Cis-cis dienes can be obtained by cis olefination of cis-a, P-unsaturated 
aldehydes; however. owing to the tendency of the latter to isomerize, 
it is more feasible to start with substituted propiolic aldehydes. 

c i.) ci.7 CiS 

RC LCCHO' Ph,P CHR - RC -CCH- CHR H''p!- RCH -CH -CH--CHR 

11. S Y N T H E S I S  OF C A R B O X Y L I C  A C I D S  
AND T H E I R  DERIVATIVES 

Carbonyl olefination may be used to synthesize carboxylic acids and 
their derivatives by the followin_g two general routes: 

(i) The carbonyl compounds are olefinated by ylides with a potential 
carboxyl function (ester. amide or nit rile group). 

(ii) Aldehydo or keto carboxylic acid derivatives are olefinated by phos- 
phorus ylides of various structure. 

R 

R,CO+ Ph,P--C-[ ....I--- COX' R 
\ 

R 
I 

L 

7 
R2C--C-[ ....I- COX 

R,C-PPh3+O-C-[ ....]-- C O X  

When CO-stabilized phosphoranes of  type 16 are used. the reaction 
usually proceeds without side-effects, because ylides of this type do  not 
react with ester and similar groupings. although they still attack the alde- 
hyde function. I n  the case of partly or non-stabilized phosphorus ylides 
(17 and 15) the reaction can become complicated by intra- or intermole- 
cular acylation of the ylide c a r b ~ n * ~ ~ - ~ ' .  However. in the presence of 
both ester and aldehyde groups the latter react first and undesirable side- 
reactions can he suppressed by sclection of suitable conditions. 

Apparently this process is accompanied by transylidation and proceeds according 
to the following scheme: 

R 0-\ R 
l i /  

I2 

I 

Ph,P=CHR + EI0,CR' - Ph,P--- CH -C - R' - [Ph3PCHCORtf EtO- 

OEt 

R 
I ?h3P=CHR- Ph,P =CCOR' + (Ph,PCt-!,R]- E!O- 

In the presence o f  lithium bromide, which facilitates the reaction. the phosphonium 
alcoholate formed i s  transformed into [he corresponding bromide. 
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A. a,p-Unsaturated Acids 

1. Acids of the type RCH-CH--COOH 

vinylog, /I-alkoxycarbonylacrylic aldehyde79. 
Such acids can be prepared by olefination of glyoxylic este? or its 

RCH --PPh, I OCHC0,R' -- -- RCH - -CHCO,R'* 

RCH -PPh, - OCHCH--CHCO,R' -- RCH---CHCH---CHCO,R' 

In the case of non-stabilized or partly stabilized phosphorus ylides these 
reactions are not stereoselective and are rarely used for the synthesis of 
lion-substituted a. P-unsaturated acids. which are more frequently made 
by condensation of aldehydes with alkoxycarbonylmethylenetriphenyl- 
phosphoranes (16). 

RCHO + Ph,P:-:CHCO,R' --* RCH-yCHCOZR' 
(16) 

An elegant modification of this reaction is the reduction of the thiol 
esters of carboxylic acids by Raney nickel in the presence of ylide 16%O. 

(1) SOCI, Ph ,P=-CHCO,Mc 
RC0,H RCOSEt -- ---- RCH-CHC0,Me 

Rancy NI 

The ylide 16 can be easily prepared by the addition of triphenylphosphine 
to bromoacetic ester. followed by treatment with alkalis1. It is stable in 
air and is convenient to work with; at the same time its reaction with 
aldehydes is less complicated and more rapid than the corresponding 
Reformatsky reaction. 

As has been pointed out in  section 1. reactions of the stabilized ylide 
(16) with aldehydes always lead to predominantly trans olefin. In non- 
polar solvents. the steric course of the reaction is practically independent 
of inorganic salts. while in  polar aprotic solvents their presence lowers 
the stereoselectivity. Significant amounts of cis isomers can also form if 
the reaction is carried out in  polar protic solventsioa. 

The reaction has been relatively little used with saturated aldehydes'". 
I t  has been employed much more frequently with a,P-unsaturated aldehy- 
des in the preparation of conjugated polyenic acids'** 83-8i . especially 
with the isoprenoid ~ k e l e t o n ~ ~ * ~ " ~ ' .  

* Here and further on the triphenylphosphinc oxide formed in the reaction is not 
shown in thc schemes. 
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R(CH--CH), CHO + Ph,P--CHCO,R’ -+ R(CH--CH),, ,COOR’ 

+ Ph3P = CHC02Et -4 

&..- P-. 

Polyenic aldehydes with triple bonds can also be used”. 83* 85-87. 

CH, 
I 

R:CH,=C- or 

Unsaturated dialdehydes give with two moles of pliosphorane all-trans 
polyenic dicarboxylic acids”. 83* s8-92, 

tram tram 
OCH(CH=CH)nCHO -!- 2 Ph,P-CHC0,Me --- MeO,C(CH-=-CH)n .,CO,Me 

By this method, the synthesis of methylbixin (43) was accomplished by 
a ‘double’ Wittig reaction according to the scheme: 

cno 
OCH & & A % n k y % . * v H  + 2 Ph3P=CHC02Mo - 

(43) 

co-Functional q?-unsaturated acids can be synthesized by condensation 
of alkoxycarbonylmethylenetriphenylphosphorane (16) with the corres- 
ponding a-substituted aldehydes. Thus. 1r.a~zs-7-hydros~~heptenoic ester (45) 
has been obtained from 5-hydroxyvaleraldehyde (the tautomer of 2-hyd- 
roxytetrahydropyrane) (44)93. 

+ Ph,P=CHCO2R- HO(CH2),CH=CHC02R 

(16)  (45) 

0 OH 

(44) 
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By carrying out the reaction of  dialdehydes with one mole of phospho- 
rane one can obtain a,/?-unsaturated o-aldehydoacidso4* ". 

trans 
OCH(CH,)nCHO + Ph,P--CHCO,R - --- OCH(CH,)nCH-CHC0,R 

The reaction with (1)-aldehydoesters leads to a$-unsaturated dicarboxylic 
acids96. '37 

trans 
RO,C(CH,)nCHO + Ph,P--CHCO,R - RO,C(CH,)nCHyCHCO,R 

95 :< 
The first of these reactions has been used in the synthesis o f  trans-9- 
ketodec-2-enoic acid (46) a component of the royal jelly of the honey 
bee". 95 

4 staces ri'aiis 
OCH(CH,),CHO+ PhsP - CHC0,Me - OCH(CH,),CH --CHC0,Me wx-- 

t rans 
CH,CO(CH,),CH--- CHC0,H 

(46) 

The second reaction was utilized to prepare bombycol (47). the attractant 
principle of the female silkworm (f3oinby.v rnori L.)"* ". 

trans 

67 % 
MeO,C(CH,),CHO 1- Ph,P -CHCO,Mc - MeO,C(CH,),CH-CHCOOMe 

t rans ( 1 )  Ph P--CH(CH2),CHF_ 
(1) SOCI, 
(2) Rorenrnund reduction 

(,)LiAIH: - 
(4) A c - 0  

.- .-- AcO(CH,), CH- -CHCHO x-6;: 
t rans cis 

- HO(CH,),CH-CHHC-CH(CH,),CH, 
(47) 

The reaction of the phosphorane (16) with aromatic aldehydes gives 
derivatives of /ram-cinnamic acid i n  good  yield^^^-'^* "* 98-100. 

CHO + Ph,P =CHCN - CH = CHCN 
X X 

Heterocyclic r.,fl-unsat urated acids can be prepared by condensation of 
the ylidc 16 with various heterocyclic aldehydes such as fu.rfuraI6' and its 
derivatives"', pyridinealdehydes9'3 etc. 

For the synthesis o f  /raiu-transdienic acids of the type RCH-:CHCH== 
C H C 0 B, H , instead o f a 1 ko x yca r b o 11 y 1 met h y le nc t r i p hen y 1 p ho s p h or a n e (1 6)  
one can use its vinylog (48). prepared from y-bromocrotonic ester": 

BrCH,CH -CHCO,Mei Ph,P - .. -.-- [Ph,PCH,CH--CHCO,Me]+ Br- ---- 

base 
. .- Ph,P----CHCH--CHCO,Me 

(48) 
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Another method of preparing the ylide 48 is by carbomethoxylation of 
allylenetriphenylphosphorane by methyl chloroformate; the phosphonium 
salt forming in the reaction being deprotonized by excess ylide102. 

Ph,P=CHCH.=-CH, + CIC0,Me - [Ph,PCH.--CHCH,CO,Me]+ CI- - -- 
- Ph,P-- CHCH-CHC0,Me 

(48) 

The reactiorz of aldehydes with the ylide 48 is highly stereospecific (all- 
tram compounds being formed) and as a rule gives better results than the 
Reformatsky reaction. The condensation of the ylide 48 with aromatic 
aldehydesg2* lo3 and also with hydroxytetrahydropyrane (44)93 has been 
described. 

CH= CH- CH =CHCO~Mu D x a x 
CHO + Ph3P = CHCH = CHCOlMP -- 

+ Ph,P=CHCH= CHC02Mo - HO(CH2)‘CH = CHCH=CHCO2Mu c’ OH 

(4) 

Another method of preparing a,P-unsaturated acids involves olefination 
of aldehydes by the phosphonate carbanion (50)”. ‘4 Io4 .  

0 0 
: I  ‘ I - 

RCHO f (EtO),P-CHC0,Et - -- RCH- -CHCO,Et 1- (EtO),P6 

(50) 

The carbanion (50) is formed on alkaline treatment of the phosphonic 
ester (51), readily prepared from triethyl phosphite by the Arbuzov reac- 
tion. 

0 
iI 

(51) 

(EtO),P i- XCH,CO,Et - - - (EtO),PCH,CO,Et + EtX 

A complication in the reactions of aldehydes with the carbanion 50 
is that due to the instability of the latter i t  must be prepared in the 
presence of the carbonyl component, which in alkaline medium undergoes 
polymerization and condensation. Hence the phnsphonate ion (50) usu- 
ally gives poorer yields with aldehydes than does the Wittig reaction. 
On the other hand it  reacts quite smoothly with ketenes to form the esters 
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of allenic scids"': 

- 
RCH-CO i (EtO),P(O)-CHCOzEt -- RCH-TC-CHCOaEt 

R' 
I 

2. Acids of the type RCH=&OOH 

Esters of &-substituted r,/?-unsaturated acids can be synthesized either 
by olefination of keto esters (non-~tereospecific)~~ or of aldehydes by 
phosphorus ylides of the type 5267* 83* lo6. Io7. 

R' R' 
I I 

RCH-PPh,+O-CCO,R' - --9 RCH:CCO,R' 

R I  R' 
I 

RCHO + Ph,P-=CCOaR2 -- RCH-CC0,R' 

(52) 

The vinylogs (53) of these phosphorus ylides give a-substituted dienic acids 
( 5 4 ) 8 9 .  g2. 

R' R' 
I I 

RCHO + Ph,P-CHCH- CCO,Ra - RCH-CHCH-CCO,Rz 

(53) (54) 

One can sometimes prepare branched ylides (52) directly from the esters 
of the corresponding a-bromocarboxylic acids, for example, from a-bro- 
mopropionateW* by reacting the latter with triphenylphosphjne, fol- 
lowed by treatment of the phosphoniuni salt with sodium alcoholate. 
A more general method is the alkoxycarbonylation of triphenylphos- 
phorus ylides by c h l o r o f ~ r r n a t e ~ ~ ~ *  lo'. 

R' 
Ph P- CHR' 

Ph,P--CHR' + CICO,Rz --- [ /  Ph,PLHCO,R' I' CI- --'_I---- 
(55) (56) 

R' 

Ph,P-CC0,R2+ [Ph,PCH,R']+ CI- 
(52) (57) 

The reaction is accompanied by transylidation (see section I .  B) and the 
phosphonium salt (57) resulting therefrom can be reused for preparing 
the ylide 55. By means of this method high yields of a-substituted alkoxy- 
carbonylmet hylenetriphenylphosphoranes (52, R' = Me, Et, Pr, PhCH2, 
cyclohexyl) have been ~ b t a i n e d ' ~ ~ * ' ~ ~ .  
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When the substituent R1 is sufficiently electrophilic, ylides of the type 
52 can be obtained by alkylation of unsaturated alkoxymethylenetriphe- 
nylphosphoranes (16). 

R’ 

x-  Ph,P-CHCO,R’ 
Ph,P--CHCO,R’ t R’X - -- 1 Ph,PCHCO,R’]’ - - -- -- 

(16) 

Ph,P - -CCO,R’+ [Ph,PCH,CO,Rz]+ X- 
I 

R‘ 

(52) 

This method has yielded a number of phosphorus ylides (52) with electro- 
philic substituents (R1=CHnCH-CH~, CH2C0,Me, CH2Ph, CHRCN and 
CHZCH-CHPh) which have been utilized for further synthesis of the 
corresponding a-branched, a,@-unsaturated acids106. The ylides 52 (R’ = 
Me) and 60 were also used to synthesize dimethyl crocetinate (61)8D*g2. 

CHO + 2 Ph,P C 0 2 M z  
OHC N7/ 

C H O  2 p h ~ p , ~ , C O i M t  
O H C  

(59) (60) 

The synthesis of torularidine (63)8‘*8’-8’ was achieved with the aid of the 
trienic ylide (62). 
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x-Halogen-substituted 2.P-unsaturated acids (65) (X = CI, Br, I)  were 
synthesized using halosnethoxycarboiiylinetliylenetriplienylphosphor~nes 
(64)50, 108-118 

X X 
! 

R C H O  f Ph,P----CCO,Me -- R C H  -CCO,Me 

(a) (65) 

The ylide 64 is formed on halogenation of rnethosycarbonylmethyle- 
netriphenylpliosphorane (16) with subsequent elimination of hydrohalic 
acidslOg-:l 1 

1 x I +  
Ph,P . CHC0,Me +- X, - Ph,PCHCO,Me. X- :% (64) 

(16) (66)  

With the 2-chloroylides (64.X = CI) optimum results were obtained by 
using ICI,'09-"' or t-butylhypochloritcllo as halogenating agent. Sodium 
nydroxide. EtSN, pyridine or excess ylide (16) (transylidation) were used 
for clerivage of HX from the salt (66). 
It has been shown that thc reaction of thc haloylides (64, X=CI,  Br, I) 
with aromatic aldehydes in chloroform is stereoselective. frnris cinnamic 
acids being predominantly formed"" 

a-Substituted z,$-unsaturated acids can also be synthesized by way 
of PO-activated carbonyl olefination5'. In order to prepore the olefinating 
agent, phosphoneacetic ester is metalated with sodium hydride and the 
sodium derivative (67) is thcn treated with alkyl bromide. The resultant 
branched phosphonium ester (68) is again converted into a carbanion and 
condenscd with the carbonyl compounds. 

NJH R'Br 
(EtO),P(O)CH,CO,Et - (EtO),P(O)CHNaCO,Et -- 

(67) 
R' 

//O 

(68 ) \O- 

R' 

(1) N a H  
(EtO),P(O)CHCO,Et -cjfE-K6- R C H -  CC0,Et -v (EtO),P 

CH, 
I 

( E t 0) , P (0) C H - C C 0, Me 

(69) 

Coi?densation of t h e  diiildeliydes 58 iiiid 59 with thc phosphonates 
68 ( K =  Me) and 69 was iitiljzcd i n  the synthesis of diincthyl crocetinate 
(61) using a schenlc sirrLilar to  that describcd :tbove1L4. 

For thc synthesis of 2. (3-uiisaturatcd .z-bromoacidh, tlic sodium deri- 
vative (67) is brominated i:nd the brornidc (70) is converted into the phos- 
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phonate bromoanion (71), used in the carbonyl olefination reaction". 

0 B r  0 B r  

NaH il I R C H O  (67) 2 (EtO),P--CHCO2Et ----+ (EtO),P-C-CO,Et -- 
B r  !I I 

(70) (71) 
B r  

I //O 

\0- 
RCH-CC0,Et -!- (EtO),P 

When iodine and excess sodium hydride are used instead of bromine, 
esters of the corresponding acetylenic acids, rather than of the ethylenic 

' haloesters, are formeds7. 

0 01 
j !  (1) N a H  \I I (1) N a H  

(EtO),PCH,CO,Et -- (EtO),P--CHCO2Et -- PhCeCCOzEt t I@) 1, (2 )PhCHO 

+ (EtO),P //O 

'ONa 
R' 
I 

3. Acids of the type R-JG=CH-COOH 

The carbonyl olefination reaction makes it possible to synthesize p-sub- 
stituted cc,!?-unsaturated acids through olefination of ketones by means 
of alkoxylcarbonylmethylenetl-iphenylphosphoranes (16) or olefination of 
glyoxylic esters by means of a,a-disubstitutcd phosphorylides (72). 

R' 
I 

R- C = 0 + Ph3P= CHCO2 R' R' 

R' 
I 

R - C = PPh3 + OCHC02R' 

(72) 

As a rule olefination of ketones by the relatively less reactive ylide 16 
requires drastic conditions and gives unsatisfactory yields of the unsatu- 
rated esters9D, 104. 115-117 . For instance, 2-methylcyclohexanone gives only 
a 30 % yield of ethyl 2-methylcyclohexylideneacetate even if the reaction 
is carried out without solvents for several hours at 150°115. 

The ketones with an activated carbonyl group, such as the vigorously 
reacting fluoroacetone, are an exception to this rule118. 
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CH, CH, 

FCH,CO -i- Ph,P-CHC0,Et - FCH,C--CHCO,Et (83%) 

The olefination of some ketones by stabilized ylides is catalyzed by ben- 
zoic acid1l9. 

The carbanion of phosphoneacetic acid (SO) is much more suirable for the 
olefination of ketones. It reacts quite readily even with unreactive ketones 
and usually gives 2 high yield of the unsaturated ester5” 03* 04, lo5* ll’. 

For instance, quinuclidone is olefinated almost quantitatively at room 
temperatu rel20. 

0 crcHc02Et H 
+ (EtO)2 P- C-HC02Et - 

(50) 

uo 
Olefination of ketones by means of the phosphonate carbanion (SO) 

has been used for the synthesis of carotenoid 121 and for the 
conversion of 3-ketosteroids i n  to niethoxycarbonylmethylene derivati- 
vesl?5 

When the phosphoneace:ic esters or optically active alcohols arc used 
in the reaction, it proceeds with asyrn:iictric induction. Thus, olefination 
of p-substituted cyc1ohexa:iones by disihyl-p-men thyloxycarl>onylmethyl 
phosphonate yieldccl tlic lacvorotatory isonicrs of‘ substituted cyclohexyl- 
idencacetic acids1z6. 

For the synthesis of @-substituted r@-unsaturatcd acids by the second 
route (olefination of glyoxylic esters and their analogs) it  is recommended 
that the reagents be mixed in ‘reversc’, i .e.  that the ylide be added to 
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the aldehyde. Such a procedure was used in the synthesis of ethyl P-ionyli- 
d eneacetate7*. 

(73) 

Methylated vinylogs of glyoxylic ester (74-77) were used in numerous 
syntheses in the vitamin A and carotenoid series'27-'". 

(76) (77) 

Thus,  the ethyl ester of vitamin A acid was obtained in 65 % yield from 
8-cyclogeranylidenetriphenylphosphorane (78) arid the aldehydoester (76). 

In the same way the carotenoid acids (79) were synthesized by olefination 
of the aldehydo esters 75 and 77 by the ylide 7378* 130-134. 

(79, tz -. 2.3)  

8. &y-Unsaturated Acids 

e thy lide I ie t r i p hen y 1 p h o s p h o ra 11 e (80) i n d i rile t h y Is u 1 fox id el3:. 

(80) 

Acids of this type were obtained by olefination o f  ketones with carboxy- 

RR'CO + Ph,P=-CHCH,CO; - RR'C-. -CHCH,CO; 
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The ,?-carboxy ylide 80 is very unstable and spontaneously decomposes 
into tripheiiylphosphine and acrylic acid. It is therefore prepared from 
the corresponding phosphonium chloride, by reacting the latter with a 
base (metliylsulfinylsodiun~~ in the presence of an equimolar amount of 
ketone. Under such conditions t!ie ylide 80 cannot be used for olefinating 
aldehydes. I t  has been shown that in the interaction of the ylide 80 with 
m-methoxyacetophenone the main product is the 'cis' isomer (81)135. 

OMe 

(81) 

C. Acids with Remote Double Bonds 

in the past years several hundred unsaturated higher acids have been 
isolated from the lipids of microbes, plants and animals. The chemical 
synthesis of ninny o f  these acids has not yet been achieved, since tlie classi- 
cal synthetic methods are a s  it rule highly involved, requiring starting 
materials which are  not readily available and only giving low yields of 
the desired product'". Morcover, thcse methods (w i th  the exception of 
the ones starting with acetylene derivatives) are non-stereospecific. Car- 
bony1 oleiinntion opens up new vistas in  this field, making possible the 
stereoselective synthesis of all thc basic types of 11atui~illy occurring fatty 
~ i d s ' " .  

1. Monoenic acids 

The starting materials for the synthesis oi' cis alkcnoic acids of tlie type 
C H  3( C H ?),,C H --C H (C H ?),,COO H b!) citrbcl1yl olefinat ion are aliphatic 
aldehydes and to-haloalkanoic acids XCHB(CH2),,COOH. The latter may 
bc prcpared from dicarboxylic acids by the Hunsdkcker or 
by t l x  I-eccntly developed sclective reduction of the nionocsters of dicar- 
boxylic acids to liydroxy acids'3D followed by their hrllogenation. w-Cliloro- 
carbosylic acids with an odd number of carbon ;itoms are available i n  
commercial quantitieb. beins obtained by hydrolysis of carbontetra- 
chloride-ethylcnc telomerization product\'4". 

The conversion of cc,-haloalkanoic acids into hieher a!kenoic acids is 
ciiriied out according t o  Schenie 4 :  
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(85) 
SCHEME 4. 

One of the methods represented in the scheme iilvolves conversion of 
esters of chloroalkanoic acids into o-alkoxycarbonylphosphorus ylides 
(83), which are then utilized for the olefination of aliphatic aldehydes. 
In order to transform the chloroesters (82. X =Cl) into phosphonium salts, 
they should be first converted into the iodine derivatives which require 
much milder conditions for reaction with triphenylphosphine. Also w-al- 
koxycarbonyltriphenylpliosphonium chlorides have a greater tendency to 
decompose with formation of triphenylphosphine than the iodides. Al- 
though the iatter also undergo such decomposition, they give satisfactory 
yields of the unsaturated esters providing one uses a large excess of the 
phosphonium salt. The ylides 83 cannot be obtained in non-polar media 
because cf their reaction with the ester groupings (see above). In polar 
media when the activity of the ylide is lowered by solvation, the alkoxy- 
carbonyl group is not affected. Of all the polar solvents tested, the ylides 
83 are best formed and their condensation with aldehydes is best carried 
o u t  in dimethylformamide. In  this solvent the reaction is quite stereospeci- 
fic. Thus oleic acid obtained by carbonyl olefination contains not more 
than 6 % elaidic acid141. The method was used for preparing various natu- 
rally occurring cis alkenoic acids (85), with n = 6 ,  7 or 97G- l 4 I -  14?. How- 
ever, it proved to be unsuitable for preparing acids with n = 3 or 4, since 
the corresponding o-alkoxycarbonylphosphorus ylides (83, n = 3, 4) be- 
have anomalously undergoing intramolecular acylation with the forma- 
tion of 2-oxocyclopentylidene- or 2-oxocyclohexylidenetriplienylpliospho- 
ranes”, 143. 

Ph,P=-CH(CH,), CO,R - -- Ph,P---=C(CH2)nC0 
I ! 
L- 

I I  = 3,4 

I n  these cases one can make use of the second route of Scheme 4, namely 
condensation of alkylidenetriplienylpliosphoranes with o-alkoxycarbonyl- 
aldehydes (84). The latter can be made from the acyl chlorides of the 
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monoesters of dicarboxylic acids by the Rosenmund reduction144 or by 
treatment of o-iodoesters (82, X = I) with trimethylamine N-oxide follow- 
ed by mild acid 145. 

2. Conjugated polyenic acids 

The principles of the steric control of carbonyl olefination discussed 
in the first part of this paper can be applied to the stereoselective synthesis 
of trienic acids CH~(CH~),(CH=CH)~(CH~),COOH. Acids of this type 
with various combinations of cis and trans ethylenic bonds are constituent 
parts of the lipids of a number of higher plants146. The most widespread 
of these, acids with a cis-trans-trans trienic system (87), can be synthesized 
by cis olefination of frans-trans dienic aldehydes (86) with w-alkoxycarbo- 
nylalkylidenetriphenylphosphoranes (83). 

DMF 
tram trans 

CH,(CHz)m CH-CH-CH=CHCHO +. Ph,P --CH(CHz)n COZR - - 
(86) (53) 

trati.Y t r a m  cis 
CHS(CH2)m CH-=CH-CH-CH-CH-CH(CH,), COZR 

(87) 

I t  was in this way that z-eleosteric acid (87, tn = 3, t i  = 7), the fatty 
acid of tung oil and its isomers (87, m = 0, ti = 10, and 87, tn = 4, iz = 6 )  
were synthesized ”’* 

The same scheme was used to carry out the total synthesis in about 
50 % yield of a-camlolenic acid (88), isolated from Eziphorbia seed ail149. 

DMF 
trans traits 

AcO(CH,),CH-CH-CH-CHCHO + Ph,P=CH(CHJ,CO,Et -- 
tram ’ -“)IS cis 

---+ HO(CHz),CH-CH-CH -CH -CH=(CHZ),CO,H 
(88) 

For synthesizing fratzs-trans-cis trienic acids (go) ,  trans olefination of 
o-alkoxycarbonylaldehydes (84) with the partly stabilized cis-cram dienic 
phosphorus ylides (89) was usedljO. 

cis t ram 
CH,(CH,),CH--CH-CH -CH-CH -PPhJ -k OCH(CH,), CO,R hexane* ‘ I - -  

(89)  (84) 
cis t ram tram 

CH,(CH,)mCH-.CH-CH --CH-CH--CH(CHz)n COZH 
(90)  

I n  this way thc total synthesis of catalpic acid (90, in = 3 ,  n = 7), isolated 
from the Catalpa ovata trce, and calendic acid (90, tn = 4. it  = G), found 
in Calendula oflcinalis, was possible’5n. 

Trienic acids occurring in plants include C,, acids with cis-trans-cis 
double bonds, e.g. punicic acid (92, i n  = 3, n = 7 )  contained in pome- 
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granate (Piuiicagranatimi) seeds and jacarandic acid (92. n1 = 4. n = 6 )  
isolated from the seed oil of Jacaranda mitnosifolia. Acids of this type 
can be synthesized by cis olefination of fraris-cis dienic aldehydes (91) 
with the aid of o-alkoxycarbonylalkylidenetriphe~iylphosphor~~~ies (73). 

DMF 
cis t I ' 0 I I S  

CH,(CH2)mCHcCH--CH=--.CHCHO-+ Ph,P-CH(CH2)n COzR -- .. -- 
(91 1 (73) 

cis trails cis 
CH,(CHZ)~CH-CH--CH=-CH-CH-CHO, CO,H 

(92) 

This scheme was used for the total synthesis of jacarandic acid151'. 

3. Divinylmethanic acids 

Acids containing the divinylmethane pattern comprise a large group of 
biologically important substances isolated from animal, plant and micro- 
bial lipids. The iiiost common of these acids is the all-cis type, but 
acids with cis-trans divinylmethane groupings have also been found, 
Synthesis of cis-cis divinylmethane acids was achieved via acetylenic deri- 
v a t i v e ~ ~ ~ ~ ~ .  They can also be obtained by cis olefination of cis-P,y-unsatu- 
rated aldehydes (93) using o-alkoxycarbonylalkylidenetriphenylphospho- 
ranes (83)152. 

DMF cis 
CH,(CH,),CH-CHCH,CHO i PhaP --CH(CHz)nCO,R - --- 

(93) (83) 
cis cis 

-----+ CH3(CH2)mCH=~CHCHzCH-~-~CH(CHZ)nCOZR 

A detailed study of this rcaction showed, however, that it leads to 
complex mixtures of products, because the aldehydes (93) are partly trans- 
formed into the a, P-unsaturated isomers under the mild alkalinc condi- 
tions of carbonyl olefination153, In  addition, the cis aldehydzs (93) are 
not easily purified and often contain the trans isomers as impurities. 

Another type of synthesis of these acids involves olefination ofo-alkoxy- 
carbonylaldehydes (84) by cih-alkylidenetriphenylphosphoranes (91) which 
can be comparatively easily prepared from alkylacetylenes and ethylene 
oxide, with subsequent reduction of the triple bond. 

CH,(CH,),C --'-CH --- CH,(CH2)mCi:CCH2CH20H .- - 
cis 

--+ CH,(CHJmCH~~ CHCH2CHZOH . -- -- 
OCH(CH,),CO,R (a) - - - - -  - 

cis 
- - - CH,(CH2),CH -CHCH,CH- -PPh, -- - - 

(94) 
cis or 

cis rram 
- -. .- CH,(CH,),CH -CHCH2CH---CH(CH2),C02R 



329 Introduction of COOH groups by carbonvl olcfination 

Phosphoranes of type (94) react non-stereospecifically, formins a mix- 
ture of cis-cis and trans-cis divinylmethanic acids whose proportions 
differ, depending upon the  condition^'^^. The stereoisomers can be sepa- 
rated chromatographically on a silver nitrate-impregnated silica-gel co- 
l u m i ~ ~ ~ ~ .  An undesirable side-reaction in  this method is thc tiansformation 
of the y,8-alkenylidenetriphenylDhosphosphoranes (94) into their $,y-isomers. 
CH3(CH,),CH-CHCH=-PPh,. Conjugated dienic esters formed as the 
result of such isomerizations can be separated from the divjnylmethanic 
compounds with alumina chromatography. In general, carbonyl olefina- 
tion is less suitable for the synthesis of cis-cis divinylmethanic acids than 
the procedures based on the use of acetylenic derivatives. However, the 
method can be used for the synthesis of acids with frans-cis dienic sys- 
tems1j3. 

4. Divinylethanic acids 

Butter and  the fat of marine animals contain polyenic acids which yield 
succinic acid on degradative oxidation. whence it  has been concluded that 
they are acids of the diviiiylethane (-CH-CHCH2CH2CH=--CH-) pat- 
tern. Synthesis of the cis-cis divinplethanic acids (99) has been carried out 
according t o  Scheme gJ2. 

CH3(CH2),CH0 + PhlP --CH(CH,),OAc CH,(CH,),CH - PPh,- OCH(CHZ),OAc 

1 (96) 

+ 
cis 

CH,(CH,),CH -~CH(CH,),OAC 

(97) 

4 stages 

cis 

(98) 
CH,(CH2),CH -CH(CHJ,CH-. PPh, 

OCH(CH,),CO,R 

1 (81) 
c iJ cis 

C H,(C H ,),,,C H - --C H (C H 2)zC H - -CH (C H,)" CO, H 

(99) 
SCHEVE 5 .  

The starting materials for these syntheses. the cis acetates (97). can be 
produced by cis olefination of aldehydes with to-acetnxybutyiidenetriphe- 



330 1.. D. Bergelson and M. M .  Shemyakin 

nylphosphorane (95) or by condensation of non-stabilized ylides with 
4-acetoxybutanal (96). The cis acetates are converted through the corre- 
sponding bromides into the non-stabilized cis d4-alkylidenetriphenylphos- 
phoranes (98), w!iich are subsequently used for cis olefination of w-alkoxy- 
carbonylaldehydes (84), leading t o  the desired acids (99). 

5. Branched-chain acids 

Monoenic fatty acids with a methyl group at thc double bond (100) 
were prepared by olefinating methyl ketones with w-alkoxycarbonylalkyli- 
denetriphenylphosphoranes (83)155. 

CH,(CHJmCOCH, + Ph,P - CH(CH2)nC02R - - 
(83) 

CH.3 

-- CH,( CH,)mC-CH(CH,)nCO,H 

(100) 

Non-stabilized phosphorus ylides (83) react with kctones much morc 
readily than CO-stabilized alkoxycarbonylmethyle~iet~-iphenylphosphora- 
nes (16) and esters of the branched-chain acids (100) are formcd in satis- 
factory yields on slightly heating excess ylide with methyl ketones i n  DMF. 

The acids (100) are of interest as intermediates for the preparation of 
the methyl-substituted saturated acids which are found in some fats and  
play an important part in the metabolism of certain bacteria. In this way 
there was synthesized dl-tuberculostearic acid (101)155, isolated in optically 
active form from the lipids of tubercule bacilli and other mycobacteria. 

CH.3 

CH,(CH,),~H(CH,),CO,H 
(101) 

0. Unsaturated Amides and Nitriles 

a,@-Unsaturated amides can be synthesized by olefination of aldehydes 
by means of carbamidomethylenetriphenylphosphoranes (102), the reac- 
tion selectively giving the fratis isomers. Thus, olefination of benzaldehyde 
and crotonaldehyde by the ylide 102 yielded the corresponding trans cin- 
namamideIs6 and sorbic acid amideI5’. 

t r a m  
PhCHOt PhlP-CHCONH, - -- PhCH- CHCONH, 

(102) 
trails trans 

CHSCH-CHCHO 7 Ph,P-=CHCONH, -- 4 CH,CH=CH-CH--CHCONH, 

(102) 
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1,SUnsaturated arnides can also be obtained by olefination of glyoxyl- 
amides15s. 

PhCHZPPh3 + OCHCON - PhCH=CHCON 3 
I, ,&Unsaturated nitriles were obtained by olefination of aldehydes with 

cyanomethylenetriphenylpllos~llorane (103). With benzaldehyde and its 
derivatives this ylide forms the corresponding cinnamonitriles i n  high 
yield15G. 159. 160 

CHO + PhjP = CHCH= CHCN - CH=CH-CH=CHCN 

x x 
(103) 

For the synthesis of vitamin As nitrile (104) which was obtained in 86% 
yield: use was made of the methyl-substituted vinylog of the ylide 103'G1. 

(104) 

For ketones a morz suitable olcfinating q c n t  is cyanomethylphenyl- 
phosphinate (105) formed by condensation of plienyldiethoxyphosplline 
oxide with chloroacetonitrilr1e2. 

0 0 
EtO 

( E ~ o ) , P P ~  + CKH,~N ---- >+CH,CN 
Ph 

(1  05) 

Condensation of the carbanion from (105) with p- iononc gave high yield5 
of ~-ionylideneacetonitrile'B". 

FI 
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E. Other Methods of Introducing the  Carboxyl Group by Means 
of Phosphorus Ylides 

Carbonyl olefination is only one of the possible ways of introducing 
carboxyl groups via phosphorus ylides, since the latter can also attack 
many othcr types of organic substances. Among such reactions we shall 
discuss only those that are ,usefiii for the synthesis O F  carboxylic acids and 
their derivatives. 

1. Reaction of a-alkoxycarbonylal kylidenetriphenylphosphoranes with acid 
chlorides 

It  has already been mentioned that thc ylide carbon atom of triphenyl- 
alkylidenephosphoranes is alicylated by acyl chlorides with the formation 
of phosphonium salts (see section 11. A). The acid-base nature and reac- 
tivity of these salts depends upon the structure of the initial ylide. In the 
case of unsubstituted alkoxycarbonylmethylenetriphenylphosphoranes 
(16) the phosphonium salts (106) immediately undergo transylidation with 
a second molecule of phosphorus ylide to form the acylated ylide 107. 
In treating the latter with phosphorus pentachloride the phosphonium 
salt 108 is formed, which in a!kaline medium gives the ester of a P-chloro-x, 
8-unsaturated acid (110) or rhe estcr of a substituted acerylenecarboxplic 
acid (109)'02* 163. 

Ph,P = CHC0,R' 
RCOCI + Ph,P-CHCO,R' --- RCOCHCO2R'- + CI- 

(16) [ PPh, - I 
(106, 

l+ 

(107) (108) 

CI 1 NaOH 
1 4  

R-C-;-CH-CO,R* 
1. 

RC-:- CC0,R' -- 
(109) (1 10) 

One can also obtain the esters of acetyienc carboxylic acid in high 
yields by pyrolysis of acyl ylides (107)'"* . Bi s-acetylenecar boxylic acids 
have also been synthesized by this procedure1G5. The ester group csn be 
rep!aced by a nitrilc 

The acylated phosphoniurn salts (211) in  the case ofa-sbbstituted ylides 
(60, Rl  = alkyl or phenyl) are more stable and can be isolated if the 



reaction is carried out at low tempcratures. On electrolysis these salts 
eliminate triphenylphosphinc, giving ./.-substituted P-keto esters167. 

R' R' l+ R' 
I 

RCOCl+ Ph3P ---CCOzRa - RCO-C-C0,R2 CI- --- Ph,P+ RCOCHCOZR' 1 L P?h, 1 R' R' 
I 

RcOCl+ Ph3P ---CCO,Ra - f RCO-C-C0,R2 I CI- --- Ph,P+ RCOdHCOZRa 

1 I L J 

(111) 

In the case of z-t:nsubstiltiwd acid chlorides RCH2COCI, the phosp!lo- 
n i u m  salts (312) first formed can ieacl with a sccond molecule of the 
ylidelG8. 

R' R' 

RCH,CO-~-CO,R CI- P~,P - -CCO,RZ - -- i PPh, I+ 
(112) 

- --* RCHCO- -C- C0,R' k Ph,?CHCOZRZ.~ CI- 

+ PPh, 

(113) 
li' * 

RCH- C - C -  -CO~R'-Ph~PO 

(114) 

The betaine (113) formed by ./-elimination then decomposes by the usual 
carbonyl olefination pathway 10 :ripheii~Iphosphine oxide and allenic 
ester (114)'". 

2. Reaction of al koxycarbonylrnethylenetriphenylphosphoranes with 
a-brornoketones 

I n  the re2:c;ion of r.-bi-omokctones iv i ih  thc ylide 16 the phospho:iium 
salt 115 is first formed and th i s  Then undergoes t;ansylidaiion with a se- 
cond niolccule of the ylidc'". 

Ph P=CHCO Me 
XCOCH,Br + Ph,P -- CHCO,Mc - RCOCH,CHCO,Me + Br-  --------:- 

(16) I. PPh, I 
(115) 

.-- RCOCH,CCO,We + [Ph,PCH,CO,Me]+- B r -  

PPh, i 
(116) 

RCOCH -CHCO,Me -+ Ph$ 
(117) 
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The resultant ylide (116) spontaneously gives off ttiphenylphosphine to 
form the acylacrylic ester (117)l7'. 

Since a-bromoketones can be synthesized from carboxylic acids via 
diazoketones, the above method is a procedure for lengthening the car- 
boxylic acid chain by three carbon atoms. 

RC0,H --- - RCOCHN, --- RCOCH,Br ---+ RCOCH-CHC0,Me - --- -- RCO(CH,),CO,Me ---- R(CH,),CO,H 

3. Reaction of alkoxycarbonylmekhylenetriphenylphosphoranes with epoxides 

The ylide 16 reacts with epoxides to form the esters of cyclopropane 
carboxylic acids (121)171* . The first intermediate of the reaction is the 
betaine 118. which rearranges via 119 and 120 to the end-product (121)173-'75. 

By this means t~orcaranecarbo.uylic acid h:is been synthesized in 63 X yield 
from cyclohexane epoxide. 

0 + Ph3P=CHCQcEt - CO? E t 

4. Addition of ylides to multiple carbon-carbon bonds 

Non-stabilized ylides add to the C =C bonds of x,p-unsaturated acids 
with thc formation of betaines (122). The latter are stabilized depending 
on the nature of the substituent R. If R is an electron donor, the betzine 
(122) splits oft' triphenylphosphine forming the cyclopropane derivative 
(123)17G. But iT R is an electron acceptor the rcaction ends in Michael 
condensation: the proton in the z position Lo the phosphorus migrates 
13 the negative carbon, so that a new ylide (124) is formed. 
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R R' 
+ I  ! - 

Ph,P---.CHR +- R'CH--CHCO,Et --- Ph,P-CH-CH-CHC0,Et 

(122) j i ! 
I R R' i , 

' I  4 
1 

Ph,P+ R'-CH-CH-CO,Et Ph,P-k-C-CH,CO,Et 

\ / (124) 
C H  
I 
R 

(1 23) 

Proton migration does not occur when the ylides add to an acetylenedi- 
carboxylic ester, the betaine 125 first formed being converted into the new 
ylide (127)'77-180 via the hypothetical four-membered compound (126). 

R 

Ph,P-- CHR+CCO,Me - --- Ph,P+-CH-C-C0,Me -- 
ll 

1 

C- C0,Me 
01 
CC0,Me 

( 125) 

- - RCH-C-C0,Me -- RCH-C-C0,Me 

Ph,P-C-C0,Me Ph,P --C-C0,Me 
I 'i 

(126) (127) 

In one case the product of a Michuel condensation (128) has been isolated 
as well as the ylide 127180: 

R 

Ph,P-- C-C --CHC0,Me 

C0,Me 
(128) 
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1. REARRANGEMENTS A N D  CYCLIZATIONS FORMING AND 
DESTROYING T H E  CARBOXYLIC ACID A N D  ESTER 

FU N C T l O  NS 

With the exception of decatboxylation reactions induced by t herrno- 
lytic or electrolytic means (which will not concern us here), the carboxyl 
group is possessed of a high degree of both thermodynamic and non-rest- 

tivity stability and is thus not readily destroyed. The alkoxycarbonyl (ester) 
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group is also quite stable in the same sense though not so much as the 
corresponding carboxylic acid. Thus, while rearrangements destroying 
these groups do not occur very generally, rearrangements forming them 
can often be effected under fairly mild conditions. For example, the ben- 
zilic acid rearrangement of a-diketones to a-hydroxy acids and the Favor- 
sky rearrangement of cc-haloketones to  esters occur in many cases in  a 
fairly dilute basic solution. These two rearrangements have been recently 
reviewed’ and so need not be discussed here. 

I t  should be noted, however, that there has recently been a good deal of 
important work on the Favorsky reaction which might be cited to bring 
the subject up to date. Most notable is the work of Turro and Hammond’, 
who have succeeded in preparing cyclopropanone and derivatives there- 
of, the proposed intermediates in  tlic Favorsky reaction. Thus, tetra- 
methylcyclopropanone, upon treatment with sodium methoxide in metha- 
nol or diniethoxyethane at room temperature gives the Favorsky product, 
methyl 2,2,3-trimethylbutnnoatc, in 97:4 yield. Of considerable signific- 
ance, also, is the work of House and Frank3 on the stereospecific Favorsky 
rearrangement, which occurs with inversion of configuration at the carbon 
originally bonded to halogen. Stereospecificity is favored by Iieterogencous 
conditions, a strong base in a non-polar, aprotic solvent. A common 
method is to use dry, powdered sodium hydroxide in refluxing xylene, the 
so-called ‘quasi-Favorsky’ conditions,’. The indications here arc that the 
haloketone forms a cyclopropanone by a concerted S,2 intramolecular 
displacement. Recently Rappe has obtained good yields of the cis unsatu- 
rated acid from the corresponding 1,3-dibromo-2-ones by treatment with 
aqueous sodium bicarbonate5. Rappe believes that here the structure-de- 
termining intermediate is the carbanion (l), formed from the cyclopropa- 
none, which survives long enough to assume the most sterically favored 
conformation (equation 1). 

0 

A. Dieckmann and Acyloin Condensations 

While base converts ketones to esters in the Favorsky rearrangement, 
esters may also be converted to  ketones by strong base. Thus, diesters may 
undergo an intramolecular Claisen condensation to give the cyclic b-keto- 
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ester. The usual reaction condition is alkoxide in alcohol, but sodium 
metal in aromatic hydrocarbon solvent has also been used. Like all Claisen 
condensations, the reaction is reversible, although the equilibrium may be 
pushed to the right by reaction of the keto ester product with a second 
equivalent of base to  form a stable (under the reaction conditions) car- 
banion. 

Carrick and Fry have shown that the rate-determining step is -C-C- 
bond formation rather than icrnization of the diester to  a carbanions. 
Thus cyclizstion of (2),  labeled with I4C in both the carbonyl and a car- 
bons, shows a kinetic isotope effect in both cases (equation 2). 

Dieckmann cyclization usually leads to five- and six-membered rings. The 
kinetics of formation of 2-etlioxycarbonylcyclopentanone from adipic 
ester and of 2-etlioxycarbonylcyclohexanone from pimelic ester have been 
studied’. As might be expected, cyclohzxanone formation has a slightly 
lower enthalpy of activation but a mucli more negative entropy of acti- 
vation. In fact, the results of Reed and Thornley8 indicate that cyclo- 
pentanone formation has 311 entropy of activation greater than zero. Thus, 
in any case where both five- and six-membered rings may form, use of 
long reaction times and equilibrium conditions should favor the six-mem- 
bered ring while shorter reaction times should give niore of the kinetically- 
favored five-membered ring. 

Bearing this in mind the cyclization of 3-carboethoxylpimelic ester(3) 
is particularly interesting’. The three possible products are 4, 5, and 6. 
Using ethoxide in ethanol, a n  850/; yield of 6 is obtained, while with 
sodium in benzene as cyclizing medium, the chief product is 4 in SlO,/, 
yield. In neither case is any 5 found. I n  an aprotic solvent, such as ben- 
zene, formation of the carbanion is irreversible; thus the chief product 
will be that arising from the most stable carbanion, which is 7. What is 
most surprising is the high yield of the five-membered ring product (6)  
under equilibrium conditions. This could be due to axial interaction desta- 
bilizing the six-membered ring of 4 or to intramolecular solvation of the 
transition state or intermediate in the reaction of 6, resembling the struc- 
ture shown in 8. 
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COOEt COOEt 

3 

(3) (4) 

The Dieckmann cyclization is primarily used for the preparation of 
five- and six-membered rings, but higher-membered rings can be obtained 
by reacting the appropriate diester in very dilute s6lution to  prevent inter- 
molecular condensation. Using this technique a 48% yield of cyclohcxade- 
canone could be obtained from heptadecanedioic ester, with a suspension 
of potassium t-butoxide in xylene as the cyclizing agentg. However, even 
with high dilution, the medium-sized rings, with eight to twelve members, 
are obtained in very poor yield or not a t  all due t o  destabilization by trans- 
annular interactions. 

The best, and often the only, method for the preparation of medium- 
sized ring ketones is the acyloin condensation. This very important syn- 
thetic tool has been most recently reviewed in 1964'O. In this cyclization 
the two ester groups of a diester are reduced t o  a n  hydroxy ketone (acy- 
loin) by a dispersion of molten sodium droplets in xylene. The actual reac- 
tion product is the enediol, which gives the acyloin upon acidification. 
Since the enediol is very sensitive to  oxygen, the cyclization must be car- 
ried out under nitrogen atmosphere. By this method 2-hydroxycyclodeca- 
none (sebacoin) can be obtained from dimethyl sebacate in 66% yield 
(equation 3)". 

There has been very little mcchanistic work done o n  the acyloin cycliza- 
tion. However, the related formation of acyclic acyloins by intermolecu- 
lar condensation of monoesters is known to involve free radical ionslz. 
A recent c o m m ~ n i c a t i o n ~ ~  reports a systematic study of yields of cyclic 
acyloin and a-diketone from acyclic diester. On this basis, as well as from 
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the earlier results (referred to above), it is possible to  surmise the follow- 
ing plausible sequence of steps producing acyloin. 

0- 0- 
I I 

~ ( R c -  OR' + .M)  - 2(M'[RC - OR' -- R$ - OR']) =czotlon 
slow I1 

0 

r 0 0  
II I I  

+ 2 M ' + 2 R 1 0 '  

quench ] M i r  2 MOH + R-C=C-R e_ R-C-CH-R 
I 1  I1 I 
OH OH 0 OH 

The Dieckmann cyclization is often carried out under conditions simi- 
lar t o  those of the acyloin condensation. The chief difference is that the 
acyloin reduction requires four moles of sodiam per mole of ester, while 
the Dieckniann reaction needs only one equivalent of sodium. Thus, i t  is 
not tco surprising to find the two reactions occasionally competing. For 
example, while pimelic ester undergoes the acyloin condensation readily, 
8a and 9 give only the Dieckmann products (10 and ll), respectively. 
Gardner, Hayes, and Brandon14 ascribe this to an interactior, such as 12, 
which reduces t h e  electrophilicity of the carbonyl carbon. This hinders 
both the Dieckniann and acyloin condensations, but t h e  latter is more 

easily blocked because it requires heterogeneous conditions and is thus 
far more sensitive to environment. 
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6. Cycfodehydration Reactions 

Just as a n  ester may be cyclized to a ketone by a strong base, so unsatur- 
ated acids may be converted to cyclopentenones or cyclohexenones by 
strongly acidic dehydrating agents. This is actually an intramolecular acy- 
lation, in which the carboxyl group is converted to an acylium ion, which 
then attacks a benzene ring or olefinic double bond suitably positioned 
elsewhere in the molecule. The subject has been covered in a recent re- 
view15. 

Acid catalysis may also convert unsaturated acids to lactones. Here the 
double bond is protonated to form a carbonium ion, which then attacks 
the oxygen of a carboxyl group. Lactonization is favored by strong pro- 
tonating agents such as hydrohalic acids, arenesulfonic acids, or trifluoro- 
acetic acid, while cyclodehydration occurs with dehydrating agents like 
polyphosphoric acid, acetic anhydride, or Lewis acids such as ZnClp or 
SnCIP. SulfEric acid usually leads to lactonization, but some unsaturated 
ketone may also be formed. However 13, upon treatment with sulfuric 
acid, gives equal amounts of ketone 14 and lactone 1515. 

Ph Ph 

An interesting cyclodehydration is that of geranic acid, (16)lG. Upon 
treatment with acetic anhydride and sodium acetate, the expected piperi- 
tenone 17 is obtained, but the bicyclic ketone 18 is also found. Another 
interesting cyclodehydration is that of the ether 19 which gives lactone 
20 rather than ether 211'. This rearrangement involving migration 
(illustrated in 22) of the ether oxygen to the acylium ion center, occurs 
under a variety of conditions: polyphosphoric acid at  GO" for 5 hours, 
p-to!uenesulfonic acid at 90" for 5 hours, or boron trifluoride at  20" for 
36 hours. 
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Ph 

P h - 0  - CH -Ph 
I 
COOH 

C. Fries Reaction and Related Rearrangements and Extensions 

1. Monoesters 

This reaction (which was reviewed last in 1942)18 consists of the conver- 
sion of phenolic esters to ortlio and para hydroxy ketones under the influ- 
ence of Lewis acid catalysts, particularly aluminum chloride. The reac- 
t ion is useful synthetically, for even though the product hydroxy ketones 
may be prepared in one step by Friedel-Crafts acylation of phenols, use 
of the two-step Fries rearrangement (preparing and reacting ester) gener 
ally leads to highcr yields18. As in the Friedel-Crafts reaction, catalyst 
a n d  substrate are used i n  equimolar quantities, or sometimes even larger 
quantities of catalyst are required due to  complcxation of catalyst and  
product. 

Use  of low temperature generally leads to the p-hydroxy ketone while 
high temperature ( 1  50-250") and short reaction time favors the ortho 
product. Thc  ortho/para ratio also depends on the catalyst used; boron 
trifluoride favors the para while titanium and t in  tetrachlorides favor the 
ortho productlg. The rcaction is generiilly coilducted in 2n inert solvent 
such as nitrobenzcne, chlorobenzcne, or dichloroethane. Nitrobenzene in 
particular is a useful solvent in the preparation of p-hydroxy ketones. 

The range of  acyl groups which may be used is wide. However, esters of  
aromatic acids, such as benzoates, generally give poor results. I t  is the 
phenolic group, however, which exerts the greatest influence on the 
course of the reaction. For example, 2-niethoxyphenyl acetate gives 4-, 
5-, and 6-acetyl-2-methoxyphenol~ The occurrence of a rnerahydroxy 
ketone as the product of a Fries rearrangement is very rarela. This 
must be due  to  the activating effcct of the methoxy group, since when 
the acetyI grocp is in the 5 position, i t  is para to the methoxyl group. Simi- 
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larly esters of o-cresoi give the o-hydroxy ketone. With esters of  poly- 
alkylphenols there may be rearrangement of the alkyl groups during the 
Fries reaction20. Alkyl migration has recently been observed with a mono- 
a l k y l p h e n ~ l ~ l ' .  Thus, treatment of p-ethylphenyl cliloroacetate with alu- 
minum chloride gave 2-(cliloroacetyl)-5-etliylphenol instead of thc expect- 
ed 4-ethyl compound. However, PO migration occurred with o-ethyl- 
p hen y 1 chloroacc t a te. 

The Fries reaction now appears t o  be intermolecular, involving attack 
of a n  acylium ion, produced by complexation of' the Lcwis acid catalyst 
with the phenolic oxygen of the ester, on the benzene ring. Two crossing 
experiments indicate that the acyliiim ion  is comparatively free and n o t  
bound up in a tight ion pair throughout the course of the reaction. In the 
first of these??, it was found that  phenyl benzoate, upon treatment with 
aluminum chloride in dichloroethane at 84", gave p-benzoylphenyl ben- 
zoate in 17% yield, in addition to  37"/, of the expected p-benzoylphenol. 
At 60°, only the ester-ketone was found as the product of rearrangement, 
again in 17% yield. If t h e  ester-ketone were formed from a p-benzoyl- 
phenol precursor then the yield of the latter should decrease with incre- 
asing temperature. Exactly t h e  oppositc result was found. Further proof 
was found in the reaction of phcnyl acetate with benzoyl chloride and alu- 
minum chloride at  50". The products were p-acetylphenyl benzoate and 
p-benzoylphenyl benzoate i n  23% and 177; yields respectively. This indi- 
cates a preliminary exchange between phenyl acetate and benzoyl chloride 
to  produce phenyl benzoate and acetyl chloridc. Thus, it is seen that t h e  
low-temperature. para-producing reaction is in tei-molecular. Similar proof 
for the high temperature, ortho-producing reaction is found in treating 
equimolar amounts of phenyl proprioiiate a n d  rn-cresol with aluminum 
chloride at  165" for one hour without solvent or  a t  200" for 10 minutes. I n  
either case almost equal amounts of o-proprionylphenol and 2-proprionyl- 
5-methylphenol were found, with combined yieldc o f  the two products in 
excess of 9OXl9. 

The concept of a free acylium ion may, however. he an oversiinplificn- 
tion. The generally high yields of  the Fries reaction argue against any long 
lifetime for free acylium ions. which are rather unstable. In particular, 
treztment of z-naphthyl pivalaz (trimethylacetate) with SnCla gave the 
Fries product, 2-pivaloyl-l-naphthol, in  good yield". This acylium ion, 
(Me3CCO)+, would he expected t o  decarbonylate immediately. However, 
since the t i n  tetrachloride cataiyst in  this reaction is 11 weaker Lewis acid 
than aluminum chloride, it may be possible to regard this particular reac- 
tion as  quasi-intrzmolecular, that  is, involving ;I t ightly Imund ioii p:iir. 
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The weaker Lewis acid wou!a complex lcss strongly with tlie phenolic 
oxygen, thus decreasing the tendency of the acyl group t o  wander off by 
itself. 

2. Diesters 

Compounds of the type p-CH&H~OCO(CH~),COOC6H~CH3 undergo 
a double Frics rearrangement to give diketones of the type 23. This 
occurs provided t i  :? 2”.’. Di-p-crcsyl oxalate failed to give any diketone. 
With malonate, the on ly  product was 4-hydroxy-6-methyl-coumarin (24). 
Esters of isophthalic and tercphthalic acids also rearranged satisfactorily, 
but di-p-cresyl phthalatc gave only 25 in 14‘x yield. evidently due to 

steric hindrance favoring the cyclodehydration of the intertncdiate rnono- 
ketone. 

3. Acid-catalyzed rearrangements of enol esters 

Eno! esters can undergo a Fries rearrangement to give $-dikctones””. 
Reaction of a nicthyl ketone. RCH2COCH:i. with ketcne gives the two 
possible enol acetates, AcOCMe----CH R and CH2--C(OAc)CH2R. When 
the enol acetate mixture is treated with boron trifluoride a t  0-20”, thc two 
possible @-diketones are obtained. Ac2CH I< ai:d AcCH.COCH.R. in 
amounts which indicate that there has been no interchange between the 
terminal and internal double bonds of the enol Licetates. Like the Fries 
reaction, this is intcrmolecular, :is indicated by the occurrence of cross- 
products. 

4. Thermic-Fries rearrangement of phenol and enol esters 

En01 esters can also give ;j-dikctoncs by an intramolecular pyrolysis. 
The reaction goe:, smoothly at  500“ and yiclds of 75-80‘,!,,, can bc obtaincd 
by recycling. I n  this casc the amounts of tlie two possible diketones indi- 
cate that there has been interchange between the two possiblc enol acetates, 
with the product froin the terminal enol acetate being slightly favored. 

A s  might be expectcd, howcver, there arc other pyrolysis p r o d x t s .  The 
results of Ritchic and coworkers indicate that vinyl benzoate may decomp- 
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ose by three paths2G The first of these is alkyl-oxygen cleavage to give ben- 
zoic acid and acetylene; this is analogous to the well-known pyrolysis ofsatu- 
rated esters to  olefins. The second is decarboxylation to give styrene 
while the third and major path is rearrangement to benzoylacetaldehyde. 
Vinyl esters of aliphatic acids containing a hydrogen can also decompose by 
mother fairly important path, consisting of acyl-oxygen scission to give 
acetaldehyde and a ketene R2C-C-G. Vinyl acetate gives acetaldehyde 
but no ketene, which is known to  be unstable at 500". It should be noted 
that the ,B-keto aldehydes resulting from rearrangement of vinyl esters are 
unstable under these conditions and decarbonylate. Thus, the isolated pro- 
duct from rearrangement of vinyl benzoatc is acetophenone. On the other 
hand, for those enol esters which can rearrange to the more stable ,%dike- 
tones, the reaction is found to be reversible, although the equilibrium 
greatly favors the diketone. 

The assumption of free radical intermediates in this process and the 
analogy to the photo-Fries rearrangement (see below) has been 
Other authors have taken note of major differences between the products of 
the thermic- and photoreactions of vinyl esters, though this by no  means 
rules out a free radical mechanism for the thermic-Fries reaction. However, 
in view of the tendency of thermolysis reactions, (particularly those of es- 
ters and related carbonyl derivatives), to take place via a cyclic mechanism, 
it is possible to conceive of the thermic-Fries reaction as passing through 
the four-center transition state shown as 26 (equation 4). This representation 
can certainly account for the principal products observed (see also reference 
45). Nevertheless, there is no evidence, as might have been anticipated c n  

0 0 

this basis, for the occurrence of either a five- (see reference 44) or six-rnem- 
bered cyclic mechanism (27) (resembling that shown as inoperative in 
equation 5) .  Nor does it appear30 as if phenol esters, such as shown as 28, 
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undergo any thermic rearrangement through the cyclic six-membered 
activated complex characteristic of the Claisen rearrangement of allyl 
phenyl ethers, (equation 6 ) .  

0 

II - cDHo (6) 
~ " Y O - +  acH;rH 0 i l  

\ P CH 
CHf 

H 

(28) 

Furthermore, Louw and Kooyman31 (see also references 32 and 33) have 
established a purely radical course of thermolysis of the homologous allyl 
esters. In the case of  allyl zcetate the radical chain is initiated by cleavage 
into carbon dioxide and the allyl and methyl radicals. However, decomposi- 
tion into acrolein, methane, and carbon monoxide may also occur. This 
acyl-oxygen cleavage, whether it occurs during initiation or propagation, is 
the only one possiblc for the vinyl and alkenyl esters. Some acrolein is found 
among the decomposition products of allyl acetate, but the major products 
are I-butene, carbon monoxide, carbon dioxide, and methane. 

On  the other hand the products from the thermolysis of vinyl chloroben- 
zoate all contained thc chlorine in the same position on the benzene ring as 
in the starting material". Thus, the decarboxylation product from vinyl 
n7-chlorobenzoate was almost entirely m-chlorostyrene. Thc small amounts 
of otho and para isomers found are explained as the result of a heterolytic 
side-reaction occurring on  the walls of the reactor. Ritchie and coworkers20 
express the decarboxylation as a concerted reaction involving a four-mem- 
bered cyclic transition state similar to that illustrated i n  35 for the photoly- 
tic decarboxylation. This and the reversibility of the rearrangerncnt t o  dike- 
toncs as mentioned above argue strongly against a free radical rncchanism, 
but d o  not disprove it. 

Similarly the pyrolysis34 of allyl cyanoacctate (29) does not involve free 
radicals but is instead a bimoiecular enolization followed by a rapid rear- 
rangement to  form 2-cyano-4-pentenoic acid as illustrated in equation 
(7)"'~~'. The enolization may involve two molecules of ester or one molec- 
cule of estcr and one of acid o r  base catalyst. Evidently this reaction occurs 
because the clectron-withdrawing cyano group stabilizes the second double 
bond in the enol. 

CN CN 

(29) 
CN CN 
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Further clarification of the driving forces which compel a cyclic transition 
state in such thermolytic processes of rearrangement in unsaturated esters, 
but which are notably absent in others (as discussed above), must await the 
results of further study. 
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5. Phenol and enol ester photolysis: the  photo-Fries reaction 

Various phenolic esters including carbonates, oxalates, formateP and 
fl~orene-9-carboxylates~~ have been identified as phenoxyl free radical sour- 
ces under photolytic conditions in a variety of solvents. However, the car- 
boxylic esters afford substantial proportions of hydroxyketone (Fries ar- 
rangement) accompanying the cleavase products. This rearrangement 
reaction i s  clearly intramolecular and leads generally to the ortho isomer. 
The difference between this reaction and the normal Fries are dramatically 
illustrated by the work of Kobsa39; (see alsc references 40-42). Treat- 
ment of p-1-butylphenyl benzoate with a luminum chloride at 140” gives 
only p-benzoylphenol, but photolysis gives 2-benzoyl-4-r-butylphenol. 
In the normal Fries reaction alkyl groups which can form stable carbo- 
nium ions may cleave; this never occurs i n  the photolytic reaction. On the 
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other hand photolysis of 2-chloro-4-t-butylphenyl benzoate gavs a mixture 
of 2-chloro-4-t-butyl-6-benzoylphenol and 2-benzoyl-4-t-butylphenol. Ha- 
logen is never cleaved in the Lewis acid catalyzed reaction. Kobsa proposed 
that the ester is photolytically cleaved into phenoxyl and acyl free radicals, 
which recombine before they can diffuse out of the solvent cage. The recom- 
bination would give a cyclohexadienone, which would then rearrange to 
the observed phenolic ketone. Since the photolysis of p-r-butylphenyl ben- 
zoate always leads to some p-t-butylphenol, it is clear that some of the 
radicals must diffiise out of the solvent cage. The phenoxyl radicals would 
then abstract hydrogen from the solvent. These events may be most simply 
described39 by equation (8), depicting the course of photorearrangement 
leading from the ester 30. 

Anderson and Reeseb3 found that 31 failed to  undergo a photolytic Fries 
reaction. The only possible rearrangement product cf this compound is 32, 
the rn-hydroxy ketone. If the photolytic reaction involves a cyclohexadie- 
none intermediate, one would not expect the meta product to occur very 
often. That it can occur under extreme conditions is demonstrated by the 
work of Finnegan and Mattice4", who irradiated 33 for 119 hours and 
obtained 34 in 10% yield. 

The results of Finnegan and K n ~ t s o n " ~  emphasize the variety of reac- 
tions which may occur between the radical pair partners in the cage. How- 
ever, a side-reaction leading to decarboxylation and formation of hydrocar- 
bon product has been expressed as a concerted (cyclic) expulsion of carbon 
dioxide as in 35. 

(35) 

Recent work indicates some polar character in the transition state. Cop- 
pinger and B e l P  measured rates and quantum yields for the rearrangement 
of a number of para-substituted phenyl esters of 3,5-di-r-butyl-4-hydroxy- 
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benzoic acid. The reaction was carried out in sheets of pressed polyethylene 
powder and followed spcctroscopically. Under these conditions the reac- 
tion was clean; the o-hydroxy ketone (36a) was the only product formed. 
Thus 36b failed to  react. It was found that all substituents on the phenolic 
ring decrease the rate of reaction, but electron-withdrawing substituents do 
so much more than electron-donating ones. The results were explained in 

B U - t  X Bu-1 

1 - B U  OH&@ t-Bu HoJ&" c-0 cH3Q 

0 OH 0 CY 

S miqua titative fashion on the basis of two rules. The first of these is 
based on a general rule applying in photochemical reactions, which states 
that, a t  any timc, the concentration of molecules in quantum states leading 
to reaction (the so-called activated complex) is proportional to the fraction 
of all possible quantum states which can lead to reaction. Increasing com- 
plexity of the molecule increases the number of possible quantum states 
and thus decreases this fraction. This is turn decreases the quantum yield 
and thus the reaction rate. The second is the familiar Hammett equation, 
to take care of resonance and inductive effects. Electron-withdrawing 
substituents hinder reaction by lowering the electron density at the orrho 
position of the phenolic ring. The mechanism proposed is that excitation 
to a z* excited state is followed by decay to a vibrationally-excited ground 
state, which then dissociates to a pair of radicals held in a charge-transfer 
complex rather than a solvent cage. 

Enol esters can also undergo the phctolytic Fries reaction. An interesting 
example of this is the photolysis of 37a which leads to 3 7 P -  However, if the 
cyclohexene ring is part of a steroid system it does not open'i5. Irradiation 

of dienol acetates in the steroid series gives rise to entirely analogous 
data which support a caged-radicals mechanism with stereoelectronic 
control of the overall photo-rearrangement results4G. 



Rearrangement and cyclization reactions 355 

II. R E A R R A N G E M E N T S  O F  C A R B O X Y L A T E  SALTS 

(The Raecke Process) 
A. Rearrangement of Aromatic Carboxylic Acid Functions 

The most common high-temperature reaction of carboxylic acids and 
metal carboxylates is decarboxylation. This subject will not be treated here. 
However, there are some reactions of metal carboxylates which can be 
classified unhesitatingly as rearrangements. One of the most important of 
these is the isomerization of potassium phthalate to terephthalate a t  400" 
with cadmium iodide catalyst. Because of the importance of terephthalic 
acid in plastics, this process is of some value in industry47. 

Raecke, the inventor of the process, has discussed the conditions under 
which it occurs47. The reaction is exothermic and goes best at  400-420". At 
350", it is very slow. Above 450" decomposition sets in.  The patents suggest 
conducting the reaction under a high pressure of carbon dioxide, but this is 
not essential. Ali that matters is that oxygen be excluded and that some 
pressure be maintained : the reaction fails in vacuum. In the laboratory, 
sealed tubes or autoclaves are used. I t  is also essential that no materials 
containing active hydrogen (such as the free acid) be present, since these ma- 
terials facilitate decarboxylation. Potassium, rubidium, and cesium phtha- 
lates give good results, but the sodium salt does not isonierize below 450", 
the decomposition temperature. The reaction fails completely with lithium 
phthalate. Cadmium iodide is not thc oiily possible catalyst, but it is by far 
the best". I t  should be noted that under the reaction conditions cadmium 
iodide and potassium phthalate are miscible liquids, while potassium tere- 
phtlialatc is solid and precipitates out. Thus, under equilibrium conditions 
high yields of potassium terephthalate will result even if its formation is 
not thermodynamically favorable. 

The reaction is also applicable to other aromatic acids. For example, 
naphthalene- 1,8-dicarboxylate gives naphthaiene-2,6-dicarboxylate7 furan- 
3,4-dicarboxylate gives furan-2,5-dicarboxylate, and pyridine-2,3-dicarbo- 
xylate gives pyridine-3,6-dicarboxylate. Alkali salicylates may be converted 
to the corresponding p-hydroxybenzoates at 200".i'3. This reaction will be 
readily recognized as typical of the Kolbe-Schmitt synthesiss0. 

At first glance this isomerization would appear to be merely decarboxy- 
lation and carboxylation, with benzoate as intermediate. Indications of a 
greater degree of complexity are gleaned from the fact that while potassium 
benzoate, or benzoic anhydride and potassium carbonate, give potassium 
terephthalate, they do so a t  a much slower rate than the potassium phtha- 
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late itself. I n  addition benrene is found a\ a product. suggesting that the 
benzoate has sitfyered disproportionationq". 

Tracer experiments have given somewhat confusing results. Upon react- 
ing potassium phthalate with Cd14C03 a t  450". Ogata and coworkers found 
most of the original radioactivity i n  the terephthalate product. Thc r'ecover- 
ed phthalate was slightly r a d i o a c t i ~ e ~ ~ .  When potassium benzoate was react- 
ed with CdlTO:, a t  470" for 2.5 hours, the terephthalate obtained had 24% 
of the original activity. However. a t  450". the terephthalate obtained after 4 
hours was found to be non-radioactive. Ratusky and SbrrniL reacted phtha- 
lic and benzoic anhydrides with Ki4C03 at 405" with lo?,; zinc powder as 
catalyst and found that the terephthalate recovered from the phthalic an- 
hydride had SOO,/, of the original activity while that  from the benzoic anhyd- 
ride had 657;. The isomerization of alkaii salicylates a t  200' was found t o  
occur with about 5%, exchange with KyC0349. It is thus clear that  exchange 
with an outside source of carbon dioxide can occur but that i t  need not be 
complete. The amount of exchange may depend to it large extent on physi- 
cal factors such as the completeness of mixingq9. 

Kinetic experiments reported by Ogata and Sakamoto"2 are  illuniinat- 
ing. The isomerization of isophthalate to terephthalate with cadmium 
iodide catalyst in potassium cyanate solvent at 365' is cleanly third-order. 
first-order in catalyst and second-order in isophthalate. It thus. appears that 
the rate-determining step is formation of a 2:l complex, perhaps a sand- 
wich-type complex, with the TT electrons of the benzene rings. The isomeri- 
zation of phthalate is much more complicatedi3, The products are  benzoate, 
trimellitate, isophthalate. and terephthalate The yield of benzoate reaches 
a maximum a t  about 0-5 hour reaction time and thereafter decreases slowly. 
At two hours benzoate is still thc major product. but after f o u r  or five 
hours, a!most everything has been converted t o  terephthalate. Evidently 
carboxyl groups exchange freely within the complex. 

B. Rearrangement of a-Hydroxy Acids t o  a-Diketones and Related 
Reactions 

It would not be proper to omit mention of a very unusual rearrangement 
undergone by lead suits of cer!aiii a-hydroxy acids. In 1898 Wallach found 
that on heating at  atmospheric pressure the dry lead salt of fenchocarbo- 
xylic acid (38) gave thediketone 39"'. Therearc two forms of th is  acid, prob- 
ably endo-e.\-o isomcrs. The lead salts of both undergo this  rearrangement, 
but the f'ree acids differ in their behavior upon destructive distillation. The 
more stable of thc two isomers undergoes partial dehydration and  partial 
rearrangement while the less stable sufTers dehydration and decarboxylation. 



A similar reiirr;tngemeiit of 40 gives carbocampiienilorie (41p. HuckelsG 
has called this a 'reverse benzilic acid rearrangement', but this would seem 
to be misleading uoinenclature. Since the conditions under  which this reac- 
tion occurs are so different from those of the benzilic acid rearrangement, it 
is hardly likely that the two have the same mechanism, although the bonds 
made and the bonds broken may be exactly reversed. In addition, since the 
driving rorce for the benzilic acid rearrangement is the formation of the 
resonance-stabilized carboxylatc anion. it is most unlikely that the reverse 
reaction. which would destroy the carboxyl group, would occur a t  tlie low 
tenipcrattires of the benzilic acid rearrangement'. 

,- COOPb.,, 3 0 0 P !I I,) - 7 

(38) (39) (40) (41 1 

Kenncr and Morton investigited the pyrolysis of other lead z-hydroxy 
carboxylates but found no further examples of this r c a c t i o ~ i ~ ~ .  Thus, pyro- 
lysis of lead benzilate gave benzoplieiionc in  SO''." yield and  25y4 each of 
d i p he n y i ace t ic acid and tetra p he n y I e t 11 ;i 11 c , the I ast two products pro ba b I y 
a r i s~ng  by ;I free radical mechanism. N o  benzil w a s  f o u n d .  Pyrolysis of 42 
- ca \e  only fliio~-rnoiie (13). On the other hand 44 failed t i t  give cyclohexan- 
one but undcr\vent instead dehydration to cycloliexene-1-carboxylate (45). 

. .  

Decarbosylation is ii w r y  common pyrolytic reaction of n i l  acids. i n -  
cluclinp 2-liydroxy acids. but here dehydration to tlie z.p'-unsaturated acid 
may also occiir. The ubc oC metal salts. particularly lead or manganese. 
promote3 the coiic.ersion t o  iildchydcs or ketones o\'er the competing de- 
hydration. .A cyclic niechaiiism 36 in\.olving complexation of the metal 
atorn wi th  both the h jd i -oxyl  a n d  carboxyl oxygei:~ is ;tlniost certainly 
Iiivol\ed here. It ~liould hc noted that hci-e the cai-box>l group is lost :IS 
carbon monoxide rather than the dioxide. A similar complcs 47 could aiso 
be in\iol\ecl i n  t h e  rcai-i~;iiigeinent o f  38 and 30. 
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Oxidation with lcad tetraacetate will also convcrt a.-hydroxy acids to 
aldehydes or ketonesG1. Since this is a true oxidation, with the carboxyl 
being lost as carbon dioxide, it is clear that this is actually quite different 
from the thermolytic decarbonylation shown in 36 although a cyclic 
mechanism (equation 10) similar to the one given by Criegee for the lead 
tetraacetate cleavage of glycols is quite possibly in \~o lvcd~~*  Go. 

111. VARRENTRAPP A N D  RELATED REACTIONS 

Compounds containing olefinic double bonds undergo a great many rear- 
rangements. In thc case of olcfinic acids many of these rearrangements are 
due entirely to  the presence of the carboxyl group. Such a reaction is the 
Yarrentrapp reaction, discovered in 1840. In its orisinal form this reaction 
consisted of the conversion of oleic acid to palniitic acid and acetic acid by 
treatment with moltcn sodium or potassium hydroxide, but any unsatu- 
rated acid will undergo a similar reaction. The carboxyl group enables the 
compound to dissolve in the molten alkali. 

The most likely conccption of thc reaction would have it in two parts, 
first a migration of the double bond to the a, j3 position, and secondly a 
clcavage of thc a, p bond. Apparently thc cleavage is faster than the migra- 
tion and involves a P-hydroxy acid as ii7termediateG1. The cleavage would 
then occur as in equation (11).  

OH - 

H O  
RCHrCHCOOH -5 RCH(OH)CH,COOH -- RCHO---CH,COO- - 

(1 1) RCHO + -CH,COO- -A CH,COO- -+ OH- 

Aldehydes are kcown to undergo oxidation to thc corresponding acid under 
these conditions. 
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The double bond migration has been amply proven. Weedon and cowork- 
ers treated oleic acid (9-octadecenoic acid) with molten alkali under ni- 
trogen and obtained palmitic acid in 50% yieldG4. By using shorter reaction 
times all the octadecenoic acids from 4- t o  12- were found. T]le position of 
the double bond was checked by ozonolysis. Since the double bond of oleic 

CH,(CH,),CH-CH(CHz),COOH --E+ CH,(CH,)mCOOH i HOOC(CHZ),COOH (12) 

acid is too  far away from the carboxyl group to  be influenced by it, the 
migration would be expected to  be random. However the 2- and 3- 
octadecenoic acids were not found a t  all and the 4-, 5-, and 6- acids were 
found only in very small amounts. Evidently the double bond migrates 
faster as i t  approaches the carboxyl group. and the 2- and 3- acids are 
removed rapidly by the subsequent hydration and cleavage steps. Similarly, 
treatment of I0-undecenoic acid with molten KOD gave a nonanoic acid 
that was 70% deuterated. Oleic acid gave a palmitic acid with 29 of its 31 
hydrogens replaced by deuteriumG2. A surprising result was that treatment 
of 2-octadecenoic acid with KOD gave a palmitic acid which had more 
deuterium in it than that obtained by treatment of palmitic acid with 
KOD. Also, when 2-octadecenoic acid was treated with alkali a t  280" for 
three minutes, the only isolable materials were 70% of the starting material 
and 20% of 3-octadecenoic acid0'. Evidently the cleavage is not fast 
enough to  prevent migration of the double bond to the 3-position. 

It is obvious that when the double bond cannot migrate to the CI, p posi- 
tion, the Varrentrapp reaction will not occur. Thus, Pistor and Plieninger 
obtained pimelic acid by treatment of 4-cyclohexenecarboxylate with a n  
equimolar mixture of potassium hydroxide and water in 2.6-fold excess a t  
320°, but l-methyl-4-cyclohexe1~ecarboxylate failed to cleave under these 
conditionsG3. However, under more extreme conditions cleavage of a dif- 
ferent sort will occur. Lukes and HofrnanB4 have found that treatment of 
3,3-dimethyl-8-nonenoic acid with potassium hydroxide in 24-fold excess 
at 370" for four hours gave acetic acid and 2-methyl-1.3-octadiene (49). 
This, of course, does not involve the double bond, as shown by the fact 
that 4,4-dimethyldecanoic acids could be cleaved to monoolefins under 
these conditions. (equation 13). 
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A concerted mechanism illustrated in equation ( I  3) is adniittedly only one 
of several possible ways of expressing tlic lack of' rate influence of the iw- 
merizable double bond, as iiidicated by the fact that thc satui-atcd and uti- 

saturated acids clcavc a t  the same temperature. Normally this would niobi- 
lize thc bond-making and bond-breaking steps through stabilization of the 
incipient doitble bond i n  dienic resonance in a non-cyciic transition state. 
resembling that of the iisual basc-catiilyzed E2 elimination. It is possible by 
means of the cyclic mechanism in equation ( 13) to understand the failure of 
the double bond to affect the scission, a s  illustrated i n  50 (equation 14). 

Double bend migr;ition GLII also occur under milder conditions. When 
Luttringhaus and Reif trcnted 10-untlccenoic acid with 6% nqi1cou.c potas- 
sium hydroside :it 270' i n  an autoclavc, they obtained all the undccenoic 
acid isomers from 6- to  lo-. However. ;I plot of the yicld of  9-undecenoic 
acid against time was asymptotic, indicating that the double bond would 
never reach the 2-position under these conditions". This is perhaps not 
su r pris i n g since the re i s t i  o part i c 11 1 a r the r 111 od y n a in ic ;id va i i  t age in I ea v i 11 g 
the 9-position, although thcre is free energy decre:ise in going from the ter- 
minal 10-position to the internal ')-position. 

Undcr  even milder conditions isolated doublc bonds fail t o  rc:ict. but 
polyunsaturatcct acids do  react. .An important analytical method for the 
determination of' naturally occurring poly~nsuturated fatty acids such ;is 
I i no leic (cis- cis-9. - I 2- o c ta d e c ;i d i e ti oic ) i: ci c: i ti v ol vcs L' o nj ti ga t i o ti ci f the 
double bonds with potassium hydroxide i n  ethylene glycol at  1 SC-' followed 
by ultraviolet spectroscopy t o  determine the coiicentriition of conjagated 
acid. As a n  analytical method this is complicated by thc fact that geometric 
isomers react at different rates to give products \\.it11 dilTcrcnt absorptioii 
coe ficicn t s. a1 t ti ough t lie ii b5oi-p t ion ilia xi iiia ;I re 11s nnll  y q it i  tc close. Con- 
jugation o f  naturally occurring linolcic acid 2iic.s maxinium absorption at  
233 m : J .  iiftcr ti'eatnicnt wi th  potassium h~~ t ros ide -e thy~~ tne  glycol f o r  uhout 
half ; in  hour. On the other hand the fro/is-frat/s isomer rcaclies :in absorp- 
tion niasimitm a t  2 3  1 nip. only after six hours of' rcactioii';6. Naturally- 
occi!rring polyunsaturated fatty acids arc generally (.is, but bringing into 
conjugation a cis double bond tlirough ;in allylic carbanion Icnds primarily 
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to the t ram isomer". Thus. the major products frorn this treatment of 
linoleic acid are iTlOSt\Y trar?s-lrur?s 9.1 I -  and 10.12-0ctadecadienoic acids. 

As might be expected. acetylenic acids isomerize under extremely mild 
conditions. Reaction of 3-butynoic acid with 18% aqueous potassium car- 
bonate at 40' for three hours gave the allene 2,3-butadienoic acid in 92"/, 
yield. A t  90' the 2-butynoic acid was obtained in 60% yieldG". The ease 
with which the allene forms is i n  all likelihood a reflection of the stabi!ity 

of the intermediate carbanion HC-- -CCHCOO-. Through a similar carba- 
nion the conjugated diene, 2,4-pentadienoic acid, could be obtained in 80% 
yield from 3.4-pentadienoic acid by treatment with loo,:, potassium carbo- 
nate a t  60". Esters react under even milder conditions than the correspond- 
ing carboxylate anion, since the latter group is less electron-withdrawing 
and provides less stabilization for the intermediate carbanion. Thus. treat- 
ment with aqueous potas4um carbonate for 45 minutesat 20" under hetero- 
geneous conditions gave the corresponding allene from esters of 3-butynoic 
acid. 

Since acetylenes and conjugated dienes are interconvertible in base, it is 
generally found that acetylenic ancl diolefinic acids react similarly under 
Varrentrapp conditions. For  example. lirioleic and stearolic acids both 
gave myristic (tetradecanoic) acid i n  about 60'%, yield with about 5% of pal- 
mitic acid". The intermediate 2,4-octaclecadienoic acid loses two moles of 
acetic acid in a stepwise reaction. The formation of palniitic acid is explain- 
ed as oxidation of the intermediate aldehyde CI3H2;CHO by the 2.4-die- 
noic acid instead of by water. I n  either case the oxidizing agent acts as  a 
h ydride accept or. 

Other functional groups also react under Varrentrapp conditions. Hy- 
droxy acids otl irr  than jl-hydroxy acids dehydrogenate to keto acids which 
then cleave eithcr to two monocarboxylic acids or t o  a saturated hydrocar- 
bon and a dicarboxylic acid70. One interesting exception to this is 6-keto- 
stearic acid which undergoes an intramolecular aldol condensation to give 
2-dodecyl-l-cyclopentenecarboxylic acid. Isolation of an z,p-unsaturated 
acid such 3s this under Varrentrapp conditions is particularly noteworthy: 
i t  occurs because cleavage of this acid can only give the original 6-keto- 
stearic acid. Under more extreme conditions. however, the double bond can 
migrate to gi\*e 51 which then cleaves to 52 (equation 15). A t  230' acids 
containing 1-ic-diol functions dehydrogenate to  g-diketones \\.hich then 
undergo the benzilic acid rearrangement. The productiq from 9. I0-dihy- 
droxqstearic acid is t h u s  53. in 520,;, yield. The a-hydroxy acid from the 
benzilic acid rearrangement is stable at this temperature but at higher 

- 
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temperatures i t  loses the elements of formic acid to give a keto a 
which then cleaves. 

IV. CARBO MY L-FO RM I N G  DECA R B O X Y  LATlO N REACT10 N S  

A. Reaction Conditions 

The most common reaction of carboxylic acids and their salts is decar- 
boxylation. In most cases this does not involve rearrangements, being 
simply of the type shown by equation (11). This is particularly the case 

(16) 
A 

RCOOH -- R H  + COZ 

where R contains electron-withdrawing groups that can stabilize a carba- 
nion, but it can be made to occur with almost any type of acid. There is, 
however, another type of decarboxylation which does involve rearrange- 
ment, exemplsed in the pyrolysis of metal carboxylates to give ketones, 
according to equation (17). The dry distillation of calcium acetate to give 
acetone 

(17) 
A 

(RCOO)aM - R,CO+ CO, + MO or MCO, 

is one of the oldest reactions in orgnanic chemistry and for a long time con- 
stituted the chief commercial source of acetone. Salts of other aliphatic 
acids also give ketones but the yields are frequently low and the products 
often difficult to purify72. Using a mixture of two salts, the three possible 
ketones.are obtained, two symmetrical and one unsymmetrical. Thus, with 
excess formate it is sometimes possible to obtain good yields of aldehydes. 
Even calcium benzoate can be made to give benzophenone, but with such 
aromatic acids the yields are more often quite poor and the reaction of 
equation (1 6) usually predominates. 
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The carbonyl-froming decarboxylation reaction is not limited to calcium 
salts, other alkaline earth metals performing just as well. Thorium (IV) and 
manganese can also be used, but these metals are mostly used in the form 
of their oxides in the catalytic method. Lead (11) salts have also been report- 
ed to give good resultss7. In this case the evolution of carbon dioxide at 
temperatures from 280" to 310" leaves a gummy residue from which the 
desired ketone is isolated by vacuum distillation or by treatment with for- 
mic acid. Yields of 78% acetone from lead acetate, 80% stearone (18-penta- 
triacontanone) from lead stearate, and a 92% yield from 10-undecylenic 
acid are claimed. An interesting preparation is that of MeOOC(CH2)8- 
CO-(CH2)G-COOMe from the monomethyl ester of suberic acid in 70% 
yield. 

Not all metals are satisfactory. Finely divided copper and nickel metals 
tend to facilitate the decarboxylation reaction of equation ( 16)i3. A pre- 
ferred procedure for the preparation of styrene and stilbenes involves heat- 
ying the corresponding cinnamic acid in quinoline in the presence of cataly- 
tic amounts of copper, copper chromite, or  the copper  inna am ate^^. Shem- 
akin and coworkers7j claim the isolation of free acid and anhydride from 
the pyrolysis of copper and silver acetates and benzoates a t  200-250". The 
free acid is supposed to arise from the anhydride due to the presence of 
small amounts of water in the hygroscopic salts. Benzoic anhydride reacts 
further under these conditions to  give phenyl benzoate, phenol, and salicy- 
lic acid. Sodium salts also give poor results, although for a different reason. 
Thus, while Nakai, Sugii, and N a k a ~ ~ ~  were able to obtain a 57% yield 
of 2-butanone by vacuum distillation of a mixture of sodium acetate and 
proprionate at  350", Grun and Wirth found that sodium stearate on va- 
cuum distillation a t  550" gave mostly olefins, arising from cracking of the 
initially formed  tearo one?^. I t  should also be noted that heating sodium or 
calcium acetate in fused sodium hydroxide gives methane by direct decar- 
boxylation (equation 1 6)74. 

For synthetic purposes it is generally simpler to  pass the vaporized acid 
over a catalyst, which is usually a metal oxide, although with the alkaline 
earth metals the carbonates are used. Many materials have been tried as 
catalysts but most, such as calcium carbonate, zinc oxide, and cadmium 
oxide, give good results only with acetic acid and the lower aliphatic 
acidsi3. Alumina and aluminum silicates are rather poor catalysts. The 
passagc of butyric acid over activated clay at  200-300" for one hour gave 
only 30-38x 4 - h e ~ t a n o n e ~ ~ .  All of the catalysts decompose benzoic acid 
only above 500" and lead primarily to benzene. The best yield of benzo- 
phenone is obtained with lithium carbonate at  550", but even here more 
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benzene than ketone is formed;”. With formic acid tlie primary result is 
dehydration to  carbon monoxide although some fo.rmaldeliyde may form. 
Alumina and silica give only carbon monoxide from formic acid. 

The best catalysts are thorium and manganese oxides because these 
retain their activity longest. As might be expected. the method of prepara- 
tion is crucial. A good example is the aerogel thoria of Swann. Kistler and 
A ~ p e l ’ ~ .  The thoria was precipatcd from aqiicous thorium nitrate with 
aniline, transferred to methanol. and heated under pressure until the cri- 
tical point was reached (250”). Other forms of thoria prepared by directly 
drying the hydrated thorium oxide precipitate or by ignition of thorium 
oxalate give products of higher density which require higher ketonization 
temperatures and give lower yields than does the aerogel. PI quantitatile 
yield of 8-pentadecanone from caprylic acid is reported. 

The vapor phase catalytic method is of course limited to  those acids 
which have a reasonably high vapor pressure. However, the method can 
be extended to the higher fatty acids by use of the more volatile ethyl esters. 
For example, Swann reports an 82-57: yield of laurone from ethyl laurate 
over his aerogel thoria catalyst at  360G7y. Sabatier73 explains that the first 
step in this reaction is tlie cleavage of the ester into metal carboxylate and 
alcoholate. The carboxylate then ketonizes. and the alcoholate dehydrates 
to olefin. I f  the activity of the catalyst toward carboxylate is higher than 
its activity towards alcoholate, some free alcohol also forms; if its activity 
is higher towards alcoholate, free acid results. Since methoxide cannot 
dehydrate to olefin. the methyl esters require higher temperatures and give 
dimethyl ether as the side product. 

Isotopic tracer experiments indicate that in all cases the first step of the 
catalytic ketonization of acids is formation of the metal carboxylates. 
Thus, pyrolysis of a mixture of phenylacetic arid propionic acids, in which 
the propionic acid had been enriched with 13C at the carbonyl carbon, 
over thoria. manganese oxide, and calcium carbonate gave thc same de- 
gree of isotopic enrichment of the product Ccli;CH2COEt as did pyrolysis 
of the mixed barium saltse0. A similar result was found in the pyrolysis of 
labeled acetic acid and one of four othcr acids over thoria and as the tho -  
rium salt”. An even better indication of salt formation in catalytic 
ketonization is found with the alkaline earth carbonates. for the rate of 
carbon diosidc evolution in the ketonization of acetic acid is thc same over 
two polymorphic forms of calcium carbonate (aragonite and calcite) and 
three forms of barium caibonateb2. This indicates that the rate-determinins 
step is decomposition of previously formed calcium ( o r  barium) acetate, 
and docs not in\.cil\.c adsorption of acetic acid onto tile catalyst. 



365 lica 1.I-a ngcincn t and iycl  izai ion reactions 

Higher fatty acids may also be ketonized in the liquid phase by use o f t h e  
free metal. Kim":' was able to obtain ketones from saponified vegetable 
oils using about  S':./, by weight of magnesium powder at 330". Tile actual 
reagent is magnesium soap, formed by release of free hydrogen fronl the 
fatty acid. The gas evolution causes frothing, which Kin0 inhibited by use 
of a small amount  of calcium or cliromium soap. Better results are obtain- 
ed with iron. Heating slearic acid in a n  iron vessel for four hours at  300" 
is reported to give a 91 % yield of stearone". With lauric acid a tempera- 
ture of 270" was satisfactory. 

Ketonization by iron has been throughly investigated by Schultz and 
Davis6". Aliphatic acids react with iron powder to release hydrogen and 
form the green ferrous carboxylate a t  temperatures of 80-124". Most of 
these soaps decompose below 300" to give volatile ketone and a residue of 
black, non-magnetic ferrous oxide. which can still catalyze the ketoniza- 
tion of more acid. However, ferrous acetate and propionate are stable 
above 400". thereby limiting this method to  the higher acids. For example, 
a 96"..; yield of ketone is obtained from decanoic acid but only 70:< from 
butanoic, 480<, from propionic. and 25YU from acetic acid. The ferrous 
carboxylates - and ferrous oxide -- are very easily oxidized by air to the 
corresponding ferric salts. which are completely inactive as regards keton- 
ization. Good yields of alkaiiophenones are obtained from a mixture of 
ferrous benzoate and the corresponding a1 kanoate; for example, a 78% 
yield of PhCOCIiH31 results from a I : I mixture of palmitate and benzo- 
ate. Any substituent on the benzene ring lowers the yield of alkanophenone, 
but electron-withdrawing substituents d o  so more than electron-donating 
ones. Substituents orllio t o  the carboxyl group completely prevent ketone 
formations';. On  the other hand. ferrous benzoate alone decomposes 
above 350' to give 13:,;', benzene, 17% benzophenone, a trace of benzal- 
dehyde. and the rest tar. 

As might be expected these methods can also be used to prepare cyclo- 
alkanones from straight-chain dibasic acids, for instance, cyclohexanone 
from pimelic acid. a .lo:<, yield of cycloheptanone from suberic acid, and 
a 20'!,;) yield of cpclooctanone from azelaic acid". Iron powder also gives 
good results in these cases6'. Higher ring ketones, however, are formed in 
very low yield, in all cases under 5:/u74- ". For the preparation of macro- 
cyclic ring ketones the acyloin condensation" is much to  be preferred. 

0. Results Contributing to the Development of a Reaction Mechanism 

There has beell a great deal of work on the mechanism of ketonic de- 
carboxylation, but in spite of all this work only a re!atively few definite 
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conclusions can be reached. In fact, some of the data is even contradic- 
tory. The first mechanistic proposal was probably that of Bamberger, who 
suggested the anhydride as an intermediateg0. This seems quite likely in 
the case of cyclic ketones since cyclopentanone and cyclohexanone may be 
prepared in 50% .yield by merely distilling adipic and pimelic acids a t  
atmospheric pressure with excess acetic anhydride". The intermediate 
here is probably the polymeric anhydride, which decarboxylates at about 
250°74. Vacuum distillation of the polymer gives the monomeric 7-mem- 
bered cyclic adipic anhydride. With the exception of acetic and 2-methyl- 
butyric anhydrides, aliphatic anhydrides have also been found to decar- 
boxylate upon atmospheric distillation". Where metal catalysis was used 
it was found that passage of aliphatic acid vapors over manganese oxide 
gave both anhydrides and ketones, anhydride formation being favored by 
lower temperatures and higher flow ratesg'. Shemyaking3 found that pas- 
sage of acetic anhydride over calcium oxide gave acetone at  350" while 
calcium acetate did not decarboxylate until 400". 

Koch and Leibnitzg2 interpret the decarboxylation of anhydrides in 
terms of the p-keto acid intermediate first proposed by Neunhoeffer and 
Paschke9.'. The former authors note that while carboxylate salts should 
not lose a hydrogen readily (since this would form a doubly-charged an- 
ion), loss of a proton from a carbon a to the electron-withdrawing anhyd- 
ride group should be fairly easy. In fact, however, the mechanism should 
not involve a carbanion but dissociation of the anhydride into acyliuni 
and carboxylate ions, followed by attack of the acylium ion on  thc 0: car- 
bon of the carboxylate with transfer of 3 proton and formation of the 
13-keto acid, as illustrated in equation (21). 

R R' R' 
RCO RCOO- I ! I  
\o -- c : .... CHCOO- ---. RCOLH-COOH (21') + 

RC- 
/ 

Rco 
. I  

I .. 
0 H+ 0 

It should be noted that the acetylium ion, CH3C'--O, plays the same role 
in acetic anhydride solvent chemistry that the proton plays in water". As 
a further example, the well-known acetylation reaction by means of pyri- 
dine in acetic anhydride may be cited. 

NeunhoefTer and Paschke proposed the intermediacy of a /?-keto acid 
on the basis of the fact that only those acids which possess an 3: hydrogen 
undergo ketonic decarboxylation readily. Branched-chain aliphatic acids 
give poorer yields than straight-chain acids, and aromatic acids undergo 
primarily simple decarboxylation (equation 16). For example, 2,2,5,5-tet- 
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ramethyladipic acid failed to give the corresponding cyclopentanone, 
while 3,3,4,4-tetramethyladipic acid cyclized readilyg0. The electron- 
withdrawing keto group would cause the keto acid, once formed, to  un- 
dergo rapid decarboxylation via the route of equation (16) and thus prevent 
its isolation. However, the data of Neunhoeffer and Paschke would exclude 
an  anhydride precursor, since it appears that water or free acid is neces- 
sary for the success of the reaction. Thus, barium adipate, which usually 
decomposes to cyclopentanone a t  430", did so at 260" in the presence 
of free adipic acid. In the presence of barium oxide it decomposed at 
325" to give 41% cyclopentene, 47% carbon dioxide, and no cyclopenta- 
none. The authors explain that the P-keto acid can form an enolic com- 
plex (54) with the metal ion which would be stable i n  the absence of water 
or free acid. 

Isotopic tracer experiments generally support this mechanism. A case in 
point is the pyrolysis of the dicarboxylic acid salt (56), in which the star- 
red carbon was labeled with I4C. All of the radioactivity was found in the 
carbon dioxide and none in the camphorg7. Simi!arly, when mixtures of 
labeled acetate with formate, benzoate, or p-toluate are pyrolyzed, all of 
the label is found i n  thc carbon dioxidcg8-'n0. The results of pyrolysis of 
mixtures in which both salts contain ct hydrogen can be readily explained 
by  considering the formation of the 13-keto acid. 

All of thesc results seem to point to a concerted mechanism involving a 
cyclic six-membered transition state (55). Such a transition state could 
have any degree of ionic character. If the degree of ionic character is low, 
the results of labeling experiments should be statistical (in the following 
sense). Thus, the pyrolysis of thorium acetate with 14C-labeled isobutyrate 
gave 2-methyl-3-butanone containing SO% of the original radioactivity'OO. 
On a statistical basis this product should have had 75% o f t  he label, since 
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isobutyrate has one hydrogen while acetate has three. The difference must 
reflect the ionic character of the transition state. which does not favor t h e  
formation of ;i carbanion from isobutyrate. 

Similarly the decomposition of calcium phenylacetate i n  the presence of 
Isbeled calcium acetate gave pheiiylpropanone with oiie third of the origi- 
nal label; on (i statistical basis 407:) would be expected". However. when 
the thorium salts were used, better than 907; of the carbon dioxide was 
derived from the phenylacetnte'"". Evidently this system cntails ;? large 
degree of ionic character, reflecting the high stability of the carbanion de- 
rived by loss of a proton from phenylacetate. In line with this, Goto and 
Okubo""' note that the decomposition temperatures of the thorium salts 
of phenylacetic (2 16. ). formic (220-260"), acetic, butyric, isobutyric. and 
benzoic (300") acids parallel the relative rates of saponification of the 
corresponding esters. Just as the first step in ester hydrolysis is attack by 
hydroxide ion on the carbonyl carbon, so this reaction is presumed to  in- 
volve attack of a carbanion (or a group having carbanionic character) 
on the carbonyl carbon of the salt of higher thermal stability. 

Such a mechanism may also bc extended to acids having no  u. hydrogen. 
Whitmore, Miller, and Cook1'" studied the decarboxylation of trimetliyl- 
acetic acid over aerogel thoria a t  490". The products were as  follows: 
(Me3C)ZCO--nonc, Me3CCOCH2CH Me2- I j;.;;, Me:,CCOMe-90/,, 
CO2-20%. C0-2-7X). M e3CC H 0--3 y,,:, hydrocarbons-8 x, starting 
material-21 s;,. Whitmore claims that this multiplicity of products arises 
from decomposition of Mc:&COCH?CH Me?, which, in  turn, results from 
decarboxylation of a 0-keto acid fornied by a concerted mechanism having 
a cyclic seven-membered transition state (57). Branched-chain acids hav- 
ing cz hydrogen may form both $- and b-keto acids. For example. t h e  
decomposition of sodium isobutyrate"'" a t  380" gives 13.2^/, (Me2CH).C0, 
EtCH2COCHMeo_ in 43-79, yield and 43-3 y.6 of (EtCH,),CO. Reed1"', 
however, considers this as evidence for a free radical mechanism in which 
a branched-chain alkyl radical rearranges t o  a straight-chain one. 

R- ,fo 
c. - c 

I /  \ 
H - CH, 0 

3 - c - 0  

RJCt i ,  

... Tn: 0 
/ 

(57) 

L r  

0 
'i 

Aromatic acids cannot form keto acids, but their ketonization can still 
be interpreted in terms of a concerted mechanism in which the ionic cha- 
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racter arises by loss of carbon dioxide rather than by loss ofo. hydrogen, 
as in 58. Thus, the benzaldehyde obtained from pyrolysis of a mixture of 
calcium formate and 14C-labeled benzoate contained almost all of the ori- 
ginal radioactivity". The same result was obtained with the barium salts10". 
This may be considered as  reflecting the higher stability of thc benzoyl ion 
relative to the formyl ion, which would immediately decompose to carbon 
monoxide and hydrogen, or  the lowcr thermal stability of the formate salt. 

However, when the thorium salts are used, the bznzaldehyde obtained 
possessed only 2-5",., of thc original radioactivity. This puzzling result is 
not in line with the thermal stabilities of thorium formate and benzoate, 
nor does it reflect the stabilities of the anionic species transfcrred in accom- 
paniment to the loss of carbon dioxide: hydride would be expected to 
migrate in preference to plienide. CoHj-. It may, i n  fact, correspond to an 
altered conformational preferencc introduced by changing the central metal 
atom organizing the cyclic structure of the transition state. The net re- 
sult may be that in the thorium-centered cycle, phenyl is in a conformatio- 
naliy accomodated position for migration to the carbonyl compared to 
hydrogen. 

I t  is obvious that a mechanism such as 58 could apply to any acid 
substrate and that there is n o  need to postulate a keto acid intermediate. 
I f  so, the far greater easc of reaction of acids containing 3: hydrogen 
would be merely indicative of the greater stability of primary over secondary 
and  tertiary alkyl carbanions. Evidence for this conclusion is provided by 
measurements of the effect of reaction rate on the content of carbon 
dioxide formed by decarboxylation of barium adipate, as measured by 
mass spectroscopy, compared to  the 13C content of naturally occurring 
carbon dioxide. N o  isotope effect was found ; the product carbon dioxide 
had thc same 13C content as the natural In order for this to 
happen, the number and kinds of bonds broken and formed in the rate- 
determining step must be identical. If thcre is a keto acid intermediate, then 
a C-C bond must be formed in one step and broken in the next, whereas 
a concerted mechanism such as 58 has a -C-C- and a -C-0- 
both broken and formed in the same step. Similarly, Wiberg found no 
deuterium isotope effect in the dccarboxylation of EtCDZCOOM, indi- 
cating that --C-COOM bond cleavage is rate-deterrnining1OJ. However, 
when the pyrolysis was conducted in the presence of unlabeled butyrate, 
deuterium exchange occurred. While :his could bc due to  a side-reaction, 
furthcr study appears to be in order. 

We have yet to consider the effect of the metal ion. This is a fault of the 
mechanism proposed by Koch and Leibnitzg', for it does not require 
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metal ion catalysis and ascribes no role to  this catalyst in the transition 
state. Okubo and Goto1O0 discuss the depolarizability of the metal, while 
Kenner and Mortons7 consider it in terms of the basicity of the metal 
oxide. Expressed either way, the matter reduces to consideration of the 
affinity for oxide or other anion and the acrivity of the oxide as a base 
toward water or  other proton sources. That is to say, metals with a higher 
affinity towards a given anion form salts of greater covalent character 
with that anion. This could explain the differences between the calcium 
and thorium acetate-phenylacetate systemsQ9* loo. The presence of a cyc- 
lic transition state imposes another obvious requirement; the central 
metal atom must have an even valence. This would explain why ferrous 
ion catalyzes ketonic decarboxylation while ferric does not. I t  must be 
noted to  the contrary, however, that Ruzicka and coworkers88 claim a 
45% yield of cycloheptanone by pyrolysis of cerium(II1) sebacate. 
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1 . INTRODUCTION 

A . Scope of the Chapter 

Attention will be confined mainly to the type of substitution illustrated 
in genez l  terms (omitting charFes) by equation ( I )  . i n  which R’ and R2 

R’COOR’2 X .- R’COX I ORZ (la) 

R’COOH . X .... R’COX ... OH ( I b )  

represent alkyl or aryl groups . W e  shall deal less thorouFh!y with the 
sometimes rel.ited . but less widehpread . substitutions (2) and  shall entirely 

R’COOR’+ X .- R’COOX A- R’ (2.1) 
R’COOH X .. R’COOXfH (2b) 

omit processes which lead to rcplacernent. or  permanent modifica!ion 
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of the carbon!] Zroup, for example ( 3 ) .  Of course, substitutions like ( I )  

RCOOH I2 H, -* RCHZOH +- H,O 13, 

may often proceed via intermediaies which involve a reulporar-y modifica- 
tion of the carbonyl group. and we sliall dcal with all varieties of 
proccss ( 1 )  whatever their exact mechanism. I t  must be remembered 
throughout that all processes - including (1) and (2) - are. in principle, 
equilibria and  that any equilibrium position depends upon prevailing 
conditions. as  well as  upon chemical constitution. 

B. Mechanism 

With very few exceptions. all the known reactions which can be repre- 
sented by equation ( I )  are considered to involve bond heterolysis. They 
comprise an important fraction o!' the general class of reactions known as 
acylation' (equation 4). I n  these processes RCOY is termed the acylating 

RCOY -+ X . --- RCOX + Y ( 4) 

agent and X is the substrate which undergocs acylation, i .c.  i t  undergoes 
attachmcnt of an  a c ~ l  group. KCO. I t  is found that heterolysis of the 
C - - Y  bond always occurs i n  t hc  sense KCO'IY-. irrespective of the 
nature of  Y .  That a tom of the substrate which bccomes attached to the 
carbonyl carbon a tom therefore always acts as a nucleophile, so that 
most proccsses like ( 1  ) may bc formally dcsct-ibcd as  nuclcophilic substi- 
rutionc at  a csrbon>,l carbon atom. I t  happens that carbosylic esters and 
acids arc comparatively poor acylating agents. a rou91i scquence of reac- 
t ivity being 

R'COR' -= R'CONR: --: R'C0,R' -= R'COOCORa -= RCOHal 

-= RCO,SO,H -= RCOOCIO, 2 RCO BF; 

where R2 rcpresents H. alkyl o r  a r ~ , l .  Spoiitaiicous acylation by esters 
and acids is only common \v i th  thc inore powerftilly nucleuphilic substra- 
tes, and catalysis is necessary. or  espxiall>* 1xnefici:il. i n  other cases. 

Catalysis of lietcrolytic rcactions arises from the preyelice of additional 
electrophilcs, or i i  uclcophiles. w!iich facilitate the overall process by modi- 
fying the reactaiily '. I n  promoting acylation. c;ltalysts function either 
b), increasing tlic clcctropliilici[!. of the carbony1 carbon atom of the acy- 
lating :igcnt (acidic catalysis) or by increasing tlic nuclcophilic character 
of the strbstrate (basic catalysis). 

In this chaptcr limitations of spacc confine us  to non-cnzymic catalysis. Much 
current intcrest centrcs Gn thc application of kno\vlcdge of non-cnzymic catalysis to 

enzyme :ysiems'. 
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1. Acidic catalysis 

Acids may be divided into two typcs: Bransted acids and  Lewis acids. 
Among the latter, those of the covalent metal halide type MX, are the 
most important in the present contexts. Anhydrous conditions are nor- 
mally required for the successful use of these Lewis acids. Acids may 
increase the electrophilicity of a n  acylating agent in the following general 
ways: 

Y 
I +  

RCOY+H,SO. RC-OH [HSOJ- RC=O H+HSO; 

( 5 )  
// 

J l  

[ T  I +  
-t 

RCO' + HSO; + H Y  a RCOS0,H + HY # RC-YH + HSO, 
I/ I1 
0 0 

RCOY+MX, r-- RC=O:MX, RC-Y:MX, .;=f [RCO]+ [MX,Y]- 

I t  (6) 
I1 
0 

I 
Y 

RCO+ -F MXnY- 

Typical examples3 relevant to cdrboxylic esters and acids are (7) and (8): 
0 Rz 0 

I +  j j  + 
R'COzRz+ HXSO. & R'C-OH -+ HSO; =& R'C-0-R2+ HSO; 

(7) 
H 

I 
R'CO' +- R'OH - HSOi 

R 
I 

o'c-0 CI 

ZRC02H + SnCI, 

CI 
0 

I H  
R 

It will be apparent that the actual effect of the acid catalyst is the produc- 
tion of a new acylating agent further along the reactivity series than the 
original reagent RCOY. Normally the new species is more effective be- 
cause it possesses a better leaving group than the original leaving group Y. 
In  equations (5)-(8) the relative positions of the various equilibria will 
depend upon RCOY, upon the catalyst, and upon the dielectric constant 
and solvating power of the medium; but it is clear that systems which 
favour the extreme of acylium ion (RC0')formation will, other factors 
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being equal, provide the most powerful acylating agents. I n  general, there- 
fore, an acid will coordinate with the acylating agent in a rapid equilibrium 
prior to the acylation step, and will then assist the departure of the leaving 
group either prior to (equations 9-11) or during (equations 12-13) the 
actual acylation. 

R'COY + H X  @ R'CO+ + HY LX- 

H 
R'CO" + R'OH - R'COOR' 

7 

H 
R'COOR'+X-  - R'COOR'+HX 

c 
fast (11) 

R'COY +MX,  R'COYMX, fast (12) 

R'COYMX,f R'OH - R'CO,R'+ H Y  + MX, slow (13) 

2. Basic catalysis 

The base serves to increase the nucleophilicity of the substrate. Sub- 
strates which benefit from basic catalysis normally contain a hydrogen 
atom attached to the atom which undergoes acylation 2nd which is replac- 
ed in the acylation process (14). It is the function of the catalyst to aid the 

R'COY+R'NH, - R ' C O N H R ' f H Y  (14) 

removal of this hydrogen atom either prior to (equations 15-17) or, during 
(equations 18-19) the acylation step, for, in general, anions are more 

R'NH,; O H -  R'NH- f H,O f a s t  (15) 

R'COY + R'NH- - R'CONHR'+ Y- slow (16) 
H,O+Y- HY;OH- f a s t  (17) 

R'COY + 2  R'NH, R'CONHR'+ R'NHJ + Y -  Slow (18) 

R'NH: + Y -  =A RaNH2+ H Y  f a s t  (19) 

susceptible to acylation than are neutral substrates. The type of base most 
uitable will depend upon the nature of the substrate and  upon the reaction 
medium. This point will become evident as different classes of substrate 
are dealt with in the text. In other cases the base temporarily takes the 
place of the substrate, becomes acylated itself, and in so doing provides a 
more reactive acylatingagent for attacking the substrate (equations 20-22). 

R I C O Y + B -  R'COB+Y- f a s t  (20) 

R'COB+ R'NH, - R'CONHR'+ BH slow (21) 

B H + Y -  F=== H Y 4 - 6 -  f a s t  (22) 

This latter type of effect is sometimes called nucleophilic catalysis. 
Nucleophilic catalysis4 is a useful and generally meaningful term whose 

meaning is also easy to grasp. Schemes like (9)-(11) and (15)-(17) and 
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( I  3)-( 13) and ( 1 S)-( 19), correspond respectively, for suitable reactants and 
media, to what is often termed specific and general (acid or base) 
catalysis. These terms are  confusing- especially to the uninitiated. More- 
over they are based only on the possibi!ity (or impossibility) of represent- 
i ng  the differential rate equation i n  a particular mathematical form, 
and thc distinction they represcnt bccomcs meaninglcss in Lewis acid 
systems and in aprotic solvents. Their demise is therefore overdue. A morc 
suitable term, if terms are needed. for catalytic schemes (9)-(11) and 
(15)-( 17) would bc 'precursory' catalysis and for schemcs (12)-(13) and 
( 1  8)-( 19) 'synchronous' catalysis. 

3. Catalytic efficiency 

In  the widest (Lewis) sense, all hrterolytic reactions are acid-base i n  
type. Acidic and basic catalysts ultimately owe their cfficacy to  the fact 
that they too arc acids and bases. and can therefore sometimes facilitate 
the overall hetcrolpsis involved (as described in sections I . B . 1  and 2 above). 
Complicating factors (e.g. steric hindrance and varying degrees of solva- 
tion) apart. bases which coordinate strongly to h y d r o y n  ions in aqueous 
solution are also likely to be strongly attracted to thc various other sorts 
of electrophilic centre with which they engage in their catalytic roles. 
There is likely tlicrcfore to bc a correlation between their association 
constant to\vards hydrogen ions in aqueous solution ( l/A':l), their equi- 
librium constants \vith more typical Lewis acid?;, and their catalytic effec- 
tiveness as nicasurcd by the rele\lant catalytic rate constant (k , ) .  The same 
type of argument a l so  applics for acids. 1 t is not surprising therefore that 
for all varictics o f  catalysed heterolysis (including nucleophilic substitu- 
tion in cstcrs;) correlations bct\vce:i k ,  and Ka are  oftcn found. These 
take the i'orni k ,  = G ~ ( I / K ~ ) @  (i.c. log k ,  = -,q log K.,+ constant) or 
k, =- G..,(Ka)= (i.c. log k ,  = z log h;+ constant) oi' the \~~c l l -kno \vn  Bron- 
sted equations for basic and acidic catalysis respectivcly5. The value of 
P(or CZ) reflects the sensitivity of the reac:ion rate to the basic (or acidic) 
strength ol'the ciitalyst as  measured in a standard equilibrium. Value\ grca- 
ter than unity niay imply that morc than one niolcculc of catalybt is 
involved. Since diil-erent CaIiilytic mcchanisnis will involve different dc- 
- grecs of sensitivity to cat;:lyst strength. ,? (or .J.) values can sometirncs be 
used to distinguish bctwcen mcchanisrns. Thc origin of tlic foregoing cor- 
relations is siniply the fact that a comparison is being made between 
electrically similar processes. .411 other correlation equations arc ultima- 
tely successful lor the same reason and fail when cstra steric andlor 
electronic efTects are present in one half of the coniparison. For this reason 
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they are not applicable to enzymic catalysis. A correlation equation 
which has been organized to express substituent effects is mentioned in 
section I.B.4.b. 

4. Substituent effects 

a. R2 in K'C02R' .  Examination of the rough reactivity series for acyl- 
ating agents suggests the generalization' that the stronger the acid HY the 
more powerful will be the acylating agent RCOY. I t  follows that in esters, 
groups R2 which withdraw electrons. and thus make the corresponding 
alcohol R'OH more acidic, will increase the reactivity of the ester i n  acy- 
lation. This appezrs to be broadly true; for example, phenyl and cyano- 
methyl esters are more reactive than the corresponding methyl derivatives. 
However. this effect can be partially olrset or even overridden under the 
influence of acid catalysts, when other factors enter, in particular the abi- 
lity of the leaving group OR' to coordinate with the catalyst. Thus in the 
acid-catalysed hydrolysis of esters the sensitivity of the reaction rate to the 
polar effects of R' is rather small. whereas for the spontaneous or base- 
catalysed hydrolysis the dependence of the reaction rate on R? is appre- 
ciably greater. 

In discussing the effects of changes in  R' (or i n  Y of RCOY), play is 
often made with the varying possibilities for resonance structures involv- 
ing interaction between Y and the cwbonyl group as in 1. Such consi- 
derations usually lead to complicated and indefinite conclusions. Whatever 

0- 
R-C( 

\y+ 

(1) 

the exact effect such resonance has in  different cases, it appears in  practice 
rarely to invalidate the simple generalization about the reactivity of RCOY 
that we have given above. 

A final matter which concerns R2 is the preference of esters for the trans 
configuration, which minimizes the interaction between the ethereal oxy- 
gen lone pairs arid the x electrons of the carbonyl double bond. It is in- 

//O 

'6: 
R'-C 

/ 
R' 

cis 
(2 )  

//O 
\ /R= 

R'-C 

:0: 

trans 
(3) 

tercsting in this context that small ring lactones (ring size -= 8) must 
take a cis configuration. Their inherent dislike of this structure is illus- 
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trated in their observed rates of hydrolysis, which are much greater than 
those of larger ring lactones whose size permits them to assume the trans 
forms. 

b. R1 in R1C02R2 and R in RCOzH. The effects on reactivity of chan- 
ges in R1 are not as straightforward as for variations in R2. Substituznts 
which, by provision of electrons, favour the departure of OR2 (or OH) 
and stabilizg the acylium ion, have the effect of reducing the positive charge 
on the carbonyl carbon atom of both the acylium ion and of the polarized 
reagent 

8- 

RC 
\Y 

Electron-withdrawing substituents increase this charge, but hinder the 
departure of the leaving group. A balance of factors is therefore involved 
and the effect of changes in R1 will depend on the reaction involved. 
I n  particular it will depend upon whether the bond-forming or bond- 
breaking process is kinetically dominant in the overall acylation (4). 
Again, as for R2, the effect of changes in R1 may be modified ulider con- 
ditions of catalysis. Thus the sensitivity of the rate of the acid-catalysed 
hydrolysis of esters to changes in thc polar effects of R1 (changes which 
affect the ability of the leaving group to accept a proton and the vulner- 
ability of the carbonyl carbon atom to nucleophilic attack in opposite 
senses) is much lower than the sensitivity of the rates of the corresponding 
spontaneous or base-catalysed hydrolgses, in which the effcct of R1 on 
the bchaviour or the leaving group is not so important. This general find- 
ing of small polar effects in acid-catalysed ester hydrolysis has been utilized 
by Taft7 to separate the polar and steric effects of groups, and to calculate 
numerical parameters (a' and E,) which represent them.. Once calculated, 
5* and E, can be used to assess the sensitivity of other reactions to polar 
and steric effects via equation (23), in  which k / k ,  represents the ratio of 
the rate of reaction of the conipound carrying a particular substituent 

log (k/ko) = 6E,+ e'd (23) 

to that of a reference compound, usually the corresponding species with 
hydrogen as the substituent. Large values of p*(l e* I 5 1) indicate marked 
dependence on polar effects whereas smaller absolute values point to a 
lower sensitivity to such effects. While ~5 relationships are often useful, 
in that they facilitate the combination of data for the prediction of the 
reactivity of compounds yet unstudied in particular reactions, neverthe- 
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less, so far as the meaning of the pc values goes - i.e. the degree of the 
reaction's dependence on polar eXects - no more information is conveyed 
by them than is obtainable by inspecting the available experimental data. 
For this reason they are not emphasized in this chapter. 

c. Substituent eflects on substrate reactivity. In uncatalysed reactions 
and also under acidic catalysis (the substrate then not being directly involv- 
ed with the catalyst) substituent effects are simple: electron-donating 
groups will normally favour reaction. In basic catalysis, however, electron 
release will hinder anion formation, although it will activate this ion 
once formed. A balance of factors is therefore involved, similar to that 
obtaining for the structure of the acylating agent under acidic catalysis 
(see section I.B.4.b.). 

5. Mechanistic detail 

As we have seen, when a substrate X reacts with an acylating agent 
RCOY it may react with either the ionized or the polarized reagent. 
On this basis mechanisms of acylation may be broadly divided into two 
classes1, which are represented quite generally in equations (24) and (25) 
without indicating the relative rates of the steps, which will depend on the 
system concerned. When step (a)  alone is rate-determining in equation 
(24), and especially when,other molecules of X, apsrt from that actually 

R C O Y  RCO++Y- (or RCO+Y-) - R C O X + Y  

R C O Y  + X - R C O X +  Y (25) 

acylated, may assist the ionization, then a sharp distinction between (24) 
and (25) can only be made on the basis of particular definitions of 
molecularity and bonding change. 'Borderline' controversies - prominent 
in connexion with nucleopliilic substitutions - are really cor.cerned only 
with definitions. That route (25) may sometimes exhibit substituent effects 
more or less characteristic of route (24), depending on :he presence or 
absence of catalysis and/or on the relative importance of bond-breaking 
and making in (25), has also led to some confusion of thought. 

It is very probable that many examples of route (25) occur via addition of 
the substrate to the carbonyl group (equation 26) rather than via a synchron- 
ous displaccment of Y by X (equation 27). Indeed some workers dismiss 

(24) 
(a) X 

(b) 

OH 
i 
I 
OH 

R'CO,Ra + H'O R'C-OR' -- R'C0,H + R'OH (26) 
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\ lid. 
R'CO,R' + H,O - 0 +C - OR' - R'CO6!++ R'O- 

/. 

synchronoub processes altogether. I n  ou r  view thc assumption of such a n  
extreme position is prematurc and reflects a11 uncritical consideration of 
the available data. Until very recently the bulk of the evidence for schemes 
like (26) consisted of the observation of oxygen exchange concurrent with 
acylation". Such evidence is only ~ircurnstant ia l~~.  Lately. however, some 
independent kinetic evidence pointing to addition intermediates has been 
found". It  is likely that. in general. intermediates will be most important 
for the lcss reactive acylating agents, i.e. those with poor leaving groups. 
Carboxylic esters and acids fall i n  this category and detailed mechanisms 
involving them are therefore often based o n  schemes like (26), the indi- 
vidual steps of which can be elaborated to fit  a variety of contexts. 

The points outlined above and various appropriate. and detailed. mecha- 
njctic schemes are examined in the sections which follow, where we shall 
deal principally with nucleophilic substitution in esters and acids by sub- 
strates whose attacking atoms are cither halogen. oxygen, sulphur,  nitro- 
gen, or carbon. This list covers most of the field'. Phosphorus and silicon 
nucleophiles have not. yet proved important. and are unlikely to do so1. 
While the usual product is an alcohol, the controlled reduction of (appro- 
priate) esters to aldehydes is possible12 (e .g .  using a metal hydride or parti- 
ally deactivated Raney nickel) but is not particularly widely used prepara- 
tively. To conserve space we have omitted substitution by hydrogen fro I 

the chapter. 
The major aspects of substitution by oxygen nucleophiles are dealt with 

a t  length in other chapters and our treatment of esterification, hydrolysis, 
and related matters will therefore be restricted to the drawing of parallels 
between these reactions and the other substitutions with which we are 
here concerned. Some of these have been the subjects of much kinetic 
study; others. of great preparative importance. are still known only at  
that level. Our emphasis will be o n  principles and generalizations rather 
than upon facts. In such a treatment reactions known only as successful 
preparative recipes must inevitably take a minor place no matter how often 
they are ured in practice. Our aim is LO reflect lisht onto such mechanis- 
tically unexplored processes by concentrating it on formally related reac- 
tions which are better understood. 

Substitutions iike (2) nearly always involve (apparent) electroplrific attack 
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by X on an oxygen atom of the ester or acid (equation 28). For esters they 
involve the relatively rare alkyl- (as opposed to acyl-) oxygen fission. These 

6- 6- 
R’CO2H + Ra CI - - - R‘CO,R’+ HCI 

R’CO,Rz+ R’OH - -- R‘C0,H + R’OR’ 

processes will o n l y  be dealt with when they are relevant to the corre- 
sponding substitutions a t  carbon. 

Esters and acids will be treated together when discussing different types 
of substrate. This arrangement emphasizes how. throughout the field, 
superficizl differences in behaviour are all underlaid by a fundamental 
unity. 

II. S U B S T I T U T I O N  BY VARIOUSLY BOUND HALOGEN 
ATOMS 

A. Reaction with Hydrogen Halides 

1. Carboxylic acids 

The equilibrium corresponding to ( 1 )  will be (29). 

RCO,H+HHal RCOHal + HzO 
As is well known. acyl halides react very readily with water and such equil- 
ibria normally appear to lie well to the left. Little work concerning the 
pure liquid hydrogen halides exists, but with hydrogen fluoride it is knownlS 
that carboxylic acids can be recovered in good yield after dissolution for 
long periods, and i t  seems unlikely that much acyl fluoride is formed. 
Nevertheless, anhydrous hydrogen fluoride is very powerfully acidic and 
has a high dielectric constant. Suitably substituted acids would be expected 
to undergo some proton-stimulated heterolysis (equation 30). as in an- 
hydrous sulphuric acid (equation 5) .  This effect will be important in 

(30) 

hydrogen fluoride catalysed acylation by carboxylic acids (see section 
V. B. 1). 

I n  a variety of solvents. dissolved hydrogen halides will protonate car- 
bosylic acids (to some cxtent) on oxygen. and in suitable solvents (e .g .  
EtOL-I), the acid is thereaftcr solvolysed. but kinetic analyses of such 
catalysed solvolyses do riot require even a low concentration of the acyl 
halide as an intermediatel”. It is clear that hydrogen halides behave to- 

RC02H+2 (HF)n - e- RCOZH: +- F(HF),-, + (HF)n -5 RCO+ $- H,O+ + 2 F(HF), - 1  
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wards carboxylic acids simply as electrophilic reagents. They engage read- 
ily therefore in equilibria like (2) (equation 31). 

RCOOH+ DCI := RCOOD I HCI (3 1) 

2. Carboxylic esters 

The structure of saturated esters suggests that they will, if anything, 
bc less likely than the corresponding acids to acylate halogen in hydrogen 
halides (equation 32). The lack of reference to such reactions in the 

R'COzRa + HHal :== R'COHal + R20H (32) 

literature may therefore have a certain negative significance. In the 
special case when R20H is an unstable enol which rapidly rearranges 
to a ketone, then, as would be expected, equilibrium (32) is pulled well 
to the right. Thus, alone, or in inert solvents, enol esters and hydrogen 
halides give the ketone and the acyl halideI5, e.g. equation (33). It  is 

I1 
CH,C-O-CCH,+ HCI - -- CHSC-OH + CHXCOCI ---+ (CHJ,C=O+CH,COCI 

(33) 
CHZ II [ !H, 

probable, however, that thz  reactions do not proceed via an attack of the 
carbonyl carbon atom of the ester (or protonated ester) on halogen (equa- 
tion 34), but via the initial addition of hydrogen halide to the ethylenic 
rather than to the carbonyl double bond, this step being followed by 
intramolecular acylation of halogen16 (equation 35). I t  has been suggested17 
that in chlorobenzene, whcre the reaction has been shown to be first- 

0 +OH 
I \  

CH,C-0 -CCH, t HCI -- CH,C-0-CCH,+ CI- 
i I t  

CH, CHZ 

* CH,C-0- + CH,COCIH+ - -+ CH,C-OH + CHSCOCI (34) 
I I 

CH, CHZ 

0 CHJ CI CH3 
I1 \\ /' \ / 

II ,/ \ f l -  / / \' 

CH, 

C H , - C - 0 -  CCH, + HCI  --- C Ca -- (CH,)ICO+CHlCOCl (35) 

CH, 0 0 

order in  both ester and hydrogen halide, the detailed ineclianism may be 
as shown in equation ( 3 6 ) .  which is really only a variation of (35). A very 
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CH2 

I 

fast 11 \ slow - CH,C H - C I  - 
0 - c - C H I  

!I 
0 

similar scheme has recently bcen suggestedI8 for the acid-catalysed 
hydrolysis of enol esters. 

An interesting parallel is provided by the reactions of carboxylic acids 
with appropriate olefinic halides, e.g.  a-chlorovinyl ethers. These processes 
result in acylation of halogen by acid, and cyclic transition states, similar 
to that in equation (39 ,  have been proposed1g (equation 37). 

C z H s 0  C2Hs0 0 0 

C H ~ C O O C ~ H S +  RCOCI (37) 
I \ /-\ // 

C H 2 = C  + RCOOH - 
I 

C I  CH3 CI  

Because of these reactions (35) of enol esters, hydrogen halide catalysed 
acylation of other substrates with them, in solvents which permit acyl 
halide formation, commonly proceeds via these latter species as inter- 

CHSCOCOCH, +- HCI <-- --7 CHSCOCI + (CHJ,CO 

I I ROH 
CH, . 

ROCOCH,i- HCI (38) 

mediatesc0 (equation 38). Analogous schemes obtain with other Br~nsted 
acids”’, in  par:icular ivith sulphuric acid (section 111. G),  a catalyst often 
used in preparative acylations employing enol esters’j. However, in hyd- 
rosylic solvcnts, in conimon with the behaviour of the structurally rather 
similar anhydrides, i t  is unlikely that the acyl halide is formed as an inter- 
mediate in  the hydrogen halide catalysed solvolysisl‘. Here the excess of 
solvent takes the halide’s placeas the nucleophile. Whether the mechanism 
is the analogue of (34) or of (35) is not known with certainty. 
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0. Reaction with Alkyl Halides 

1. Ca rboxylic acids 

As would be anticipated from the behaviour of the hydrogen halides, 
processes like (39) appear rare. In keeping with (31). alkyl halides which 

R'C0,H + R'Hal -z-G R'COHal -t R'OH (39) 

ionize readily exchange a cation (equation 2) with the carboxylic acid 
(equation 40) rather than undergoing acylation of the halogen atom22. 
Certain compounds, e .g .  a-trichlorotoluene, do effect the conversion 

R'C0,H + R'Hal -zZ- R'C0,R' + HHal (40) 

of carboxylic acids to the acyl halidezJ. It appears likely to us that this 
in fact occurs via reaction (40) followed by an  intramolecular step (equa- 

0 0  CL 

(41) -HC[ I l / A  / 
RCOiH + PhCCI3 RC ,c15C,ph- RCOCl + PhCOCl 

tion 41). This scheme correctly accounts for the observed products, and 
the parallelism with (35) is obvious. Vinyl halides also provide intra- 
molecular routes to acylation of the halogen atoms (equation 37). 

2. Carboxylic esters 

Little is known about reactions of alkyl halides with esters. Such pro- 
cesses are unlikely to be common. 

C. Reaction with Acyl Halides 

Acylation of halogen in an acyl halide involves acyl exchange (equation 

(42) 

42). This process is not likely to be important with an acylating agent, 
RlCOY, weaker than the acyl halide itself, for in such a system the 
former species will tend to undergo preferential acylation'. This gener- 
alization is: borne out by what is known of the reactions of carboxylic 
acids and esters with acyl halides. 

R'COY - I -  R'COHal :-r=-e R'COHal + R'COY 

1. Carboxylic acids 

Equation (33) portrays a fairly well-known reaction. The dissolution of 
a deficit of an aromatic, or aliphatic, acyl halide in  a carboxylic acid event- 
ually results, provided no halide is lost from solution, in the exchange of 

R'C0,H f R'COHal G-=L: R'COHal+ R'C0,H (43) 
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acyl groups'*. Reactive acyl halides appear to exchange fastest. Except 
perhaps when R1 is strongly electron-attracting, the direct acylation (equa- 

tion 43) is very unlikely for, as explained above, the preferred path 
should involve nucleophilic attack by the carboxylic oxygen atom, a 
process which leads to the anhydride (equation 44). And it is indeed 
knowng5 that the reaction may be used to prepare anhydrides pro- 

R'C0,H + R'COHal - [R'C(OH) (Hal)OCOR'] - R'COOCORa+ HHal (44) 

vided that the hydrogen halide is efficiently removed (compare section 
111. F). If it is not, since the equilibrium position for reactions like (44) 
lies far to the left, the following processes will occur: 

R'COOCOR'+ HHal -- R'COHal + R'C0,H (45) 

R'COOCOR'i- HHal --- R'COHal + R'C02H (46) 

The relative rates of (45) and (46) will depend on the natures of R1 and 
R2, but with R'CO'H in great excess any R'COHal formed will be effec- 
tively trapped, because reaction of it with the medium will lead predomi- 
nantly to (R1C0)20, and thus back again to RlCOHal. In this way 
R T O H a l  wi l l  be converted eventually to RlCOHal by R1C02H. The 
result may be facilitated, when RlCOHal is low-boiling compared to the 
other components, by distilling it out of the mixture as it forms. Little 
hydrogen halide will be lost in this process over short periods because 
of its low equilibrium concentration. The relatively high-boiling benzoyl 
and phthaiyl chlorides have been used in this way for the preparation 
of other acyl chlorides directly from their parent acids20. Acyl fluorides 
have also been made this way'?. 

make use of acyl halides which lead 
to an unstable acid R2COOH in  ( 4 9 ,  the acid decomposing to very vola- 
tile products so that isolation of RlCOHal is again facilitated. Oxalyl 
chloride and phosgene probably owe their efficacy to this type of effect 
(equations 47 and 48). 

.4nalogous preparative 

RCOOH + ClCOCl - -- - RCOOCOCI + HCI ---+ RCOCI + [CICOOH] - 
RCOCl + HCI + CO, (47) 

RCOOH + ClCOCOCl - - P,COOCOCOCI + HCI - 
RCOCl [CICOCOOH] -4 RCOCl i- HCI + CO -+ CO:, 

(48) 

It is emphasized that, a5 in all the previouh examples given of effective 
acylation of halogen, we have very probably a mechanism which, in  fact, 
involves an initial reaction like (2). here (44). the products of this process 
leading to acylation of the halogcn atom. 
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2. Carboxylic esters 

Acyl exchange between esters and acyl halides is represented in 

(49) R'C02R2+ R3COHal ==-' R'COHal+ R'C0,R2 

equation (49). The alternative process (corresponding to equation 2) is 

R'C0,R2 + R'COHal F=- R'C0,COR3+ R'Hal (50)  

equation (50). These processes have been little studied. Benzoyl chloride 
and phenyl acetate, with catalysis by zinc chloride, do yield29 phenyl 
benzoate and acetyl chloride (equation 51). However, the nature of the 

PhCOCl + CH,COOPh - -- PhCOOPh + CH'COCI ( 5  1) 

catalysis and the fact that acylation by R3COHal will follow path (49) 
rather than (50) when R2 cannot easily depart as a positive ion, suggest 
that here again the primary attack is on oxygen rather than on halogen. 

ZnCI, 

0. Reaction with Inorganic Halogen Compounds 

The most commonly used ir.organic halides are thionyl chloride, phos- 
phorus pentachloride, and phosphorus trichloride. We shall discuss them 
toget her. 

1. Carboxylic acids 

One of the oldest and most used methodP of preparing acyl chlorides' 
is t o  heat the free carboxylic acid or its alkali metal salt with thionyl 
chloride, phosphorus pentachloride. or phosphorus tricliloride. The choice 
of inorganic component is usually influenced by the boiling point of the 
organic product, for with phosphorus pentachloride phosphorus osychlo- 
ride (b.p. 110") is also produced. whereas with the other two inorganic 
compounds the by-products do not lead to potential complications of 
this kind. 

Little is known definitely about thc rncchanisrns of these reactions, 
but what is known concerning the reactions bctween thionyl chloride and 
alcohols is probably of relevance. Optically active aliphatic alcohols can 
react with thionyl chloride via a process which is first-order in  both alcohol 
and thionyl chloride, but which does not lead to inversion". A likely 

Acyl fluorides, bromides and iodides are most usually made in ways which d o  not 
employ acids or esters', D o .  
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scheme is given in equation (52). If the 

reaction with acids takes a similar course it would correzpcfid to equation 

(53). This type of process is an internal nucleophilic substitution by 

s=o- RCOCI*S02 ( 5 3 )  

R 

RCCOH + SOCI? - RCOOSOCI + HCI - 
0 2\-/ C 

halogen a t  the carbonyl carbon atom, and is very sinular to schemes (35) 
and (41). Analogous equations can be written for the phosphorus penta- 
chloride and phosphorus trichloride reactions, e.g.  equation (54). Like (41) 

R CI CI 
\\ #,/ c\ , 

;A =-/ \ 
RCOOH * PCI. - -  - RLOOPCI, + h i l  - -- P -- Ci -* RCOCl + POCI, 

\ Q ,  \ 
0' C. 

processes (53) and (54) involve an initial reaction of the carboxylic acid 
via scheme (2). i.e. as an oxygen nucleoplile. This produces an ester 
containing a halogen atom so situated that a (kinetically favoured) intra- 
molecular attack on the carbonyl carbon atom can take place. Intramolec- 
ular processes are favoured, compared with the corresponding inter- 
molecular reactions, owing to the artificially enhanced collision numbers 
(sometimes called the proximity cffcct) and often the good stcric position- 
ing (orientation effect) they involvc32. I t  will have bccome clear from the  
various examples given above that unless a halogen atom can achieve 
enhanced nucleophilicity i n  some such way then i t  will not-whatever 
its origin-normally attack thc carbonyl carbon atom of acids and esters 
succebsfully. and reaction will follow course (2) only, rather than (1). 
The postulation of equations (53) and (54) for thew carboxylic acid halo- 
gcnations-which invoive an initial nuclcophilic role for thc acid-is 
supported by the facts that the acid salt is often used rather than the free 
acid (the free anion is then nvailnble). and thrit phosphorus halides are 
known to behave as  (weak) Lewis acids. so that the details of thc first 
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step could be akin to  equation (55). 

RCOOPCI, + NaCl ( 5 5 )  

Esters, as would be anticipated if the processes described in section 
1I.D. 1 above have been correctly represented, do not normally undergo 
halogenation with these inorganic reagents. This will be because to stabil- 
ize the (loose) adduct with the (say) phosphorus pentachloride it is ne- 
cessary to eliminate RCI (equation 56), and this is not as easy as the 
elimination of HCI (or NaCl) with acids or their salts (equation 55). 

2. Carboxylic esters 

R' 

(56) I 
R'C - 0 :  PCI, --f- R ' C - O - P C I L  + R'CI 

I' II 
0 0 

However, powerful and/or easily solvolysed Lewis acids (e.g. AIC13. TiCI4, 
SiC14) do lead33 to some acyl halide formation, perhaps along the lines 
we have been considering (see also section V.B. 1). 

R'CO,Ra+AICI, - -- R'CO,AICI,+ R'CI (57) 

R' 

AI-CI - R'COCI + AIOCI 
\ /K 
RC K-/ 
0 0 

It is clear that the general reluctance of carboxylic esters to yield acyl 
halides is primarily due to their normal disinclination, compared to car- 
boxylic acids, to undergo rcactions of type (2), which as we have seen, 
can, in appropriate circumstances, lead to products which can undergo 
halogenation either by an intramolecular route or i n  other ways (2 .g .  
equations 45 and 46). 

Certain activated esters (e .g .  diethyl oxalatc and ethyl acetcacetate) can 
react with phosphorus pcntachloride as i n  equation (59). Thc extent to 
which processes like (59)  could. or do, operatc with carboxylic acids is not 

clear3'. COOEt COOEt 
i-PCI, - - I -t POCI, 

COOEt C(CI),OEt 

1 
COOEt 

(59) I + EtCl 
COCl 
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111. S U B S T I T U T I O N  BY VARIOUSLY B O U N Q  OXYGEN 
AND S U L P H U R  ATOMS 

A. Introduction 

As we have seen, halogen atonis are normally not sufficiently nucleo- 
philic to attack the carbonyl carbon atom of acids and esters directly. 
If they can gain a location in a suitable adjacent group, then the kinetic- 
ally easier intramolecular substitution by them may be possible (section 
II.D.l above). I t  seems unlikely that schemes like ( 3 3 ,  (41), (53), or (54) 
will involve much disturbance of the carbonyl group of the acid or ester; 
in particular it does not seem necessary to invoke any temporary opening 
of the carbonyl group along lines shown i n  equation (26) .  Oxygen (and 
sulphur) atoms are in  all contexts a good deal more nucleophilic than 
halogen atoms and there is, of course, much evidence that they can engage 
in successful, direct intermolecular attack on the carbonyl carbon atom 
of esters and acids-as in hydrolysis or alcoholysis. It is also to oxygen 
nucleophiles that the major part of the evidence for carbonyl addition 
intermediates (equation 26) in  acylation pertains’-”. I n  discussing sub- 
stitution by oxygen we are dealing with one of the most thoroughly studied 
aspects of the reactions of species KCOY and we shall find that the mecha- 
nisms involved serve as a pattern for most other nucleophiles apart from 
halogen’. Indeed the two fundamental mechanisms. given in outline in 
equations (24) and (25), sprang originally from the accumulated work 
in this field, so extensive because of the past concentration of interest on 
hydroxylic, and especially aqueouh, media as solvents. For esters and 
acids the vast mdjority of thc data referring to oxygen nucleophilcs there- 
fore concerns hydrolysis (equations 60 and 61), alcoliolysis (equation 62), 
esterification (equation 63), and closely related processes, such as the intra- 
molecular counterparts of equations (60) and (63) - the hydrolysib and 

R‘CO,R’-i- H,O .---- R‘COOH i R’OH 

RCOOH i H,”O - - RCO’’OH.+ Ha0 

R’CO,Ra 4- R’OH - R’COOR’ +- R’OH 

R’COOH + R’OH . - -- R’COOR’-i- HZO 

formation of lactones. For carboxylic acids the hydrolysis (61 J is usually 
termed oxygen exchange because it  may be followed by isotopic labelling. 
The equilibrium pobitions of reactions (60)-(63) -and this is true of 
the reactions of esters and acids with most nucleophiles -are not far to 
one side or to the other, but depend in general upon the nature of the 
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substituents R1, RZ, and R3, and upon the relative concentratioiis of the 
reactants. Since processes (60)-(63) are dealt with separately in othm chap- 
ters, we shall content ourselves with outlining the general features of' these 
reactions in so far as these are relevant to similar substitutions. In particular 
the effects of catalysts are well exemplified in these reactions of oxygen 
nucleophiles. 

In water, a inedium in which ion pairs are largely dissociated, step (24b) 
will usually be fast, so that hydrolysis either involves a slow ionization 
(24a) or  a rate-influencing attack by the substrate oxygen atom (equation 
25). These pessibilities exist for both spontaneous and catalysed reactions. 
The ionisation route is favoured by substituents R1 which help to  stabilize 
the acylium ion (e.g. p-methosyphenyl) or hinder path (25) by blocking 
access to the carbonyl carbon atom (e.g. 2,6-dimethylphenyl). Path (25) 
is usually favoured by substituents which withdraw electrons from the 
carbonyl carbon atom35 (compare section I.B.4). If the solvent is an alco- 
hol, or some inert medium of low dielectric constant, this will tend to 
favour the occurrence of (25) rather than (24). 

So far as the spontaneous reactions of esters and acids are concerned 
it is ~ o n s i d e r e d ~ ~ ~ ~ ' - ~ '  that most react via path (25). The evidence for 
this is not always unequivocal owing to the fact that when the substrate 
(e.g. water or alcohol) also serves as the solvent it is not possible to deter- 
mine the molecularity in this reactant from the kinetic data. As shown 
in some of the examples given below, other lines of evidence can, however, 
sometimes be brought to bear on the problem. It  is, in fact, probable that 
even under acid catalysis, which can aid route (24) via protonation as in  
equation (64) (cf equation 5), only rather specially constituted acids and 

RCO,H + H+ -----) RC0,Ht -- RCO+ + H'O (64) 

esters for which route (25) is inhibited3? (e.g.  esters of 2,6-dimethyl- or  
2,6-di-?-butylbenzoic acid) foilow path (24). The usual route for Brmsted 
acid catalysis is probably38 a modification of equation (25), given i n  its 
most elaborate form in equations (65) and (66). Whether or not the 
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succzssivc protonation of both the carbonyl group and of the leaving 
group are always involved (as in equations 65-66) as essential features 
is not certain38. Howevcr, as we have long argued’*39, there is much 
evidence tc suggest that the successful engagement of thc leaving group 
is the crucial factor for the operation of acid catalysts. while it is 
by no means clear that the occurrence of carbonyl addition under such 
conditions plays a part i n  the acylation (see below). 

Basic catalysts (cf. section I.B.3) either (i) temporarily take the place 
of the nucleophile as in equations (67)-(69). or (ii) increase its nucleo- 
philicity as in equation (70). Both these schemes are, of course, variations 
on the general route (25) and can easily be elaborated to include a carbonyl 
addition intermediate where this is justified by the evidence4. Base-catalysed 

I 

~ ~ ’ c o ~ R ’  + R’CO; + H,O -- t i -0 -  -- R’CO,H + i 7 ‘ 0 ~  + R‘CO; (70) 
’ ,’ 
H G C R j  

I! 
0 

examples of hydrolysis via equation (24) are rarc. This is because the base 
will need to be very weak ( e . g .  CI -) if  the intermediate it  produces is to 
have a chancc of ionizing as i n  (24). This very weakness precludes the form- 
ation of the intermediate. 

I n  appropriate case5 both acidic and basic catalysis may occur to- 
” getlierqo. And in  suitable rcactants acidic and basic groups neighbouring 
on the reaction centre may provide intramolecular catalysis4. 

Many. indeed most, ‘spontaneous’ hydrolyses (and alcoholyses) will 
involve catalysis by other molecules of water (or alcohol) acting as acids 
or bases“. This is the probable reason for the greater reactivity of associ- 
ated, compared to monomeric, alcohol species in dilute solution in apro- 
tic solventsq2. 

Below we illustrate some of these general principles in a discussion of 
those reactions between oxygen nucleophiles and carboxylic acids which 
are not dealt with in, or are only of marginal interest to, the chapters 
which are concerned mainly with csterification and ester solvolysis. The 
discussion also exemplifies some of the extra problems involved in quan- 
titative studies of reactions of carboxylic acids, compared with those of 
esters. 
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0. Reaction with water 

Interaction between carboxylic acids and water leads-apart from the 
rapid exchange of hydroxylic hydrogen atoms-to oxygen exchange 
(equations 61 and 71), the analogue of the hydrolysis undergone by esters. 

RCO''0H f H,O -:=: R C O O H  + H,'OO (71) 

The corresponding reaction for thiol acids is (72). 

RCOSH +- H,O W- R C O O H  + H,S (72) 

A little kinetic information in availabie about processes like (71) and 
(72). The majority of the data refer to oxygen exchangelo, but comparisons 
of the mechanisms and of the reactivity for corresponding sulphur and 
oxygen compounds can be made in two cases'13. (The only other similar 
comparisons available concern the hydrolysis44 and a m i n ~ l y s i s ~ ~  of oxygen 
and thiol esters-see section IV.A.2). Virtually all the datalo* 43 refer 
to acetic and benzoic acids and their derivatives. Like most acetates and 
benzoates, the free acids r e x t  rather slowly with water at 25" in the ab- 
sence of catalysts, and processes (71) and (72) are more conveniently 
studied at 70" or  above. All the available kinetic work reKers to reactions 
with a large excess of water (acting as solvent) so that effectively only 
the forward stcps of (71) and (72) were involved, and the molecularity in 
water in these steps was not discovered. One difficulty of working with 
carboxylic acids is that, except at high or low pH, the acid exists in solu- 
tion as a mixture of the undissociated and anionic forms. These species 
will have different reactivities towards hydrolysis. If therefore the pH 
changes during the reaction-as it does in (72), the products leadins to a 
lower pH than the reactants-the ratio [RCOSH]/[RCOS-] will change, 
and a simple first-order dependence on unreacted acid will not bc found. 
The use of buffer solutioiis helps to overcome this difficulty. and also to 
demonstrated3 the presence or absence of self-catalysis by either undisso- 
ciated acid or anion i n  both reactions (71) and (72). In  the event it is 
found (i) that :he anion (RCOS- or RCO;) is generally considerably 
less readily hydrolysed than the corresponding undissociated acid, (ii) that 
the reaction of the undissociated acid is significantly catalysed by hydro- 
xonium ion, by hydrosyl ion, and by anions like RCO,. (iii) that (except 
for mesitoic acid) the acid-catalysed rates parallel thc hgdroxonium ion 
concentration more closely than H,. and exhibit very similar Arrhenius 
parameters for both the oxygen exchange and the tliiol acid reactions. 
(iv) that benzoic acids in  general react less rapidly than acetic acids, and 
that electron-withdrawing substituents in  both favour reaction in water 
and i n  alkaline solution, (v) that the sulphur compounds exhibit a greater 
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rate of hydrolysis than their oxygen analogues, (vi) thet tl1e sulphur 
analogues arc less susceptible to acid catalysis, and (vii) that the acid- 
catalyscd process exhibits a positive salt effect for the sulphur Compounds 
but a negative salt effect for the oxygen compounds. These results may all 
be used to illustrate our generalized expectations (sections I and 1 1 1 . ~  
above). 

Firstly, a level of reactivity simjlar to that for structurally related esters 
is sensible. Secondly, the lower reactivity of benzoic compared to acetic 
acid argues against an ionization route (24) for the spontaneous reaction, 
and therefore for a scheme based o n  (25). This conclusion is supported 
by the effects of electron-withdrawing substituents. Indeed the effects of 
substituents"' on thc 'spontaneous' exchange rate of benzoic acid appear 
entirely compatible with such a scheme, but i t  is unfortunate that no 
proper kinetic analysis was undertaken to discover to what extent self- 
catalysis (different for each acid derivative) is involved in  these 'sponta- 
neous' rates. Their meaning is therefore somewhat ambiguous. All the 
data deteimincd at a single concentration of mineral acid catalyst appear 
comp1etel;J ambiguous, for i n  this case it  is not known what proportion 
of the rate refers to the spontaneous, and what to the acid-catalysed path, 
and the exects of substituents on these two processes may be different 
(section 1.3.4). Thirdly, the lower reactivity of the anion (compared with 
the undissxiated acid) is sensible because the former species will be 
resistant to nucleophilic attack. This feature of the reactions of carboxylic 
acids is important because basic catalysts will tend to lead to the anion 
and thercbj to negate their catalytic effect by simultaneously reducing 
both their twn concentration and thxt of the more susceptible undisso- 
ciated acid. it follows (i) that basic catalysis is not often of practical value 
in  the reacti,ns of carboxylic acids with nucleophiles and (ii) that for 
strong nuclecphiles reaction is much easier (and less complicated kine- 
tically) with tie structurally related esters (see section IV).  Fourthly, the 
close dependeicc. of' the acid-catalysed rate on the 'hydroxonium ion con- 
centration and:he actual values of the Arrhenius parameters for this route 
(similar for botl exchange and thiol acid hydrolysis) indicate, i n  the light 
of much other rtlated data on cster hydrolysis and similar reactions'. 14*4e, 

an acid-catalysel path based on  equation (25)-perhaps equations (73)- 
(75). There appars no need to invoke the significant participation of 
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carbonyl addition even for the oxygen exchange (the carbonyl and hydro- 
xylic oxygen become equivalent because of the acid-anion equilibrium) 
but i t  seems likely. and cannot be ruled out. Fifthly, the lower susceptibility 
of the thiol acids :o acid catalysis reflects the lower basicity of their leaving 
group compared to that of the oxygen analogues. It is clear that proto- 
nation by catalyst at the leaving group is important (cJ scction A above). 
The same efl-ect is found for acid-catalysed thiol ester hydrolysis4*. Sixthly, 
the greater reactivity of the thiol compounds in the spontaneous reactions 
reflects again the lower basicity of S H -  compared with OH-. Seventhly, 
the fact that the salt effects on the acid-catalysed paths are in opposite 
senses for the oxygen and sulphur compounds indicates that the finer 
details of scheme (73)-(75) cannot be identical for the two sorts of com- 
pound. This may be understood in the following way43. Added salt in- 
creases the tendency of the medium to protonate either substrate ( -& 
increases) but renders molecular water less available to hydrogen bond to 
the leaving group of. and for nucleophilic attack on ,  the protonated sub- 
strate”. Once prctonated (on sulphur) the thiol acid possesses a very good 
leaving group and the second (slow) step may be rather insensitive to the 
availability of additional hydrogen bonding. This is unlikely to be so true 
for the oxygen analogues where the eflect of salt on the second step may 
outweigh its effect on the protonation equilibrium. Thus salt could aid 
the reaction of the sulphur compound but hinder that of the o;ygen com- 
pound. as found. This type of mechanistic fine structure illustrates the 
catalytic role of molecules of water additional to the one undergoing 
acylation. The details of the spontaneous reactions which maj be written 
formally as in equation (76) or (77) are undoubtedly much more com- 

0 
o +  I d -  

RC0SH-t  H2O - - - -  H 2 0 . . . C . . - S H  - -  RC02H;  - i -SH-  . - R C q H + H , S  (76) 
I 
R 
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plicated in reality: it is possible that in some cases cyclic transition 
states are involved48 (e.g. 4). Finally, although polysubstituted thiol 
benzoic acids have n o t  been studied, it is likely that both thiol acid 
hydrolysis and oxygen exchange for the 2.6-dialkyl- and 2,4,6-trialkyl- 
benzoic derivatives will exhibit an ionization type of mechanism (equation 
24), at least under acidic catalysis. This follows from the well-known ester 
synthesis for hindered benzoic acids3'. Such acids, resistant in their nor- 
mal state to nucleophilic attack by alcohols, react when sufficient concen- 
trated acid-usually sulphuric acid-is present to convert them to the 
corresponding acylium ions, ions which are both more reactive and less 
sterically encumbered. In  a similar way mesityl esters undergo hydrolysis 
via an ionization route in strong acid14. The oxygen exchange data avail- 
able for rnesitoic acid bear a considerable resemblance to those for mesityl 
ester hydrolysis (dependence of rate o n  Ho and not on [ H 3 0 f ] .  and a posi- 
tive entro?y of activation) and this acid doubtless4' reacts with water via 
a route b2sed on equation (24)-perhaps via equations (78) and (79). 

k Me M a  

Me ~ d 8 0 H + H 3 0 ' ~  M a ~ C 0 1 8 ? t i z + H 2 0  ."u.-@CO'+H,'8C)+H20 

M, M e  M e  

(78) 

Me <Gc0;. yo M e a M : c o o H + H , o -  (79)  

M e  M e  

C. Reactionwith Hydrogen Peroxide 

Interactioi between hydrogen peroxide and a carboxylic acid leads to 
the peroxy cid (equation 80). A stronger acid, a weaker base", and 

(80) 

therefore prohbly a weaker nucleophile than water, unionized hydrogen 
peroxide may be correspondingly more difficult to acylate. Thus, in 
view of the slqwness of :heir spontaneous reactions with water (equa- 
tion 71, sectio B above) most carboxylic acids will be expected to 
react very slugghly with hydrogen peroxide in the absence of catalysts. 
This may we;; e the case5'. With acetic and the highcr aliphatic acids 
the equilibrium:onstant, K1, for equation (80) is not very dependent on 
s t r u c t ~ r e ~ ~ .  Varius values, lying between ca. 2 and ca. 5 at 25", have been 
reported. The aha1 value observed depends upon the concentration of 

k, k, 

k-, k-1 

RCOZH + HZ02 RCO,H + HZO; Kq = 
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mineral acid catalyst used, for this tends to preferentially engage the free 
water and so to pull the equilibrium somewhat to the right3"". The 
equilibriunz position is considerably more favourable with formic acid 
and here provides a practicable prcparative route to the peroxy deriva- 
tive". Excess of hydrogen peroxide is used, at a temperature below 5", 
with a little sulphuric acid as catalysi. More powerful acylating agents 
than the free carboxylic acid (e .g .  the acyl halide) are normally employed 
with hydrogen peroxide to make the higher aliphatic and aromatic per- 
acids3'* '?. 

Comparisons of reactivity concerning hydrogen peroxide systems are 
potentially complicated owi:ig to thc unexpectedly great nucleophilicity 
of HOO- compared with OH-. The former species is the weaker base 
but reacts much the more easily i n  various nucleophilic substitutionss3. 
One explanation54 of this effect is that hydrogen bonding (possibly intra- 
molecular and catalytic') is of greater importance for the pemxide ion 
than for the Iiydroxpl ion (cJ section 1V.C.2). It may be that hydrogen 
peroxide itself elljoys a simila, type of enhanced reactivity compared with 
water. Tne rate of the rcacrion between p-nitrophenyl acetate and hydro- 
gen peroxide in aqueous solution probably greatly exceeds the :ate of the 
hydrolysis of this ester?. However, few details about this cornjarison are 
availab:e, and whether reaction involves the hydrogen peroxid: molecule 
and/or its anion is uncertain. I n  general, estcrs appear to havc been very 
little studied with hydrogen peroxides5. 

Quite recently the reaction with carbosylic acids (equatien 80) has 
been examined, from both the equilibrium and kinetic viewp)ints. using 
dilute solutions in dioxanjl. Measureable rates were observd at  room 
temperaturcs, using z= 0-2 M sulphuric acid as catalyst. As ii solventless 
sysiems, K1 (at 25", O - ~ M I - I ~ S O ~ )  varies little ii? the series R = M e .  Et, 
Pr (K, + 0-8) falling slightly for I-Bu (K, = 0.6) .  When T=CHzCI or 
CH20Me, K1 + 0.2. 

T h c  rate of' establishment of the equilibrium increases uth increasing 
catalyst concentratior!; but at a given catalyst concentratiob the observed 
kinetics correspond closely to those expected for the two oposing second- 
order processes depicted in the stoicheiometric equation 80). I t  is very 
probable that, under the conditions used, the peroxide nucophile is H 2 0 2  
and not HOO-. Over the series Me, Et. Pr. r-Bu thc scond-order rate 
constant k l  falls by a factor of ca.4. Since A'1 is roughly castant it follows 
that k - ,  must fall by about the same factor. The Arrhnius parameters 

Catalytic effects will not, of course, be reflected in measun of (equilibrium) 
basicity. 
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closely resemble those common in the ordinary esterification of acids, 
and it therefore comes as no surprise (section I.B.4.b) that the subs- 
tituent effects noted above for the acid-catalysed rate k,, correlate 
well with Taft’s steric parameter E,. Polar cffects seem quite 
unimportant, and this is true for kleveii when R=CH2CI or CH20Me.  
The sinall value of K1 in these latter cases is due to enhanced k-, values, 
possibly attributable to the existence of intramolecular hydrogen-bonded 
structures (5) for the relevant peroxy acids-structures not so readily 
formed with the ordinary acid-which facilitate nucleophilic attack. 

0 

/=\ 

‘‘..H/ 

CH, 0 
I 

x o  

(5 )  
As for the reactions of H20 and HRS with carbosylic acids discussed 

in section B above. it is likely that the essential mechanism of these acid- 
catalysed H a 0 2  reactions closely resembles that of acid-catalysed ester 
hydrolysis based on equation (25)-cf. equations (65)-(66) and (73)- 
(75). A kinetic study of base-catalysed peroxy acid formation would be 
interesting. 

D. Reaction w i t h  o ther  Carboxyl ic  Acids 

Processes like (Sl), which lead to a n  anhydride, appear rare. The equi- 
librium positions will be well to the left but could be drawn to the right 
by effective removal of water. Phosphorus pentoxide can be used for 

R’C0,H + R’COZH F==== R’COOCOR’+ H a 0  (81) 

this purpose but the total extent of its role is ~ n c e r t a i n ~ ~ ’ ~ ~ .  A free acid 
can also be converted to the cGrresponding anhydride via reaction (82) 
with an alkoxyace~ylene~~. It is probable that an intermediate 2 : 1 adduct 
is formed. via successive addition, which splits out the anhydride in an 

R ‘ C O ~ H  + cnscor? - C H ~ = C O R ’  R ~ C O ~ H -  
I 
&OR’ 

- (R’COI~O + C H ~ C O O R ~  
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intramolecular decomposition's*58 (cf. equations 35. 37 and 83). This is a 
somewhat roundabout, but effective, route to substitution of OH- by 
RCO;. The first stage of addition leads to the enol ester, which is 
definitely an intermediate in the overall scheme. The actual acylation 
step in equation (82) involves attack of one ester gro\lp on another 
and is most easily written as the attack of one keto group on the 
other, this being facilitated in the cyclic transition state. (Normally 
ketones are not acylated a t  oxygen unless the enolate ion is formed; cf. 
section V.D.2.b). A similar cyclic transition state permits the facile re- 
arrangementsg (83). As mentioned in section I.D. above (and as re-em- 

H Ph 

phasized in the next section) the best chance of observing inherently un- 
favourable substitutions is in an intramolecular context. The success of 
schemes (82) and (83) is in line with this. It is especially interesting 
that there is evidenceeo that in aqueous solution the aminolysis of 
appropriate dicarboxylic acids can proceed via a very small concentra- 
tion of the anhydride as intermediate (equation 84). For succinic acid, 
the concentration of anhydride intermediate is approximately 3 parts /lo5 

0 

(84) 
CH,CO,H CHZ-CON H Ph 

0 

of acid. 
Higuchi and coworkersuL have recently shown that such anhyd;ide for- 

mation is catalysed by sulphite and sulphonium salt formation. perhaps 
as in equations (85) and (86). This is very reasonable in view of the im- 
provements in the leaving group involved. 
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+ [R+I]’ 1- + 21-  
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The acylation 01’ carboxylic acids by esters (equation 87) is, like reac- 
tion (81), not very common. It is clear, however, that the process is 

R’COOR’+ R’COOH 1 - 6  R‘COOCOR’+ R’OH (87) 

likely to be greatly influenced by the nature of RS: if R’O- is a good 
leaving group, if that is, R20H is a reasonably strong Brernsted acid, then 
we can expect more success than when R20H is of a somewhat similar aci- 
dic nature to H 2 0 ,  as in common esters or in carboxylic acids. Moreover 
reaction (87) is more susceptible to basic catalysis than is (81), because 
whereas both carboxylic acids will tend to undergo conversion to the anion 
in @])-and thus any increased nucleophilicity for one  reagent will be 
cancelled o u t  by the loss in  electrophilicity of the other-in equation 
(87) bases will provide some R3C0, (and also R20-) and so facilitate 
the establishment of equilibrium. Evidence for the occurrence of (87) 
comes mostly from kinetic studies of the catalysis of the hydrolysis of appro- 
priate esters by carboxylate ions. Thus it was once considered@ that the 
observed catalysis of the hydrolysis of p-nitrophenyl acetate by acetate 
ions proceeds via acetic anhydride (equations 88 and 89). However, ex- 
p e r i m e n t ~ ~ ~  designed to trap the supposed intermediate anhydride failed 

(CH,CO),O + H’O -- - 2 CH,CO,H (89 )  

to detect any significant quantity of it, and this reaction probably involves 
synchronous catalysis by acetate ions (equation 90) and not the nucleo- 

“-yI 
H c o - C - C ” ,  

I1 
0 
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philic catalysis (equation 88) (cJ section I.B.2). Nevertheless esters with 
even better leaving groups than the p-nitrophenolate ion ( e .g .  2,4-dinitro- 
phenyl esters) almost certainly6? do undergo such nucleophilic catalysis*. 
This example illustrates a particularly important generalization about 
basic catalysis in  acy1ationG6: acylating agents with good leaving groups 
tend to undergo nucleophilic catalysis (rather than synchronous cata- 
lysis) because in the transition state appreciable bond breaking will have 
occurred and virtually any available nucleophile will be able to attack 
the carbonyl carbon atom, whereas for acylating agents with poor leaving 
groups bond breaking will have progressed much less i n  the transition 
state and only sufficiently powerful nucleophiles can successfully attack 
thc carbonyl carbon atom. It will be necessary therefore to produce such 
nucleophiles by the method of synchronous (gencral base) catalysis. 

For reasons already outlined (section 1I.D. 1) all acylations are normally 
facilitated when the reactant groups occupy suitable relative positions 
in the same molecule, i.e. under intramolecular conditions. Good examples 
of intramolecular versions ofequation (88) arc the hydrolyses of 3.5-dinitro- 

aspirin (equation 91) and t h i o a ~ p i r i n ~ ' . ~ ~ .  Indeed species like 

n 

CHjCOOH (91) 

can bring about the efficient hydrolysis of esters via transesterificationG8 
as in equation (92). Such schemes may underlie the behaviour of the active 
centres of hydrolytic enzymes. 

As do carboxylic acid anhydrides themselves'** 6s, which can be thought of as 
'esters' in which the very, very good leaving group R'CO; replaces R<O- (i.e. RICO/ 
OCOR' compared with R*CO/OR'). 
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Intramolecular opportunities can bring about reaction (87) even for 
quite poor lcaving groups as in reaction (93), where R = Me, -CH2CH2CI, 
-CHzC=CH, -CHZCF~, or Ph. As would be expected from our 

foregoing generalizations, the rate of' hydrolysis increases from left to 
rightog ( i .e .  it is a function of the acid strength of the conjugate acid 
of the leaving group, section 1.B). Interestingly, acid catalysis by the 
adjacent carboxyl group (equation 94)-rather than nucleophilic attack 
as in equation (93)-is the best route for the very poor leaving groups 
-0Me and -0CHsCHsC1. It is clear that with poor leaving groups acid- 
catalysed assistance of leaving group departure carries more kinetic 
weight than an improvement in the nucleophile. 

0 

II 
0 

I I  

0 
l o  

r II 

+ ROH 

(94) 

E. Reaction with Carboxylic Anhydrides 

This reaction is often used to prepare uncommon anhydrides from the 
free acid and the readily available acetic a n h y ~ l r i d e ~ ~ . ~ ~ .  The overall pro- 
cess observed, after distillation of the mixture, is shown in equation (95). 
The equilibrium position depends o n  the reagents and their propor- 

2 RC0,H f (CH,CO),O 7 2  (RCO),O + 2 CH,CO,H (95) 

tions. i n  practice the relatively volatile acetic acid can often be distill- 
ed away as  it forms. Since it is unlikely that the weaker acylating agent 
(RC02H) will lead to a dominant electrophilic attack on the stronger 
[(CH3C0)20] it is predictable that the overall reaction will involve a 
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series of steps like equation ( 2 ) ,  in  this case involving nucleophilic at- 
tack of the carboxylic oxygen of RCOOH -on any acyl anhydride present 
in the systeni (equations 96 and 97). What is known'' about the rates 

(96) 

(97) 

of t!ie individual processcs making up reactions (96) and (97) for vario- 
usly substituted acids, supports the concept of the free acid acting as 
the nucleophile. In reactions (96) and (97) the intermediate, unsym- 
metrical anhydrides often disproportionate at  usual distillation tempera- 
tures, thus aiding the formation of a single product72. 

RC0,H + (CH,CO),O :e RCOOCOCH, + CH,CO,H 

RCOZH +- RCOOCOCH, = - - ~  (RCO),O + CH,CO,H 

F. Reaction with Acyl Halides 

Reaction (98) has becn mentioned already (see equation 36), the point 

(98) R'C0,H + R'COHal z===y R'COOCORa + HHal 

there being that acylation of (equation 98), rather than by (equation 3 9 ,  
RlC02H is primarily observed (cf- section E above on anhydrides). 
Scheme (98) can be used to prepare anhydrides if the hydrogen halide is 
effectively removed by the presence of a suitable base. To this end the 
reaction is often conducted in the presence of a n  excess of pyridine, 
which also serves to convert the free acid into the more nucleopllilic 
anion73. A commoii alternative procedure, which also combines the mecha- 
nistic device of basic catalysis with the preparative device of engagement of 
one of the products, is to use the sodium, potassium, or silver salt of the 
acid. This has been perhaps the most used method for the preparation of 
an hyd rides30. 

Since equilibria like (98) are established much more quickly than those 
like (96), hydrogen halides, which with anhydrides lcad rapidly to acyl 
halides, will catalyse reaction (96), as will acids stronger than hydrogen 
halides. This fact is only occasionally exploited in preparations3' of anhyd- 
rides via reaction (96). 

It is emphasized that in reactions (96) and (98) the essential behaviour 
of the carboxylic acid is nucleophilic and that its reaction pattern is 
therefore based on equation (2) rather than (I), i .e. these processes really 
involve only substitution of H at oxygen, and not of OH at carbon. 
For the use of processes like (98) when hydrogen halide is not artificially 
removed see section 1I.C. I.. 
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G. Reaction with Concentrated Sulphuric Acid 

In the presence of sulphuric acid, carboxylic acids (and also esters) 
may react to some extent as in equation (99). If the dielectric constant is 
high enough (e.g. if excess of sulphuric acid is used) all the species on the 
right-hand side may be both ionized and dissociated”, HSO; being a 

RCOZH + 2 H’SO4 =-= RCOZSOSH + H,O+HSOi (99) 

good leaving group. The equilibrium position will, of course, also depend 
on R, and in many systems3 reaction will not proceed beyond some 
protonation of RCOOH (cf. equation 5). The formation of acylium ions 
(RCO+) in concentrated sulphuric acid is favoured by substituents which 
stabilize such ions. The use of sulphuric acid induced acylium ion forma- 
tion in certain esterifications and hydrolyses has been mentioned in sec- 
tion 111. B. It is occasionally useful in thc acylation ofcarbon compounds 
with carboxylic acids (section V). Other inorganic oxyacids (e.g. H3P04) 
can sometimes replace sulphuric acid in schemes probably similar to 
equation (99), but the details in such cases appear less well ~nderstood’~. 

Acyl hydrogen sulphates, RCOOS03H, (which are more easily made 
from the carboxylic  anhydride^^^), are powerful acylating agents even in 
an undissociated form ( i . ~ .  in media of low dielectric constant). They tend, 
however, to rearrange” to sulphocarboxylic acids (equation 100) and it is 
probable that a sample of free acyl hydrogen sulphate has never been 

CH,CO,SO,H --+ HSO,CH,CO,H (100) 

isolated, although the corresponding metal salts are known7*. Saturated 
esters3 behave analogously to acids (equation 101) but enol esters21 un- 
dergo sulphonation at  the double bond (equation 102), this reaction there- 
fore proceeding somewhat differently from that with hydrogen chloride 
(section 11.A.2). 

R’CO’R’ + 2 H,SO, :=- R’CO,SO,H + R’OH; + HSO, (101) 

( 102) 

The reactions of carboxylic acids and esters with oxygen nucleophiles 
other than water or alcohols have, with certain notable exceptions, been 
somewh~t  fragmentarily studied. The data available are, however, com- 
patible with predictions based on the more thoroughly studied topics. 

1 \C/OH 
CH,-C-OCOCH, +- Has04 - HSOaCH, 

CH, [ CH,/ \OCOCH, 

- - - HSO,CH,COCH, -+ CH,CO,H 

H. Conclusion 

The sulphuric acid anions then present may actually be more complex74. 
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IV. S U B S T I T U T I O N  BY V A R I O U S L Y  B O U N D  N I T R O G E N  
ATOMS 

The comparatively high basicity of organic nitrogen compounds7g is well 
known, and in general acylation at nitrogen is comparatively easy to 
achieve. In many cases the acylations proceed readily even in the absence 
of catalysts and this is true even for such comparatively feeble reagents 
as carboxylic esters and The reactions with carboxylic acids 
tend to be more limited in application (and have been less studied) than 
those with esters. This is because the acid inevitably protonates the nitro- 
gen atom to be acylated to a greater or lesser extent. It thereby renders 
the attacking reagent less nucleophilic and at the same time, by producing 
the carboxylate ion, renders itself less electrophilic. The deactivation of 
the nitrogen compound in the presence of acids is also the reason why 
acidic catalysis is not usually employed in acylation at nitrogen, even 
when catalysis is necessary. Appropriate base catalysis is normally much 
more successful. 

I n  the absence of strongly acidic catalysts carboxylic acids and esters 
do not lead to acylium ions so that acylation by them at nitrogen will 
almost invariably proceed via a route based on equation (25). This will 
become evident in the following discussion. 

A. Reaction with Ammonia and Primary Amines 

The overall process for both carboxylic acids and esters is amide for- 
mation (equations 103 and 104); such equilibria will be expected to 

R'C02H -i- RSNH, F== R' CONHR'i H,O (103) 

R'CO,R'+ R'NH, ~ = e  R'CONHRa+ R'OH (104) 

lie well to the right, but for acids the situation is complicated by the 
protonation equilibrium (equation 105) noted above, which tends to hold 
equation (103) on the left-hand side. 

R'C0,H + RaNH, q-z--= R'CO; NH,R' (105) 
+ 

1. Carboxylic acids 

In spite of the occurrence of salt formation, carboxylic acids are often 
used to prepare amides30*34'80 . Th e experimental procedure may simply 
amount to the dry distillation of the ammonium salt as. for example, 
in the well-known preparation of acetamide from ammonium acetate. 
Yields are often poor, but are improved by using an excess of the acid 
component which. under conditions of continuous distillation, helps to 
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carry away the water produced. Thc factors ultimately controlling the 
yields in such processes d o  not appear to be clearly understood. A wide 
variety of acids and primary amines may be used, and thiol acids seem 
somewhat more satisfactory than their oxygen analoguess1. This general 
method of amide synthesis is one of the oldest known. 

Amide synthesis from amines and free acid is an important biochemical 
step in the formation of amino acids, and under physiological conditions 
is catalysed by enzymes (by mechanisms as yet unknown). Recent kinetic 
studiess2 of the reactions between carboxylic acids and ammonia, or pri- 
mary amines, in dilute aqueous solution, in the pH range 10-11, have 
shown that the rate constant, k, for amide formation is increased by 
substituents which increase the strength of the acid or of the amine, and 
that the differential rate equation has the form of equation (106) where 
R2 is H or  Me, and R1 is an aliphatic group. This equation is formally 

( 106) 

equivalent to (107) where K is the appropriate equilibrium constant. 
As noted, carboxylate ions are not likely to be very electrophilic, so that 
R1CO2H and R2NH- are decidedly the more promising pair of reactants, 

d[amide]/dt = k[RICO,] [RWH,]  

d[amide]/dt = kK[R1C02H] [R2NH-] (107) 

the substituent effects probably being compatible with either pair. The 
overall scheme may therefore be as  shown in equations (log)-( 110). 

R'C0,H -t OH- d- R'CO, + H a 0  fast (108) 

R2NH,+ OH- ~e R'NH- i H,O fast (109) 

0 
d -  , n- 

R'CO,H+ R'NH- - - - - -  R'NH--..C-...OH --- R'CONHR'i-OH- SIOW (110) 
! 

R' 

Succinic acidGo exhibits the above behaviour in alkaline solution (and 
also exhibits no significant rate enhancement due to intramolecular cata- 
lysis by the second carboxyl group), but at lower pH ( 3 - 9 ,  when many 
fewer RNH- or carboxylate ions-and little free aminc-will exist, 
undergoes aminolysis by aniline via a pre-equilibrium formation of a low 
concentration of the anhydride (equation I I 1 ,  section I1I.D above). The 

A 0  

reason that this process does not intrude at high pH is presumably the 
result of a less favourable pre-equilibrium position owing to the conversion 
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of much of the succinic acid to its anion or, what is more likely, to the 
absence of pre-equilibrium conditions in the presence of much free amine, 
when the rate of the direct attack by amine, or its anion, on the acid 
(equations 108-110) may be faster than the rate of cyclization of the acid 
(kl in equation 1 1  1). 

It will be apparent from the foregoing account that the rate of 
amide formation from amines and carboxylic acids in aqueous solution 
will be greatly affected by the pH of the system. This fact clearly has 
important implications for biological systems. 

When forming amides of feebly basic amines it is sometimes feasible 
to use acidic catalysts (to activate the carboxylic acid) without totally 
inhibiting the acylation owing to protonation of the amine. Naturally 
this method tends to produce its best results with the least basic ami- 
neswsa4. Anhydrous phosphoric acid and solutions of boron fluoride in 
the carboxylic acid component have been used in this context. A kinetic 
and equilibrium studya4 of the acetylation of nitroanilines, a t  ordinary 
temperatures, in boron fluoride-acetic acid mixtures (20-50 mole % BFa) 
shows, as expected, (i) that only the free aniline is acylated, the anilinium 
ion being inert, and (ii) that the less basic the free aniline the smaller its 
rate of acylation, but the more of it remains available for acylation. 
Mono- and dinitroanilines are effectively completely acylated under these 
conditions but 2,4,6-trinitroaniline and its N-acetyl derivative coexist at  
equilibrium. Boron fluoride and acetic acid form powerful Brsnsted acids, 
e.g. BF3AcOH and BF3(Ac0H)?, which are responsible for the protona- 
tions in the system. It  is suggested that the acylation is an example of 
route (24) being brought about by (solvated) acylium ions formed in 
equilibrium ( 1  12) (cf equation 184). 

AcOH;-(AcOH)+ BF,AcOH Ac+(AcOH),+ BF,H,O (112) 

2. Carboxylic esters 

The reaction of esters with aqueous, alcoholic. or pure liquid ammonia 
is a well recognized preparative route3" to the corresponding amide (equa- 
tion 113). I n  aqueous ammonia solution (normally used at  room tempera- 
ture) some concurrent base catalysed hydrolysis is inevitable and the 

R'CO,Ra+NH, -- R'CONH,+R20H ( 1  13) 

feasibility of the procedurc indicates the powerful nucleophilic character 
of ammoilia. An alcohol is the preferred solvent for the less reactive 
esters, since any concurreiit solvolysis leads only to another ester mo- 
lecule. Very resistant esters are usually heated with alcoholic ammonia 
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in sealed tubes, or  some sodium alkoxides5 is used as an  additional* basic 
catalyst. Alkyl and dialkyl malonic esters are particularly resistant to 
aminolysis, presumably owing to steric hindrance of approach to their 
carbonyl carbon atoms. 

I n  general primary amines behave similarly to ammonia, and exhibit 
a roughly comparable reactivity. Arylamines, particularly if contajn- 
ing electron-withdrawing groups (cf. section 1 above), are less reactive 
and often require catalysis, even with the more electrophilic esters. 
With very weakly basic amines concentrated mineral acid catalysts may 
be used (to activate the ester). Another procedures6 is to preform the 
magnesium halide as in reaction ( 1  14) when the whole process may be 
conducted in ether. This method has recently been effectively usede7 to 
synthesize a wide range of thioamides from thionesters, R1CSOR2. The 
route is a form of basic catalysis for the amino-magnesium halide will 
be more nucleophilic than the original amine. Dialkyl malonic esters are 
again resistant. 

ArNH,+MeMgl --- - CH,+ArNHMgl (1 14) 

ArNHMgl+ R’C0,R’ - - R’CONHAr+ R’OMgl (115) 

Of the various routes to :tmides, that using an ester as acylating agent 
is both relatively effective (compared with those based on the free cnrboxy- 
lJc acid or another amide as ncylating agent) and relatively mild (compared 
with those employing the anhydride or acyl halide). For these and other 
reasons i t  has proved very appropriate for the synthesis of peptides and 
proteins from amino acidsss. For this purpose a number of special types 
of ester have been selected and developed, being so chosen as to lead to 
adequate reaction rates but. at the same time, to the minimum of compli- 
cating side-reactions, such as I-acemization of the optically active centres 
so important to peptide synthesis. Particiilarly suitable esters are those 

/-\ 
wi!h such good leaving groups as -SCGH~R. -0CnH4N02. -ON 

\ i ’ 
-OP(OR).. -OC02Et. -OC(-:.-CH2)0Et. and other enol esters. At the 
present time ~carcely a month passes without the report of a new type 
of ejter suitable for peptide synthesissY. It is interesting that many of these 
esters are conveniently madc from the cwrboxylic acid. not by a normal 
acylation o!’ the corresponding hydrogen derivative of the leaving group, 
but via a substitution like reaction (2). c.g. reactions ( 1  16)-(118). 

RC0,H -L CIC0,Et - - RCOOCO2Et-L HC! ( 1  16) 

The ammonia will tend to catalyse its o w n  reaction (see bclow). 
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R‘COZH i CIP(0R’)Z - - -- R’COOP(OR‘),+ HCI ( 1  17) 

RCOZH P CH=COEt -- RCOOC(---CH,)OEt ( 1  18) 

While aminolysis of ordinary esters. and especially of substituted phenyl 
and thiol esters, has been extensively studied from a .kinetic (i.e. mechanis- 
tic) viewpoint, such detailed knowledge about the aminolysis of esters 
with other special types of leaving group is still kcking. 

Before turning to a discussion of the kinetics of ester aminolysis there 
are some further special routes to amides which deserve mention. These 
too have been largely developed in connexion with peptide synthesisa8. 
They really involve the free acid, rather than the ester, and find an analogygo 
in process (118). The first, a t  present one of the most uscd in peptide 
synthesis, concerns the 1 : 1 adducts of‘ carbosylic acids with carbodiimi- 
des, particularly dicyclohexylcarbodiimideQ1. These adducts, the evidence 
for which is largely circumstantial, are structurally similar to enol esters 
and even more reactive. They provide both intra-(B) and inter-(A) mole- 
cular acylation at nitrogen (equation 1 19). The intramolecular rearrange- 
ment (B) to the N-acylurea is prominent at ordinary temperatures, but 
this complicating feature can be minimized by appropriate choice of sol- 
vent (benzene, carbon tetrachloride and ethyl acetate are common) and 
by working at temperatures below 0”. Other acylatable species (e.g. alco- 
hols and carboxylic acids) may replace R4NH2 i n  reaction (119). Hence 

R’NHCONHR’ + R’CCNHR‘ R’CON(R2)CONHR’ 

the use of excess acid leads (equation 120) to thc symmctricai anhydride. 
The parallelism with reaction (82) suggests that (120) proceeds via species 

R’N=CNHR’+ R’COOH (R’CO),O- R’NhCONHR’ 

( 120) 

I 
OCOR’ 

0-c c--0 

( 6) 

6. Reaction (120) constitutes another roundabout route for achieving 
the substitution of O H  in RCORH by RCOs (cf. section I1.D). Excess 
of R’COzH is often used in aminolysis (equation 119). in  order to repress 
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route B, and it  is possible that under such conditions the acyiation of the 
amine is, in fact, due to the anhydride. This point is still debated. A recent 
kinetic stiidyg2 shows that in carbon tctrachloride or acetonitrile the reac- 
tions with acids (equation 121) is of the first-ordcr in  carbodiimide but of 
somewhat greater than first-order in acid. I t  is thought therefore that 

k ,  R’CO,H+ R’N- C--NR’ - ‘L ‘R’NHC--NR’ - - R’NHCONR’ 
I 1. OCOR’ J COR’ 

(7) 

R’C0,H k ,  

R’NHCONHR’ + (R’CO),O 

dimeric R‘COzH may be involved to some extent, so facilitating both 
the formation of 7 and its decomposition t o  the anhydride and urea’. 
This notion is supported by the reduced proportion of acylurea obtained 
when the solvent is changed from acetonitrilc to carbon tetrachloride, 
for in the latter solvent more of the acid will be dimeric. Tllis result, 
and others, also eliminates the possibility that the acylurea is produced 
by acylation of the urea by the anhydride or by 7. 

When an amine, R4NH2, is also present (equation 119) the rate of loss 
of diimide is reduced, owing t o  deactivation of the acid on  forming various 

ion-paired, salt-like species, e.g. RXO; NH,R’. Alone the amine does 
not attack the diimide ar.d its acylation will not occur in the absence of 
acid. Whether or not thc amine is acylated by 7 or by thc anhydride is not 
clearly settled by this kinetic study. The balance between paths A and 
B depends upon the amine but here also the  observed phenomena have 
still to be rationalized. 

Methodsg4 closely related to the carbodiimide method employ ketene- 

4- 

imincs (8), allenes (9), and cyanamides (10). 
Another r o ~ t e ~ ~ * ’ ~  related to the foregoing 

\ 
R’ 

C--- C-zN-R’ RCH--C--CH, 

RZ’ 

(8) (9) 

examples, concerns acyl 

R’\ 
(q - C .:;.= N 

(10) 

carbamates, which are the 1 : 1 adducts of carboxylic acids with isocyanic 
esters. They also lead to intra-(B) and inter-(A) molecular acylation 
(equation 122). Acyl azides also react with carboxylic acids and lead 

It is interesting that the dimer is also the reactive species in the addition of car- 
boxylic acids to kctcnes under similar conditionsg,l. 
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R'NCO + R2CQH -- [R'NHCOCOzR'] 

R'CONHR' + R'NH' + CO, R'NHCOR'+ co: 

to the corresponding amide (equation 123). No doubt a preliminary 
Curtius rearrangement of the azide to the isocyanate is involved here34. (In 
the presence of free amjnes acyl azides provide acylation of the amineeG.) 

R'C0,H -i- R'CON, --- R'CONHR'i- N,+ CO, (123) 
Processes (1 19A) and (122A) constitute the indirect substitution of OH 

in R1C02H by R2NH; indirect because they occur via path (2), followed 
by an intermolecular acylation by an active ester of the acid. So far only 
the outline mechanisms, of these, and of the related reactions (118) and 
(82), are known. They all await more detailed study. It will be interesting 
to learn if a fanlily resemblance exists between the mechanisms of such 
acylations and that of uncatalysed acylation by straightforward enol esters 
like isopropenyl acetate. The preparative aspects of most of the above 
processes are dealt with in detail in standard texts o n  peptide synthesis8* 
and cannot be further elaborated here. 

Detailed kinetic studies of aminolysis of esters have been made using 
both aqueous and alcoholic solutions. Studies with alcohol as solvent came 
first historicallye' and established that the reaction order with respect to 
ester was unity, but that with respect to amine the order could be greater 
than unity and usually appears to be 1.5. These studies culminated in the 
establishment, by Bunnett and Davisg8, of catalysis of the amir.olysis by 
the solvent anion, and by other molecules of the amine. They suggested 
reactions (124)-( 126). In  their system R1COOR2 was ethyl formate, 
R3NH2 being ti-butylamine. The solvent was ethyl alcohol ( i .e .  R"H) 

0- 
k ,  

R'COOR~+ R~NH, -- R~C-OR~ ( 124) 
I k - ,  

N H, R' 
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so that any concurrent solvolysis simply led back to ethyl formate. B 
represents bases able to  catalyse step (125). Application of the steady- 
state approximation to equations (124)-(126) gives equation (127). Letting 
kz include the rate of equation (125) as written, and also the catalysis 

- d[R'COOR']/dt = { k1k2+k1k3m] [R'COOR,] [R3NH2] (127) 
k-, + k2 + k, [B] 

of equation (125) by solvent (equation 128), and letting B represent 
R20- or R3NHz, 

0- 
I 

I 
R'C-OR2+ R'OH -- R'CONHR'; 2 R'OH 

NH,R3 
+ 

then, if kS <c k-, >> k3[B], 

- d[R1COOR2]/dt = 

kl { k-1 
-- (k2-f- krt=o-[R2O-] + ~ R N H , [ R N H ~ ] )  [R'COOR'] [R3NH2] (129) 

but 
K b  

R'NH, i- R'OH - - =  R3NH: -+ R'O- 

kl . . - d[R'COOR2]/d~ = ---fkz + ~ R , ~ - K ~ / ' [ R ~ N H ~ ] ' / '  
k-1 

If scheme (124)-(126) is correct, then, using an excess of amine, the observ- 
ed pseudo first-order rate constant (kobs) for loss of ester will be 

ki 
k-1 

kobs = -- {k2[R3NH2] -!- kR'0-K;" [R3NH2]'/' + ~ R ~ N H , [ R ~ N H ~ ] ~ }  (172) 

Bunnett and Davis found that a plot of k,,s/[R3NH2]'1c versus [R3NH2]"* 
gave a good straight line. This suggests that the scheme is satisfactory 
but that ka is negligible, i .e. thcre is no uncatalysed, or solvent-catalysed, 
path for the system studied, only those paths (126) involving self-catalysis 
by R3NH2 or catalysis by the solvent anion R20- .  I t  should be noted 
that the same form of rate equation will therefore result whether the mecha- 
nism is written as in equations (124)-(126) or without tetrahedral inter- 
mediates as  in equation (133).  

R 1 C 0 9 R ' +  R 3 N H 2 +  B - -- R'CONHR'+  R 'OH+ B (1 33) 
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Studies in aqueous solutionQe~ loo using both ammonia and various ami- 
nes as the amino component, and substituted phenyl acetates as the ester 
component, combine in indicating that with such systems the spontaneous 
(or solvent-catalysed; equation 125) arninolysis is significant, as well as 
the catalysed routes analogous to those in equation (126). Thus, under 
conditions of constant amine concentration. kobs (corrected for loss of 
ester via hydrolysis) takes the form of equation (134). The relative impor- 
tance of the different terms in equation ( 1  34)-not only among themselves 

kobo = {k + k o ~ - [ O I - l - ]  + ~ R ~ N H , [ R ~ N H , ] }  [R'NH,] (134) 

but compared to the hydrolysis rate-depends both upon the amine 
and upon the ester. So far as the ester is concerned the situation is rela- 
tively simple: for esters with good leaving groups the catalytic term in 
[R3NH2] (and probably that in [OH-]) is relatively less important com- 
pared with the spontaneous arninolysis ( k )  than for esters with pcor leaving 
groups. This situation may also be expressed by stating that k is more 
sensitive to  the polar effects of substituents in the leaving group t h a n  is 
/CRsNH, (fora seriesof such substituents e 2 for k but g = 0.5 for kR,NH,; 
see section I.B.4.b). This result is easily rationalized in terms of a syn- 
chronous mechanism. With good leaving groups much bond breaking will 
have occurred in the transition state and almost any nucleophile will be 
effective, whereas with poor leaving groups bond formation will be more 
important and synchronous catalytic routes which provide powerful nu- 
cleophiles locally (as in equation 135) will therefore be favoured (cf. section 
1II.D). At the same time the shift of emphasis to bond forming for cata- 
lytic routes will decrease their dependence o n  the ability of the leaving 
group to depart. By the same arguments, if a n y  concurrent hydrolysis 

0 

HP R'  c - o - R~ 
t 

H 

is predominantly due to attack by OH- (a powerful nucleophile) then 
hydrolysis will be expected to be much more prominent for esters with 
poor leaving groups than for those with good leaving groups. In keep- 
ing with this expectation, oxygen esters exhibit relatively more hydrol- 
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ysis than do thiol esters under such conditionslol. It  is quite unnecessary 
to explain these facts in terms of partitioning of tetrahedral intermediates. 

The rclatively greater significance of the spontaneous aminolysis with 
esters with good leaving groups is just another manifestation of the general 
prediction that esters (or acids) containing substituents which enhance 
the positive charge on the carbonyl carbon atom (either by possessing 
a good leaving group-one with electron-withdrawing substituents - or 
an electron-withdrawing group R') will generally react more easily (i.e. 
will need less catalysis) than those which do not possess such substituents 
(c]. sections I.B.4.a and b). Complications can arise if electron with- 
drawal by R', although favouring attack on the carbonyl carbon atom, 
hinders a sufficient departure of the leaving group. This will not normally 
occur because with attack on the carbonyl carbon atom dominant, very 
little departure will need to have taken place in the transition state and 
solvent assistance will usually be sufficient to achieve this. In non-coordi- 
nating, non-hydroxylic solvents, however, the requirement of even a very 
small amount of bond breaking can prove influentialL0', process (135); 
becoming cyclic in order to assist leaving group departure. Even in aque- 
ous media the opposing effects of electron withdrawal by R1 are reflected 
in the tendency with such esters for anionic nucleophiles to be favoured 
relative to uncharged species of the same basicitylo3, for in cases where 
departure has some importance a negatively charged transition state will 
possess advantages over a formally neutral transition state. The postula- 
tion of special secondary valency forces to explain the facts appears 
unnecessary. The finding that water as a nucleophile, i.e. the spontaneous 
hydrolysis, exhibits 'anionic' behaviour is convincing proof that such hy- 
drolysis really involves synchronous catalysis by other water molecules6s 
(11, cf. section 1II.B) resulting in  local hydroxide ion formation. 

0 

R' - C - OR' 
I1 

t 
(11) H-oJ I /1. 

H 0 -H  

H 
I 

So far as the amine is concerned the effect of its structure on the relative 
importance of the different terms in equation (134) is not well understood2. 
This is true for both oxygen and thiol esters2. Secondary amines, especially 
bulky ones, seem particularly susceptible to hydroxyl ion catalysis in 
preference to that by a second amine molecule. This may reflect a steric 
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difficulty in  forming the transition state like (135) for secondary amines. 
For primary amines a consistent pattern for the relative importance of 
k, koH-, and kR.NH, has not yet been discerned, although this may be 
partly due to experimental errors2* loo. It msy be significant that diamines 
like NH2(CH2),NH2 exhibit a spontaneous term k and a term in koH- 
but no self-catalysis, X T R s N H , .  Here again steric reasons may underlie the 
result. Such diamines (with n =- 2) react via their uncatalysed path (k) 
about ten times more rapidly than monoamines of comparable basicity. 
Intramolecular self-catalysis may therefore be involved104. Powerful intra- 
molecular catalysis is undoubtedly possible"". 

As already noted, the kinetic orders found for ester aminolysis are 
predicted by an outline mechanism which can be written i n  two different 
ways; either including an addition intermediate present i n  low concen- 
tration (equation 124) or as a synchronous displacement, for example 
reaction (135). We have chosen to rationalize the effects that substituents 
have on  the relative importance of the different paths-catalysed and 
uncatalysed--in terms of the synchronous picture. We do this because 
we t h i n k  such rationalizatioiis simpler (and more convincing) than those 
necessary on the assumption of an intermediate. It  is a recognized scientific 
principle to postulate the simplest scheme compatible with the data arid 
a scheme without intermediates is already simpler than one containing 
one or more such species. Intermediates are very frequently postulated 
in mechanisms of acylation, but most often they are not, i n  fact, demand- 
ed by the evidence. Their automatic postulation is therefore unjustified 
but depressingly conimon. It is encouraging that Samuel and Silverlo in 
their discussion of' oxygen exchange between solvent species and various 
acylating agents (the phenomenon upon which the postulation of addition 
intermediates in  acylation has. unt i i  very recently. largely rested*) do not 
fall into this error. We do not say that inrermediates do not often occur; 
the widespread occurrence of carbonyl addition in other contexts suggests 
they may well do so. What does not follow is that they always occur. We 
emphasize that in the majority of cases of acylation even by esters 
(which on the whole have comparatively poor leaving groups and are therc- 
fore suited to intermediate formation105) the actual evidence for inter- 
iriediates is usually non-existent. 

I t  is not gcncrally realiscd that, although the exisrcwe of oxygen exchange for spe- 
tics KCOY iniplics that tctrahedral interrncdiates must form, nevcrtheless the details 
of the exchange data suggcst. if an).thing. that exchange and acylation (replacement 
of Y) usually procecd by difleranf routesIoh. This point is not normally stressed by 
advocates of intermediates in acylation. See however M .  L. Bcnder and H .  d'A. Heck, 
1. Am. Chent. Soc. 89. 131 1 (1967). 
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While schemes like (124)-(126) have disadvantages in terms of formal 
and interpretative complexity compared with those like (135), nevertheless 
there is no  doubt that many, although not of the data can be ratio- 
nalized on their basis. Jencks and coworkersa6* ’’ have been most active 
in this area. With a n  intermediate there are two transition states; one for 
formation of the intermediate, and one for its breakdown to products 
(equation 136). It is interesting that rationalization of substituent effects 

0- 
k l  I 

T.S.1 +NH 

> N H +  RTOORZ = R‘C-OR~ -L R ~ C O N < +  R ~ O H  (136) 
I T.S.2 k - I  

/\ 
on this basis leads, in spite of Jencks’ assurances to the contrary66, to exactly 
the opposite conclusions about the importance of the different phases of 
the overall process to those reached on the basis of a synchronous scheme 
(p. 416). Thus Jencks, in fact, concludes that with a good leaving group 
the bond forming process (kl) dominates the rate, whereas with a poor 
leaving group bond breaking (k?)  controls it. Although under steady-state 
conditions k,  can never wholly determine the rate because kobs = k,k,/ 
( k - , + k Z )  so that at best kobs = k ,k2 /k - , ,  nevertheless one can under- 
stand what is meant. However, if with good leaving groups (i.e. k, >> k - J  
k l  is dominant it is difficult to understand why catalytic paths are rela- 
tively so unimportant under such conditions, for catalysis of attack of the 
amine will make i t  more nucleophilic and therefore increase k l .  The same 
dilemma is not incurred with a synchronous route for then the transition 
state is reached with very little bond forming and much bond breaking. 
Here the nature of the attacking reagent is of little importance and there- 
fore catalysis is not particularly effective (($ p. 416). 

Considering, however, that an intermediate is involved, there are at 
least two possible variations of scheme (124)-( 126) formally compatible 
with the observed unit order in base catalyst (equations 129 and 134). 
We prefer the variation proposed by Jencks and Carriuolo” (equation 
137) to that of Bunnett and Davisg8. One compcllin~ reason is that equa- 

R‘COOR2 + R’NH7 

+ 0  

o5 - 
IIJ 

R’ - C - OR’ 
t 
I 

t i - N - R R 3  
0 
5 
t 

0- 
I _- R’c-OR’ + BH’ 
I 
NYR’ 

i 

( 1  37:! 

Products 

Transition slate 



420 D. P. B. Satchell and R.  S. Satchell 

tion (137) is entirely in line with what is believed about similar phenomena 
throughout the whole field of a ~ y l a t i o n ~ ~ ' ~ ~ " .  

6. Reactions with Secondary and Tert iary Amines 

1. Introduction 

The majority of secondary amines behave in principle as do primary 
amines, except that steric effects-in particular steric hindrance of their 
approach to the carbonyl carbon atom-are like!y to be of more impor- 
tance. Relatively few secondary amines have received kinetic study and 
therefore we shall not discuss this group of nucleophiles in detail. Tertiary 
amines possess no replaceable hydrogen on their nitrogen atoms so that 
any acyl derivatives will inevitably involve quadrivaleat nitrogen, as in 
(12), and be ionic both in the solid state and in solution. In the solid 
the ions (12a and 12b) will be uniquely associated with an appropriate 

/ 
R ' c o - - ' N - R ~  RCO - -7 N 

'R2 

(1h? (12b) 

anion (e.g. Hal-). Compounds of this type are known, but not unnatu- 
rally they are very susceptible tc  further reaction, especially hydrolysisio6. 
Their ease of formation and thck stability increase with the basicity of the 
amine and the stability of the acylium ion RCOf.  They are not nor- 
mally prepared from esters* but from acyl halides or acid anhydrides 
(equations 138 and 139). They doubtless occur as reactive intermedi- 
ates in many tertiary amine catalysed acylations of other compounds 

CN -!- (R'C0,)O --= [RiNCOR']' [R'CO,]- (138) 

C,H,N + RCOCl --I-=< [C.H,NCOR]+CI- (139) 

Carboxylic acids will bc expected 
+ 

R~COOH + NR: ;=F-= K ~ C O ~ -  NHK:. 

SIOW HzO I 

to give only the salt with tertiary amines: 
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by anhydrides and acyl halides (equation 140)’06, lo’. Such catalysis 
is of the nucleophilic type. Esters with good leaving groups (e.g. 
phenyl acetates) can, in fact, lead to quaternary acyl compounds, which 
are considered to participate in the tertiary amine catalysed solvolysis 
of such esters in a way analogous to reaction (140) above’08. The solvolysis 
of esters with poor leaving groups (e.g. ethyl acetate, ethyl dichloroacetate) 
are also catalysed by tertiary amines but here the mechanism of catalysis 
is not nucleophilic but synchronous (section I.B.2) and therefore does not 
involve any substitution by the base in the ester group. 

In this section we shall limit discussion to the reactions of one parti- 
cular class of base-the imidazoles-which happen to be simultaneously 
both secondary and tertiary bases (13 and 14). Imidazoles therefore pro- 

H 

Imidazole Bentimidazole 
(13) (14) 

vide a useful and instructive bridge between substitution of OR in a C02R 
group by tri- and tetravalent nitrogen. For instance there is an  appro- 
priate gradation in reactivity : N-acylpyridines =- N-acylimidazoles >> ami- 
des. The influence of the acyl group on stability, noted above, is illustrated 
by the fact that N-acetylbenzi~dazole is much more easily hydrolysed 
than is N-benzoyl benzimidazole. 

2 .  Ester solvolysis catalysed by imidazoles 

Catalysis by imidazoles has received a good deal of attention2 because 
the imidazole groups of the histidine residues found in a variety of hydro- 
lytic enzymes are probably involved in the enzymic catalysis”’. 

The details of the behaviour of an imidazole in its reaction with an  
ester will depend upon three main factors: (i) the substituents carried by 
the ester, (ii) the substituents carried by the imidazole, and (iii) the solvent. 
Taking these factors in reverse order, the solvent will affect reaction be- 
cause it will obviously be much easier to isolate any amide or quarternary 
acyl salt (imidazoles can form both) when the solvent contains no acylat- 
able species for these compounds to attack. Thus in aqueous or alcoholic 
solvents the product normally isolated (unless special precautions are 
taken) is the solvolysed ester. I t  is in this context that catalysis ofsolvolysk 
has been studie6. 
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It is found that the substituents in the imidazole affect reactionl10 (i) 
because 1-substituents force the formation of quarternary compounds (16) 
by preventing amide formation, which otherwise occurs preferentially (15), 
however, possibly via attack at  the tertiary nitrogen atom, followed by 
stabilization of the cationic product by loss of a proton, (ii) because sub- 
stituents in the 4-and/or 5-positions lead appparently to negligible steric 
hindrance, and fusion with another ring system at these sites leads to 

4 
RC31'. N 

L-Y= J 

(15) 

considerable increase in the stability 
(thus acyl benzimidazoles are more 

6 
RCON' I NMe 

\ -_ a ;  - _ _  
(16) 

of the corresponding acyl derivatives 
stable than acyl imidazoles), and (iii) 

because 2-substituents lead to notable steric hindrance and therefore to 
smaller amounts of the corresponding acyl derivatives at  equilibrium. 

Substituents in the ester affect reaction in ways which have been hinted 
a t  above and which may be largely deduced from what has already been 
said concerning the details of reactions of esters with primary aniines 
(section 1V.A). Thus, in  a n y  ester hydrolysis catalysed by imidazole one 
would predict that, in general, there would be at  least five terms in the 
differential rate equation (141). In equation (141), in which the concen- 
tration of the solvent has been omitted, I M  represents the imidazole, 
k represents the rate constant for hydrolysis via solvent species only, k, 

-d[R'C.r\OR*]/df = ( k  +k,[IM] +k~,o[IMl +kr~[IMl' 
+k,,-[IM-]) [R'COzR'] (141) 

that for hydrolysis via nucleophilic catalysis (equations 142 and 143), 
k,,, that for hydrolysis via a synchronous catalysis of attack of a water 
molecule by imidazole (equation 144), k,, that for synchronous catalysis 
of attack of imidazole by another imidazole molecule and therefore for 
hydrolysis via equations (145 and 146), and k IM-  represents the rate 
constant for hydrolysis via nucleophilic catalysis by the imidazole anion 
(equations 147 and 148). It is the relative importance of these various 
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k , ,  - 
slow 

I 

fost lH20 

R’COOH+HN N 
/\: 

(148) L J  
paths that will be affected by the changes in the ester structure. Thus 
esters for which leaving group departure is not very easy (so that bond 
breaking has not much advanced in the transition state and bond form- 
ing is therefore of dominant importance) good attacking species will be 
necessary and paths (144), and especially (145)-( 146), and (147)-( 148) will 
be favoured. This is true for esters like ethyl chloroacetate. p-cresyl acetate, 
and phenyl benzoate compared with say p-chloro- or p-nitrophenyl 
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acetate"'. Esters with very good leaving groups and/or with powerful 
electron withdrawal j n  R* will tend to be easi!y attackable and exhibit 
relativcly important terms in k ,  in k,,  and probably in  kHt0 ,  with respect 
to those i n  k , ,  and k I M - .  On the whole esters with good leaving groups 
tend to react appreciably faster than esters with poor leaving groups". 
This is in keeping with the bchaviour of acylating agents generally (section 
1.C.i). It is a phenomenon-associated with the shifting balance of the 
differcnt acylation routes available and their respective free energies of 
activation-which cinphasizes the very great importance of leaving group 
departure in acylation. 

Because the terms i n  k ,  and in kHIO i n  cquatjon (141) are both first- 
order in imidazole they arc not easy to distinguish kinetically. I n  certain 
instances the nucleophilic catalysis has becn established by actual isola- 
tion or spectroscopic identification of the intermediate acylimidazolell'. 
The magnitude of the effect on the rate of deuterating the solvent-the 
solvent deuterium isotope effect-is also thought by some authors112 
to permit a distinction between steps of the type (142) and (144). 

The balance between the various terms in equation (141) is also affected 
by the pH of the medium (high pH encourages route (147)-(148) and also 
unassisted hydrolysis by OH-)  and by subsiituents in  the imidazole, 
particularly I-substituents which prevent routes (145) and (147). N-Alkyl 
imidazoles can neverthelcss still exhibit the nucleophilic route (142)-( 143) 
the intermediatc taking the form 16 rather than 15. In practice, N-methyl- 
imjdazole is a little lcss reactive than the unsubstituted conipound as a 
catalyst for the hydrolysis of p-nitrophenyl acetate'08s which is an  ester 
with dominant k ,  and k,,-  terms. 

The use of a series of imidazoles with a single ester like p-nitrophenyl 
acetate permits a test of the degree of correlation between nucleophile 
basicity and rezction ratello. Such a corrclation is to be expected (section 
I.B.3) and once thek,, and kIM-  contributions are disentangled, good B r m -  
sted plots are in fact obtained. For the neutral base, log k, = -0.8 log K, 
-4.3, where Ka = [IM] [H30i] / [IMHi] ,  and for the imidazole anion, 
log kIM- = -0-15 log K i i  1-35. where A'; = [IM-] [H30+]/[IM]. The 
lower dependence of kIM.- on the dissociation constant is sensible because 
highly reactive species are usually found to be associated with lower selec- 
tivity. Also. just as with the aminolysis of esters by primary amines (for 
the k ,  and klM- terms represent ratcs ot'aminolysis; that is our justification 
for disciissing imidazoles a t  all) we will expect Hammett-Taft type corre- 
lations (section I .B.4)  between the ester structure and the nucleophilic 
catalysis rates'0sv ' I2 .  As always the simplest effects are obtained from vari- 
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ation of the leaving group. For imidazole itself, with a series of substi- 
tuted phenyl acetates, e = 1.8 for k, and e = 0.5 for kIM-, values indicat- 
ing that the sensitivity of nucleophilic attack to  leaving group structure 
in imidazole reactions is very similar to that found in aminolysis of the 
same esters by ammonia, and has the same dependence on the nucleophi- 
licity of the attacking group (cJ section 1V.A.). 

C. Reaction with Hydrazinet 

1. Introduction 

The reactions between hydrazines and carboxylic esters and acids are 
in principle very similar to those of amines but contain one or two special 
features owing to  the presence of the second amino group. The substitu- 
tions analogous to  those considered for amines are reactions (149) and 
(150) and lead to hydrazides30. As with amines, (150) is infrequently of 

R'COOR'f NHZNH, - R'CONHNH,+ R'OH ( 149) 

RCOOH + NH'NHZ -- RCONHNHZC H a 0  (150) 

any practical synthetic value owing to the concurrent process (151) which 
will often lie well to the right. Since two amino groups are present, dia- 

RCO,H + NH,NH, [RCOJ- [NH,NH,]+ (151) 

cylation (equation 152) is comparatively easy*. 
These products, termed dihydrazides, predominate when active acylating 
agents (e .g .  acyl halides or acid anhydrides) are used. It happens there- 

2 RCOY+NHzNHz --A RCONHNHCOR+ZHY (1  52) 

fore that acylation by esters provides the best synthetic route to (mono) 
h y d r a ~ i d e s ~ ~ .  34. Diacylation can be minimized by using excess of the 
hydrazine. For unsubstituted hydrazides the starting materials are nor- 
mally hydrazine hydrate and the appropriate ester. Warming the reactants 
together in the absence of additional catalysts (since hydrazines, like 
amines, will catalyse their own reactions) is usually sufficient to effect 
the substitution. So far as is known substituent effects parallel those in 
amide synthesis and in all other acylations by esters. 

Aliphatic o,w'-dicarboxylic esters lead predominantly to substitution 
by hydrazine at both ester groups (equation 153) and to prepare the mono- 
hydrazide use of the monoester is necessary. The latter leads to a mono- 
hydrazide salt (equation 154). In the aliphatic series little cyclization is 

Diacylation at a single amino group is possible, although difficult. The products 
N ,N-d iacy lamin~s~~~  (or N-acylamides) are relatively unstable and are powerful acyl- 
ating agents. Diacylamines are not normally formed from esters and arc therefore 
omitted from this chapter. 
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usually apparent, but cyclic dihydrazides can be the main product with 
the aromatic dicarboxylic monoesters (equation 155). 

(153) 
(1 54) 

(CH.Jn(COOR), + 2 NHaNH, -- (CH.Jn(CONHNHJ, + 2 ROH 

HOOC(CH,)nCOOR + 2 NH,NH, ----- [NH,NHCO(CH,)nCOO]-[NHlNHIlf 

0 
U acozR + NHzNH2 - + ROH + H20 (155) 

CO2H y N H  

II 
0 

Reaction (1 55)  presumably involves intramolecular attack by the amino 
group of the intermediate monohydrazide on the carboxyl group, the 
latter being at  least partly in the carboxylate form. Such an unfavourable 
process appropriately only comes to the fore under intramolecular cond- 
itions. 

Hydrazines will attack amides as well as esters but (as expected) less 
rapidly and with overall equilibrium positions generally less favourable 
than reaction (149) to hydrazide formation. The lower reactivity of amides 
compared with esters is important in peptide synthesis, when although 
intermediate products frequently contain both types of group, selective 
hydrazinolysis is possible". 

2 Kinetic studies of hydrazinolysis of esters 

Kinetic experiments"2a using aqueous solutions have shown that reac- 
tion between hydrazines and various phenyl acetates* involve differential 
rate equations like equation (1  56). This equation indicates an uncatalysed 
(or solvent-catalysed) hydrazinolysis (k) as well as two catalytic paths 

- d[R1COOR2]/dt = {k + ~NH,NH, [NH~NHz]  

+ ~ N H , N H , +  [NH2NH,C]} [NHZNH~]  [R'COOR2] (156) 

(kNHSNH, and kNH,NH;) in which an additional molecule of hydrazine or of 
hydrazonium ion aids the substitution. Both these paths could be of the 
synchronous, base catalytic type, for example (157), although the very 

0 

" P 

!' 

R'- C - OR' 
t 

H ~ N - ~ - -  H 

H- :NH*NH, (or NH~NH;) (157) 

Phenyl esters owe their ubiquity in kinetic studies to the ease of tbe spectroscopic 
estimation of the phenolic products to which they lead. 
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different solvent isotope effects found for kNH,NH, and kNHINH; perhaps 
suggest a different transition state for the latter path, for example (158). 

0 HNk$-NNH, - II t. 
R'- C- 0- R~ 

t b  
NH,NH? 

The absence of a direct (uncatalysed) attack by NH2NHt is not, perhaps, 
surprising. With substituted hydrazines, RNHNHz or R ~ N N H z ,  the path 
involving the caticin is insignificant. As with the aminolysis of esters, 
substituents in the leaving group affect the value of k (direct attack) more 
than the value of kNH,NH, (catalysed attack), doubtless for the same reasons 
(e  zz 2-9 and 0.5 respectively; cf. section 1V.B). Intramolecular base cata- 
lysis, superficially feasible for compounds of structure R2N(CH2),NHNH2, 
(n = 2 or 3), is not marked, if present a t  all100* ll'. The most notable, 
unique feature of ester hydrazinolysis is that hydrazine itself exhibits 
in its 'uncatalysed' rate (k) an anomalous reactivity compared with 
other bases of comparable strength; it falls off the Bransted plot for the 
attack of different bases on phenyl acetate, being about 100-fold too 
reactive. This result is an example of what has been termeds3 the 'a effect'. 
Hydrazine and certain other nucleophiles, e.g. NHzOH, NH20Me, HOOH 
and HOO-, all having a lone pair of electrons on an atom adjacent (a) 
to that undergoing electrophilic attack, exhibit anomalously p e a t  nu- 
cleophilicity in various reactions. The proper and complete explanation 
of the a effect is not yet clear. In the present context it may be significant 
that monosubstituted hydrazines show a decreased a effect, and disubsti- 
tuted compounds RzNNHz show no such effect, their rate constants fitting 
the usual Bransted plot. In our view the reduced opportunities for hydro- 
gen bonding to the solvent in the substituted cornpound (159) may re- 
present an important reduction in base catalysis by  the solvent, for those 
hydrogen atoms on the nitrogen atom actually undergoing electrophific 
attack may not be so accessible, for geometrical reasons, to hydrogen 
bonding as those on the a-nitrogen atom. However, the reduction in 
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intramolecular catalysis via hydrogen bonding (as in 160) could also 
explain the effect (cf. section 1II.C for hydrogen peroxide). We return 
to the a effect below, in our discussion of hydroxylamine. 

ti R' n 
I \ ,  

D. Reaction with Hydroxylamines 

The main principles outlined for amines and hydrazines apply also to 
hydroxylamines. In this case substitution by nitrogen leads with esters 
to hydroxamic acids (equation 161). Equilibria like (161) normally lie 

R'COOR'-!- NH,OH :---: R'CONHOH + R20H (161) 

well to the right and, as for hydrazides, .this reaction with esters is a 
good method for preparation of the free hydroxamic acid because more 
powerful acylating agents tend, under preparative conditions30* 34, to 
lead to some diacylation (equation 162). Commonsense suggests that 

(162) 

while attack at  nitrogen and oxygen is inevitably concurrent, the predom- 
inant, or initial, attack will be a t  the more basic nitrogen site. With excess 
of hydroxylamine, i.e. under conditions favouring monoacylation, path 
(161) would be expected to predominate over (163) no matter what the 

R'COOR'+ NH,OH -- R'COONH,fRzOH (163) 

acylating agent. However. kinetic studies and product determinations115 
using aqueous solutions (at pH = 6-8) reveal the interesting fact that the 
balance between (161) and (163) depends critically upon the acylating 
agent. The less powerful this reagent. i.e. the poorer its leaving group: the 
greater is the relative importance of route (163) leading to the O-acylhy- 
droxylamine. Thus  for the series benzoyl chloride, acetic anhydride, and 
p-nitrophenyl acetate the percentages of 0-acyl derivative are 4%, 51 "/d 
and 75% respectively. In the presence of excess of hydroxylamine the 
0-acyl derivatives react further to give the N-acyl compound (equation 
164) as the final product, but with phenyl acetates (at least) a very large 

RC02NH, -t NH2OH --- RCONHOH i NHaOH (164) 

2 (RCO),O + NHZOH -- -+ RCONHOCOR + 2 RCOOH 
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percentage of the initial reaction involves substitution by oxygen. More- 
over this reaction is very fast compared to the rate of hydrolysis of the 
ester under the same conditions, i.e. compared to attack by the oxygen 
atom of a water molecule, a more basic entity. These two reactions- 
hydrolysis and O-acylation of hydroxylamine-will be expected to in- 
volve at  least local formation of the anion of the nucleophile as a result 
of solvent base catalysis (165). This is likely because it very probably 

0 a 
II 

R ’ C - O R ~  
t b  

il 

t 
R’C-OOR2 

H~NOJ 
1 
H-:OHz 

H-7 
H +:OH, 

occurs even in the hydrolysis of acetic anhydridells, which has an even 
better leaving group than p-nitrophenyl acetate and is therefore in less 
need of a good nucleophile (see also 11, p. 417). Such a scheme, given 
that the hydroxylic proton of hydroxylamine is of comparable or greater 
lability than that of water, can, however, explain neither the difference in 
rates of the respective O-acylations (otherwise phenol would be acylated 
more readily than water) nor the occasional preference for O-rather than 
N-acylation. The explanation of both these facts could be that hydroxyl- 
amine exists in solution to a small, but significant, extent as the zwitterion 

NH30- which, because of its particular structure, is better able than 
hydroxylamine itself to benefit from either (or both) of those types of 
catalytic, hydrogen-bonding scheme suggested (section C above) to account 
for the unusual reactivity of hydrazine ( 1  59, 160). This type of route would 

+ 

0 0 

be expected to be important when bond forming was at a premium (esters 
with poor leaving groups). With acylating agents with good leaving groups 
almost any nucleophile will be effective and the more readily available 
uncharged hydroxyiamine, which is most easily attacked at nitrogen, will 
take a dominant part, as found. Hydroxylamine probably,presents a com- 
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plicated manifestation of the a effect and a simple, single explanation of 
this phenomenon appears unlikely. More work is needed in this area2*". 

Kinetic studies"' of the hydroxaminolysis of lactones surprisingly reveal 
a more conventional type of behaviour, with 0-acylation not in evidence, 
and attack by nitrogen requiring base catalysis, just as in many standard 
aminolyses of esters. Thus the differential rate equation is equation (167). 
-d [lactone] /d r = 

{ ~ N H ~ o H [ N H ~ O H ]  + ~ N H ~ O -  [NHzO-]) [NH20H] [iactone] (167) 

E. Intramolecular Effects with Nitrogen Nucleophiler 

Amino esters can exhibit one of two forms of intramolecular substitu- 
tion: lactam formation (equation 168) or an 0 - N (or S - N for thkd 
esters) rearrangement (equation 169). Suitably positioned amino groups 

ccdoR- NHz Go + ROH (168) 

0 
li 

0 - COR 

NH2 NHCOR 

may also catalyse the hydrolysis of esters by any of the various routes 
available for this process (see sections IV.A, B). An intramolecular nucleo- 
philic catalysis is shown in equation (170). Examples of all these effects are 

0 0 

+ R'OH C: 
well known'. ' and have provided some of the more concrete 'evidence for 
the existence of carbonyl addition intermediates in substitution at  the 
COzR group, as well as various quantitative estimates of the rate enhance- 
ment possible for an intra-, compared with the strccturally analogous inter- 
molecular process (see sections I1.D and 1II.D). Particularly interesting 
in the latter context is the cornparjson1l8 between the intermolecular, 
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nucleophilic catalysis of the hydrolysis of substituted phenyl acetates by 
trimetbylamine (equation 17 I )  and the intramolecular nucleophilic cata- 
lysis of the hydrolysis of substituted phenyl esters of y-(N,N-dimethylami- 
no)butyric acid (equation 172). The intermolecular process leads to a 
second-order rate constant, the intramolecular mechanism to a first-order 
constant. The two rates are most meaningfully compared therefore at a 
concentration of trimethylamine of 1M. Such a comparison reveals rate 
enhancements of between lo3 and 5X103 for the intramolecular route. 

0 0 
!I Id + H O  Me-C--OC,H,R Me,N 2'- MeC-NMe, f RC,H,O- --L- MeC0,H 

+ NMe, - RC,H,OH (171) 
0 
I 

+ R C ~ H L O H  (172) CCOZH 
c C-=&R- c ieH0 

ki + RCtjH'O- 

NMQ NMcl -NMpz 

It is considered that much larger rate enhancements are possible in appro- 
priate systems2. This type of effect is of considerable interest in connexion 
with mechanisms of enzymic catalysis. 

The kinetic dependence of the S - N transfer in S-acetyl-p-mercapto- 
ethylamine on pH, together with the concomitant thiazoline formation, 
strongly suggests a scheme like (173) involving a carbonyl addition inter- 
mediatelLg. A similar scheme may operate for the O-analog~e"~* 120. 

--- 
I I #  
\ /  

/ \  

- 

SH NH 
I !  
S NHz S NH 

, 
0. c + H I 0  - c  +H,O+ --5 C --0 + H,O 

Me Me -0 Me 

I 
S N  
\ /  

I 
c +2H,O 

Me 
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V. S U B S T I T U T I O N  BY VARIOUSLY B O U N D  C A R B O N  
A T O M S  

A. Introduction 

Nucleophilic substitution in RCOY by carbon nearly always leads to 
a ketone (equation 174). The saturated, and even the unsaturated, carbon 

( 174) 

atom is a much less nucleophilic entity than are the correspoading nitrogen 
or  oxygen atoms and powerful catalysis is usually necessary to achieve 
acylation at carbon even using reagents like acyl halides121. It follows that 
successful nucleophilic attack by carbon on carboxylic acids and esters 
tends to be limited to certain favourable types of system. Useful acid 
catalysts comprise those covalcnt metal halides which exhibit marked 
Lewis acidity (e .g .  AlC13, SnCl.I, BF3) and strong Br~iisted acids like 
sulphuric, polyphosphoric and anhydrous (polymeric) hydrogen fluoride. 
The use of sulphuric acid is limited to systems which it does not attack in 
other ways. Among useful base catalysts are sodium hydride, and sodium 
alkoxides. The use of preformed organometallic derivatives of the carbon 
compound (e .g .  RLi and R2Cd) is really an exploitation of basic catalysis1. 

Various factors combine in restricting thc majority of effective C-acyl- 
ations to non-aqusous, indeed to non-hydroxylic, solvents. Hydroxylic 
oxygen atoms are, as 3 class, much more readily acylated than carbon 
atoms and are therefore preferentially attacked by acylating agents. More- 
over, water-like substances tend to reduce the acidity of anhydrous systems 
and to deactivate. or even dccompose, Lewis acids. Partially aqueous con- 
ditions can be tolerated in certain reactions of carboxylic acids (because 
hydrolysis leads only to the acid again) but the normal restriction to an 
aromatic, an ethereal, or a similar type of solvent, or to the use of an 
excess of one of the reactants, has meant that rather little kinetic study 
of these systems has been undertaken. Indecd inany of the preparative 
recipes involve heterogeneous mixtures, a circumstance which acts as a 
powerful inhibitor of kinetic investigation. As a result only the bare out- 
lines of reaction mechanisms are known with any certainty, and analysis 
in the depth possible in the preceeding sections concerning substitution 
by nitrogen must await further study. In  short, work on most aspects 
of nucleophilic attack by carbon has yet to rise above the preparative 
level. Because of this, and because these topics have been covered in an 
earlier volgrne in  the series121, we shall deal rather briefly with carbon 
nucleophiles. 

RC0Y-t-C-H \ --- k - - C O R + H Y  
/ / 
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8. Reaction with Aromatic Compounds 

1. Acid catalysis 

Acid-catalysed nucleophilic substitution by aromatic carbon in carboxy- 
lic acids (equation 175) or esters (equation 176) comprises a rather small 
part of the Friedel-Crafts ketone synthesis121; to acylate an aromatic 

(175) 

(176) 

H SO 

AICI, 

RCOOH + A r H  RCOAr + H,O 

R'COOR'+ArH -- R ' C O A r t  R'OH 

compound it is normal to choose a more powerful reagent (an acyl halide 
or acid anhydride) than an acid or ester. Nevertheless, both these reagents 
can be used with success in appropriate circumstances. The carboxylic 
acid is, in fact, very often chosen when intramolecular acylation is in- 

volved (equation 1'17). As well as being nucleophilic substitutions at  the 
carboxylate group, these reactions are, of course, examples of electrophilic 
aromatic substitution. Not a great deal is known of the mechanism of 
the Friedel-Crafts ketone synthesis, and what is known has, in the main, 
been uncovered using acyl halides and anhydrides as reagents12'. How- 
ever, the general outlines will apply also to acylation by acids and esters. 
In keeping with what we have learnt about oxygen, sulphur, and nitrogen 
nucleophiles, the more basic the aromztic compound the more readily 
does it attack the acylating agent. Thus electron-repelling substituents 
favour, and electron-withdrawing substituents disfavour, reaction. (Hence 
the use of nitro- and halosubstituted benzenes as solvents for acylation 
of other aromatics.) In most cases of intermolecular reaction (for example 
reactions 175 or 176) it is very probable that even with reactive aromatic 
iiucleophiles like anisole, only a carboxylic acid derivative with a very 
good leaving group will be successfully substituted; normally a species 
with significant acylium ion character will be required. It is the function 
of the catalyst to produce this species and this is why powerful catalysts 
are necessary in the present contexts. Some ways in which Brmsted and 
Lewis acid catalysts can interact with carboxylic acids and esters have 
been outlined (section I.B. 1). Appreciable amounts of acylium ion will be 
likely only i n  media of high dielectric constant and in most other media 
coordinated species will predominate, coexisting with perhaps small quan- 
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tities of ion pairs. The preference of ionic species for media of high 
dielectric constant is one reason for the spontaneous formation of hetero- 
geneous mixtures in many Friedel-Crafts systems. Even when the acylat- 
ing agent is certainly an acyl halide (RCOHal) interaction with the Lewis 
acid (MHa1,)-the type of catalyst normally used in such cases-can take 
place at  two sites, 17 and 18. Whether both 17 and 18 are generally capabie 
of sustaining attack by aromatic carbon, whether the reaction of one 

RC-0 : MCI, RCOCI*-..MCIn 

or RCO+MCln,, l 
CI or  RCO+ + MClrc, 

(17) (18) 

species normally predominates. or whether only acylium ions are effect- 
ive, are topics which are still debated. With carboxylic acids and esters as 
reagents the situation is even more complicated owing to the greatei multi- 
plicity of possible intermediates. With powerful and easily solvolysed 
Lewis acids (Ijke AlC13 and TiCI4) processes like (178) and (179), which 
provide an acyl halide, are usually assumed to occur33, although the 
detailed reaction scheme has not been rigidly established in any case so far 

(178) 

(1  79) 

(cf- section II.D.2). Here the ‘catalyst’ is not regenerated, even in principle, 
so that strictly speaking the essential reaction involves neither acid nor 
ester, but acyl halide. Genuinely catalysed nucleophilic attack on acids 
or esters is probably confined to examples involving the weaker Lewis 
acids (e.g.  BF3, SnC14, ZnC12) where the evidence points to the absence of 
such processes as (178) and (179) and to the formation of coordination 
complexes ( e .g .  19 and 20). Species like HBF,OCOR and H,SnCl,(OCOR), 

RCOOH + 2 AICI, - - - RCOCIAICI, + AlOCl + HCI 

R’COOR’+ 2 AlCl, - R’ COCIAICll + R’CI + AlOCl 

R’C=O : S K I ,  RC-0: BF, 
t I 

OR’ OH 
(19) (20) 

are very powerful Br~ns ted  acids’?? and may in turn protonate. and per- 
haps induce ionization of, other molecules of carboxylic acid rather as  
do concentrated mineral acids3 (equations 180-1 83). With boron acids 

HSO. 
RCOOH + H’SO, .-= RCOOH: + HSO; d RCO+ + H,O+ + 2 HSO; (180) 

RCOOH+Z(HF)Z z=== RCO++H,O++2 F(HF);-, (181) 

Anhydrous hydrogen fluoride is highly polymerized, the stability of the polymeric 
anions accounting for its great acidity towards bases. 
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R'COOR'+ 2 HzS04 ;+ R'CO+ + R'OH: + 2 HSO; (182) 
HBF,OCOR] 

RCOOH + HBFaOCOR ;-----' RCOOH: + BFaOCOR- 7- RCO+ + HSOf + 
+ 2 BF,OCOR- (183) 

RCOOH + BFa ;-A RCO+ f BF,OH- ( 184) 

(in particular) interaction like that shown in equation (184) is also con- 
ceivablelZ3. In general, catalysis of aromatic acylation by strong Brsnsted 
acids is presumably much along the lines of their catalysis of acylation in 
hydroxylic media' (equation 185; see section HI), although the positions 

H 

R'COORZ+ HX .=-:: R'COOR' -+ X- .=-= R'CO+ + R ~ O H  + X- fast + 1 nucleophile slow 
1 nucleophtle 

Products Products (185) 

of the equilibria involved will obviously depend upon the dielectric con- 
stant and solvating properties of thz medium. A further point to remember 
concerning the Lewis acid catalysis of acylation by carboxylic acids and 
esters, is that one product will be either water or an alcohol (equations 186 

RCOOH + ArH - RCOAr+ H,O 

R'COOR'+ArH - R'COAr+R'OH 

and 187), and this will coordinate to, or decompose, some of the catalyst, 
possibly either activating or deactivating it. It may be, therefore, that 
however such acylations are initiated, the nature of the catalysis changes 
significantly during the course of the reaction. It will be apparent that 
while the general nature of the active acylating agent, and the role played 
by the catalysts, are clear enough, the exact description of these matters 
is very far from settled in Friedel-Crafts' acylation as a whole, and that 
this is particularly true when the carboxylic ester or acid is used. No 
doubt the details vary somewhat from reaction to reaction. 

Because of the general nature of the active species, the slow steps of 
these aromatic acylations are not usually formulaied in terms of carbonyl 
addition, but either as  examples of scheme (24) (equation 188) or as 
examples of (25) with, or without, coordination to the carbonyl group 
as in equations (189) and (190). The loss of the aromatic proton can 

0 
\\ 

H C-R 
(188) 

RCO' + 
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( 190) 

MX,Y--PhC-R*HY 
II 
0 

2. Intramolecular reactions 

Aromatic compounds containing an acyl group suitably located in a 
side-chain can undergo ring closure127 (equation 19 1). Five- and six-mem- 
bered rings form most eady .  Esters rarely appear in this context, but 
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(191) 

carboxylic acids probably find as much application as acyl halides or 
anhydrides. Often the carboxylic acid is used with concentrated sulphuric 
acid, and especially with anhydrous hydrogen fluoride or polyphosphoric 
acid (PPA), as catalyst and solvent12*. Under these conditions appreciable 
protonation, and significant acylium ion formation, will often be possible; 
and there is no reason to suppose that the overall mechanism in these 
intramolecular reactions differs in principle from that outlined above for 
intermolecular cases. Although there are few quantitative data on the 
point in the present context, it seems that the intramolecular reaction is 
easier to achieve than the equivalent intermolecular process. Thus o-ben- 
zoylbenzoic acids may be readily cyclized' (equation 192), whereas benzo- 
phenone itself is resistant to further acylztion. On several occasions in 

0 0 

earlier sections we have noted the comparative ease of intramolecular 
acylation (e.g. in sections II.D.1 and 1V.E) and the present examples no 
doubt have the same underlying explanation. The positional and colli- 
sional advantages of the intramolecular reactions may be the reason that 
the carboxylic acid is entirely satisfactory in these contexts, the greater 
concentration of active intermediate which, in general, will be expected 
from catalysed processes involving the anhydride or acyl halide not being 
necessary. Indeed it is possible that as feeble a reagent as  the free an- 
hydride alone is adequate in some cases, provided that i t  is a relatively 
reactive anhydride (e.g. if it has a halogen-substituted leaving group). Thus 
one preparative method129 simply involves adding trifluoroacetic anhydride 
to the carboxylic acid to be cyclized, thus forming the unsymmetrical an- 
hydride, which then leads to the product (equations 193 and 194). It may 

(193) 
/OCOCF3 

0 

+ (CFjC0),Oe + CFaCOOH 
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& + CF3COOH (194) - 
be. however, that the trifluoroacetic acid formed also acts as a catalyst. 
Another preparative recipe which may owe its efficacy to a similar series 
of reactions (equations 195-198) is the treatment of a reactant with AcJO/ 
AcOH /ZnCI2 mixtures128. 

ZnCI,+2 CH,COOH ---.I=: 

Intramolecular acylation has many preparative ramifications and is 
widely used in syntheses of complex, multi-ring systems127. No new prin- 
ciples are involved in such reactions and they cannot be dealt with here. 
Particularly interesting, however, are the intramolecular acylations Of 

ferrocene derivatives, for example equation (199), in which an a,&substi- 
tuted 8-ferrocenylpropionic acid leads to  an heteroannular system130. 
With the a,a-dimethyl acid a mixture of homo- and heteroannular pro- 
ducts is obtained (equation 2OO)I3'. In these processes an aromatic carbon 
atom of a cyclopentenyl system is the nucleophile. 
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PPA 3 0 
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M e 0  MOO' CHCHzCOzMo Me0 Y e O o C O C H = C H P h  (201) 

M e 0  

0 
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Finally, an instructive recent example132, which illustrates several of the 
points made in the foregoing discussion, is shown in equation (201). The 
same product, 5,6-dimethoxy-1 -indanone, is obtained whether the free 
acid or its methyl ester is used as starting material, but different routes 
are followed. These show (i) that the ester is less reactive than the free 
acid under comparable conditions as an intermolecular acylating agent 
and (ii) that esters can be used successfully in intramolecular cyclizations 
with polyphosphoric acid. 

Basic catalysis is discussed in section V.D.2 below. 

C. Reaction with Olefins and Acetylenes 

1. Acidic catalysis 

The acid-catalysed acylation of olefins exhibits many of the features 
shown by the analogous reactions involving aromatic compounds and 
displays some extra complications, one of which is the possibility of 
addition (equation 202) as well as of substitution (equation 203). As in 

R'COY + R'CH==CHR' -- R'CHYCHR'COR' (202) 

R'COY + R'CH-CHR' - R'CH=.=CR'COR' + HY (203) 

the aromatic ketone synthesis, carboxylic acids and esters are not normally 
~ s e d ~ ~ ~ - a l t h o u g h  they can be effective on occassion-the common reagents 
being RCOHal/MX, or (RCO)20/ZnC12. Alone, carboxylic acids tend to 
add to olefins forming esters (equation 204). If the acid is converted to a 

I (204) 
OCOR' 

R'COOH + R'CH--CHR' - --- R'CH-CH'R' 

suitable anhydride, for example, as in preparative recipes'28p lZg which in- 
volve (CF3C0)20 or (CH3CO)zO/ZnC12, then acylation occurs (equations 
205 and 206). but this hardly comprises nucleophilic substitution in a 
carboxylic acid. The addition compound 21 can often be isolated when 

R'COOH +- (CF,CO),O -5 R'COOCOCF, + CF,COOH (205) 

R'COOCOCF,+ R'CH=CHR' --Hx R'CH-CHR'COR' ---- R'CH=CRzCOR' 
I 

OCOCF, 

(21 1 

the trifluoroacetic anhydride method is employed, and with acetylenes 
comprises a relatively stable ,B-keto enol trifluoroacetate (22) which can 
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be hydrolysed to a 8-diketone. 
R’C=CR’COR’ 

OCOCF, 

(22) 

The use of the carboxylic acid in these contexts is, as for the aromatic 
systems, most common in intramolecular substitutions. However, unlike 
the aromatic systems, addition (lactonization) is likely to predominate 
over ketone formation unless suitable catalysts are In the general 
case one will obtain a mixture of products (equation 207), both lactones 
and ketones, and both five- and six-membered rings, the double bond 
often being able to migrate under the experimental conditions. The ba- 
lance between lactonization and acylation appears to depend primarily 

RCH=CH(CH,),COOH -- R(CH,),CH-(CH,), + RCH,CH-(CH&+ 
I I  
0-c=o 

I I 
0-c=o 

upon the catalyst and upon the degree of aromaticity of the olefin. Thus 
concentrated sulphuric acid, which leads mainly to lactones with open- 
chain olefinic acids, but to good yields of ketones with aromatic acids, 
provides with 23 approximately equal amounts of lactone and ketone. 

Ph 

0 

It is clear that it is the susceptibility of the carbon-carbon double bond 
to prolonation which determines the susceptibility to lactonization. With 
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olefinic acids therefore the most desirable Br~ns ted  acid catalysts are those 
which promote mixed anhydride formation at the carboxyl group with the 
minimum of protonation of the double bond. It appears that polyphos- 
phoric acid, and the Ac~O/AcOH/ZnCl2 or (CF~CO)ZO/CF~COOH com- 
binations, do  this best133. Polyphosphoric acid is a very effective catalyst 
in many of these cyclizations but the origin of its efficacy is not yet clearL28. 
As with the substitution by aromatic carbon, one can only speculate 
about the finer details of the reaction mechanisms, which, in the present 
case, are complicated by the possibility of addition. 

Whereas the acylatioris are essentially irreversible, lactonizations are 
not, and suitable y- or b-lactones can on occasion be used as the starting 
materials rather than the free acid (equation 209). The yields are poorer, 

0 

and it has been concluded therefore that the acylation does not normally 
proceed via preliminary lactone formation. However, the lactone/ketone 
product ratio should, in any particular case, depend upon the contact 
time. The yields in all these olefin reactions are often rather low owing to 
the variety of possible side-reactions which can be induced by the acid 
catalysts. 

Basic catalysis is discussed in section V.D.2 below. 

D. Reaction with Aliphatic Hydrocarbons 
1. Acidic catalysis 

Acidic catalysis of the acylation of hydrocarbons only appears success- 
ful with unsaturated compounds121. Any acid-catalysed acylation of satu- 
rated, unsubstituted aliphatic hydrocarbons, or saturated compounds sub- 
stituted so as to provide one or more ‘active’ CH2 groups, always, in 
fact, proceeds via the preliminary formation (also under the influence of 
the catalyst) of an olefinic centre. With unsubstituted hydrocarbons 
rather drastic catalyst systems are usually necessary to effect this 
oxidation, which is often accompanied by skeletal rearrangements. Corrz- 
spondingly active acylating agents are also normally employed and it 
seems that carboxylic acids and esters have very rarely been used in any 
of these contexts121. 134. However, ketones are acylated by acids in  the 
presence of polyphosphoric acid (equation 210). The exact mechanism can 



Substitution in the groups COOH and COOR 443 

R'C02H + R'CH.COCH,R' 1'5 R'COCHCOCH,R2f H,O (210) 

R. 

only be con jec t~ red '~~ ,  but very probably proceeds via the enol or enol 
ester, being similar in outline to the analogous reaction using the carboxylic 
anhydride with boron fluoride as catalyst'. '". In polyphosphoric acid 
further condensation leads to pyranone  derivative^'^^. 

2. Basic catalysis 

It  will be recalled that basic catalysts function by increasing the nucleo- 
philicity of the substrate. When the substrate atom is carbon, basic cata- 
lysis consists essentially in the provision of a species approximating to the 
carbanion. This may be achieved either by preforming an organometallic 
derivative of the hydrocarbon (and this applies for aliphatic, olefinic or 
aromatic compounds) or, for substituted aliphatic compounds containing 
a n  'active' CH group (e.g. esters, ketones, or nitriles), by interaction in 
situ with appropriate strong bases. 
a. Reaction with organometallic compounds. Typical reactions134, which 

are usually conducted in inert media of low dielectric constant, such as 

RIZnBr+ R'COBr - RICORz+ ZnBr, (211) 
R'MgBr+ R2COOEt - -- R'COR' + MgBrOEt (212) 

RiCd + 2 R'COCI - 2 R'COR' + CdCI, (2 13) 

ether or  benzene, are given above. Most organometallic compounds tend 
to react further than shown in equations (211)-(213): they add to the 
carbonyl group of the ketone. Thus the usual product of the reaction 
between Grignard reagents and acyl derivatives is the tertiary alcohol. 
By conducting the reaction at low temperatures, and in the presence of 
excess of acyl derivative, the ketone may, however, be isolated13s. In  
general the most useful reagents have proved to be those of cadmium, 
although there has been much confusion-and there remains some un- 
certainty-as to the reason for this13'. From the restricted viewpoint of 
the present chapter these preparatively important processes are, some- 
what paradoxically, of mainly theoretical interest. This is because (i) carb- 
oxylic acids, like other hydroxylic molecules, decompose organometallics 
to hydrocarbons (and are therefore usually avoided), and (ii) esters are 
rarely used in  schemes like (212). while organocadmium derivatives have 
been considered unable to attack esters at significant speeds. 

One useful and promising route to ketones uses organolithium deriva- 
t i v e ~ ' ~ ~ ,  with the lithium salt of a carboxylic acid, or even with the free 
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zcid (cqilations 214 and 215). The ketone is obtained in good yield upon 
hydrolysis. The carbonyl addition intermediate suggested in equation (215), 

(214) 

(215) 

R'Li-+ R'COOH ---- R'COOLi i R'H 

R'\ /OLi 
R'Li+R'C-OLi :! - -  - -  [ R,,C,oL] .!?% R'C0R'- 2 LiOH 

0 

and those usually written for the more convcntional Grignard syntheses, 
correspond to the essential pattern of scheme (26). For further details we 
must await kinetic study. I t  appears probable that other syntheses similar 
to equation (215) will be developed. 

6 .  Reactions with compounds containing 'acrive' C-H bonds. The, as 
yet, most widely studied aliphatic compounds possessing 'active' hydrogen 
atoms are ketones, esters, and nitriles". 13'. The electron-withdrawing 
substituents in these hydrocarbons render the a-hydrogen atoms relatively 
acidic and thus lead to significant carbanion formation on contact with 
strong bases. The commonly used bases are sodium alkoxides, sodamide 
and sodium hydride; less often the very powerful triphenylmethylsodium 
is employed. In this context an ester is thc commonest acylating agent, 
although others are used in certain circumstances. A very wide range of 
substrates has been studied, cspecially for ketones and esters12* 13g. Typical 
reactions are shown in equations (216), (317), and (218). These reactions 

(216) 

(217) 

NaOC,H, 

NaOC,H, 

NaOC,H, 

2 CH,CO,C,H, --f CH,COCH,CO,C,H,+ C,H,OH 

CH,CO,C,H,+ (CH&CO XZZL- CH,COCH,COCH, + C,H,OH 

CH,CO,C,H, -I- RCH'CN ,--=t RCH(CN)COCH, + CZHSOH (2 18) 

are generally termed Claisen  condensation^^^^; reaction (21 6) is, of course, 
thc acetoacetic ester condensation. The products are p-diketones, P-keto 
esters, P-keto nitriles, and related compounds. Reaction is often conduct- 
ed in a n  excess of one reactant as solvent or in a n  inert medium like ben- 
zene or ether. The threc essential components (substrate, acylating agent, 
and catalyst) are mixed a t  ordinary ternpcratures and the product. a stron- 
ger acid than the original substrate, usually precipitates as its sodium silt.  
Were this not to occur these equilibria would often lie largely on the reac- 
tant side. When ethyl esters are used ;is acylating agents the forward 
process is often further aided by distilling out the ethanol as it is f'ormed. 
Because catalyst is removcd by the product, molecular proportions are 
necessary, and a two-fold excess is common. I t  is clear that side-reactions 
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will frequcntly limit the yields. These are. however, often good. Self- 
condensation of the acylating agent. the substrate or the product, polysub- 
stitution, and 0- rather than, or as well as, C-acylation are all possibilities 
among others. The last two complications seem particularly important 
in variations which employ the acid chloride or anhydride with the pre- 
formed ( i .e .  free from alkoxide, etc.) sodium derivative of the substrate, 
e.g. equations (219) and (220). For these reasons the reaction with acyl 

2 R'COCI+ NaCHR2CORJ -- -c R'COCR'-~CRJOCOR' + HCI +NaCl (219) 
2 R'COCI 7- NaCH,COR' . --+ (R'CO),CHCOR'+ HCI + NaCl (220) 

halides and anhydrides has proved of less preparative value than that with 
esters, except in special contexts. Work on the factors which control the 
balance between 0- and C-acylation is only just beginning12* 141. 

With suitable keto esters, intramolecular acylations may be effected. 
These produce normally five- or six-membered rings, the second keto 
group appearing endo- or exocyclic depending upon the original structure 
(equations 221 and 222). When the substrate is a diester the cyclization is 
known as the Dieckrnann reactionI4?. 

0 
ll 

Other related intramolecular processes result in rearrangernentslU (equa- 
tion 223). For these reactions mild catalysts like potassium carbonate 

appear adequate. This circumstance is a further example of intramolecular 
effects requiring less forcing conditions than the corresponding inter- 
molecular process. The Kostanecki reaction is another intramolecular 
variation144. 

alde- 
hyde''* 139* lo5. With ketones the product, a 8-keto aldehyde, often exists 

The use of a formic ester as the acylating agent leads to a n  
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mainly in its enolic form (equations 224 and 225). 

(CHJ2CC f HCOOCHl - CH,COCH=CHOH+ CzHSOH (224) 

Very recently aliphatic sulphoxides, sulphones and related compounds 
have been subjected to Claisen-like reactions14G. Their preformed carba- 
nions react readily with esters. The acyl sulphoxides formed on hydrolysis 
can, if desired, be smoothly reduced to a sulphur-free ketone (equation 
226). 

H o+ 
R'COOR2+2 CH,SOCH;Li+ -- [R'COCHSOCH,]-Li+ i -  Me,SO+ LiOR' 

(226) 

These base-catalysed acylations appear to be straightforward examples 
of equation (25) though appearances have not yet been supplemented by 
much kinetic evidence. 

R'CH,COR'+ NaOC,H, ik N a  e[R'CHOCORz]- + CzHSOH (227) 

I (228) 
Nq+[R'CHCOR']- i- R3COOR' :--=I=? R'CHCOR'+ NaOR4 

COR' 

R'CHCOR' t NaOC,H, ;==A R'CCOR'. - N a +  + C,H,OH 
(229) [ COR' 1 (or NatOR']) 

COR' 

When sodium hydride or sodamide are used, reaction (227) lies well 
to the right. These are forcingcatalysts but are not always so experiment- 
ally convenient as sodium ethoxide. The slow step is probably (228), 
since reaction seems favoured by electron withdrawal by R3 or R4: phenyl 
esters rather than ethyl esters are often advantageous. In the substrate the 
more highly substituted the a-carbon atom the more difficult the reaction: 
methyl is usually substituted in preference to methylene. This effect paral- 
lels the relative stabilities and ease of formation of the respective carba- 
nions and implies that the relative amounts of these species available 
are more important than their relative reactivities. Steric factors may also 
intrude. 
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E. Reaction with Hydrogen Cyonide 

The reaction of esters with hydrogen cyanide (equation 230) comprises 
a somewhat special case of substitution by carbon, the product being 

R'CO,R'+ HCN -- R'COCN + R'OH (230) 

an acyl cyanide, not a conventional ketone. Rather little is known about 
this type of process and most of the available data refer, in fact, to thiol 
esters14'. The reaction can take place in  aqueous solution and very probably 
proceeds via a nucleophilic attack on the ester by CN-. Since acyl cyanides 
are powerful acylating agents14* and react rapidly with water (equation 

(231) 

231), the overall effect of cyanolysis in aqueous solution is the hydrolysis 
of the ester, the cyanide acting as nucleophilic catalyst. 

There is no doubt that cyanide will react with acylating agents other 
than esters, but little is yet known of any such processes involving carboxy- 
lic acids. 

RCOCN + H,O - RC0.H + HCN 

VI. CONCLUSlOM 

While there is still much to be learnt about the mechanisms of substitution 
in carboxylic esters and acids by oxygen, sulphur, and nitrogen nucleophi- 
les, these topics are relatively very well understood conipared with the 
analogous substitutions involving nucleophilic halogen or carbon. Further 
kinetic studies of these latter processes are therefore awaited with partic- 
ular interest. We postulate that intramolecular mechanisms will prove 
very widespread in substitutions by halogen. Indeed one feature highlight- 
ed by this survey is the importance throughout the field of intramolecu- 
lar substitutions. It is probable that in  many more cases than are currently 
recognized, the ease of reaction not only of intra-, but also of formally 
intermolecular acylations, is influenced by the possibilities available for 
the formation of a cyclic transition state. 

For oxygen, sulphur, and nitrogen nucleophiles current attention is 
rapidly shifting towards the problem of unravelling their involvement in 
biological systems, and in formulating models for enzymic catalysis in 
the light of knowledge, like that detailed in this chapter, for non- 
enzymic processes. 
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1. I N T R O D U C T I O N  

Two carbon isotopes are  commonly used in tracer and isotope effect 
studies: the stable isotope 13C and the radiozctive isotope l4C, which has 
a. half-life of 5570 years‘-3. A natural isotopic mixture contains about  
1.1% I3C. The radioactive isotope I4C is produced during neutron born- 
bardment of nitrogen-containing molecules in atomic reactors: 

“ N + n  -- “C+p 

The target material at present used for 14C production is beryllium nitride 
Be3N2 and aluminium nitride AIN. I n  earlier production of 14C other 
nitrogen-containing compounds such as ammonium nitrate, calcium nit- 
rate etc . ,  were also used4. Depending o n  t h e  nature of the material bom- 
barded, various chemicals containing the ‘hot’ carbon atom are produced 
in the (n, p )  nuclear transformation“. For instance, solution of the neutron- 
irradiated beryllium nitride in sulphuric acid gives 14CH4. 14C02, I4CO, 
H14CN and ’4CC3N2. Their specific activity is vzry high; but for the syn- 
thesis of lT-labelled carboxylic acids on ly  two are useful, l4COz and 
H14CN. The others are usually oxidized over copper oxide to  14COC3 and 
precipitated in  the form of barium carbonate. 

II. SYNTHESES O F  LABELLED CARBOXYLIC ACIDS 

A. Introduction 

Radioactive barium o r  sodium carbonate and potassium or sodium 
cyanide are the usual starting materials used for further chemical trans- 
formations. The use of 14C of high specific activity requires the use of 
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vacuum systems to avoid any losses. Fortunately 14C emits soft /? radiation 
with a maximum energy of about 0-15 MeV and no additional shielding 
is required, since the glass walls of the vacuum apparatus are sufficient 
protection. Nevertheless, t o  avoid hazards due to breakage or  explosion, 
all vacuum lines should be built inside protecting boxes with good ventila- 
tion. 

8. Carbonation of Organometallic Compounds with ''CO, or "CO, 

Preparation of the carboxyl-labelled acids is the first step in the synthesis 
of many W-labelled compounds. The most convenient way is the carbona- 
tion of a Grignard reagent: 

RMgX+"CO, --- R' 'COOMgX 

R"COOMgX+- H+(H,O) - -  . -  R"CO0H 

The reaction is carried out  in the region of -20°C to minimize carbinol 
and ketone formation. 

The synthesis of carboxyl-labelled acetic acid is carried out accord- 
i n g ] ~ ~  : 

(3 1 dry ether 
CH,I + Mg - - - -- CHnMgl 

CH,Mgl+"CO, - --2% CH,'TOOMgl 

CH,'4COOMgl I H7(H,0) - + CH,'TOOH 

Carboxyl-labelled benzoic acid is obtained similarly' : 

C6H,MgBr i- "CO, .-. C,H,"COOMgBr ( 6 )  

C,H,"COOMgBr+ H+(H,O) C,H,"COO H (7) 

Radiocarbonation of the Grignard reagent has d S 0  been used in  the 
labelling of naturally occurring fatty acids'-'". Howton and coworkers 
have developed the degradation and reconstitution technique which con- 
sists of removing the original unlabellcd carboxyl group of the fatty acid 
and replacing it by 14C02'. lo .  Double bonds can be protected during this 
process by bromination, c.y .  in the prcparation of oleic and 1ino:eic- I - l T  

a c i d P .  The following serics of reactions have been uscd for the prepara- 
tion of 14C-labelled linoleic acida: 

Am(CHBr),CH,(CHBr),(CH,),COONH, (8  1 
! AxNO,ICH,OH 

Arn(CH5r),CH,(CHBr),(CH,)7COOAg 
! BrJCCI. 

Arn(CHBr),CH,(CHBr),(CHJ7Br 
: Zn 

(9) 
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A rn C H 7 C H C H,C H = C H (C H 1), B r 

AmCH = CHCH,CH =CH(CH,),MgBr 
I M c  

1 "CO, 

I i n~leic-l-'~C acid 

In some cases, especially in the synthesis of acids labelled with thc 
stable isotope 13C, when dilution of the labelled material must be avoided, 
carbonation of the organolithium compounds is a commonly applied 
procedure : 

RLi+*CO, --- R'COOLi (13) 

When R = alkyl, the 14C-labelled lithium salts are obtained directly", as 
e.g. in the low-temperature carbonation of ethyllithium with W O S :  

(13) 

Several 14C-labelled aromatic carboxylic acids have been prepared by 
carbonation of aryllithiuml.", which was prepared by the reaction of 
n-butyllithium with aryl halides. 

Synthesis of the carboxyl-labelled nicotinic acid thsough a lithium aryl 
is illustrated in equations (1 5 )  and (1  6)12. 

n-hexane 
-70 C 

C,H,Li + ' TO,  ----o- C,H,"COOLi (97-98%) 

+ n-BuLi - Qi + n-BoBr 
\ 

Since 1939, 14C-labelled potassium oxalate has been prcparedL"-'5 by 
many investigators by direct reaction of 14COS with molten potassium 
mixed with sand in an evacuated pyrex flask heated to 27Oo-36O0c. 

300°C 
*COa+ K --- ("COOK),+ K,*CO, 

(18) 

Oxalic acid labelled in one carboxyl group has  been prepared by ex- 
change reaction between radioactive potassium oxalate and normal oxalic 
acid15. 

HCI (*COOK), ..-.- ("COOH), 

C.  Syntheses Based on the Metal Cyanides 

Cyanides are also readily available and are useful starting materials. 
A radioactive nitrile is obtained by reaction between 311 organic halide 
and a labelled metal cyanide, and is hydrolysed to the carboxyl-labelled 
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acid. Malonic acid l4C-labe1led in one carboxyl group is usually prepared 
by this method*. Applying the degradation and reconstitution technique 
Bergstrom, PHabo and Rottenberglo have prepared oleic-l-l4C acid by a 
nitrile synthesis protecting the cis double bond by hydroxylation. 

Addition of isotopically labelled potassium cyanide or hydrogen cyanide 
to carbonyl compounds, followed by hydrolysis of the reaction products 
gives a variety of labelled hydroxy acids. Carboxyl-labelled lactic acid6, 
for instance, has been prepared by the reaction of the acetaldehyde with 
potassium cyanide : 

H'*CN + CH,CHOI- CH,CHOH"CN (1 9) 
CH,CHOH"CN + 2 H20 -!- HCI - CH,CHOH'4COOH + NH4Cl (20) 

In the similar way several a-amino acids labelled with isotopic carbon have 
been prepared". 

In the synthesis of 14C carboxyl-labelled picolinic acidls, the following 
sequence of reactions have been used (equations 21-23) : 

precipitation with 
Cu(CHSCOO), 

Carboxyl-labelled quinaldic acid (equation 24) has been obtained sirni- 
larlylQ. 

D. Nuclear Recoil and Other Labelling Methods 

In the ( n , p )  nuclear reaction 14C receives a recoil energy of about 
40,000 eV. This leads to fission of chemical bonds and fast diffusion of 
the 14C ion into the medium for a distance varying from 10 to 3000 iZo. 
The 14C loses the greater part of its energv by Coulomb scattering, colli- 
sions with other atoms and other procesxh reading to the partial fragmen- 
tation and destruction of the surrounding molecules. In this period the 
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transformations of the majority of the recoil energy are worthless. 
When the energy of 14C has been slowed down to several electronvolts, it 
is able t c  react with its environment, substituting a carbon or a heteroatom 
either in the parent compound or in one produced in the process of its 
destruction. This process has been used for the preparation of a variety 
of labelled corn pound^^^^^. When the substance to be labelled does not 
contain nitrogen it is mixed with a radiation-stable nitrogen source having 
a high nitrogen to carbon ratio. The optimum irradiation times are based 
on two opposite requirements, namely on achieving a minimum of radia- 
tion damage and a maximum in the production of the chemically pure 
labelled material. 

Application of the nuclear recoil method to the synthesis of variously 
14C-labelled acetic and propionic acids by the irradiation of acetamide in 
a nuclear reactor is illustrated in equations (25) and (26)20. 

CH,CONH~ In* recoil $ 4 ~  + molecular fragments (25) 

recoi l  ’.C+ n CH,CONH, -- ‘‘CH,CONH,+ CH,’.CONH, + 
+ “CH,CH,CONH, + CH,’.CH,CONH,+ CH,CH,”CONH, (26)  

After hydrolysis, 62% of the activity of the acetic acid was found in the 
carbonyl carbon, while the propionic acid had 24% of its activity in the 
carbonyl carbon, 24% in the methylene carbon and 52% in the methyl 
carbon. 

The irradiation of a mixture of organic compounds together with 
W O , ,  using an external, or preferably, an internal, source of radiation 
also leads to the formation of I4C-labelled acids. Thus TurtorG2 produced 
benzoic acid labelled in the carboxyl group by irradiation of a mixture of 
benzene and 1-3 mCi of 14C02 with 2Ci of 85Kr. Activation of a mixture of 
1T02 with an organic compound by electric discharge also leads to the 
formation of 14C-labelled organic A method based on the bom- 
bardment of a target material with a 14C+ ion beamz4 has been used for 
synthesis of 14C-labelled benzoic acid. 

Undesired radiation damages inherently present in nuclear methods of 
labelling are partially avoided when the material to be treated, spread on  
the cathode, is bombarded by W-labelled carbon dioxide ions accelerated 
by submitting them to a voltage of 500 V. Under such conditions I4C is 
able to react with organic compounds or radicals2j. Acetamide, citric add ,  
succinic acid, benzoic acid and benzoates have been labelled by this 
method. 
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E. Find Remarks 

The advantage of chemical syntheses in preference to  other methods of 
labelling is that  the compound can usually be labelled in a single, known 
position. The reaction schemes are chosen so as to  avoid molecular rear- 
rangements and  exchange reactions. This cannot be achieved by radiochemi- 
cal and other (e.g. biological) methods of synthesis of carboxyl-labelled 
substances. 

111. TRACER APPLICATIONS OF LABELLED 
C A R B O X Y L I C  ACIDS 

A. Physical and Analytical Determinations 

Carboxylic acids can be easily separated from complicated organic 
mixtures. This advantage has been used in the determination of the mole- 
cular weight of many compounds (complicated aryl and alkyl groups, 
polysaccharides, erc.) into which 14C-labelled carboxyl groups can be 
easily introduced2c. The same principle was used for the determination of 
functional groups in the molecule27. For instance, previous methods of 
estimation of acetylable hydrogen in the molecule have been replaced by 
treatment with 14C acetic anhydride of known specific activity, followed 
by determination of the specific activity of the acetylated product28. 

Labelled reagents are very useful in the microdeterminations of bio- 
chemical materials. Reagents labelled with 14C and 3H are especially useful 
because of their long half-lifes. I n  this way the main disadvantage of 
applying reagents labelled with short-lived radioactive isotopes, namely, 
the frequent preparation of the labelled compound, is eliminated. 

3H- and 14C-labelled reagents have found wide application in the quanti- 
tative analysis of mixtures of organic compounds by the isotope dilution 
method", 30. 14C- and 'H-labelled acetic anhydrides were applied by 
Whitehead3' for the determination of amino acids in protein hydrolysates. 
The technique consisted of the acetylation of the mixture of amino acids 
with tritiated acetic anhydride, subsequent addition of a standard solution 
of 14C-labelled acetyl derivates of the amino acids being analysed t o  the 
acetylated sample and separation of the mixture of N-acetylamino acids 
by either two-dimensional paper chromatography or paper chromatogra- 
phy in one dimension followed by paper ionophoresis in the second di- 
mension3?. The  areas of paper containing the labelled N-acetyl derivates 
of the amino acids being assayed are cut ou t  from the developed chromato- 
grams and oxidized in a stream of oxygen to carbon dioxide and water. 
Radioactivity of the carbon dioxide is then directly measured in the 
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gaseous phase by the standard method in a Geiger-Muller counter or 
ionization chamber. Tritiated water is decomposed quantitatively over 
zinc at 400"c and the mixture of Hz and HT obtained is transferred into 
a Geiger-Muller tube or an ionization chamber for radioassay. 

The sensitivity of the isotope dilution technique is limited by the specific 
activity of the labelled reagent. Amounts of 0.001-0.002 pg of amino 
acids could be detected3'. Quantitative analysis by the isotope dilution 
method does not demand full recovery of the labelled species to be assayed, 
but the separated compound must be chemically and isotopically pure. 
The purity of the labelled derivative can be tested by measuring the ratio 
14C : 3H for each amino acid assayed. The accuracy obtained in quantita- 
tive determinations of the amino acids by the isotope dilution method was 
about 5%. This is a good result, considering that only as little as 2 pg of 
protein is required in the majority of experiments. 

B. ligand Exchange Studies in Organometallic Complexes 

Metallic ions form complexes with many organic acids33* 34. Availability 
of acids labelled with 14C or tritium in non-exchangeable position permits 
the study of the exchange of the ligand between the free, uncomplexed 
ligand ion and the corresponding ligand group in various organometallic 
c ~ m p l e x e s ~ ~ - ~ ' ,  for example between free oxalate-14C ions and oxalate- 
ligand groups i.1 [Me(Cz04)3I3- complexes35-3'. It was found that the 
exchange between [14C~04]2- and [Fe(C%O.&I3- or [A1(C204)3I3- com- 
plexes is a vzry fast process, while the exchange with corresponding com- 
plexes of Co(lI1) and Cr(II1) is slow. Ion exchange between ferrous pico- 
h a t e  and free 14C-labelled picolinate ions is also very fast. 

Exchange studies (of both ligand and central metal atoms) gave general 
correlations between the electronic configuration of the central metal ion 
and the rate of exchange. According to  Taube4" all complexes of the 
'outer orbital' type give fast exchange of their ligands and central ion with 
free uncomplexed ligand or aquocomplex of free metal ion. Complexes 
of the 'inner orbital' type are very stable and exchange very slowly or not 
a t  all with free uncomplexed groups. 

C. Rtrversibility of Organic Reactions 

Rate constants of forward and reverse reactions can be determined by 
isotopic tracer studies. As an example let us consider the hydrolysis of the 
dipeptide, glycylglycine, into two glycine molecules4L: 

H,NCH,CONHCH,COOH + H,O ==- 2 H,NCH,COOH (27) 
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Addition of labelled glycine to  the reaction mixture and subsequent radio- 
assay of the undecomposed dipeptide confirmed the reversibility postulated 
by equation (27). 

Reversal of the carboxylation reaction was demonstrated by following 
the decarboxylation of carboxyl-labelled methylmalonyl coenzyme A in 
the presence of adenosine diphosphate and  inorganic phosphate €54' : 

Enzyme+ ATP+"CO, L l  Enryme-'4C0,+ ADP+ Pi (28) 

Enzyme-'TO,+ propionyl-CoA -= methylmalonyl-CoA + Enzyme (29) 

In the biosynthesis of purine43* 44, 5-aminoimidazole reacts with 'C02  
(or HC03-)  yielding 5-amino-4-imidazolecarboxylic ('C) acid ribonucleo- 
tide (1). The reversibility of this reaction in the presence of enzyme was 
demonstrated using 14C as a tracer. 

'COOH 

C-N\\ 

II / 
'I CH /O\ 

C-N--~H(CHOH),~HCH,OPO,H, 
/ 

NH, 

D. Pyrolytic Reactions 

Alkaline-earth metal acetates and lithium acetate heated to 400°C and 
above decompose into acetone and the corresponding carbonate. It has 
been suggested that the pyrolytic decomposition proceeds by a chain 
mechanism . 

The pyrolysis of mixtures of calcium acetate and calcium formate yields 
acetaldehyde as one of the products of decomposition. Bell and Reed4j 
studied the distribution of 13C amongst the decomposition products of 
mixtures of barium acetate enriched with 13C in the carboxyl group and 
normal barium formate. The products consisted of a mixture of acetalde- 
hyde and acetone, a residue of barium carbonate and a sinall quantity of 
tar. The l3C content of the carbonyl carbon atom of the acetaldehyde was 
approximately normal, while the barium carbonate residue was Y-enrich- 
ed. Such a distribution requires fission of the carbon-carbon bond in the 
acetate during t h e  pyrolysis, as  suggested schematically by equation (30): 

- CH,CHO + ~ 0 ' 3 ~ 0 ,  
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By analogy with the pyrolysis of alkaline-earth metal acetates, it was 
supposed that the reaction is initiated by the free methyl radical, and the 
following probable sequence of reactions has been postulated (ba= 1/2Ba) 

Chain initiation: CH,COzba -- CH,+CO,ba (31) 

Aldehyde formation: CH,+HCO,ba - CH,CHO+ 6 b a  (32) 

Acetone formation: CH,+ CH,CO,ba - CH,COCH,+ 6 b a  (33) 

Chain continuation: CH,CO,ba+ 6 b a  - - CH, t BaCO, (34) 

Chain termination: 2 CH, - C,H, or CH, + : CH, etc. (35) 

t 0 2 b a + 6 b a  - BaCO, (37) 
2 d b a  ---+ (Oba), (36) 

In the pyrolysis of sodium acetate mixed with an excess of sodium hyd- 
roxide, methane is formed46. Using acetate labelled with 14C in the car- 
boxyl the methane produced does not contain W :  

CH,'4COONa + N a O H  - - - CH, + Na,"CO, (38) 

When the acetate is labelled in the methyl group48, the carbonate is not 
enriched with 14C: 

'.CH,COONa+ N a O H  -. "CH,+ Na,CO, (39) 

The pyrolysis of sodium acetate was also performed in the presence of 
sodium tritoxideqe, when the methane produced was tri tium-labelled : 

(40) 
3 4 0 T  

CH,COONa+ N a O T  - CH,T -2 NazCO, 

Reaction (40) has been used for the synthesis of tritium-labelled methane, 
formed by abstraction of tritium from NaOT and exchange of methyl 
hydrogens with tritium. The absence of by-products suggests that the 
mechanism of decomposition is heterolytic : 

Before final conclusions concerning the mechanism of methane formation 
can be reached, the reversible exchange according to equation (42), in the 
fused state should be studied. 

CH,COONai- N a O T  Z-Z CH,TCOONa+ N a O H  (43 

. Decarbonylation Reactions 

Using1W as a tracer it was shown that in the decarbonylation of benzoyl- 
formic-1-14C acid, the carbon monoxide released originates in the car- 
boxyl group onlys0. 

(43) C,H,13C014COOH % C,H,"COOH - ' T O  



Syntheses and uses of isotopically labelled carboxylic acids 463 

The same conclusion was reached by the use of ben~oylforrnic-2-1~C acid 
which produced non-labelled carbon monoxides1 : 

F . Reactions of lsocyanates with Carboxylic Acids 

Isocyanates react with carboxylic acids by two different pathss2 : 

R’NCO+ R’COOh __c CO,+R’CONHR’ (45) 

2 R’NC07.2 R’COOH - 4 CO,+(R’CO),O -(R’NH),CO (46) 

I n  order to establish the source of the carbon dioxide evolved in reactions 
(45) and (46), two different carboxyl-labelled acids were allowed to 
react with each of two different isocyanates and the distribution of radio- 
carbon among the resulting products studied. The N-substituted amide 
obtained in the reaction has the same specific activity as the acid used, while 
the carbon dioxide is inactive, and obviously originates from the isocya- 
nate : 

R’NCO+ R’ “COOH .-- CO,+ R’ “CONHR’ (47) 

G. Oxidation of Aliphatic Acids 

Propionic acid is oxidized by a dilute aqueous solution of chromic acid 
to carbon dioxide and acetic acid. Oxidation of the carboxyl-labelled pro- 
pionic acid showed that the reaction proceeds according to equation (48)jS. 

(48) H Cr 0.- 
CH,CH,”COOH -L ’ CH,COOH + ‘TO,  

In the alkaline permanganate oxidation of the 14C-labelled propionate 
ion, both products of partial oxidation. (oxalic acid and carbon dioxide) 
contain radioactive carbonj4. 

KMnO. - 
O F  COOH 

‘*COO - “CO, (30%) 

CH, CO, 

CH, on -- 
I 

COOH 

“COOH 

K M n O .  
.- .-. 

(70%) 
l4coo- 

(49) 

The distribution of the radioactivity between t h e  products depends on the 
alkalinity of the oxidizing medium. I n  a similar way the mechanism of 
oxidation of many other carboxylic acids has been studiedl. 
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IV. I S O T O P E  EFFECT S T U D I E S  WITH CARBOXYLIC 
A C I D S  

A. Introdyction 

Two chemically identical molecules with different isotopic compositions 
generally react with different rates. The ratio of rate constants k l / k 2  of a 
chemical change obtained with two isotopic compounds is called the kinet- 
ic isotope effect. 

The technique for calculation of a priori differences in isotopic reaction 
rates is based 011 the transition state theory. The assumption of the exist- 
ence of the thermodynamic equilibrium between transition state complex 
(TS) and the reactants (R)5"57 is used to establish the relation between the 
ratio k l / k z  and the geometry and vibration frequencies of the reactants and 
the transition state complex (equation 51), 

(EJf2 

where denotes the transition state complex, subscripts 1 and 2 denote 
the two isotopic species, t d  is the effective mass along the reaction co- 
ordinate, u, = hi;/kT, 1 9 ,  is the fundamental frequency, h is Planck's 
constant, k is the Boltzmann constant, T is the absolute temperature, x is 
the transmission coefficient and sin h denotes a hyperbolic ~ ine '~-~ ' .  

For heavy isotopes and small difference of masses, that is for practically 
all isotopes except the isotopes of hydrogen, equation (51) is approximated 
to equation (52)", 

where G(u;) = 1/2- l / u i +  1 /(e'i- 1) and Aui = ul i -  u2,, if the subscript 1 
refers to the lighter molecule and u,,; = hvZi/kT refers to the frequency of 
the heavier molecule. 

Usually the exact form of the potential function is unknown and the 
u priori calculations arc limited to approximate predictions of upper and 
lower boundary values. Exact experimental determinations of the kinetic 
isotope effect are used for establishing the details of the structure of the 
transition state complex of the reacting isotopic molecule. 



Syntheses and uses of isotopically labelled carboxylic acids 46 5 

Molecules having natural abundance of isotopes or labelled with radio- 
active isotopes have usually one isotope at the tracer concentration level. 
The most common method of experimental determination of the kinetic 
isotope effect consists of measuring the enrichment of the product of the 
reaction in one of the isotopes at  a small percentage of chemical conversion 
or measuring the isotopic composition of the reactants a t  large (more 
than 5 0 x )  percentages of reaction and comparing it with the isotopic 
composition of the reactants a t  zero time. 

I n  the first case 
stants in terms of 

and in the second 

equation (53) is used to evaluate the ratio of rate con- 
isotopic composition R and 

case : 

ki I n  ( 1  -f) 

fraction reacted f: 

(53) 

(54) _ - -  - 
k 2  In (1 -f)+ln (R,,/k’) 

where f is the fraction reacted, RO is’the initial specific activity (isotopic 
ratio) of the substrate, R,, is the specific activity (isotopic ratio) of the 
substrate a t  time t and R,, is the specific activity (isotopic ratio) of the 
product a t  time t .  All the methods used for the determination of experi- 
mental kinetic isotope effects are discussed in detail in  a review by Bigelei- 
sen and WoIfsbergs8. 

6. 14C Isotope E flects 

Since the construction of very precise mass spectrometers for isotope 
ratio measurements, the number of studies concerning the application of 
the ‘tagging’ technique to isotope effects has been small. Even using 
compounds with a very high degree of radiochemical and chemical purity 
the precision of the measurement of the specific radioactivity is a t  least 
one order of magnitude worse than that achieved by isotope ratio deter- 
minations. Nevertheless, in certain cases the ‘tagging’ technique, i n  spite 
of being time-consuming and inconvenient, has some advantages. For 
instance, i t  established the dependence of the kinetic carbon isotope effect 
in decarboxylation reactions on the structure of the labelled acidG1, and 
predicted correctly the effects of phenol and its derivatives on the kinetic 
carbon isotope effect in the decarboxylation of picolinic acidG4. Research 
with carboxylic acids having a natural abundance of carbon isotopes 
creates some difficulties caused by the non-uniform distribution of the 13C 
among all carbou positions in the molecule. This has been demonstrated 
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in the decarboxylation of malonic acid5** 62. Determination of the kinetic 
isotope effects requires knowledge of the exact distribution of 13C among 
all carbon atoms in the starting material. Synthesis of an acid labelled in 
a known position by facilitates the work. The time taken for the syn- 
thesis is compensated by avoiding the multistep degradation procedure 
necessary for the determination of the departure of the distribution of 
13C from the statistical one within the molecule. 

1. Decarboxylation of organic acids 

For the decarboxylation of 2-benzoylptopionic acid (equation 55)63 label- 

C,H,COCHMeCO,H -- C,H,COCH,CH, (55 )  

led in one of the positions 1 ,2  and the ketonic carbonyl group, the isotope 
effects listed in Table 1 were obtained. Application of the tagging technique 

TABLE I .  Experimental isotope effects in the decarboxylation of 
2-benzoylpropionic acid 

Position Temperature 
of "C ("C) 

isotope 
CtTCCl 
klk*  

95 :a 

confidence 
limits 

1 58 1.077 0.014 
I 78 1 -074 0.01 I 
2 78 1.051 0.009 
2' 78 1.053 0.01 3 

carbonyl 78 1.000 0.004 

0 In a solution of 1.1-diphenylethme. 

to the determination of the three k l / k 2  ratios only required the measure- 
ment of the specific activity of the acid at zero time and of the undecom- 
posed acid isolated at time t from the reaction mixture. Studies of the same 
problem with 13C at natural abundance level of isotopes necessitates the 
determination of the 13C/'*C ratios for all significant carbon positions. 

showed that the 14C isotope effect in the decarboxy- 
lation of molten picolinic acid is about 1.046 in the temperature region 
156-1 85"c and changes very negligibly with temperature6'. This primary 
kinetic isotope effect should be compared with the value of 1.074 in the 
decarboxylation of 2-benzoylpropionic ( 1 -I%) acid (after correction for 
its temperature dependence) and with that for malonic acid (1 -054), 
although subsequent 13C measurements have shown that the actual differ- 
ence between the effects with malonic and picolinic acids is much larger 
(see section IV. C.). 

Measurements of 
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Calculations of k l / k s  ratios for the decarboxylation of ordinary and 
lqC-labelled molten picolinic acid gave values ranging from 1.075 (at 1 5 6 " ~ )  
to  0.997, depending o n  the assumed structure of the transition complex. 
At 195"c t h e  maximum and minimum values of the calculated isotope 
effect were 1.068 and 0-99764. Calculations have been made for the sym- 

metrical complex 2. Experimentally measured k l Z C / k ,  ,c ratios did not con- 
tradict the theoretical expectations based on this model. Nevertheless the 
temperature dependence of the calculated k l / k 2  ratios was larger than 
that experimentally measured. It should be noted that the upper limit 
permitted by t h e  symmetrical model of the transition complex is very 
close to the experimental 14C isotope effect in the decarboxylation of 
malonic and 2-benzoylpropionic acids. 

2. Decarbonylation reactions 

Some organic acids release carbon monoxide in concentrated sulphuric 
mechanism of decarbonylation was proposed by Hammett 

(equations 56-60), but without deciding which is the rate-determining 

(56) 

65-88 A . 

RCOOH + H,SO, Z:.Z~ RC Ro +HSO; 
\&H* 

RC 'O --- RCO+ + HZO 
\OH. 

'O RCO++H,O - RC, ~- 

(57) 

\OH, 

RCO+ + HZSO, .- (R*H,SO,)+ +CO (59) 

(60)  

step. The J4C isotope effect data collected in Table 2 were a great help in 
solving this problem. 

Comparison of the large 14C isotope eft'ects observed in the dccarbonyla- 
tion of formic-14C and benzoylformic-l-lT acids (at 25"c) with the value 
of 11.9% estimated theoretically by Eyring and CagleG9 for leC-lGO 
(versus l2C--lG0) bond rupture revealed that 14C-1G0 bond cleavage in 

quenching 
reaction 

(R.HJOI)++ZH,O --- R O H + H , 0 + + H 2 S 0 4  
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TABLE 2. The I4C isotope effects in the decarbonylation of monobasic acids 

Reaction k,iC/kicC Reference 

1.09 51. 67 

1.10 68 

1.039 67 C,H,"COCOOH ---!- C,,H,'4COOH + CO 

(C,H,),"COH -'-CO I .01 67 (C,HS),'4CCOOH -'-L 

HtSO, 
H'"C0OH -- H2O+l4CO 

H.!iO, 

H.SO 

H SO 

C,H,CO"COOH --: --+ C,H,COOH + "CO 

the second step (equation 57) controls the rate of decarbonylation. Isotope 
effects in the decarbonylation of oxalic acid70- also show that carbon- 
carbon bond cleavage is not rate-determining. 

Simple one-bond model calculations do  not explain the I4C isotope effect 
in the decarbonylation of benzoyl-2-14C acid. Roppj' suggests that this 
might be an equilibrium isotope effect in the reversible protonation of 
the a-keto group, as well as in the protonation of the carboxyl group: 

L J 

The very small 14C isotope effect in the decarbonylation of triphenylacetic- 
2-14C acid is in disagreemcnt with both extreme one-bond model calcula- 
tions, for l4C--l6O and for 14C--"C bond rupture. Moreover, 24% enrich- 
ment of the Cl8O was observed during the triphenylacetic acid decarbony- 
lation in '*O-enriched sulphuric acid. These two observations confirm the 
suggestion that the decarbonylation mechanisms of formic acid and tri- 
phenylacetic acid are different" but the structure of the transition state 
for the latter reaction is still unclear and additional isotope effect studies 
are required. 

C. 13C and l80 Isotope Efiects in Decorboxylotion 

1. lntroduction 

13C Isotope effects in  the decarboxylation of organic acids are the subject 
of continuous and precise mass spectrometric studies. Most of them are 
concerned with the decarboxylation of malonic acid and have been per- 
formed in the 13C laboratories a t  the University of Long ex- 
perience in this field and improvements of the Nier mass spectrometer 
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have given very precise results in the determination of k,,c/kl,c of the 
two malonic acid species”. i3*  ” . Measured I3C kinetic isotope effects 
were found to be consistent with the calculations based on the one-bond 
model. 

However, the temperature dependences do not fit, and it is necessary to 
use a more general model to find a better correlation between calculated 
and experimental isotope effects. In the case of decarboxylation of salts 
of organic acids, the symmetrical configuration of the COO- group should 
facilitate the theoretical interpretation of the experimental results. To 
provide more material for comparative studies, quinaldic’j and p i c o l i n i ~ ~ ~  
acids have been investigated, since earlier workG4 revealed quite large 
differences between the kinetic isotope effects in the decarboxylation 
of picolinic acid and malonic acid. Because the measurements of 13C 
isotope effects are intrinsically more accurate the 14C measurements had 
to be confirmed by investigations of the decarboxylation of quinaldic and 
picolinic acids containing 13C a t  the natural abundance level. 

The carbon and oxygen isotope ratios reported in this section have been 
measured on a Nier-type mass spectrometer modified as described by 
McKinney and coworkers’’. The method of measurement of small differ- 
ences in the isotopic composition of tht: two samples of carbon dioxide 
consisted of the determination of the ‘b,’, that is in measuring the isotopic 
ratio enrichment (per ml) in a sample relative to the working standard : 

= (R45(snrnple)/R45(sld)- 1)X 1000 

bm(,xplcn) = (R46(sample)/ R46(std) - 1) x 1000 

and calculating on their basis ‘bc* i.e. the true enrichment of the sample 
relative to the standard. corrected for the contribution of the 170 to the 
mass ratio R4j. and contribution of the liO and 13C to the  mass ratio 
R4678. 

b ~ , ~ ~ ~ ~ ~ ~ )  = (~13(s;rmple)/RIJ(std) - 1) x looo 
= (Rl~(s3rnple)/Rlll(std) - 1)X 1000 

The ratio-denoting subscripts are as follows: 

R45 = ___ 

R46 = - - --, that is 

the mass-45 ion beam 13C160160 + 12C160170 
- , that is the ratio - -- 12c,60160 

the mass-44 ion beam 

the mass-46 ion beam 
the mass-44 + mass45 ion beam 

1 2 C 1 ~ 0 1 8 0  + 13C160170 + 12C1702 
12C1606_ + 13C160, + 1 2 C 1 6 0 1 7 0  

.- 

- 
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In naturally occurring mixtures the amounts of the species 13C1601*0 
and 13C1602 are by two orders of magnitude lower than of the 12C160180 
and 12C1602 molecules, respectively. 

Earlier 13C measurements with malonic acid have also been repeated on 
the same McKinney-type mass spectrometer. 

2 Decarboxylation of malonic acid 

Neglecting the 1 7 0  secondary isotope effects there are seven isotopic 
reactions in the process of decarboxylation of naturally occurring malonic 
acid : 

-2L "CO,+ '2CH,'aCOOH (62) 
7""" 

"CH, 
\ 
12COOH 

From equations (66)-(68) follows the relation : 

. [c'~o~"], - - k , q ! [ ]  -e-(kctA,) I 1 
[CIGOIGO], (k ,+k , )  MZ[1 -e-?"'] 
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where ME and denote the initial concentrations of the isotopic mole- 
cules reacting in the reactions (66)-(68). At complete decomposition of 
the malonic acid into carbon dioxide and acetic acid: 

at complete decomposition of the malonic acid into two carboxyl groups 
and one methylene group: 

M&so, = 2 M ; i - M t  (7 1) 

(72) 
0 hf&sorio = Mtj 

At the natural isotopic abundance level: 

From equations (70)-(73) one obtains: 

or taking into account that: 

RYa = 1/2( RV + RVI)M (75) 

where (RYJI8 denotes the l80 isotopic ratio in the carboxyl group of the 
acetic acid obtained at complete decomposition of the malonic acid, we 
have: 

k 7 / k ~  = h d R : 1 8  (76) 

Equations (74) and (76) are used for determinations of the intramolecular 
secondary isotope effects of in the decarboxylation of malonic acid. 

Let us introduce the notations: 

and rewrite equation (69) in the logarithmic form: 

Dividing equation (77) by - 2 k j t  = In ( I  -f), gives, after simple rearrange- 
ments, the expression for the determination of the intermolecular 1 8 0  
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secondary isotope effect: 

The relations for the determination of the intermolecular and intra- 
molecular I3C isotope effects can be derived in a similar manner: 

and 

where 

or 

R$ is the l3C/I2C ratio in the starting material, obtained by measuring the 
carbon dioxide after complete combustion of the malonic acid, R:13 is 
the 13C/W ratio of the carbon dioxide collected at full  decarboxylation 
of the malonic acid, R;x,l, is the W/12C ratio of the methylene carbon 
in the malonic acid; RYI is the 13C/12C ratio of the carboxyl group of the 
acetic acid obtained at  complete decarboxylation of the malonic acid; 
RI,,, is the 13C/12C ratio of carbon dioxide obtained a t  partial decarboxy- 
lation of malonic acid; R i A  is the I3C/l3C ratio in the carbon dioxide 
from combustion of the acetic acid obtained at complete decarboxylation 
of the malonic acid, f is the fraction of decarboxylation of malonic acid 
and ki are the rate constants for the isotopic species appearing in equations 

In the case of equal distribution of I3C among all carbon atoms in the 
(62)-(68). 

malonic acid: RYI = 2RY3- RY,,, and correspondingly: 

k3 
(81) - _  k 4  - (2Ry3/ RP13) - 1 

Experimental kinetic isotope effects of 13C and 1 8 0  in the decarboxyla- 
tion of malonic acid are given in Tables 3-5. These values confirm the 
temperature dependence of intramolecular kinetic isotope effects of 13C in 



Syntheses and uses of isotopically labelled carboxylic acids 

TABLE 3. Intramolecular I3C isotope effects in the 
decarboxylation of malonic acid 

Temperature 
("C) 

121-5 1.0335 1.0354 
136.0 1.0316 1.0335 
140.0' 1.0330 1.0348 
148.0 1-0301 1 a0320 
181.0 1.0275 1 -0294 

a Calculated from equation (79). 
Calculated from equation (81). 
This experiment was pcrformcd in a gold tube at B prcs- 

sure of 15.100 p.s.i. 

TABLE 4. Intermolecular I3C isotopc effects in the 
decarboxylation of malonic acid 

I .03 65 1.0038 140.0' 1.0330 
136.5 1.0316 1.0363 1.0045 
1 12.5 1,0349 1.0388 1.0038 
112.0 !.0349 14410 1.0058 

Calculated from equation (80). 
This experiment was done in a gold tube at a pressure of 15,100 p.s.1. 

TABLE 5. Secondary I 6 0  isotope efccts  in thc 
decarboxylation of rnalonic acid 

Temperature I k , l X , i k 7  k,lk,b 
("C) 

140.0" I .00077 1-00155 
136.S 1 .OO 109 1.002 I 8 
13L.S 1-00 I04 1 -00208 
112.5 140238 1.00477 
112.0 I .00350 1 -0050 1 

473 

a Experiment pcrformcd in a gold vessel at a pressure of 

I, Calculated under the condition that !is = k,. 
15,100 p.s.1. 
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the decarboxylation of malonic acid, and show that secondary kinetic 
isotope effects of 13C (see Table 4, column 4) are by one order of magnitude 
smaller than primary intramolecular and intermolecular 13C isotope ef- 
fects. Primary I3C intermolecular isotope effects are larger than primary 
intramolecular isotope effects. Secondary lSO isotope effects are also smaller 
than primary 

These results are in satisfactory agreement with the theoretical calcula- 
tions. According to equation (52) the ratio k4/k3 (equations 64 and 65) 
can be a priori estimated by equation (82). 

isotope effects by one order of magnitude. 

As a first approach in the model calculations one can assume that one 
C-C bond in the transition complex is disrupted, the transition state 
being represented as consisting of two fragments (3): 

0 
\ 

/ 
''C+H~~.-'2CH~-'ZCOOH 

0 
(3) 

In this model the C-C bond in the acetic acid skeleton is contributing 
mainly to  the temperature-dependent part of the intramolecular isotope 
effect, and similarily the C-C bond in the starting malonic acid contri- 
butes mainly to  the temperature-dependent part of the intermolecular 
isotope effect ratio k l /k3 :  

Within the validity of the first, one-bond approximation both the 
and k4/k3 ratios should be of the same order. The values presented in 
Tables 3-5 confirm this prediction. The different temperature dependences 
of the intermolecular and intramolecular I3C isotope effects require the 
use of a more general model. reflecting the rial structure of the malonic 
acid and of the transition state complex. 

3. Decarboxylation of quinaldic and picolinic 7b 

Measured 13C and l8O isotope effects in the decarboxylation of quinaldic 
and picolinic acids are collected in Table 6 .  where the k l / k 2  ratios for 
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oxygen and carbon correspond to the following three reactions : 

(84) 

(85) 

R H  + "C"0, (86) 

The kr lc /kIJc  ratios for these acids are much lower than those pub- 
lished for malonic-type acids. l3C isotope effects in  the decarboxylation 
of picolinic acid above its melting point are slightly higher than the lJC 
isotope effect in the decarboxylation of quinaldic acid. At 180"c they 
differ by 0.05n.i. 

The temperature dependence of the I3C isotope effects in  both processes 
is smal! and positive above the melting points of the acids. Secondary 
lsO isotope effects are by a n  order of ma2nitude smaller than primary 
13C kinetic isotope eft'ects. Their temperature dependence is negative in the 
whole range of temperatures studied. 

R--"Cl"O,H ..--!!I _ _  R H  + f2C160, 

R--"C360100t~ k * ( o x y g e n )  R H  $- t a C 9 6 0 1 a o  

R-lJClOO,H k,(carbon) 

TABLE 6. 13C and I 8 0  isotope effects in the decarboxylation of quinaldic and picolinic 
acid 

Quinaldic acid 180.5 
171-5 
161.0 
1 5 1 4  
141.5 

149.5 
138.5 

Picolinic acid 182.5 

1.0023 0.0003 
1.0022 -t 0.0003 
1.001 9 f 0.0004 
1 -00 I 5 Itr 0.0005 
1-0003 5 0.0003 
1 .OO 13 C 0.0002 
0.9975 f 0.0002 
0.9972 -.k 0.0002 

1 .O 109 5 0.0002 
1 .o 1 1 1 +- 0.0005 
I .0113 ? 0.0006 
1 .0 I09 IO.0003 
1.01 04 t. 0.0004 
1-01 14t0.0001 
1.0122 -f 0~0001 
1-0126 % 0.000 I 

In the case of decarboxylation of malonic acid the rate ratios of decar- 
boxylation of light and heavy molecules only have been measured. The 
ratio k j / k o  has been determined under the assumption that k5 = k:. This 
approximation does not contradict the assertion that in the decarboxyla- 
tion of malonic acid also secondary isotope effects are by a n  order of 
magnitude smaller than primary 13C isotope effects. 

4. Interpretation of the experimental results 

The results presented in this section reveal great differences between 13C 

isotope effects and their temperature dcpendences in  the decarboxylation 
of malonic acid o n  the one hand, and in that of quinaldic and picolinic 
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acids on the other. The structural dependence of the primary kinetic 
isotope effect of 13C becomes obvious, and the limits of the application of 
the one-bond treatment of the process have been shown. 

In the general theory of the kinetic isotope effects the structure and 
characteristics of the whole molecule and of the transition complex are 
taken into account. The two series of decarboxylation reactions discussed 
above involve different substrates; different transition states might also 
be postulated. Let us  consider the subject in detail. 

Malonic acid and P-keto acids have only wcak intramolecular bonds 
between the functional groups in the initial state, but a strongly bound 
cyclic transition state is generally accepted in the mechanism of their 
decarboxylation : 

0 
I! 

R'-C-CR'R'--COOH 

or 

HOOC-CH,-C, //O 

.H.. , .  
0 0  
ti il 

R'-C c-0 

Ra R' 

OH 

--- R~-C--CRW+ co2 
! 

0 
( 1  

R'-C-CHR'R' 

I", ..,O 1 
I H  c 

In contrast, quinaldic and picolinic acids are, in the initial state, strongly 
bridged internally, and a zwitterion is formed (4). I n  this case, the struc- 

(4) 

ture of the carboxyl group can be approximated by the symmetrical 
model (5)61. Hence, in the decarboxylation of quinaldic and picolinic acid, 
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the transition state is less restricted in respect to rotation along the C-C 
bond. The reaction path can be represented by equation (89). Calculation 

based on the symmetrical model gives a maximum value of 1-038 for the 
ratio k,,c/k, ,c a t  156"c. The minimum value calculated under the assump- 
tion of the transition complex resembling the carbon dioxide molecule, is 
0.998. The measured 13C kinetic isotope cRect (see Table 6) shows that 
the structure of the carboxyl group in the transition state of the decarboxy- 
lation of quinaldic acid is much closer t o  the structure of carbon dioxide 
than to t h e  substrate zwitterion form of the acid (see Note 1. p. 503). 

5. The rule of deuterium isotope effects 

In relation to the 13C isotope effect studies it is worthwhile to mention 
measurements of the deuterium isotope effects (k,cooH,/k,coou) in the 
decarboxylation of substituted benzoylacetic acidse0. At 50" the ratio 
k,/k, changes from 2-8 for nz-nitrobenzoylacetic acid to  0.85 for p -  
methylbenzoylacetic acid. This large variation with substitiients was inter- 
preted by Swain and coworkers as favouring the cyclic proton transfer 
mechanism (6) rind as being inconsistent with a cyclic hydride transfer 
mechanism (7).  

Similar measurements have not yet been taken for the decarboxylation 
of deuterated picolinic or quinaldic acid; neither has the influence of 
deuterium substitution on the 13C kinetic isotope efect in their decarboxy- 
lation been studied. Similar studies should also be carried out with anthra- 
nilic acid, which decarboxylates when heated above its melting point to  
give aniline and carbon dioxide: 

NH,C,H,''COOH -- C,H,NH,+"CO, (90) 
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Decarboxylation also takes place in boiling water and in dilute aqueous 
solutions of sulphuric acid. Earlier mass spectrometric measurementss1 
showed that the maximum 13C isotope effect in reaction (90) is less than 
0-5%, if any. The fact that there is a small isotope eflect i n  the decar- 
boxylation of anthranilic acid, was used as evidencz that proton attack on  

the 3: carbon of the zwitterion NH&H~COO- is the rate-determining 
step and that the rupture of the C-C bond takes place in a kinetically 
unimportant subsequent step (see Note 2. p. 503). 

Finally the interesting observations made by Halevis? on the effect of 
deuterosubstitution 011 the ionization constants of deuterosubstituted acids 
should be mentioned. The ionization constants of C6HjCD2COOH, 
CD3COOH and C6H5CD2NH: are by 10-13‘%, smaller than those of the 
corresponding protiuin analogues. These effects are said to be due to the 
anharmonicity of the C-D oscillator. The real potential well of the C-D 
bond is not parabolic, but skewed. As a result of anharrnonicity the mean 
C-D bond-length is shorter than the C-H bond-length. This causes a 
slightly greater electron density near the D-bonded carbon atom compared 
to that carrying only H. This means that deuterium should have a n  
electron-donating inductive effect as compared to  H, and in the case of 
a-deuterosubstituted acids this effect is revealed by their lower acidity. 

6. Decarboxylation of picolinic acid hydrochloride 

Picolinic acid hydrochloride decarboxylates a t  180-2 1O”c to  give carbon 
dioxide and pyridine hydrochloride. The kinetic isotope effects of and  
l*O are  given in Table 7. Comparison of the data presented in Tables 6 and 
7 shows large differences between the I T  isotope effects in  the decarboxy- 
lation of picolinic acid and its hydrochloride. These difierences reflect the 
complexity of the decomposition of the hydrochloride and the dcperidence 
of the kinetic isotope effect on the mechanism of the decomposition. 

TABLE 7. I3C and isotope effects in the decarboxylation 
of picolinic acid (Decarboxylations have 
been done as  previously in break-off tubes sealed under 

vacuum) 

Temperature Aniount of k , / k t  
decarboxylntion -- - o L y r - - - -  (“C) Carbon 

181.0 0.2234 0.9987 1.0084 
181.0 0.2856 0.998 1 I .008 I 
195.3 0.1 546 0.9983 1.0080 
2 10.5 0.3429 0.999 1 1.0072 

.- .- - -. - . 
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Two routes may be postulated for the decarboxylation of picolinic acid 
hydrochloride. The first is a one-step decarboxylation (equation 9 1) the 

second a decarboxylation through a stable intermediate, (equation 92) 

(m-1) HCI + - @ J0 + mHCl 
(92) 

C COOH 

I 
H 
CI- 

CO, + Pyridine 

where picolinic acid hydrochloride dissociates first into hydrochloric acid 
and picolinic acid, which in  turn decarboxylates rapidly to give carbon 
dioxide and pyridine. 

In the first case, neglecting weak solvation effects, the rate should be 
independent of the presence of hydrochloric acid in the system and should 
obey equation (93). - -  

d[C03] 
I = /;[PA-HCI] (93) 

d t  

In the second case, i.e. in decarboxylation through a stable intermediate, 
picolinic acid (PA), we shall introduce the following symbols in order to 
obtain the dependence of the rate of decomposition on the concentration 
of the hydrochloride : 

["C02], = x, ['3COZ] = 

[ a 1 2 C O O H ]  =[PA * HCLIt [ a 1 2 C O O H  N 

HCI- 
I 

K 

= [PA] 
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According to equation (92), the rate of formation of carbon dioxide is 
proportional to the concentration of free picolinic acid : 

Steady state treatment gives for [PA]: 

Substitution of (95) into (94) and integration leads to equation (96). 

A similar expression holds for the heavy molecule : 

Equations (96) and (97) lead directly to (98): 

In (1 -f) - 
k 
k' In ( 1  - R; /Ro)  

where R, = X:/X,, R, = X,'/Xo, f = I-e-k', k = klk3/(k2[HC1]"+k3) 
and k' = k;kl/(k;[HCl]"+kj). For short times or small percentages of 
decarboxylation equation (98) can be replaced by the approximate relation 
(99). 

, =  kik3{k;[HC1ln1 i - k ; )  
Ro'R k?k;(kp[HC1ln1 +k3} (99) 

From equations (94)-(99) it follows that the rate constant is a function 
of the concentration of the hydrochloric acid in the medium in which the 
picolinic acid hydrochloride decomposes : 

If k3 >> kz[HClIm, then k = kl  and correspondingly k/k* = k,/k;. In this 
case the isotopic fractionation estimated by equation (99) corresponds to 
the isotope effect in the dissociation of the hydrochloride into hydrochloric 
acid and free picolinic acid. 
i f  k2[HCl] =.> ks then k x k1k3/kp[HC1]"' and k/k* = k,K/kj, where 
K = (kJk.,)/(k:/k;). Expressing the constant K by the equilibrium con- 
centrations of the isotopic species we obtain: K = [HCI.PA*] [PA]/ 
[HCI *PA] [PA']. The measured isotope effects favour the dissociation 
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mechanism of decarboxylation, but further studies are required, partic- 
ularly regarding the dependence of the carbon isotope fractionation on 
the pressure of the hydrochloric acid in the system. Direct measurements 
of the rate of decarboxylation as a function of the concentration of hydro- 
chloric and the fast exchange of chloride between picolinic acid 
hydrochloride and the gaseous hydrogen chloride fit the predissociation 
mechanism of decarboxylations3. We are now studying the tritium exchange 
between gaseous hydrogen chloride and the hydrochlorides of pyridine or 
picolinic acid. These studies will furnish additional data concerning the 
strength of the hydrogen bonding the hydrochlorides of the compounds 
studied. 

V. SYNTHESES OF LABELLED C A R B O X Y L I C  ESTERS 

A. Chemical Methods 

Synthesis of tritium-, lac-, W- and 'eO-labelled esters can be achieved 
either by direct esterification or by alcoholysis of acyl chlorides or acid 
anhydrides using labelled reagents'. For instance 180-labelled ethyl pro- 
pionate has been obtained by reaction ( 101)84: 

0 
I! 

C,H,C<O i- C,H,"OH . - C,H,C--"O--C,H, 
\CI 

Tritium-labelled ethyl and methyl formates and methyl-'T formate have 
been obtained by esterification in the presence of anhydrous calcium 
ch lo ri dee5* " : 

( 102) 

( 1  03) 

The esterification will also proceed in the presence of concentrated sulphu- 
ric acid8': 

CaCI, 
TCOOH+CH,OH - - TCOZCH, 

HCOOH + 14CH,0H -- HCO,"CH, 
CaCI, 

(104) HSO. 
- -- - CH,TC,H,CO,CH, CH,TC,H,CO,H + CH,OH 

Another useful synthesis of labelled esters is the reaction between the 
silver salt of the acid and an alkyl halide'-3* lS4: 

R'COOAgi XR2 --- R'COOR'f AgX (105) 

B. Radiochemical and Other Methods 

Tritiation takes place when a saturated aliphatic ester is exposed to 
tritium gasee* ". However it was found that methyl oleate, CeH17CH.-- 
CH(CHa)7C02CH3, exposed t o  tritium yields radioactive methyl stearate 
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C17H3.1TCOSCHR due to addition of the tritium to the double bond90. 
Methyl stearolate, CH3(CHs)7Cs-C(CH&C02CH3, yields cis- and 
Iraiis-9,I 0-tritiooctadecenoate, C17H3dTCO~CH3, as the major radiochemi- 
ca! product on  exposure to tritium gasg1. The total amount of tritium 
incorporated into the ester upon irradiation of a 1 g sample of methyl 
stearolate with 2.6 Ci of tritium gas for 20 days was found to  be 210 mCi. 
By analogy with other compounds the exchange should occur between 
the hydrogen of the esters and hot tritium atomsgq' generated by 3He(n, p)3H 
and 8 ( r i ,  z)T nuclear reactions"9- g2b* 02' . Carboxylic esters can also be 
labelled with tritium by reaction with tritium atoms generated from 
molecular H T  at  a tungsten filament maintained at  1 7 5 0 " ~  and a t  pressures 
less than 10 :lg3. With unsaturated esters both addition and substitution 
should take place. The degradation of the irradiated sample should be 
less in this method than i n  either the gas exposure or  recoil-labelling 
techniques. 

VI. TRACER S T U D I E S  WITH LABELLED 
CARBOXYLIC ESTERS 

A. Studies of the Alkaline, Acid and Enzymic Hydrolysis 
of Carboxylic Esters by Means of l 8 0  

1. Alkaline and acid hydrolysis 

Since the time of the availability of lsO-enriched samples04* 95 many 
tracer studies have dealt with the mechanism of ester hydrolysis and the 
problem of acyl-oxygen or alkyl-oxygen fission. 

0 0 

R'-.C-O-R' 2H20 .. - R'-.C---OH.L RaOH ( 106) 

Polanyi and Szabos4 showed that hydrolysis of n-amyl acetate in H P 0  

(107) 

Roberts and UreyY5 found that esterification of benzoic acid with 

C,H,CO:OH - 1  CH,'"O i-H -- C,H,CO- '"OCH,-L H,O (108) 

At the same time Dkitta, Daj ;ind IngoldgG demonstrated that a similar 
mechanism holds for the acid hydrolysis of methyl hydrogen succinate in 

gives amyl alcohol with normal isotopic composition: 

CH,COOC,H,, + H,"O - CH,CO"OH i- C,H,,OH 

CH3180H _rives water of ordinary composition : 

H 21 '0 
COOH(CH,),CO LOCH, - H2"O - -* COOH(CH,)2CO--''OH -+ CHSOH (109) 
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The experiments of Polanyi and Szabo have been confirmed by Kursanov 
and Kudriavcevs4. 180-labelled ethyl propionate was used as a tracer: 

( 1  10) 

It has also been deinonstrated that in the reversible reaction of acetic 
anhydride with CsHj180H, '*O-labelled ethyl acetate is formedg7: 

NaOH C,H,CO--"O-C,H, - H2O -- C2H,CO-"'OH T C2H5'"OH 

CH,OC-OCOCH, 7- H--"OC2H, Z CHZOC --'"OC,H,-I CH,COOH ( 1  1 1 )  

Long and FriedmanYR found that 11-butyrolactone is hydrolysed by acyl- 
oxygen fission : 

0 

C 
i 

0 
i 

/' \ 
H2C 0 +H,"O - -- HO-(CH2),-C--"OH ( 1  12) 

I 

HJ-CH, 

Ethyl benzoate and methyl 2,3,6-trimethylbenzoatt: also undergo acyl- 
oxygen fissioneQ, but in the rnethanolysis of methyl mesitoate a very slow 
alkyl-oxygen cleavage with formation of dimethyl ether is observedio0. 

Fission of the alkyl-oxygen bond is of major importance in the solvolysis 
ofesters of tertiaryalcohols (equations I 13 and 1 14)'01, although in alkaline 

CH,COO-CPha i- ROH --.- CH,CO,H + PhSCOR (113)  

(CbH5),C6H2COO--C(CH,), i -  H,'"O (C,H5),C6HzCOOH i- (CH,),C-"OH [ I  14) 

solution some acyl-oxygen fission also occurs. The departure from the 
general acyl-oxygen fission mechanism is explained by the formation of 
relatively stable tertiary carbonium ions i n  the rate-determining step (equa- 
tions l 15 and 116). followed by the fast reaction ( 1  17). 

Ias c 
CH,COOCPh, -i H+ - rrf [CH,CO,HCPh,]+ 

slow 

[CH,CO,HCPh,]+ L ? CH,CO,H-; Ph,C + 

(117) fast  
Ph,C+ t H 2 0  - - - -  Ph,COH -.- H+ 

The nature of' the intermediates formed in the process of hydrolysis or 
esterificatioii has been the subject of many studies'O""O . Studying the 
OH--catalysed IaO exchange between the solvent and lK0 carbonyl-label- 
led ethyl benzoate, isopropyl benzoate and 1-butyl benzoate during their 
hydrolysis, i t  has been concludedioG that an unstable intermediate is formed. 
It has been suggested that for both acidic and basic hydrolysis, one of the 
intermediates must have the structure of the unionized hydrate of the 
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ester, R1C(OH)zOR2, with 
The following scheme has 
process : 

"0 
!I OH- 

the symmetrical structure capable of exchange. 
been proposed for the base-catalysed exchange 

'OOH 
I 

'#OH 
I 1 -'.OH 

Equation ( I  18) has been further extended for the exchange reaction 
between substituted benzoic acids and ~ a t e r ' ~ ~ - ' * ~  . It has also been con- 
cluded that the exchange reaction proceeds by means of addition of a 
molecule of water to the carboxylic acid to  form an unstable orthoacid: 

0 "0 
1; 

R-C-OH + H,"O + H,O ( 1 19) 

Finally it has been postulated that both in the hydrolysis of the ester 
and in the exchange of l80 between carboxylic acids and water the addition 
of the water molecule to the carbonyl group of either the acid or the ester 
is a slow process while subsequent breakdown of the orthoacid or hydrate 
of the ester is rapid. Some evidence against this suggestion was given by 
Talvik and Pal'rn1l1. They found that ethyl acetate hydrolyses by the 
unjmolecular mechanism in concentrated sulphuric acid solution : 

0 
' +  

CH,C- OC,H, - - CH,CO'  - C,H,OH ( 120) 
! 

H 

The results have been explained by assuming complete protonation of ethyl 
acetate by the sulphuric acid. Later it was found that in the acid hydrolysis 
of ethyl benzoate the carbonyl oxygen of the unhydrolysed ester exchanges 
with the oxygen of the solvent water, but at a slower rate than the rate of 

This suggests that the water molecule first adds in a reversible 
step to  [CGH~CO~(CZHS)H]'- forming [ C ~ H . ~ C O Z ( C ~ H ~ ) H H ~ O ] +  but it is 
possible that exchange and hydrolysis proceed by unrelated mechanisms. 
Recently it has been suggested, using volumes of activation measurements 
as a method of determining the reaction mechanismlY2 that the decompo- 
sition of the adduct protonated on the ether oxygen might also be postulat- 
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ed as  the slow step in the acid-catalysed hydrolysis of methyl and ethy: 
acetate: 

* 
OCH, HOCH, 

fast I I 
H,O- + CH,- c== o =: CH,-C-OH :k CH,C+(OH),+ cH,OH frrr- 

H a 0  ! 
OH 

fast 
(121) 

The reversible scheme ( I  18) is not applicable to the alkaline hydrolysis 
of benzyl benzoate and  phenyl ben~oate'~'.  ll'. When phenyl benzoate is 
hydro!ysed by H2180 in the presence of sodium hydroxide in aqueous 
dioxane, the unhydrolysed ester has the natural 1sO/160 ratio and therefore 
no appreciable oxygen exchange takes place between the carbonyl oxygen 
and the oxygen of the water. Thus if the intermediate in reaction (122) is 
formed at  all there can be no hydrogen migration from one oxygen atom 
to another during the lifetime of the intermediate and it loses the phenoxide 
ion far more easily than the hydroxide ion (k3 >> k2). 

--- H,O CH,COOH 4- CH,OH i H,O 

0- 

[ '"LH 1 k. - C6H,-C-OC,H, -k C,H,CO"O- + C,H,OH (122) C,HSCO,C,H, -r "Oil - - 
ka 

2. Acetate ion catalysed hydrolysis 

The acetate ion catalyses the hydrolysis of 2,4-dinitrophenyl benzoate114. 
Use of 180-labelled acetate provided indirect evidence for the formation of 
a mixed acetic benzoic anhydride as an intermediate in the process: 

"0 CJ-4 "0 0 
Ii I1 

CH,C--"O - 1 C--0 --+ CH,C --"O-CC,H, - --+ 

0 

C,H,(NO,), 
"0 0 

I 

CH,C-0 - - - C,H,C--"O - (123) 

The benzoic acid formed in the hydrolysis was found t o  contain about 
75"/, of the l d 0  derived from one of the oxygen atoms of the acetate 
-l8O ion. 

Formation of the mixed acetic salicylic anhydride jn the hydrolysis of 
the aspirin anion was using I80-enriched water: 
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c 

3. Enzymic hydrolysis 

A number of enzymic hydrolyses have been 
and is has been shown that these proceed by means of acyl-oxygen fission. 
However, in contrast t o  non-enzymic alkaline hydrolysis, there is n o  
exchange of the carbonyl oxygen of the ester during the u-chymotrypsin- 
catalysed hydrolysis120. Acetylcholine-sterase-catalysed hydrolysis is not 
accompanied by exchange of the unhydrolysed esterL17, although the same 
enzyme does catalyse the exchange reaction between the oxygen atoms of 
fatty acids and w a t e P .  The significance of isotopic exchange as  2 criterion 
for enzyme mechanism has been reviewed by KoshlandlZ1. He put  forward 
the idea that the fission point of compounds described by the general 
formula R-0--Q is directly related to  the specificity of the enzyme. Thus 
if the enzyme shows high specificity for R and low specificity for Q, then 
R-0 cleavage occurs in the enzyme reaction. The lack of carbonyl- 
oxygen exchange can be explained by the formation of an acyl-enzyme 
intermediate and by the non-equivalence of the carbonyl-cxygen atom 
with other oxygen atoms, owing to the interaction of the former with the 
enzyme surface a t  the active site'"'. lZ3* lP4 : 

N- H /> + X -  +RCOOH 
N- H 

CHzOH 
I 

E. The Mechanism of the Peracid Ketone-Ester Conversion, 
and Molecule-induced Homolytic Decompositions 

Doering arid Dorfnian"'" found that when benzopheiione-180 is treated 
with perbenzoic acid in benzene solution, phenyl benzoate with a l*O- 
labelled carbonyl group results. The position of '*O in the phenyl benzoate 
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was determined by reduction of the ester t o  phenol and benzyl alcohol: 

"0 

It was thus established that the ketone-ester conversion must proceed via 
the 'Criegee (equation I27), the other possible mechanisms 
being rejected as inconsistent with the distribution in the products. 

"0 
I 

"OH "0 

C,H,CC,H,T C6H5COOOH -- --- C,H, -CC,H, -.-- -- C,H,OCC,H, (127) 

COOCC.H, 

0 

The mechanism of formation of cyclohexyl acetate has been established 
by decomposing, in boiling cyclohexene, acetyl peroxide labelled with l 8 0  

in the carbonyl T h e  resulting cyclohexyl acetate contains 58% 
of the label (l80 excess over natural abundance) i n  the carbonyl oxygen 
and 42% in the alkoxy oxygen. Such a distribution of rules out 
(within the limit of the uncertainty introduced by neglecting the '*O 
isotope effect) the possibility that  the cycloliexyl acetate results exclusively 
by the adition of free acetoxy radicals t o  cyclohexene and supports the 
simultaneous operation of a competing mechanism which involves attack 
of cyclohexene on the saturated peroxide oxygen to yield the intermediate 
2-acetoxycyclohexyl radical : 

.O - 

J 

Ii  

The decomposition of carbonyl-labelled benzoyl peroxide in cyclo- 
hexene'""' yields cyclohexyl benzoate in which the ISO is nearly equally 
distributed between the two oxygen atoms. I t  is supposed that the full 
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equilibration of the '*O proceeds through the intermediate radical stabilized 
by the aromatic ring: 

( I  29) 

However, studying the reaction of the triphenylmethyl radical with carbo- 
nyl-labelled benzoyl peroxide Doering, Akamoto and Krauch have found 
that the resulting triphenylmethyl benzoate contains most of the label in 
the carbonyl In that way they demonstrated that the new 
carbon-oxygen bond in the ester is formed from the ether-oxygen of the 
benzoyl peroxide and that the initiating attack of the triphenylmethyl 
radical on  benzoyl peroxide occurs entirely at the peroxide oxygen atom 
(equation 130). 

( / ) ino  

y 
(130) 

-0 l80 
it II 

I 
( C 6 H 5 ) J C '  --- O°CC6HS - (C6H,),COCC6H, + CsH5C 

\ 
( ; ) leg  C6H.,C ="O 

C. Acetoxy Exchange Studies in Saccharide Esters of Carboxylic Acids 

Application of 14C-labelled reagents t o  the chemistry of the saccharide 
esters of carboxylic acids clarified t o  some extent the problem of anorneriza- 
tion of acetylated derivates of monosaccharides. Lemieux and Brice12G-128 
studied the anornerization of 1,2,3,4,6-penta-0-acetyI-z-~-glucopyranose 
(8) and 1,2,3,4,6-penta-0-acety)-B-~-glucopyranose in chloroform solution 
containing stannic chloride as  the catalyst and stannic trichloride acetate 
[SnCI30Ac'] labelled with 14C. 

CH,OAc CHZOAC 

H OAc 

(8 )  

H OAc 

(9 )  

They found that after five minutes a t  room temperature, 750/, acetoxy 
exchange took place with 9 while at the same time the anomerization of 
the ,9 to CI anomer was negligible. On the other hand the exchange with 
8 in identical experimental conditions was extremely slow. According to 
the authors the first step is the rapid dissociation of the carboxyl group 
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at CC:) with formation of the 1,2-a.-~-cyclic carbonium ion (10). Recorn- 
bination to the anomer 9 readily takes place by substitution (with acetate 
ion) and inversion at  Ccl) of 10, while for the formation of the anomer 
8 the previous formation of ionic forms such as 11 and 12 is necessary 
and the anomerization process is therefore slow. To reveal the influence 

of the substituent at  C,, on the acetoxy exchange rate, the authors have 
measured the exchange with two anomeric pairs, 8 and 9 on the one 
hand, 

CHiOAc CHZOAC 

6. H H H 

(13) (14) 

and 1,2,3,4,6-penta-0-acetyl-a-~-rnannopyranose (13) and 1,2,3.4,6-penta- 
U-acetyl-B-~-man nopyranose (14), o n  the other. 

It has been found that saccharides having J,2-ft-a1rs substituents (9 and 
13). exchange the acetoxy group faster than saccharides with 1,2-cis 
substituents (8 and 14). Further studies revealed that the configuration of 
the substituents a t  C,,, also influences the rate of the acetoxy exchange12B. 

Sulphuric acid catalysed C(ll acetoxy exchanges during the anomeriza- 
tion of C(l) acetoxy-labelled acetylated aldopyranoses in 1 : 1 acetic an- 
hydride-acetic acid solvent have been studied by Banner'"-'". In the case 
of acetylated aldopyranose anomers with cis acetoxy groups at C(l) and 
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C(", the polarimetrically determined Cc1) inversion rate and the CC1) 
acetoxy exchange rates determined by the radioactive tracer method are 
identical within experimental error. Acetylated aldopyranose anomers 
having trans C(1)-C(2) acetoxy groups show C(l) acetoxy exchange rates 
three (for acetylated pentoses) to fourteen (for acetylated hexoses) times 
greater than their corresponding inversion rates. These results are in 
agreement with those of Lemieux for penta-0-acetyl-D-glucose anomers126, 
and could be explained by an  S,2 displacement (equation 132) a t  Ccl) of 
the conjugate acid of the acetylated aldose by acetic anhydride or acetic 
acid, by an S,I reaction (equation 133), or, in the case of trans C(1)-C(2) 

OH 

OH 

anomers by a C,,, acetoxy participation process (equation 134). 

OH 

To eliminate the ambiguity caused by possible participation of the Ccp) 
acetoxy group in the anomerization of the 1,2-trarts anomers, the anorners 
of tetra-O-acetyl-2-deoxy-~-glucopyranose, labelled in the C(l) acetoxy 
group with 14C, were studied. With both anomers, the C(l) acetoxy ex- 
change rate exceeded the inversion rate by a factor of 1-8-3.7. These 
observations are in agreement with the S,1 mechanism (equation 133). 

The S,I mechanism was further supported by deuterium isotope effect 
studies during acid-catalysed anomerizatiori and C(l) acetoxy exchange 
reactions of acetylated D-aldopyranoses. It was found that in  an AcOD- 
AcnO-DsS04 medium the rates of both inversion and Ccl) acetoxy ex- 
change were approximately 1.7 times greater than the rates observed in 
AcOl-I-AcsO-H2SO4. The equilibrium ( I  35) is shifted to the right when 
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D2S04 is substituted for HzS04,  increasing the concentration of the con- 
jugate acid of the acetylated aldose, thus increasing the rate of reactions 
(133) and (134) to comparable extents. The latter steps, involving no 
0-H bond fission, should not be subject to a deuterium isotope effect. 

6n 
A similar S,I mechanism has been proposed by Bonner and Collins132 

to explain the acid-catalysed radiochemical isomerization and acetoxyj 
exchange of the I ,2,2-triphenylethyl acetates PhzCHCH(0Ac)Ph labelled 
discretely i n  the chain, plienyl and acetate portions of the molecule. The 
authors have explained the statistical redistribution of the radioactive 
labels in terms of open carboniurn ion iiiterniediates which are sufficiently 
long-lived to permit radiochemical isomerization (equation 136), before 
reacting with the solvent acetic acid. 

.L A 

P~--CH--CH-PP~*::: f Ph-CH-*CH-*Ph *Ph-CH-*CHPh (136) 

Ph Ph Ph 

Swiderski and coworkers studied the acetoxyl exchange between anhy- 
drous acetic acid labelled with 14C in the carboxyl group and peracetylated 
monosaccharides without additional  catalyst^'^^-'^'. Acetoxyl exchange 
has been found i n  the case of per-0-acetylated derivates of pentosesl38, 
aldohe~oses'"~ 13' and ketohexoses"3'* I B i  . Applying selective deacetylation 
reactions, the position of the exchanging acetoxyi group has been deter- 
mined. The exchange occurs mainly with the acetoxy group attached to the 
acetal-carbon. For instance, in the case of 1,2,3,4-tetra-O-acetyl-fi-~-ara- 
binopyranose (15) only the acetoxy group at C(l) participates in the ex- 
change, but in  the case of 9 some exchange takes place at C,,, (7.7%) 

H 

H OAc 

(15) 
I ,2,3,4-tetra-O-acetyI-~-~-arabinopyranosc 

but is negligible at other positions (altogether 1-37;). In the case of 8, 
97*8:< of the total activity of the product has been located at  CcI) and 
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2.2% at C(2), and none a t  the  other acetoxy groups. It should be noted that 
with these compounds no anomerization accompanies the exchange. 

The acetoxy exchange rate depends on the configuration of the acetoxy 
groups and on the conformation of the compounds. ,!? Anomers exchange 
their acetoxy group easier than a anomers, the former beiqg more exposed 
to the attack of the labelled acetic acid in the medium. 

1,2,3,4,5-penta-O-acetyI-~-~-fructopyranose (16), 1,2,3,4,5-penta-O-ace- 
tyl-p-D-fructopyranose (17), 1,2,3,4,5-penta-0-acetyl-a-~-sorbopyranose 
(18) and I ,2,3,4,5-penta-O-acetyl-/?-~-sorSopyranose (19) have been chosen 
as representatives of the k e t ~ h e x o s e s ' ~ ~ '  13'. Selective deacetylation of the 

exchange products showed that about 98% of the total activity of the 
compound is located at C(.,,; 2.2% (for the z anomer) and 1.5% (for the 
/3 anomer) was found at  C(l)  and C8,. Again the exchange reaction is not 
accompanied by anomerization, but the rate of exchange is strongly 
dependent on steric effects caused by the presence of large groups near 
the anomeric carbon13". 

D. Application of Carboxylic Esters for Tritium and "C Radioactivity 
M easurements 

Geiger-Muller counters filled with vapours of carboxylic esters have a 
broad plateau and show very good parametersNs. Methyl 3nd ethyl for- 
mates are specially useful as quenching agents in the counters for tritium 
and 14C determinations. Tritium and '4C-labelled acids and alcohols can 
be radioassayed by transforming them into volatile esters (generally Tor- 
mates) and introducing a known amount of the labelled ester into a 
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Geiger-Muller counter for a specific activity determination. The repro- 
ducibility of such measurements is very good and the adsorption of the 
labelled compound inside the counter is small. 

E. Mechanism of the Gas Phase Decomposition of Labelled Esters 

Methyl formate undergoes thermal decomposition in two possible 

I - CH4iCOz (137a) 

I--+ CH,OH t CO (137b) 

Equation ( 1  37b) is the rapid and principal mode of decomposition, and is 
followed by a slow secondary process of decomposition of methanol into 
carbon monoxide and hydrogenJ4": 

wayslag - 144 - 

HCOZCH, 

CHSOH --- [CHzO i H Z ]  - COT 2 H a  (138) 

Danoczy studied the mechanism of deterioration of Geiger-Muller count- 
ers filled with methyl and ethyl formates and repeated earlier thermal 
decomposition experiments146 using a different analytical method147 for the 
determination of the composition of gases which d o  not condense in a 
liquid air trap. Her results were similar t o  the data published by Steacie130 
and Bairstow and H i n s h e l w ~ o d ~ ~ ~ ) .  By making further studies of the decom- 
position of tritiurn-labelled formate TCOnCH3 and comparing the specific 
activities of the components of the product mixture obtained at partial 
decompositions with the specific activity of the starting material, she 
concluded that the formyl hydrogen takes part in the rate-determining 
step of the thermal decomposition of methyl formate. This confirmed an 
old idea of Sabatier and MailheIqb: that the specificity of the decomposition 
of formates (equation 139) is caused by the special mobility of the formyl 

HCOzC,,H,, 9 = COT CnHzn-,OH (1 39) 

hydrogen atom leading to facile formation of the alcohol and elimination 
af the carbon monoxide. However, the conclusion would require the sup- 
port of further studies, e.g.  of the pressure and temperature dependence of 
the tritium isotope effect i n  reaction ( I  37), including study of the tritium 
isotope effect in the decomposition of HCOnCHnT. 

According t o  equation ( 1  37b) methyl formate decomposes into C H 3 0 H ,  
which in turn splits a t  a much slower rate into carbon nlonoxide and 
hydrogen. Measurements of the specific activity of the carbon monoxide 
obtained at  partial decompositions of HCOn"TH3, combined with kinetic 
studies of the HC0214CH:, decomposition for longer times, and studies of 
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the decomposition of pure I 4 C H 3 0 H  and HC02CH3 mixed with known 
amounts of 14CH:rOH permitted the evaluation in the gaseous product 
mixture of the amount of carbon monoxide originating from the  rnethoxy 
group a t  various reaction times, and of the negligible contribution of the 
competitive free radical process (140d) to the total amount of the radio- 
active carbon monoxide formedbG. 

-O*~CH, - - H,"COH 

'O''CH, -- "CO + 3/2 H, 

VII. ISOTOPE EFFECTS IN THE REACTIONS 
O F  CARBOXYLIC ESTERS 

A. 14C Isotope Effects in Hydrolysis 

Comprehensive studies of the "T isotope effect i n  the hydrolysis of 
substituted ethyl benzoates. including changes in ring substituents, reaction 
temperature, solvent and concentration have been carried o u t  by Ropp and 
~ ~ ~ ~ ~ 1 4 9 -  1.51 . Table S contains data showing the effect of varying the 

TABLE 8.  Isotope elfccts in the basc-catalysed hydrolysis of carbor.yl-labelled substituted 
cthyl benzoates 

p-OCH., pC1 p - C H  : Nonc lll-cl I J I - ~ O :  
Nuclear 

substituenl 

k12,./lcl~c 1-0917 1-0810 1.0775 1.0764 1.0718 1.0672 

group R on thc isotope effect in the basic hydrolysis of ethyl benzoates 
(equation 141) labelled with 14C in t h e  carbosyl group. 

Data presented in Table 9 illustrate the dependence of the kinetic isotope 
effect in  reaction (131) on the ester alkyl group and the temperature. The 
difference between the effects in acetone and in ethanol was within the 
experimental error and may be neglectcd. The precision of the measure- 
ments was good enough to  reveal the variation of the k, ,c /kl ,c  ratios 
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TABLE 9. The efkct of varying the temperature and tlie ester-alkyl 
group on the isotope effect in the hydrolysis of carboxyl-labelled 

benzoatcs 

Ester Ternpcrature 
("C)  

Solvent 

C,H$O,E t 0 90% ethanol 1.0893 
C ,  H ,CO, El 25 90% ethanol 1 -0764 
C ,  H,CO, E t 25 56 % acetone 1-0775 
C,H,CO, E t 78.5 907/, ethanol 1 -0649 
C,HSCO,Bu-/ 25 56 % acetone 1.0649 

with the type of substituents in the benzene ring. Table 8 shows smaller 
sotope effects with mefa- than with para-su bstituted esters, with the largest 
effect observed in the hydrolysis of ethyl p-methoxybenzoa;e. The relatively 
large temperature dependence of the factors k,2c /k , ,c .  as well as previous 
kinetic studies of the h y d r o l y s i ~ ' ~ ' - ~ ~ ~  suggest that zero-point energy 
levels of the isotopic ester molecules depend largely on  the nature of the 
substituents. For instance, in the case of the isotopic ethyl p-methoxy- 
benzoate molecules the zero-point energy levels are more widely separated 
than in  tlie case of Ineta-substitued esters. This also means that the carbon 
atom in the labelled position has tighter bonding in the para-methoxy 
than for example in the meta-nitro ester. Larger separation of the zero- 
point energy levels, E l 4 - E I 2 ,  in the para-methoxy esters is determined by 
the large contributions of resonance forms of the type 20 ta the ground 

state of the esters, while in the case of rneta-substituted esters large con- 
tributions are made by structures such as 21 and 22. Additionally, i t  

/ 
-0 
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had been necessary t o  assume that in the transition complex of the reac- 
tion the difference (Els - € 1 2 )  largely disappears and that the activated 
state can be represented by structure (23). 

Bigeleisen1j2 expressed the view, that in terms of the generally accepted 
scheme for the base-catalysed hydrolysis of esters (equation 142) (see 
section VI.A.),  the isotope effect is the product of two factors: ( I )  a 

0 0 

- C,H,COOH + EtO - (142) 
li 

C,H,- C - 0 E t  ._ OH- 

thermodynamic isotope effect in the fast equilibrium preceding the rate- 
determining step, and (2) a pure kinetic isotope effect in the subsequent 
rate-determining step. Therefore the ratio of the observed rate constants is 
expressed 

kizc obs /k i ,C  obs = A/rzCkI?C/Kl~Ckt~C ( 1  43) 

in equation (143) where K is the equilibrium constant and k is the rate of 
decomposition of the intermediate, and subscripts 12 and 14 refer to 
isotopic species having 12C and l4C i n  the carboxyl group. Bigeleisen 
estimated that the KIzC.KI,C ratio is of the order of 1/1.03-1/1-05 at  
room temperature. Approximate one-bond model calculations of thc iso- 
tope effect in the 12C-1G0 versus 14C--'e0 bond rupture (see section 1V.A.) 
give the value of kl ,c /k, ,c  = 1-12, i f  the frequency (0 ( lT- - 'GO)  is taken 
as 1093 cm-'. Thus the estimated valuc of the k,,cobs/kI ,Cobs will be of 
the order I *09-1-07, in agreement with Ropp and Raaen's experimental 
findings. Nevertheless. this agreement does not give decisive proof of the 
reaction scheme used for the calculations by Bigeleisen. Strict calculations 
using more than one bond, as  well as more precise measurements of the 
temperature dependence of the isotope effects are required. The problem 
is quite interesting, because the e.\-act temperature dependence of the 
observed isotope effects would enable us to distinguish whether they are 
of kinetic origin only or of both kinetic and thermodynamic nature. 14C 
Isotope effects in the base- and acid-catalysed hydrolyses of the aliphatic 
esters have been studied by Korshunov and Novotorovlj3,.in 1 : I water- 
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alcohol solutions. The experimental error of the determination was about 
2%. The results are listed in Table 10. 

TABLE 10. I4C kinetic isotope eKectsi in the base- and acid-catalysed hydrolysis of 
carboxyl-labelled aliphatic esters 

Base-catalysed hydrolysis Acid-catalysed hydrolysis 
___ ___-- 

Temperature krzclktcc 
(“C) 

kI?C/klq! Tempcraturc Ester 

(“C) 
- - - - . - - - . - - -- . . -. - - -- - ._ . -- 

Me I4CO,Et 
Me I4CO,Et 
Me I4CO2€t 
Et 14C02Et 
Et I4CO2Et 
Et I4CO2Et 
Pr I4CO2Et 
Pr I4COtEt 
Pr I4CO2Et 
Me I4CH,CO,Et 
Me lqCH,CO,Et 

57 
37 
0 

55 
37 
0 

52 
32 
0 

50 
25 

1.16 
1.15 
1-16 
1.13 
1.13 
1-14 
1 . 1  1 
1.12 
1 - 1  1 
I .03 
1.03 

69 
38 
13 
70 
37 
12 
70 
37 
12 
- 

1.11 
1.12 
1.12 
I .09 
1.09 
1.10 
1.10 
1.09 
1.12 

It  should be noted that the isotope effects reported in Table 10 are  
very large. Calculation of the isotope effect in the rupture of the *C-0 
bond gives the value k,,c/k,cc = 1-12, if the frequency of the C-0 
bond is taken as 1093 cm-’. This value is quite close to the primary 
isotope effects reported for acid-catalysed hydrolysis of 14C-labelled esters. 
Unfortunately the large experimental error inherently present in 14C iso- 
tope effect determinations did not allow the study of the temperature 
dependence and, consequently, the determination of the structure of the 
transition complex. A dependence of the isotope effect o n  the length of 
aliphatic chain is observed, and, as one would expect, t h e  secondary 
sotope effect is smaller than the primary one. 

6. Secondary Deuterium Isotope Effects in the Hydrolysis of Corboxylic 

Secondary deuterium kinetic isotope effects in basic hydrolysis have 
been studied by Bender and coworkers’54* 155. At 25.0°c, CDSCOOEt 
reacts faster than CH3COOEt, that is, a ‘reverse’ kinetic isotope effect is 
observed ( k H / k D  = 0.90+0-01). In the majority of known reactions the 
normal moJecu!e reacts faster than the isotopic species containing deute- 
rium and tritium atoms. The origin of this ‘reverse’ deuterium isotope 
effect is in the view of the authors154 that the slow step of the reaction 

Esters 
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involves the addition of hydroxide ion to  the trigonal ground carbon to  
produce a transition state approximating to a tetrahedral carbon atom. 
Moreover the carbonyl carbon atom to which the methyl group is attached 
becomes less electron-deficient in the transition state than in the ground 
state. This causes a difference in hyperconjugative stabilization between 
the ground state and the transition state, the former being stabilized t o  a 
greater degree by hyperconjugation. 

The effect may also be explained by assuming that non-bonded repulsions 
are in o p e r a t i ~ n ' ~ ~ - ' ~ ' .  In the present author's view it is more reasonable 
to assume that deuterium substitution in the methyl group of the acetic 
acid causes some changes in the frequencies of the skeletal vibrations of 
the ester, including those of the C-0 bond being broken, so as to favour 
the hydrolysis of the deuterated species. Only if the calculations of the 
secondary deuterium isotope effects based on the effect of the mass of 
deuterium on the vibrational frequencies fail to explain the observed 
reverse isotope effect, should one add to the pure mechanistic effects 
further electronic effects, which are thoroughly discussed by Halevi and  
Pauncz16z. 

Quite different kinetic isotope effects are observed in the hydrolysis of 
methyl p(tritiomethy1) benzoate either in basic water-alcohol solution or 
in 99-100% sulphuric acid": 

O H ,  CH,TC,H,CO, - + CH,OH ( 144a) 

I-H:- CH,TC,H,CO,H + CH,OH (lab) 

The tritium-labelled ester reacts a t  a slower rate than the ordinary ester 
in alkaline solution (at 25"c, kJk, = 0.953 A 0.004), but a t  practically 
the same rate in 99.90/, sulphuric acid (at 20"c, k,/k, = 0-999+0.006). 
Hodnett and coworkers87 assume that the rate-determining step in the 
basic hydrolysis is the attack of a hydroxyl ion on the carboxylate carbon 
(equation 145). The rate-determining step in the hydrolysis of esters in 

0 0- 
I1 

CH,TC,H,CO,CH, - - -- 

R'-C--OR'+ OH - - R'--C-OR' (145) 

6H 
99-l00o/d sulphuric acid is thought to  be the formation of an  acylium ion 
(equation 146). 

0 0 
I' + ' I  

R'-C--O-RX _ _ _  Rl--C- LRZOH ( 146) 
I 
H 
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By analogy with the observations that  electron-releasing groups attached 
to the phenyl ring of benzoates retard the rate of basic hydrolysis, it is 
supposed that a tritium atom in the p-methyl group reduces the reaction 
rate due to its greater ability for inductive electron release. The difference 
between the effects of heavy hydrogen isotope substitution on the rate of 
the hydrolysis of CD3COOEt on one hand and of C H 2 T C ~ H & O O C H z  
o n  the other, is explained by the simultaneous action of two opposing 
factors: (1) greater electron release of  the tritium atom through the induc- 
tive effect, and (2) smaller electron release by the tritium atom through the 
electromeric effects. This explanation should be confirmed by isotope 
effect studies of the hydrolysis of p - C D & = H r C O O C H 3 .  
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Notes Added in Proof 

Note I .  The reader of section IVC. 4 is referred for further experimental results on 
this subject and their dicussion to the papers by M. Ziclinski published recently in 
the Polish journals Nricleoniko and Roczniki Ctreniii. 

Note 2. Recent detailed investigations of t h e  carbon-I3 isotope effects in the decar- 
boxylation of anthranilic acid in solid state and in solutions (see paper by 
M. Zielinski published recently in Roczjiiki Chemii) have shown that in water medium 
and in the temperature region 102-142'; c, the carbon-13 isotope effect is independent 
of temperature and has the value 1~0040~0*0001.  This corresponds exactly to the 
ratio of t h e  effective 12C-1T and 12C-13C bond distances (broken in the course of 
decarboxylation) corrected for their amplitudes of vibrations. 



C H A P T E R  11 

ERKKI K . EURANTO 
University of Turku. Finlarid 

I . INTRODUCTION . . . . . . . . . . . . . . . . . . . . . . . . . .  506 

11 . ALKALINE HYDROLYSIS BY ACYL-OXYGEN FISSION ( B ~ c 2 )  . . . . . . .  
A . Reaction Mechanism . . . . . . . . . . . . . . . . . . . .  

1 . Evidence for acyl-oxygen fissioc . . . . . . . . . . . . . . .  
2 . Evidence for the addition-elimination mechanism . . . . . .  
3 . Kinetic form . . . . . . . . . . . . . . . . . . . . . .  
4 . Temperature and pressure dependence of rate coefficients . . 
5 . Elimination-addition mechanism . . . . . . . . . . . . . .  

B . Structural Effects . . . . . . . . . . . . . . . . . . . . .  
1 . Polar effects: meia- and para-substituted benzene derivatives, 

Hammett equation . . . . . . . . . . . . . . . . . . . .  
2 . Resonanceeffects . . . . . . . . . . . . . . . . . . . .  
3 . Polar effects: aliphatic compounds . . 
4 . Steric effects . . . . . . . . . . . .  
5 . Effect of configuration and conformation 
6 . The Taft equation . . . . . . . . . .  
7 . Isotope effects . . . . . . . . . . . .  

C . Medium Effects . . . . . . . . . . . .  
1 . Solvent isotope effects . . . . . . . .  
2 . Salt effects . . . . . . . . . . . . .  
3 . Solvent effects . . . . . . . . . . . .  

. . . . . . . . . .  

. . . . . . . . . .  

. . . . . . . . . .  

. . . . . . . . . .  

. . . . . . . . . .  

. . . . . . . . . .  

. . . . . . . . . .  

. . . . . . . . . .  

. . . . . . . . . .  

. .  

. .  

. .  

. .  

. .  

. .  
the 

. .  

. .  

. .  

. .  

. .  

. .  

508 
509 
509 
509 
512 
513 
514 
514 

514 
516 
517 
520 
521 
523 
523 
523 
523 
524 
525 

III . CATALYSIS IN ESTER HYDKOLYSIS BY ACYL-OXYGEN FISSION ( B A J  . . . .  529 
A . Neutral Ester Hydrolysis . . . . . . . .  

1 . Scope and  kinetics of the rcaction . . .  
7 . Structural effccts . . . . . . . . . .  
3 . Medium effects . . . . . . . . . . .  

B . General Base Catalysis . . . . . . . . .  
1 . Scope of thc reaction . . . . . . . .  
3 . Characterization of general base catalysis 
3 . The Br~lnsted relation . . . . . . . .  
4 . Rcaction mechanism . . . . . . . .  

C . Nuclcophilic Catalysis . . . . . . . . .  
1 . Reaction mechanism and kinetics . . .  
7 . The leaving group . . . . . . . . . .  
3 . The nucleophile . . . . . . . . . . .  

. . . . . . . . . . . .  529 

. . . . . . . . . . . .  529 

. . . . . . . . . . . .  530 

. . . . . . . . . . . .  532 

. . . . . . . . . . . .  532 

. . . . . . . . . . . .  532 
. . . . . . . . . . .  533 

. . . . . . . . . . . .  534 

. . . . . . . . . . . .  535 

. . . . . . . . . . . .  535 

. . . . . . . . . . . .  535 

. . . . . . . . . . . .  536 

. . . . . . . . . . . .  536 
4 . General base catalysed nucleophilic catalysis . . . . . . . . . .  537 

D . Catalysis by Metal Ions . . . . . . . . . . . . . . . . . . . .  538 

505 

The Chemistry of Curboxylic Acids and Esters 
Edited by Saul Patai 

Copyright 0 1969 by John Wiley & Sons Ltd. All rights reserved. 



506 Erkki K . Euranto 

E . Intramolecular Catalysis . . . . . . . . . . . . . . . . . . . .  
1 . Carboxylate ion and carboxyl group . . . . . . . . . . . . . .  
2 . Hydroxyl group . . . . . . . . . . . . . . . . . . . . . . .  
3 . Carbonyl group . . . . . . . . . . . . . . . . . . . . . . .  
4 . Nit rogeii-contain ing groups . . . . . . . . . . . . . . . . .  
5 . Other groups . . . . . . . . . . . . . . . . . . . . . . .  

F . Inhibition . . . . . . . . . . . . . . . . . . . . . . . . . .  
G . Enzymic Catalysis . . . . . . . . . . . . . . . . . . . . . . .  

OXYGEN FISSIOK (Astc) . . . . . . . . . . . . . . . . . . . . . . .  
A . Reaction Mechanism . . . . . . . . . . . . . . . . . . . . . .  

1 . Evidence for acyl-oxygen fission and the addition-elimination me- 
chanism . . . . . . . . . . . . . . . . . . . . . . . . . . .  

2 . Hydrogen ion catalysis . . . . . . . . . . . . . . . . . . . .  

Iv . HYDROGEN-ION CATALYSED HYDROLYSIS A N D  ESTERI FIcAT~ON BY ACYL- 

3 . Reaction mechanism and kinetics . . . . . . . . . . .  
4 . Catalysis . . . . . . . . . . . . . . . . . . . . . .  

B . Structural Effects . . . . . . . . . . . . . . . . . . .  
1 . Polar effects: melo- and pnro-substituted benzene derivatives 
2 . Resonance effects . . . . . . . . . . . . . . . . . .  
3 . Steric effects . . . . . . . . . . . . . . . . . . . .  
4 . Separation of polar and steric effects . . . . . . . . .  

C . Medium Effects . . . . . . . . . . . . . . . . . . . .  
1 . Solvent isotope effects . . . . . . . . . . . . . . . .  
2 . Salt effects . . . . . . . . . . . . . . . . . . . . .  
3 . Reaction in moderately concentrated acids . . . . . . .  
4 . Solvent effects . . . . . . . . . . . . . . . . . . . .  

D . Esters with Electronegativc Substituents . . . . . . . . . .  
E . Unimolecular Hydrolysis and Estcrification (A., cl)  . . . . .  

v . HYDROLYSIS AND ESTERIFICATION BY ALKYL-OXYGEN Frssro~ . . 
A . Acid-catalysed Reactions (AAL~) . . . . . . . . . . . . .  

1 . Mechanism and evidence for alkyl-oxygen fission . . . .  
2 . Reactions with intermediate carbonium i m s  . . . . . .  

. . . .  

. . . .  

. . . .  

. . . .  

. . . .  

. . . .  

. . . .  

. . . .  

. . . .  

. . . .  

. . . .  

. . . .  

. . . .  

. . . .  
3 . Reactions with intermediate alkoxymethyl cations . . . . . . .  

B . Unimolecular Solvolysis (BAj. I )  . . . . . . . . . . . . . . . . .  
C . Bimolecular Hydrolysis (BAL2) . . . . . . . . . . . . . . . . . .  

VI . HYDROLYSES INVOLVING NOT ONLY THE CARBOXYL GROUP . . . . . . . .  
A . Dialkyl Dicarbonates . . . . . . . . . . . . . . . . . . . . .  
B . Alkyl Haloformates . . . . . . . . . . . . . . . . . . . . . .  
C . a-Haloalkyl Esters . . . . . . . . . . . . . . . . . . . . . .  

VI . REFERENCES . . . . . . . . . . . . . . . . . . . . . . . . . . .  
___ .... .- .. 

539 
539 
543 
544 
545 
547 
548 
548 

549 
549 

549 
549 
551 
553 
554 
554 
555 
555 
557 
558 
558 
559 
559 
560 
562 
564 
566 
566 
566 
566 
568 
569 
573 

574 
574 
575 
577 

580 
~ 

1 . INTRODUCTION 

The hydrolysis of carboxylic esters (equation 1) and the reverse reaction. 
the esterification. habe been the subject of intensive kinetic and mechanis- 

R'COORa + H. 0 T-=: R'COOH + R'OH (1) 

tic studies during the last century since Berthelot and Pean de Saint- 
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Gillesl investigated the esterification of acetic acid and the hydrolysis 
of ethyl acetate: their results were used by Guldberg and Waage? i n  the 
derivation of the Law of Mass Action. Thousands of papers dealing with 
the kinetics of these reactions have appeared and several excellent reviews 
have been published”’. 

The ester hydrolysis is catalysed by hydrogen and hydroxide ions, but a 
base-catalysed esterification is not known. Other chemical species may also 

101 I I I I I I I  I I 1 - j  

0 5 I0 
- lo9 [H*] 

FIGURE 1 .  The logarithm of the experimental rate coefficient in water at 25‘C 
for the hydrolysis o f  ethyl acetatca-” ( 0 ) .  methyl dichloroacetatel’. I ?  (a),  and 
chloromethyl c h l ~ r o a c e t a t e ~ ~ *  l 4  (a) as  a function of the logarithm of  the 

hydrogen ion concentration 

act as catalysts. In their absence the rate law for the hydrolysis of an  ester 
E is given by equation (2), as first proposed by Wegscheider’ in 1902. 

I n  equation (2), k,, k,,, and ko are the rate cocficients of the hydrogen-ion 
and hydroxide-ion catalysed reactions, and of the neutral or water hydroly- 
sis, respectively. Only one of the three terms in  equation (2) is usually signifi- 
cant at a definite pH range; therefore a plot of log kcaperimenral versus 
log [H’] is formed of three linear parts with slopes I ,  0, and - 1 (Figure 1). 
The minimum rate is observed at  the acidic side because /iOH =- k,; the 
hydrogen ion concentration a t  that point is givenJ5 by equation (3), in 
which K, is the ion product of water. A neutral hydrolysis is observable 

[ H + ]  = ( k O H K W / k H ) ” ’  (3) 
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only if 1' (equation 4) is at least of the order of unitys. The rate coefficients 

I 
v = 2 kO/(k"kO,{KW)1/'2 (4) 

k ,  and ko,  are usually easily measured by ti suitable choice of p H ;  a high 
rate of neutral hydrolysis may mask acid hydrolysis and sometimes alka- 
line hydrolysis is inconveniently rapid. If buffer solutions are used in 
adjusting pH, a possible catalysis by buffer components has t o  be taken 
into consideration; erroneous kinetic data exist in the literature arising 
from ignorance of this. 

A general classification of the mechanisms of esterification and ester hy- 
drolysis was first given by Ingold and coworkers'6* l7 in 1939; sinall changes 
were introduced later" 16. The mechanisms are subdivided depending 
upon (i) whether the carboxyl form which undergoes reaction is the neutral 
ester molecule, R'COOR', (B, basic mechanism) or the ionic copjugate 
acid, R1COOH+R2 in hydrolysis or R'COOH' in esterification, (A, acid- 
ic mechanism), (ii) whether the bond rupture takes place between the 
ethereal oxygen and the acyl carbon atom (AC, acyl-oxygen fission) o r  t h e  
alkyl carbon atom (AL, alkyl-oxygen fission), and (iii) whether the rate- 
limiting step is unimolecular (1). i.e. the water in hydrolysis and the alcohol 
in esterification does not participate covalently in the rate-limiting step. o r  
bimolecular (2), i.e. the water, base, or alcohol does participate. Of the eight 
possible mechanisms obtained by all combinations of these three factors, 
two, BAcl and AAL2, have not been observed with certainty. The bimolec- 
ular hydrolyses with acyl-oxygen fission, BAc2 and A,,2, are by far the 
most common mechanisms. 

In addition to the Ingold mechanisms in which the rate-limiting step is a 
reaction in the carboxyl group, some special esters hydrolyse by mechanisms 
in which the carboxyl group is not directly involved i n  the rate-limiting 
stage. For example, x-haloalkyl esters, R1COOCXR2R3 (X = C1, Br, o r  I), 
and chloroformates, CICOOR, are found in some cases to solvolyse by 
mechanisms in which the halogen-carbon bond is ruptured in the rate- 
limiting step. 

II. ALKALINE HYDROLYSIS BY ACYL-OXYGEN FISSION 
(BAC2) 

The alkaline hydrolysis or saponification of estcrs is often called hydroxide- 
ion catalysed hydrolysis, although there is no catalysis i n  the strict sense 
because the reacting hydroxide ion is consunied i n  thc reaction ( 5 ) .  
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0 

( 5 )  

The reaction is i n  priiiciple reversible, but in  practice it is driven completely 
to the right bec:iiise of the stability of the carboxylatr ion. R'COO-. 

R'C--OR'+ OH- - - -  R'COO- -!- R'OH 

A. Reoction Mechonism 

1. Evidence for acyl-oxygen fission 

Holmbe;g found in 191219 that in  the hydrolysis of acetoxysuccinic acid, 
CH:~COOCH(COOH)CHnCOOH. with an asymmetric x-carbon atom in 
the alkyl component, the configuration was fully retained during alkaline 
hydrolysis. This was taken as an indication that the alkyl-oxygen bond was 
not ruptured: the proof, however, is not complete because later work has 
shown occasions with retention of configuration in carbonium ionsG. 
E. H.  and C. K.  Ingold"' used two esters, I-methylallyl and 3-methylallyl 
(crotyl) acetates, which would yield the same mesomeric carbonium ion. 
Because only the corresponding alcohols were produced"', the hydrolysis 
had to occur through acyl-oxygen fission. A method which is in principle 
similar was applied by Quayle and N o r t o P  to  the neopentyl esters of acetic 
and the three chloroacetic acids. when they s!iowed that the hydrolysis 
yielded neopentyl rather than rearranged 1-amyl alcohol. 

The most general method for demonstration of the place of fission is to 
hydrolyse the ester in water enriched in laO, when OH- will also become 
labelled, and to investigate whether labelled alcohol o r  acid is formed. 
Acyl-oxygen fission was proved in this way in the alkaline hydrolysis of 
arnyl acetatec3 and of 7'-butyrolactone"". Kursanov and Kudryavtsev'j 
obtained the same result by ;I modified method: ethyl propionate labelled 
with I6O in the ethereal oxygen was hydrolysed in normal water and the 
resulting ethanol was found to havc ail excess of leg. Bunton and coworkers 
have shown by using l8O tha t  acyl-oxygen fission takes place in the alkaline 
hydrolysis of the following esters with large variations in structure: methyl 
2,4,6-triphenylbenzoare'", diphenylmethyl and 9-fluorenyl acetate27, methyl 
trifluoroacetate". phenyl and diphenylrnethyl t r i f l uo roa~e ta t e s~~ ,  and 
bornyl and isobornpl acetatesau. 

2. Evidence for the addition-elimination mechanism 

The alkaline hydrolysis of esters ( 5 )  can be prescnted eithcr as a one-stage 
substitution reaction ( 6 )  without any formal participation of the carbonyl 

0 0 

( 6 )  
f a s t  

R IC  -OR'$ OH- 'Lo% RlC-OH . R20- .- R'COO - + R a O H  
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group or as a n  addition-elimination mechanism (7) with a tetrahedral 

0 0- 0 
I k, I R'c-OR~+OH- -e ~'c-0~2 -.5.+ R * C ~  RZO- J?-L R~COO- -L R ~ O H  ( 7 )  

k ,  

O H  O H  

intermediate. The possible elimination-addition mechanism is discussed 
in section IJ.  A. 5. 

The direct displacement reaction (6), actually a n  S,2 reaction at  the 
carbonyl carbon, does not explain why esters react much more rapidly than 
ethers3. There is no direct indication that the hydroxide ion can add to the 
carbonyl group of a n  ester, but addition of sodium methoxide to  the carbo- 
nyl groups of ethyl fluoroacetates has been detected by the aid of infrared 
absorption spectra3'. The main evidence for the formation of a tetrahedral 
intermediate in ester hydrolysis comes from Bender's finding of concurrent 
hydrolysis and carbonyl-oxygen exchange with the solvent3". If there is a 
real intermediate in an energy minimum of the reaction path, rather than a 
transition state in an energy maximum as in mechanism ( 6 ) ,  the carbonyl- 
oxygen and the added hydroxyl-oxygen may become equivalent and an 
exchange reaction will be possible (equation 8). 

*O *0- *O 

k ,  I 

1 

k ,  
R*k-oRaLOH- r:=-: Ri&-oRz -L R'C+Rao- 

O H  O H  

k , '  ks 

*OH 

R' C-0 Ra 
I 

O H  

k , :  k. 
! I  

*OH * O H  

By analysing the recovered ester for l8O (marked above as *0) after in- 
complete hydrolysis, B e n d e F  showed that a carbonyl-oxygen exchange 
really accompanies the ester hydrolysis. The rate of exchange was found to 
be about one fifth of the alkaline hydrolysis of ethyl, isopropyl, and 1-butyl 
benzoates in water. The ratio of t h e  rates of exchange and hydroly.' 51s was 
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found to depend somewhat on the t e m p e r a t ~ r e ~ ~ ,  the solvent composition34, 
and the structure of the acyl component ofp-substituted methyl benzoates35 
o r  the alkyl component of esters36. It can even be unmeasurably low, as, 
for example, in the case of phenyl b e n z o a t P  and p-methoxy- and p -  
chlorobenzyl b e n z o a t e ~ ~ ~ .  An especially high ratio, about two, was found 
by Bunton, Khaleeluddin and W l ~ i t t a k e r ~ ~  in the hydrolysis of isobornyl 
acetate. 

One may argue that exchange takes place as a side-reaction and that the 
tetrahedral intermediate does not lie on the reaction path. In the case of the 
analogous general base-catalysed ethanolysis of ethyl trifluoroacetate (cJ 
section 111. B), Johnson3* has given evidence for a mechanism where an 
intermediate lies on the reaction path in the solvolysis of a carboxylic ester. 
As stated by Burwell and P e a r ~ o n ~ ~ ,  the principle of microscopic reversib- 
ility was applied incorrectly by Johnson, but this does not seem t o  invalidate 
the result. Fedor and Bruice"' have presented kinetic evidence, based on 
the retarding effect of acids at p H  values below 2.5 and solvent isotope 
effects, for the formation of a tetrahedral intermediate in the general base- 
catalysed hydrolysis of ethyl trifluorothiolacetate. Bender and Heck40b 
have recently found that oxygen exchange is in agreement with the kinetic 
results, indicating that the same intermediate is being observed by both 
methods and that the intermediate observed by carbonyl-oxygen exchange, 
which is necessarily tetracovalent, therefore, a t  least in this reaction, 
lies on the reaction path of ester- hydrolysis. Smith and O'Learyql found 
that ethyl benzoate (2) was formed in the hydrolysis of 0-ethyl thiobenzo- 
ate (1); the relative rate coefficients for the production of ethyl benzoate 
(,2), thiobenzoic acid (3), and benzoic acid (4) under alkaline conditions 
in 40% acetone-water at 25"c were found to be 0.3, 1.0, and 1, respecti- 
vely. The results were rationalized by the addition-elimination mecha- 
nism (9). 

R' = C,H, 

R2 = E t  

The structures of the intermediates in the above mechanisms (7) and (8) 
are written without water molecules but formulae can be given with water 
participating covalently; e .g . ,  in the Lowry the intermediate 
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is written as 

+ 
0- Na- OH 
I +- 
I I 

R‘C O--RR’. 

OH H 

Water certainly solvates the different species but its role does not seem 
to be clarified unequivocally. 

3. Kinetic form 

The simple reaction equation ( 5 )  calls for second-order kinetics, and as 
early as 1881 Warder43 showed that the alkaline hydrolysis of ethyl acetate 
was first order in respect of both the ester and the hydroxide ion. If mecha- 
nism (7) is followed, it can be shown by a steady-state treatment, that the 
observed second-order rate coeficient k o ,  is given by equation (10). If the 

proton transfer reactions (k4 and kJ i n  the reaction scheme (8) are much 
faster than the other rates, the partitioning ratio k3/k3 of the interme- 
diate is given by 2 k,,/ko, where k,, is the observed rate coefficient for 
the carbonyl-oxygen exchange reaction. If however the proton transfer 
reactions must be taken into account, which seems to be the true situa- 
tion3’* 40b, the expression for kOH/k,, is given by equation (1 1) and k 2 / k 3  
and k ,  can no longer be calculated from the experimental rate coefficients. 

Second-order kinetics is still followed. 
Recently Tsujikawa and Inoueq4 have reported that the second-order 

rate coefficient for the elkaline hydrclysis of ethyl acetate, obtained by a 
continuous measurement of the electric conductivity, decreases as the reac- 
tion proceeds. They claimed that steady-state treatment could not be ap- 
plied to reaction (7). In the light of the unobservable low concentration of 
the intermediate3I and the unlikely result that k a / k 3  should be strongly 
temperature-dependent (the calculated values ranging from about 7 to 
0.3 a t  the temperature range 50-20ac, cf. ref. 33), the kinetic analysis 
seems to be wrong and may depend on some error in the rate measure; 
ments. Usually the experimental data arc found to fit the second-order rate 
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cquation wcll (sec, for example, ilie recent conductinietric data 0 1  Saadi 
and Lee"" for the hydrolysis of methyl iicetate). 

Sacher and Laidler4G found that in thc alkaline hydrolysis of p-nitro- 
phenyl acetate in 9.56 vol. yt', dioxane-water the rate coefficient falls off at  
high hydroxide ion concentrations and they attributed this to the establisli- 
ment of an equilibrium between p-nitrophenyl acetate + OH- and tlie 
anion 

1 0 0- 

{ '  -CH,COC,H,NO, - - CH,-~-CoC,H,NO,~ ' 

which is stabilized by resonance. i l-lsO. This explanalicin is, however, 
suspected by Bruice and Beiikovic139 because the enolate anion should 
easil? collapse 10 nitrophsnoxide and ketene. On the other hand. Papoff 
and ZamboninJSo recently found by a quasi-adiabatic enthalpimetric rnetli- 
od lha t  ko, for ethyl acetate in aqueous solution increases with increasing 
sodium hydroxide concent ration bui decreases with increasing sodium 
chloride content. 

A pH dependence of the ratc of alkaline hydrolysis diir'ering from that in 
Figure 1 is observed if the ester has an acidic form E, which reiicts at a 
rate different from that of the basic forin E,. The experimental second- 
order rate coefficient ko,  at a definite hydroxide ion concentration is thcn 
siven by equation ( I  21, in which k ,  and /ih are the rate coefficients of E ,  and 

E,, respectively, and K,, is the base constant of E,. I f  now /i,K, k,[OH-] 
(k:,  is probably >> I;,,, see section 11. B. 3) and [OH-] >> Kh. then ko,  is 
proportional to ] / [OH-]  which means that the ratc is indcpcndent of the 
pH. This is found by Agrcn, liedsten and Jonsson4' to be the case i n  the 
alkaline hydrolysis of several 2-dictliylaniitioet~iyl bcnzoates i n  limited 
pH 1-anges ((j: section 111. E.  4). 

4. Temperature and pressure dependence of rate coefficients 

The rate coefficients for thc alkaline hydrolysis of carboxylic esters are 
generally fbuiicl  to obey the Arrhenius equation if  there is no change in 
mechanism with temperatiirc. Typical for thc reaction are l o w  values of 
activation energy Eorentlialpy AHH::and relativcly low valiiesof the frequen- 
cy t-actor A oracti\iationeiitropyilS:';. This is illustrated by tlie data for ethyl 
acctateJb: i i >  water; a t  35"c:  k -- 0.1 I I h 1 - l  scc-l, E = 11-37 kcal/mole, 
log .4 = 7.38 ( A  in M'- 'sec- l ) ,  A H :  = 10.78 kcal/mole. AS:= - 2 6 s  E . U .  
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More examples will be given when structural and solvent effects are 
considered. 

Increased pressure was found in  1915 by Cohen and Kaiserdg to  increase 
the rate of the alkaline hydrolysis of ethyl acetate. More recent measure- 
ments of Laidler and ChenjO gave the values - 9.9 and - 8-8 cm3/mole for 
the activation volume 4 V :  of the alkaline hydrolysis of methyl arid ethyl 
acetates, respectively, in water a t  25"c. These values are in accordance with 
a bimolecular reaction and correlate well with the negative activation 
entropy. 

5. Elimination-addition mechanism 

Although the addition-elimination mechanism (7) is well documented 
for most BAc2 hydrolyses, Bender and Homers1 have presented strong evi- 
dence that the alkaline hydrolysis of aryl N-alkylcarbamates (5 )  takes place 
by an elimination-addition mechanism ( I  3) first proposed by DitterP2 and 
Christensoni3. 

0 0 
OH - 

~ l ~ ~ c - 0 ~ 2  _- 

( 5 )  ( 1 3 )  

=. ~ 'Nc-0~2 fl0z R ~ N -  c - 0 + - 0 ~ 2  

H 2 0  

R'N- C O--H,O --- R'NHCOOH --- COZ-RNH, 

The reaction takcs placc at a rate 105-10G times higher than that of the cor- 
responding N,N-disiibsti:uted esters and has a positive activation entropy53. 
I t  is not general base catalysed, the nitrogen-bondcd hydrogen exchanges 
rapidly with deuterium oxide, and there is a large kinetic solvent isotope 
effectil ( / iD,O/kH,O = 1.8, ~j: section 11. C. I ) .  

B. Structural E ffectr 

1. Polar effects: meta- and para-substituted benzene derivatives, the Hammett 
equation 

Since a negative hydroxide ion is added to the carbonyl group i n  the 
rate-limiting step according to the mechanism (7), electron-withdrawing 
groups would be expected io facilitate the reaction. This is seen most clearly 
in the hydrolysis o f  esters \vi th  substituents i n  the iiwfa orpnra position of a 
benzene ring when steric a n d  resonance eflects arc  nearly constant. The 
kinetic data f o r  some uwfu-siibstituted methyl bcnzoates (Table I )  illustratc 
this and also show that the rate variation is almost exclusively due to the 
differences i n  activation cncrgy E, the frequency factor A being almost 
constant (see, ho\vcvei.. the niovc rcccnt data  of Tommila and co- 
\L or  k cr s ' 3'2). 
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TABLE 1 .  Kinetic data for the alkaline hydrolysis of mern-substitutcd 
mcthyl benzoatcs in 56 wt.% acetone-water at ZS'c (Tornmila, 

Brehmer, and EloS4) 

. . . -. _- . -_ . . . . . . . . . . - - . - -. . 

N 0, 0.7 I0 347.0 12.79 8.95 
Br 0.39 1 47.0 13.66 8.73 
1 0.352 39.8 13.74 8.71 

H 0 9.02 14.35 8.52 
N H ,  -0.161 5.30 14.83 5-64 

CH,O 0.1 15 11.0 14.03 8.36 

The data for reactions of ~rzcla- and para-substituted benzene derivatives 
can be fitted to  the Hammctt equation": 

109 (/i/kc) 1 (14) 

This and other similar linear free energy structure-reactivity relationships 
are reviewed and their theory interpreted by Jaffe55, WellssG, Leffler and 
G r u n wa Id j7, E 11 re iiso niS, a lid R i tch ie a iid Sage rS9. 

The kinetic data for the alkaline hydrolysis of t i z i i tu -  and pura-substituted 
alkyl benzoatcs ~is~iall)! give ;ti1 exccllcnt liti" to the H;:minctt equation (14). 
The reaction constant 2 i s  usually 2 litt!e over- tw:) in kiqueous organic 
solvents at room temperature, indicating a high susceptibility of the reaction 
t o  substilution i n  the espected direction. The value of 2 increases almost 
linearly with 1 / T ,  an indication o f  the isoentropic behaviour of the reac- 
tion. As expected, I, decreases when the substituted plienyl group A r  is 
moved further off the reaction centre a s  indicatcd by the 11 values in SS'>/, 
ethanol-water a t  30 or  25 c for the following ctliyl esters: ArCOOEt 
243,  p-ArCljH4COOEt 0.61, .4rCH2COOEt 0.82, ArCH2CHKOOEt 0.49, 
and ArCH-=.CHCOOEt 1.33. When the variable substitueiit is i n  the 
alkyl component o f  phenyl or Ixnzyl acetates, t h e  lit is o n l y  satisfactory"5. 
The reaction constitiit c) i r !  60 vol. "/o acctone-water is 1.76 for the first- 
mentioned seriesG" at 1 "(* a n d  0.74 for thc last-mentioned series5ti at room 
temperature. Thesmallcr \~alucs whcii compared with the data for substitut- 
ed alkyl henzoiites are caused by the grcatcr distance I'roni the reaction 
centre. 

i f  there iirc scveral substituents i!i the benzene ring,. the rcsultant effect 
is close to the sum of their separate elTects provided that the groups d o  not 
interact". 
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Several extensions of the Hammctt equation ;ire possible". ''. Wells and 
AdcockG2 have shown. that the Hatnniett equation applies to the hydroly- 
sis of 6- and 7-substitutetl niethyl 2-naphthoates. w i t h  high precision, but 
some of the reaction parameter5 are different for thc 6$ and 7fl series as 
well as for  the benzene and naphthalene systems. 

I t  is to bc rcmernbered that the obscrved ratecocficient /cOl, o f  the alkaline 
ester hydrolysis is n complex constant (equation 10). Theoretically the 
Hanimett equation can on ly  be applied to the rate coefficient of an ele- 
mentary reaction, for  example. t o  A- ,. That the obser::ed rate coefficients 
conform to a simple relationship, may depcnd on the fact that one of two 
assumptions is valid"": either (i) k.Jk: is independent of the substituent (as 
it may a prior; assiimed to  bezi) or (ii) /iq,//ig << 1 when k o H z  Ik 1. 

2. Resonance effects 

Tlie p-aniino group has ii u valuc.~:' of -0-66, dimering much more thzn 
usual from the value. -0.16. for  the fir-amino group. Tliis is due to the 
grouiid-state stabilization by t h e  resonance ( I  5 )  which i.s impossible i n  the 
transition statc of ester hydrolysis according to equation (7)  and leads to a 

lower rate of hydrolysis of the para compound (thc values of tor ethyl 
p -  and In-aminobenzoates i n  56 wt.:;', acetone-water at  2 4 . 9 " ~  are';3 3-40 and 
164-7X 10-j hi - 1  sec-', respectively). That this is a resonance effect is 
strongly supported by the results of Westheimer and Metca lP ,  who 
showed that e t ti y I 3,5-d i met h y l-4-di me t ti y la nii iio beiizna tc, i i i  which t lie 
two o-methyl groups prsvcnc the dimethylamino group f r o m  lying i n  the 
plane of the benzcne ring arid hence inhibit the resonance, hydrolyses 
about 24 times a s  fast a s  thc uiihindet-cd ester. 

DiRerent (r valucs are needed for a siibstitLieiit depending upon whetlier 
it resonates with the reacting group or  not. To a\.oid the duality or  
multiplicity of (r values. the resonance effect y' ha5 to be taken i n t o  account 
as i n  the exteridcd Haminett equation (16) by Taft". and (i \ ~ i l u e s  have to 

(16) log ( k / / ? )  = 964- I,' 

bc based on reaction series \kithotit direct coiijiig,;iti\c interactions between 
substituent rind reaction centre". G 7 .  Noi-man and co\\ orkei~s" and more 
recently Y uka\va,  T s u n o  and S a i ~ a d a ~ ~  suggested that normal substitueiit 
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constants. o', arc best obtained from the rates of alkaline hydrolysis of 
17wta- and pmx-substituted ethyl phenylacetates when there is no conjuga- 
tive interaction bctween substitucnt and reaction site and the substituent 
etTects are  coniparatively large. 

A still more pronounced influence is to be expected if a saturated acyl 
component of an ester is replaced by ;i group with bonds conjugated with the 
carbonyl group; sincc the resoiiance energy stabilizes the ground state, an 
increased activation energy and  ii lower rate of hydrolysis is to be expected. 
The ti n sa t u ra t e d gr o ups, h owe vc r , a re e I e ct r o n -w i t h d ra w i n g and s ti o 11 I d 
inductively enhance tlic rate. The esperiinental data in Table 2 show that 

lop .J Hclkrcnce 

. . .  

CH,CH, 0.0870 10.72 6.78 70 
71 C ,  H 5CH 0.207 - - 

c,; H j 0.0293 12.65 7.76 72 
Ctl2= CH 0.0779 I 1.95 7.64 73 
c1-1 c 4.68 12.36 9-64 74 

t hc  mesomci-ic i n  17 ticlice often overweighs thc inrliictive eflect. The higher 
rate of ethyl propiolate compared wi th  that of ethyl acrylate and propionate 
must bc diie to the inductive effect of the acetylenic group. 

In csters with ;in unsaturated group in the alkyl compoiient a coiijuga- 
tion with the car-bonyl group is impossible and stabilization of the ground 
state does not takc place. 

3. Polar effects: aliphatic  c o m p o u n d s  

In the case of aliphatic and urr/w-substituted aromatic compounds steric 
eflecis becomc important and may mask the polar clfccts. If, however, the 
pol:ir-itirs o f  the substiruents difiir considerably, the polar effect dominates, 
as  c;iii bc x e n  I'rom tlic csamples i n  Tablcs 3 and  4. i n  which thc substitii- 
ents arc arraiigcd in the order of increasing polarity". The rates are usually 
seeii t o  t'ollow tlic ordcr o f  polarity, activation enthalpy being often the 
ratc-dctermiiiing factor. Exceptions arc found. l ' .?. ,  in the case o f  alkyl 
mon oh al oacc tiitcs, w hcrc bo t h t lic e n  t h a  I py ;I nd entropy of activation 
dccrcrise with increasing atomic weight of the halogcn caubing an abnormal 
rate order i+,jth 11 niitxinium 31 tlic bronioaccf:itcll. When structural varia- 
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TABLE 3. Kinetic data for the alkaline hydrolysis of ethyl cstcrs RCOOEt 
in watcr at 250c 

R 

__ . . ... - .  

OCOCH, 
CH, 
CHJ 
CH,Br 
CH,CI 
CH,SO,C ti, 
CH,CO 
CHBrZ 
CHCI, 
C H ,OCO 
CHF, 
cc4 
CF:, 

0.0135 
0.1 11 
16.2 
49.7 
33.2 
12.8 

so0 
202 
680 

3960" 
4500 
2570 

I50 .0OOb 

htlf  
(kcallmole) 
- . . . .  

11.2 
10.8 
6.2 
6.5 
8.3 

6.6 
5.9 
7.1' 

4.8 
.- 

A S S  
(F.U.) 

. . . .  .- 

-- 29.7 
- 26.8 
- 32.2 
- 29. I 
-23-7 

- 25.7 
- 25-9 
- 20.3" 
- 

- 26.9 

Hclkrencc 

... _ _  

75 
48 
I I  
I I  
1 1  
76 
77 
I I  
1 1  
78 . 
79 
11 
11 

a Without statistical corrcctions. 
b This rcaction took placc at I S"C. 

TABLE 4. Kinctic data far the alkaline hydrolysis of cstcrs of acctic acid 
CH,COOR in water at 25"c 

1 - B u  
i-Pr 
Er 
Me 
C,H,CH 
CICH,CH, 
CH,OCH, 
CH 2- -C H 
C,H, 
CH,Br 
CH,CI 
Me,N +Cl-i2 

0.00 I 80 
0.0247 
0.1 1 I 
0.184 
0.197 
0.330 
1.13 
4.9 
I .37 
9.19 
6.66 
60 

10.5 
10.8 
11.56 

12.03 

12.8 

9.6 
10.6 

- 

-_ 

_. 

__ 
-- 30.6 
-26.5 
-23.1 
- 

- 20.4 
... 

- 12.7 

- 22 
- 20 

-_ 

80 
81 
48 
82 
83 
84 
Y 5  
86 
S3 
14 
14 
87 

tions take placc i n  the alkyl component of the ester (Table 4), the activa- 
tion enthalpy and entropy sometimes exert their influence in a quite con- 
fused manner, but this depends a t  least partly on steric effects. A compen- 
satory elrect of activation enthalpy and entropy has becn found in several 
basic hydrolysis reactions of esters'" ''. When such a n  isokinetic relation- 
ship is prevailing, the order of rate coefficients, i .e. the sign of the difference 
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TABLE 5. Comparison of kinetic data for the alkaline hydrolysis of csiers of formic 
and acetic acids R'COOR? at 25"c 

Solvc n t I t  

.- 

Water M C  

Water Et 

Water i-Pr 

35.4" 
26.7 
41.3 
0.1 52 
0.184 
0.186 

26 

26.4 
0.1 I I 

10.9 
10.4 
0.0217 

2.82" 
0.00703" 
0.0070" 

A H :  
(kcallmole) 
- . - .. - - . 

9.8 1 3: 0.22 
8.96 
9.36 C 0.2 
9.62 

11-56 
11.1 fr0.I 

8.35 
9.09 
9.1 G -;: 0.3 

10.75 

7.72 
8.5 2 0 . 3  

10.5 

11.43 
I 1.2" 

13.86 1.0.14 
14.1 
15.5" 

+ 
AS+ 

(E.U.) 
- . . . . . . . .  -. . 

- 18.4 1 <t 0.77 
-21.29 
- 19.S 
- 30. I 
-23.1 
- 24.6 

- 24.1 
-21.6 
-21.1 
-- 26.8 

- 37.9 
-- 25.3 
- 30.6 

- 14.9 
- 28.6" 

- 9.53 * 0.45 
-21.1 
- 18" 

Rcfercncc 

-. . -. .- 

90 
91 
92 

93. 90 
82 
4s 

91 
94 
92 
48 

91 
92 
S! 

94 
48 

90 
95,90 

48 

~ 

fl An interpolated value. 

between the free energies of activation, is temperature-dependent and con- 
clusions based on a single temperature may be erroneous. 

The important case of  formic and acetic esters deserves a little more 
detailed consideration (Table 5) .  The  rates of hydrolysis for alkyl formates 
arc ;I few hundred times higher than those of the corresponding acetates. 
This is the expected polar influence but was stated by Humphreysand Ham- 
metPo to be a pure entropy effect (cf. also the consideration of Schaleger 
and LongUG) rather than an expected enthalpy effect. An inspection of 
Table 5 shows that the higher rates of the forinates in water solution are 
due Lo bot h lower activation enthalpies and less negativeentropies, the former 
being, however, more important, and that the above-mentioned state- 
ment is based on erroneous kinetic data, which is especially the case in the 
literature value03 for methyl acetate. The situation changes, however, when 
organic solvents are added to water and, f-or example, in ethanol-water 
mixtures the activation energy of ethyl forrnate is in a definite solvent range 
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(xEtOH between 0.075 and 0.3) higher than that for cthyl acetatc, the rate 
dif'erencc being due to the activation entropy alone94 (see also section 
11. c. 3). 

4. Steric effects 

The Hanimetr equation generally fails i n  the case of aliphatic esters and 
ortho-substituted benzene derivatives because of steric effects. The appreci- 
able retarding influence 01' increasingly more branched aliphatic groups is 
illustrated by the data i n  T a b k  6 ,  which also show that thc substitution o f  a 

TAIH-E A. Kinetic data for the alkaline hydrolysis of alkyl acctatcs 
CH,COOR in 70 vol."/, acetone -w;ltcr at 2 4 . 7 " ~  (Jones and Thomas") 

K \ lc  EL n-Pr i-Pr 

..- . . . . . . . . . .  ... ........ ._ - 

10:'ko,, (31 ' sec 1 )  i 08 46.6 27.0 7.06 
fc (kcal/iiiolc) 8.8 10.1 1 1 . 1  11.8 
log A s.5 6 -  1 6.6 6.6 

R I-lju f l - I 3 1 1  \-nu I -BU 

.. . . . . . . . .  - . . .. -. - 

io:'k"I, (51 ' scc ' )  18.2 23.0 3.27 0.265 
E (kcaljniole) 11.3 11.3 12.8 13.5 
log A 6.5 6.7 6.3 6.3 

hydrogen atom by a methyl group produces an almost constant increase i n  
the activation energy but that the frequency factor also varics. (Compare 
also t h e  data i n  l'ablcs 3 a n d  4. P.s . ,  regarding thc dilteretit alkyl substitii- 
ents). The steric nature of these eHects is rcRected i n  the 1-icl t h a t  the rates 
and activation parameters vary much less i n  the alkaline hydrolysis of 
substituted y-lactones t h u n  i n  that of thc corresponding open-chain cstersgs; 
the more rigid slructurc ol'the former csters prcvents the siibstitucnts from 
screening the reactioii 4ite wi th  equal efficiency. 

t i L ch i 11 
ester hydrolysis has been known for a long tirne".The main features OF this 
ortiio cflect arc seen from Table 7 :  orrlro substituents, \ v i th  the exccption 01' 
fluorine, retard [he rate more 0 1  accelerate i t  less than corresponding / ~ a r n  

substituents or  eben retard the reaction when /lor(/ subslituents enhance the 
rate (the rebonancc ell'cct of' ii p-amino-substituent is considercd in  section 

The exceptional br. h a  \. i o ti I' of orfho-s u bst i t u tcd benzenc deri 
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TABLE 7. Comparison of kinetic data for the alkalinc hydrolysis of ortko- and para- 
substituted e thyl  benzoatcs XC,H,COOEt in 60 vol.'l( acetone-water at 2S"c (Tommila 

and coworkerslo") 

orrho paro ___ ______ 
kxtkn  A L  A log A k , lk ,  hE 3 log A 

s 
(callmolc) (callmole) 

.- - .- - -___.--- 

NH, 0-0882 1170 -0.197 0.0298 2 140 0-050 
CH3 0.106 460 -0-635 0-394 480 - 0.038 
14 1 0 0 1 0 0 
1 0.57 -700 -0-72 4-24 - 700 0.15 
CI 1-25 -1240 -0.810 3.90 - 770 0.022 
F 4.03 - 1700 -0.638 2-03 - 300 0.09 

11. B. 2). Whereas in the para series the frequency factors are almost equal, 
they are  always seen to  be smaller for ortho-substituted compounds than 
for the unsubstituted benzoate. The activation energies vary in quite a simi- 
lar manner in the ortho and para series. 

Attempts to separate polar and steric efftcts are considered in section 
IV. B. 4. 

5. Effect of configuration and conformation 

The configuration or conformation of the ester has an important influence 
especially on the steric effect as can be seen from the following examples. 
Huisgen and Ottlol investigated the rates of the alkaline hydrolysis of w- 
lactones (Table 8). The higher rates of lactones with 5- to  9-atom rings were 
attributed to the cis configuration of these lactones whose free energy in the 
ground state is higher than the free energy in the prevailing trails conforma- 

tion of the open-chain esters.' and lactones that have 10 o r  more atoms 
in the ring. No large free energy differences in the tetrahedral transition 
state are to be expected. 

Because ofstcric effects there are dilt'erences in  the rates of hydrolysis of 
alicyclic esters depending 011 whether the carboxyl group is in the equatorial 
or in the more hindered axial position (for references, see EliePo2). Thus 
Chapman and have shown that in the case of methyl 4-t- 
butylcyclohexanecarboxylates i n  50 vol."/, dioxane-water at 3 0 " ~  an ester 
with the equatorial methoxycarbonyl group hydrolyses a t  least 17 times as 
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TABLE 8. Kinetic data for the alkaline hydrolysis of o-lactones 

/----- -c= O 

L- - 0 ' 

(CH2),,-2 in 60vol.",d dioxane-water at 0°C (Huisgen and Ottl"') 

n 5 6 7 8 

IO4koH (M sec- I )  I480 55,000 2550 3530 
E (kcalirnole) - 
log A - - 

- - - 
- - 

fast as a n  ester with the axial group, the difference being due to the activa- 
tion enthalpy. For cyclohexyl esters the diff-erences are smaller because the 
ring is one atom further from the reaction site. These kinetic differences 
can be used to derive conformations of esters. 

The eleven times higher rate of hydrolysis of diethyl fumarate compared 
with diethyl maleate73 and the five times higher rate of diethyl rrans-1,2- 
cyclobutanedicarboxylate compared with the cis isomerlo4 may be due to a 
steric hindrance in the cis form. The greater differences in the case of the 
corresponding ester ions (experimental rate ratios are 32 and 37, respec- 
tively) are possibly due to  direct electrostatic influences of the negative car- 
boxylate group of the cis isomers and are caused by higher activation encr- 
gies of the last-mentioned esters. A similar, but opposite, etrect is proposed1f)5 
as a n  explanation for the unexpectedly high rate of hydrolysis of ethyl 3- 
(ni- t riinet h yla ni m onio p he ny 1)propiona te, where the transition state (6) may 
be stabilized by a short-range electrostatic interaction. 

OH 
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6. The Taft equation 

A linear free energy equation (17), formally similar to the Halnmett 

1 o g ( k l k " )  = fA (17) 

equation (13), was proposed by TaftIo6 for ester hydrolysis. In equation 
( 1  7), kjk' is the relative rate coefficient of the ester in  question as conlpar- 
ed with that of the standard ester: acetate for changes in the acyl com- 
ponenc, methyl ester for changcs i n  the alkyl component, or  o-toluate for 
ortho substitucnts i n  the benzoate series;j; the reaction constant, is a pro- 
portionality factor giving the susceptibility of the series t o  structural 
changes, and A. the substituent constant is obtained from A = log ( k / k " )  
when f = 1 .4lthough the usefulness of equation (17) is limited by the fact 
t h a t  diiferent values for A andJ 'are  needed for acid and basic hydrolyses 
ancl ditTerent positions of the substituent, i t  call be employed, for example, 
for estimating rate coefficients i n  cases when they are not known, say in 
the determination of r ~ ' ~  values from the Ingold-Taft equation (see section 
I\'. B .  4). Changes in rcactioii mechanism may be discovered from large 
ciiffereiices between observed rate coefficients and values calculated from 
equation ( 17). 

7. Isotope effects 

Ropp and Raaenloi determined the carbonyl-carbon kinetic isotope 
effect i n  the  alAaline hydrolysis of ethyl benzoates and found that 
k ( ' 4 C ) / k ( 1 2 C )  is 0.9 16, 0.929. and 0.937 for ethyl p-niethoxybenzoate, 
benzoate, and rii-nitrobenzoate. rrjpectively, in 90% ethanol-water at 2 5 ' ~ .  
]-he values for ethyl beiizoatt. increase with increasing temperature giving 
an activation energy difference of 46 cal/mole. Solvent has little effect. 

The secondary hydrogen isotope elf'ect, determined by Bender and 
Fenglob and l-l~levi a n d  M a r g ~ I i n l ~ ~ ,  in the alkaline hydrolysis of ethyl 
acetate and trideirteroacetnte is s:rongly temperature-dependent; /c~+//c, 

has a minimum. O-')OTt_O.OI. at 25"c, and is I-00f0.01 at 0 " ~  and 
! . I 5 j: 0.09 1.1 t 65 - 'c- .  

C. Medium Effects 

1. Solvent isotope effects 

The alkaline 'nyJi-olyhis o l ' c thy l  acetate' \\'as one of the  first reactions to 
have its rate studied in Jeuteriurn oxide (Wynne-Joi-csll" i n  1935). 
The rate was foulid to be higher in heavy water, the ratio kH,:o/'kD!o being 
0-75. V ~ l u s s  for- other esters varying from 0.2 to 0.5 have bcen found laterlll 
and it \\':is s h o w n  t h a t  kinetic isotope ratios varying from 0.2 t o  0.7 may be 
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expected for a reaction involving nucleophilic attack of OH - and O D  - on  
the ester carbonyl grouplil. 

2. Salt effects 

As early as 1587 Arrhenius1*? investigated the influence of added salts 
on the rate of alkaline hydrolysis of ethyl acetate in a work often referred 
to  as a n  example of the small effect of salts on the rate of reactions be- 
tween a n  ion and a dipolar molecule. Most neutral salts, like alkali halides 
and nitrates. were found by Arrheniuslls and subsequent investigators113 
to  slow down the hydrolysis. The Brmsted-Bjerrum equation for medium 
effects on reaction rate may be written in the form of equation (18), in 
which k and k" are the rate coefficients in the actual solution and a t  infi- 

k/k'  = .fi.foHif'= (1 8) 

nite dilution, and .fE, joH and fi are the activity coefficients of the  ester, 
hydroxide ion. and transition state, respectively. The Debye-Hiickel 
theory predicts that fOH and f t  vary in  dilute solutions in equal manner. 
The observed small decrease in  rate in spite ef a small increase i n &  (see 
Long and  McDevit114), could be caused by.fz being higher than& even 
in dilute solutions. T h e  observed increass in rate in sulphate solutionsl1' 
obviously depends on the higher values of fE in alkali sulphate as compar- 
ed with halide solutions. The approximate constancy of foH/f' explains 
why the rate of the alkaline hydrolysis of simple esters is proportional to 
the concentration rather than the activity of the hydroxide ion .  

Connors and Bender'lj found that potassium chloride increases the rate 
of hydrolysis of ethyl p-nitrobenzoate (and p-nitrothiol benzoate). Specific 
salt en'ects were found by Duynstce aad GrunwaldllG to be important in 
the hydrolysis of methyl 1 -naphthoate i i i  diosane-water where alkali 
halides produce small retardation, salts wi th  organic anions large retar- 
dation, and salts with organic cation3 either small retardation or marked 
acceleration. I t  was assunied that the ester t b r r n s  van der Waals complexes 
with the added organic ion. Becker ancl HotTmann'I' studied the hydro- 
lysis of 2-methoxyethyl acetate in modcrately concentrated salt solutions 
(Table 9) and found that solvation of both the initial and the transition state 
is affected by the salt, and that specific influences of cations, anions, and 
hydrogen hond donors and acceptors arc to be taken into account. 

If the ester is charged, a greater salt etfcct is to he expected on the basis 
of equation (18) and the Dchye.-Hiickcl theoiy. Accordiiig to them equa- 
tion (19) sIioLiic1 be valid i i ;  diliiic solutions. I n  [his equation v. is the 
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Debye-Hiickel coefficient ( 2  0.5 i n  water a t  2j3c), zL: and zOl, (= - I )  
the charges of the ester and  thc hydroxide ion: and ! l  the ionic strength. 
!r: the nil<aline hycirolysis of half-esters of dicarboxylic acids a positive salt 
eRect is co bc expected and is also observed118-'22 . In the case of potassiuni 
ethyl oxalate and rnalonate'20* ciilions give results \vhic!i fit equation (19) 
Sut the rate is not atTccted by the \Jalclice of the anion and therefore not  by 
the ionic strengIl-!, \.,hereas i i i  thc cssc of adipates and sebac;itesl?i the 
results show ;I salisfactory agreement with the t1ieorctic;:l equation. 

In tiic a1 kaliiie hydrolysis ofEt,N A CH ,COOEt, Nielsen1?3 found that equa- 
tion ( 1  9j  is fnllo\vec! i n  sni;ill salt coiicentriitioiis illid Bell ctnd Lind:irsi24 
zb>erccd tli:!: thc rate \ \ a s  proportional t o  [Ol-l-]j&Ok, rather than  to 
iOH-1 which j s  in accordaiice \vi th  ecitinlioi? ( 1  Sj  because the transition 
state is lieutral .  r\l,jnes a n r i  Prue1"; found i n  the alkaline hydrolysis of 
esters CH,COO(CH2),,NiMe3 ( 1 1  = 3. -7) and 34e3N'~(CH,),C00hle, i i i  

addition t c ?  the negative effect xco rd inp  to cquation (19), a positive 
bpccific salt elyect, \\~l;icli increased as t h e  distance between the positively 
charged quaternnry nitrogen atom and the reaction centre increased. 
This is in :iccnrdance \\ . i th the specific salt eH'ccts for half-esters O f  

dicarbosylic 9c'ijs observed by Hoppk x ~ i d  Prt1c'I9. 
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fectly known (far a recent review, see Hudsont2"), only a few examples are 
considered in the following, and theoretical equations gi\,ing the depen- 
dence of rate on dielectric constant and other factors are not presented 
(a recent review has been given by Amis'"). 

Kinetic data for ethyl acetate as a function of solvznt composition are 
given in Figures 2-4. I n  some solvents (dioxane: 1-butyl alcohol, not 
shown), the rate has a maximum at .vW =: 0.98 at 25'.c. but i n  other solvents 
it continuously decreases with decreasing water content. Thih is in  

I 

i 

FIGURE 2. Variation of  the rate coefficient / iOM for the alkaline hydrolysis or 
ethyl acetate at 25'C as a function o f  the mole fraction s, of water (Tommila 
and coworkersa8* 137). 1: in dioxane-water mixtures, 11 : in acetone-watcr mis- 

tures, 111: in ethanol-water mixtures. IV:  in rnethancd-\\ater mixtures 

contrast with what is expected from the Ingold-Hughes theory about solvent 
effects. This states that a transition statz less polar than the ground 
state is stabilized less than the lattcr by increasing the polarit. of the sol\en:. 
The explanation may be that the activity of the ester is higher in  
water than in aqueous solutions, i n  other words, the organic molecules 
stabilize the ground state by solvation more than the transition state 
(cf. equation 18). This is seen from the recent data of Villerrnaux, Viller- 
maux and GibertlZh who found that the rate coefficients f a r  the alkaline 
hydrolysis of sevcral alkyl acctates in alcohol-ivater mixtures are appros- 
iniately proporiional to [lie product of tlie molc fractional activit!. cocfi- 
cient of the ester arid the molevolttine ofthe solution. I il alcoholic solutions 
the h yd roxide-a 1 kox ide eq i i i  1 i bri 11 tn (20) 

OH- + ROH - -  - - - . -  RO- +- H,O ('0) 
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FIGURE 3. Variation of the activation energy € for the alkaline hydrolysis of 
ethyl acetate as a F;:nction of  the mole fraction s, o f  bvatcr (Tommila and 
coworkcrs4*). I: in dioxane-water mixtures, 11: in acetone-water mixtures. 

111: in ethanol-water mixtures, IV: in methanol-water mixtures 
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FIGGRE 4. Variatioil of  the cntropy of acfi\,ation AS: for  the alkaline hydrolysis 
of ethyl acetate at 25°C a s  a function of the inole fraction s, of  water (Tommila 
and  coworkers‘8). I: in dioxane-water niixriircs, 11 : in acetone-water mixtures. 

111: in ethanol-water mixtui.cs, LV: in methanol-water mixtures 

afl’ects the rate, sometimes decisively129. by diminishing the concentration 
of the hydroxide ion. I n  solutions of alccjhols other than that produced 
f rom the ester, the alkoxide ion, which is more nucleophilic than the hyd- 
roxide inn]”, reacts with the ester and makes the situation still more com- 
plicated. 
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Figures 3 and 4 show that activation energy and the frequency f x t o r  
are more complicated functions of the solvent composition than the free 
energy of activation, which is proportional t o  log k. These two factors 
strongly compensate each other, both often having a minimum a t  about 
s ,  = 0-9. Ariiett and coworkers13a have shown that the partial molal 
heat of solution a t  infinite dilution of ethyl acetate (like many other non- 
electrolytes) in aqueous ethanol has a n  endothermic maximum a t  about 
s, = O - S j ,  thc maximum value of A H ,  being about 4.5 kcal/mole higher 
than in water. Also electrolytes have endothermic maxima between 0.8 
and 0.9 mole fraction of water; their maximum values, however, are smal- 
ler than those of nonelectrolytes. This indicates that the minimum of the 
activation energy is to a great measure due t o  the change in heat of soiu- 
tion of the reacting ester molecule, i.e., the solvent effect is largely caused 
by the ground state. 

Qualitatively the effect of solvent composition is similar in the alkaline 
hydrolysis of cthyl acetate and many other esters l ike ethyl bcnzoatr and 
benzyl acetatei2, saturated and unsaturatcd diesters of dicarboxylic acidsi2, 
and even half-esters of the last-rnentioncd acids"'. 13' wi th  the exception of 
the ethyl oxalate ion. The hydrolyses of ethyl formateg4 and of the ethyl 
oxalate ditYcr from the others by the lack of the minima i n  E and 
log A in acetone-watcr and ethanol-water mixtures. This was explained 
by the absence of hydrophobic groups in the acyl component of the ester, 
which makes solvation by the organic solvent component less important. 
Quantitative ditl'erences in relative rates i n  different solvent mixtures are 
found, e.g., i n  the case of diethyl and monoetliyl esters of fumaric scid, 
the rate of the latter decreasing more rapidly when the solvent poiarity 
decreases73. Also the substituent effect in the hydroiysis of ethyl benzoates 
is considerably dependent on the solvent, and changes occur1""* 13'1 both 
in A€ and 1 log A ; this is in accordance with the well-known fact thctt the 
reaction paranieter- of the Hammett equation (14) is inediurn-dcpcri3ent. 

The aqueou:, wlutions of dimethyl sulphoxide and other dipolar :iprotic 
solvents are in 11 special position. The hydroxide inn is poo~.ly sol\.atsd in 
these and thu?; very :\ctivc133. It has been found that the rate of thc alkaline 
hydrolysis of ethyl acetate'". 13*' and benzoic esters'". increases with 
increasing dimc t 11 y 1 S\I I plioside concentration. especial I y when the c o  I I -  

centr-iition is high. In the case of ethyl b e n z o a t e ~ ~ ~ ~  the rare initiaii) de- 
creases. I n  acetone-water mixtures also (acetone may be considerrd as a 
dipo1;ir aprotic s o l v e ~ i t l ~ ~ )  Lhc rate begins to increase when thc water con- 
tent becomes sufliciently (Figure 2 ) .  According to the data by Tom- 
mila and  h Iu1- to1~~  the variation of E and log A i n  the  hydrolysis of ethyl 
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acetate with the solvent composition is quite similar in aqueous dimethyl 
sulphoxide and acetone mixtures with minima a t  -qV = 0.9; the higher 
rates in the former are due to  higher A values. has found a 
niinimuni in the activation enthalpy at  a higher dimethyl sulphoxide con- 
centration ( s , ~  = 0 - 5 5 ) ,  and his activation enthalpy values are lower than 
Tommila’s. H e  also denies the importance of the anion desolvation as the 
major cause for the enhanced rate in  dimethyl sulphoxide solutions. Prob- 
ably the solvation of the ester is more important in solvents of high water 
content a n d  the desolvation of the hydroxide ion becomes decisive when 
the water content is low. This view is supported by the results according to 
which the reaction in anhydrous dimethyl sulphoxide between various 
esters and suspended sodium hydroxide is 104-105 tiines as high as in 
hydroxylic solvents. The reaction takes place by BAc2 mechanism and the 
reactive species is the small proportion of sodium hydroxide in solution’38. 

111. CATALYSIS IN ESTER HYDROLYSlS BY ACYL-OXYGEN 
FISSION (BAc) 

i n  this section various hinds of catalyses are discussed and the so-called 
uncatalysed’ 01- ‘spontaneous‘ hydrolj.sis is also included because it i n  

fact takzs place as  general base catalysis (section 111. B) and is better 
called neutral or water hydrolysis. There -neutral’ does not mean that the 
reaction would take place only i n  neutral solution but that the reacting 
species arc ~ i i ~ c h r g e d  ester and water moleculss. Catalysis i n  ester hydrolysis 
was esce[le:itl!. i-e\ticwed 13). Bender3 in ! 960, anc! niorc rccenll?. by Bruice 
and Rcnkovic siid b!. Johnson’“. 

A. Neutral Ester Hydrolysis 

1. Scope and kinetics of the reaction 

The neutral i1ydIdvses o f  some factones. diosolones aiid aliphatic acg- 
lals, and esters of tertiary and secondary nlcohols take place by alkyl- 
o>rygeii f i s h i o n  (section V. B). A hydrolysis independcnt o f  pH may also be 
ail indication of inti-amolecular catalysis (section 111. E )  or a reaction of 
t]le positi\:ely charged conjugate iicid of ; i n  ester with the hydroside ion 
(section 11. A .  3 ) .  The present section deals only with neutr:iI ester hydro- 
lysis b\. general base catal)osis. which is found to take place in the case of 
esters \\.it11 electrourg_nti\~e subbtitucnts. Probably r i l l  simple sstcrs undergo 
this reaction \\ hich. ho\.vever. is often niiisked by alkaline and acid hydro- 
Igses (see equatic.n 4 and Figure 1). 
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Kinetic da t a  for neutral ester hydrolysis are collected in Table 10. This 
reaction has especially small values of activation enthalpy and entropy. 
Euranto a n d  Cleve12.13 have shown that the reaction does not obey the 
Arrhenius equation accurately; but the activation enthalpy is temperature- 
dependent a n d  the heat capacity of activation, A&, has been found t o  be 
negative. The values of AC; are approximately equal in this reaction and 
in the solvolyses of esters of strong acids such as alkyl and meth- 
yl benzenes~ lphona te s ’~~ .  ’They are obviously connected with a highly 
polar transition state. 

Bunton and  Hadwick have shown by the lSO method that the neutral 
hydrolyses of methylz8 and phenylZQ trifluoroacetates take place by acyl- 
oxygen fission. Carbonyl-oxygen exchange, comparable to that in the alka- 
line and acid hydrolyses of alkyl  benzoates, has been found to  accompany 
the neutral hydrolyses of methyllq8 and ethy140b trifluoroacetates. The me- 
chanism of this reaction, which must be of the B,, type. is discussed in 
section 111. B. 4. 

2. Structural effects 

The examples in Table 10 show that structural effects are similar in 
neutral and alkaline hydrolyses: electrcnegative substitueiits increase, 
electropositive substituents decrease the rate. Moffat and Hunt149 found 
that equation (21). where a and 0 are constants, k the rate coefficient, and 

(21) In k = u/ti + h, p.  = M 1 M 2 / (  M I + M 2 )  

M I  and Mn the molecular weights of the acyl and alkyl component of the 
ester, respectively, can be applied to the data for both the neutral hydro- 
lysis of alkyl trifluoroacetates and the alkaline hydrolysis of a number of 
esters. Equation (21) is closely relatedIq9 to the Taft equation (17). and in 
fact neutral hydrolysis fits the Taft equation in all the cases where sufficient 
experimental data  are available, arid the substituent constants A have the 
same values a s  in alkaline ester hydrolysislj”. The values of the reaction 
constant f w e r e  found to be greater than u n i t y ,  which indicates that  neut- 
ral hydrolysis is more susceptible to structural changes than alkaline hyd- 
rolysisl.5n. The same can be observed by plotting logko versus log ko, 
when a straight line of slope 1.4 is obtnined for different methyl and ethyl 
esters‘jl. Esters with varying a lkyl  components fall o n  a separate line 
with slope 2-1 a t  25°C. 
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3. Medium effects 

The solvent isotope eifect for neutral ester hydrolysis dift‘ers frcm :!xit 
for alkaline hydrolysis (section !!. C. i j, as the former reaction is conside- 
rably slower in dcuteriun: oxide than in ordinary water; l(H20/kD10 has 
been found to be 2-1 for ethyl difluoroacetate, about 5 for ethyl dichloro- 
acetate79, and 3-4 for chloromethyl chloroacetate12!. 1 n the last-mentioned 
case the solvent isotope efiect was also measured in H.0 - D.0 mixtures 
and, by applying the method of calculation proposed by Saloniaa, Scha- 
leger, aiid Long1j3, the results were found to be in good agreement wilh a 
transition state with four exchangeable protons’“’. 

Neutral salts retard the rate of neutral ester hydrolysis much more than 
that of alkaline h y d r o l y ~ i s ~ ~ * ’ ~ .  Thus the efYect of added sodium perchlo- 
rate 011 the neutral hydrolysis of chlorometliyl chloroacetate13 is almost 
linear up to 0.5 31 solution, obeying the equation I04k0 = 1-095-0.602 
[NaC104] a t  25 “C. 

Palomaa, Salnii, and Kortc’’’j observed that diosane lowers the rate of 
the neutral hydrolysis of methyl trichloroacetate (Table lo) much more 
than tlie rates of alkaline and acid hydrolyses, An riiialogous effect is f m n d  
in the neutral hydrolysis of ethyl difluol-oacetate in  e thanol-~ater’~ and 
chloromethyl chloroacetate i n  acetone-water ~nixtures’~. A plot of log ko 
versus log [HzO] for the last-mentioncd reaction is in solutions of high 
water content approxiniately linear with slope 5 (see Figure lo). 

.._ B. Generol Base Catalysis 

The term general base c:ttaIysis is used here in  tlic classical sense for 
reactions iiivolving the attack of a generai base on tlie substrate reinoviiig 
a proton in the rate-limiting step. It is to be distinguished from nucleophilic 
catalysis where a nucleophile attacks iipon a substrate leading to the forma- 
tion of an unstable interinediatewtiich breaks down to give the products and 
regenerates the catalyst3. 

1. Scope of t h e  reaction 

Jencks and coworkers deliionstrated that the hydrolysis of 
N , 0- d i a ce t y 1 se r i 11 8 mid e cat a I y se d by i m i d a z o I e 4, a 11 d t li e I1 y d r o 1 p s e s o f 
e t h y 1 ha 1 oa ce t a t e s a 11 d o t 11 e r esters 11 a v i 11 g e I ec t r o 11 e_ea ti ve 3 u bs t i t ue n t 5 i n 
the acyl component catalysed by several nitrogen and oxygen bases such 3s 
aniline, imidazole, and carboxylate and phosphate anions79. take p!xe by 
general base catalysis. Also tlie imidazole-catalysed hydrolysis of dimethyl 
axnlate, interpreted by Brouwer, Vlugt and Ha\4nga155 as an example of 
nucleophilic catalysis, \\as supposed to take place by gcne~al base cataly- 
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skIsG. The hydrogen phosphate catalysed hydrolyses of ethyl and methyl 
acetates, which Holland and Miller157 detected and proposed to take place 
by nucleophilic attack by the phosphate dianion on the carbonyl carbon, 
may in the light of the lo\\ acidity of ethanol and methanol (see below) and 
of the kinetic data for the alkaline and neutral hydrolyses of ethyl acetate 
(Table 10) really take place by gcneral base catalysis. Imidazole-catalysed 
hydrolysis of ethyl acetate. which is of the same magnitude as the above- 
mentioned hydrogen phosphate catalysed reaction. is shown to take place 

Later general base catalysis was found in  the hydrolyses o f  chloromethyl 
chloroacetate by carboxylate anions13a and of alkyl acetates CHaCOOR in 
which pKa of ROH is less than P K , ~  by irnidazole111. I n  the acetate-ion 
catalysed hydrolysis of substituted phenyl acetates, Gold and coworker^^'^* 160 

found a change from nucleophilic to general base catalysis in the case of 
esters of phenols having p K ,  higher than 8. The neutral hydrolysis of diketen 

by general base catalysis'"'. .* 

HZC-C-CH 

0-c- -0 

studied by Briody and SatchelllG1. seems to  take place by acyl-oxygen fis- 
sion, in contrast with other p'-lactones. and to be subject t o  general base 
catalysis by carboxylate anions. 

2. Characterization of general base catalysis 

T h e  rate of a general base catalysed reaction at constant pH is propor- 
tional t o  the concentration of the catalysing base. as are also the rates of 
reactions taking place by n ucleophilic and senera1 acid-specific hydroxide 
ion catalyses which are kinetically indistinguishable from general base 
catalysis. 

The  following facts are characteristic of general base rather than nucleo- 
philic catalysis : (i) relatively strong deuteri tin1 oxide solvent isotope effect, 
k,20/k,~o generally from 1-9 to 4 (cJ the interpretation by Bender, Pollock, 
and Neveu162); (ii) basicity rather than nucleophilicity determines the  effec- 
tiveness of the catalyst, e.g. in the hydrolysis of ethyl dichloroacctate, imida- 
zole and  the hydrogen phosphate ion, which are of almost equal basicity. 
are  almost equally effective catalysts although imidazole is 4000 times inore 
reactive in nucleophilic catalysisi9: (iii) no intermcdinte is formed from the 
ester and the base i n  contrast to nucleophilic catalysisig# lGo; (iv) the 
entropy of activation is more ncgative, by about 20 E.u., i n  the general base 
than in the nucleophilic catalysis1"; (v) the Bronsted coeficient ,3 (see 
below) is of normal magnitude (around 0.5), whereas in nucleophilic cataly- 
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sis 13 may be uiiusually high ; (v i )  steric eHects are  of moderate size. whereas 
in nucleophilic catalysis they are large, e.,?., 2,d-lutidine is nearly as active 
in general base catalysis as predicted from its pK bu t  is practically without 
effect as a nucleophilic catalystIG3. 

3. The B r ~ n s t e d  relat ion 

The Brmsted equation (22) gh*ss thr relationship between the catalytic 

k ,  ;= G,Kt, log k ,  = log G,-?pKB (23) 

rate coefficient k ,  of a base B and its base strength KB, i? and G, are con- 
stants depending on  the natirl-e of the reaction, solvent and temperaturel". 

FIGURE 5. The Bronstcd plot of log k , ;  in the general base catalgsrd hydrolysis 
or cthyl dichloroacctate" ( 3 )  and cliloromcihyl chloroacetate15" ( - )  versus 
ph',, of the catalysinp bases B (in water at 25°C). The bases employed include 
(from left to right): liydroxidc ion, irnidazole, hydrogen pnosphatc ion, J-pico- 
linc, succinatc ion,  pyridine, acetate ion, anilinc, formarc ion,  and water for ethyl 
dichloroacctate and  hydroxide ion, pyridinc. acetatc ion, forrnate ion, chloro- 

acetate ion, and  water for chloromcrliyl cliloroacctatc 

I t  has been I'otind that thc Brsnsted equation is satist'actorily obeyed in the 
general base catalysed hydrolysis of ethyl dichloroacetnte79 with slope 
8 = 0.47, and in that ofchloromethyl c h l o r o a ~ e t a t e ~ ~ ~  with slope /? = 0.42 
(Figure 5).  I n  both cases the point for the neutral ester hydrolysis ( k ,  being 
divided by the molar water concentration) lhlls on thc same line with other 
bases. This is a dircct indication that the neutral ester hydrolysis is. in fact, 
a water-catalysed rcaction of water with ester. The point for the alkaline 
hydrolysis (koH) ,  on thc other hand, lies appreciably above the Bronsted 
line indicating that thc hydroxide ion reacts a s  a niicleophile rather than 
on ly  promoting the addition of water. 
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4. Reaction mechanism 

All 
esters, 
mecha 

the data  for the general base catalysed hydrolysis of carboxylic 
including neutral ester hydrolysis, are in accordance with the reaction 

,nism (23)Is. 111.165 , which is an extension of the accepted mechanism 

I + R'C-  
") II 

-OR'  R'C ... , 
I I1 

(7) for the alkaline B,,2 hydrolysis. The addition of the water moleciile 
t o  the carbonyl group is according to (23) catalysed by a base B, which is 
a second water molecule in the neutral hydrolysis. The expulsion of the 
leaving group is catalysed by the general acid - HB. In thecase of the neut- 
ral hydrolysis of ethyl trifluoroacetate Bender and Heck40b found that the 
ratio of carbonyl-oxygen exchange and hydrolysis is independent of 
hydrogen ion concentration; hence the steps 2 and 3 in equation (23) are 
similarly catalyscd. Bunton and coworkers*48 have stated that it may be 
difficult to distinguish between mechanisms in which a specific hydrogen 
atom is transferred and those in  which there are only strong hydrogen- 
bond interactions. 

C. Nocleophilic Catalysis 

1. Reaction mechanism and kinetics 

The mechanism for the nucleophilic catalysis in ester hydrolysis may 
accordin9 to  Bender and TurnquestlGG be written as equation (24), where 
N is the nucleophile. If N is OH- mechanism (24) is identical with meclia- 

0 0- 0 0 
I 

k k>  k, 
RlC-..ORZ .. -. . ..' . . ... R'C-OR' --.--E R'C-i- -OR2 -:-I== R'C-OH+ R'OH (24) 

c, k .  n .o 
- N  Nf y" .;- N 

(7) (8 )  

nism ( 7 )  of' alkaline ester hydrolysis, except that step 5 is direrent. If 8 is 
stable, no  hydrolysis takes place, and if step 5 is rate-limiting, N may act as 
a n  inhibitor t o  the hydrolysis. In true nucleophilic catalysis, 8 must be a n  
intermediate reacting faster than the ester. 

The kinetic characteristics which distinguish nucleopliilic catalysis from 
general base catalysis were considered in section 111. B. 2. As there are no 
slow proton transfer reactions in mechanism (24). there should be no pri- 
mary solvent isotope effect but secondary effects may be relatively large'"2*'65; 
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when N is imidazole or some other nitrogen base. there is only a small iso- 
tope effect, but when N is a carboxylate i.on, A-H,O/kD,O is between 1 and 2. 

The Brsnsted relation (22) is often followed'66- lGi , but different lines 
are obtained for different types of nucleophiles16s> and greater steric require- 
ments may lead to large negative deviationslGG. Negatively charged bases 
are less effective than neutral bases in the hydrolyses of p-nitroplienyl and 
2,4-dinitrophenyl acetates16'* 16', wherzas the difference is smaller or  invers- 
ed in the case of p-nitrophenyl chloroacetate1G9 (and of the positively charg- 
ed acetylimidazolium ion1"). The hydroxide ion has usually large negative 
deviations'". lG6 in . log k in contrast to general base catalysis but in accord- 
ance with other nucleophilic catalyses, possibly because of its solvation in 
the ground stateliO. The Bronsted coefficient i.; has relatively high values, 
e.g. about 0-8 in the hydrolysis of p-nitrophenyl acetate'6i* 16'. 

2. The leaving group 

Although the initial addition of N depends on its nucleophilicity, the 
partitioning of the intermediate 7 (equation 23) to form reactants or prod- 
ucts is related to the relative stabilities of N and RZO- as stated by 
Wiberg17*. In  order to make a iiucleophilic reaction possible, the basicity of 
R 2 0 -  should be relatively weak. Thus Oakenful, Riley, and Gold16o observ- 
ed that the hydrolysis of aryl acetates catalysed by the acetate ion begins 
to take place by nucleophilic catalysis when the pK, of the corresponding 
phenol is -= 8 and becomes predominant when pK, -= 5. Bruice, Bruno 
and Chou170 found that the reaction rates of p-nitrophenyl acetate (pKa of 
p-nitrophenol is 7.14) and 8-thiolvalerolactone (ph', of h-thiovaleramide is 
10.0) with several bases are equal, /il (equation 24) determining the rate, 
whereas some other nucleophiles react more rapidly with p-nitroplienyl ace- 
tate, probably because the partitioning of the tetrahedral intermediate 7 is 
of kinetic significance. 

Kirsch and Jencksl"* explained the effect of the leaving group on  the 
mechanism in the followingway. When the leaving group is good, the attack 
of the nucleophile is rate-limiting. When the leaving group is made progrzs- 
siveiy worse, the second step becomes rate-limiting and the rate becomes 
very sensitive to the nature of the leaving group until the nucleophilic catal- 
ysis becomes slower than the general base catalysis. which is less sensitive 
to structural changes. 

3. The nucleophile 

The hydrolysis of an ester R'COOR' catalysed by :i carboxylate anion 
~ 3 ~ 0 0 -  leads to the formation of an acid anhydridz intermediate 8, 
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R1C-O-CR3. A s  acid anhydrides usually hydrolysl: niort rapidly than 
esters, the anhydride cannot bc isolated. Its formation, however, can be dem- 
onstrated by the aid ol' aniline which reacts rapidly with anhydride form- 
ing acyIaiiiIide's9* IG" - Indirect evidence for the formation of an anhydride 
intermediate was obtained by Bender and NeveuIi2 by using I8O- labelled 
acetate a s  catalyst i n  the hydi-olysis of 2,4-dinitrophenyl benzoate (9)  
(eqiiatioii 25). The benzoic acid w a s  found to contaiii about 75% of the 

0 :;0 

C,H,COOC,H,(NO,), i CH,CO"O- - - C,HsC -*O- - CCH, C'5) 
H:0 C,HsCO"OH 2- CH,CO*OH - -  ( 9 )  

derived from one o t  the '"0 Litoms o f t h e  acetate ion. 
Schonbaum and demonstrated that the dianion o f  o-inercap- 

tobenzoic acid catalysed the hydrolysis of p-nitrophenyl acetate, and that 
the intermediate thioaspirin hydrolyscd rapidly by intramolecular catalysis. 
Similarly Fuller174 found that catecliol monoanion catalysed the hydrolysis 
of phenyl chloroacetate. The formed iiiternicdiate. catechol monochloroace- 
tate, hydrolysed about YO0 timcs faster than the phenyl ester by intermole- 
cular catalysis 

The  most extensively studied nucleophilic catalysts i n  ester hydrolysis are 
imidazole, pyridine, and ti-imcthyl ainine". IGti. In the case of the imidazole- 
catalysed hydrolysis of p-nitroplienyl acetate it is possible to  follow spec- 
tropliotornetrically the formation of both nitrophenol (at 400 mp) and of 
N-acetylimidazolc (at 242 mp), and it was shown that mechanism (24) was 
followed15". Acetylimidazole has been isolated i n  the reaction of imidazole 
with p-nitrophenyl acetatel'". The imidazole-catalysed reaction has lower 
activation enthalpy and  entropy t h a n  alkaline and aqueous hydrolysis of 
p -  11 it  ro phc n y l acetate 7G. 1-l ;i r u ki . Fiij i  i .  a nd I mot  o17' fou n d t 11 a t  a rn i d i nes 

R C I N H  (R7.H. CH,. C,H,. NH,) 
'N H, 

were especially eff'ective catalysts hydrolysing easily cvcii ethyl acetate and 
y-b~ltyrolactone ( A  being the order of IO-'-lO-'' LI-' scc - ]  in 857;  etha- 
nol-water at  30'c.). On tlic other- hand. /V-substituted amidines were only 
weak catalysts. 

4. General base catalysed nucleophilic catalysis 

Caplow and Jencks';' found that the iniidazole-catalysed hydrolysis of 
p-nitrophenyl bcnzoates \\.itti electron-witlidr~i\r,ing substitiicnts in the acyl 
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component had a third-order term in the rate expression. The corresponding 
reaction had a n  appreciable solvent isotope eXect (k,,o/k,,,o = 1.81) a n d  
it was concluded to be a general base catalysed nucleophilic reaction be- 
tween imidazole and ester. In the catalysis by N-methylimidazole, which 
cannot lose a proton, no general base catalysis was detected. Bruice a n d  
Benko~ ic ' ' ~  observed a siinilar rate expression for the imidazole-catalysed 
hydrolysis of p-methyl- and p-methoxyphenyl acetates. This reaction had a 
D1O solvent isotope efl'ect of 2.2 and an entropy of activation of -51 E.U. 

which are in accordance with an imidazole-catalysed hydrolysis catalysed 
by another imidazole molecule via general base catalysis. 

Kirsch and Jencks'"a demonstrated that the nuclcophilic reactions of 
imidazole with phenyl acetate. trifluoroethyl acetate. acetoxime acetate, 
and p-nitrophenyl toluate were catalyseti by the hydroxide ion, possibly by 
general basc catalysis. Indirect evidence for general base catalysis by water 
in the imidazole-c:italysed hydrolysis of phenyl acetate w a s  :\Is0 presented. 

D. Catalysis by Metal Ions 

Metal ions often catalyse the hydrolysis of esters capable of forming 
metal ion complexes by an additional functional group'xob. Thus Kroll'*' 
found that copper(lI), cobalt(II), manganese(II), and calcium ions cataly- 
se the hydrolysis of amino acid esters in  the pH range 7-5-8-5. Bender a n d  
Turnquest'*' observed carbonyl-oxygen exchange during the copper(l1) ion 
catalysed hydrolysis of DL-pIienyl:+lanine ethyl ester in the presence of gly- 
cine buffer. It is assumed on the basis of kinetic. spectrophotometric, and 
other evidence that chelated structures are responsible for the enhanced 
rate; in the case of cobalt(II1) ion catalysed hydrolysis of glycine a complex 
where the ester was bound through the amino group alone was found to be 
ineffective'". Examples of the assumed chelated complexcs, presznted in 
the form given by the original authors, are in  the case of nitrogen-containing 
esters 10 (Krol1l8l), 11 (Bender and Tiirnquest182). 12 (KgrenlE4), 13 
(Alexander and Biiscli183), and 14 (Barca and Freiser185). 
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Sometimes the increased rate of the hydrolysis of a chelated ester is due to  
the electrostatic influence of the additional charge (Conley and Martinlac), 
whereas in other cases much more pronounced rateenhancement is observ- 
ed (c'.g., AgrenIR4 found that t h e  rate of the hydroxide ion catalysed hydro- 
lysis of the copper complex 12 was 10'timesashighas that of ethyl picolinate 
itself). 

Hydrolysis of esters with an z- or It-carboxylate ion are  also found to  be 
catalysed by metal ions through chelate formation. The oxalate ester is 
catalysed to a greater extent than the malonate ester119. For  the reactions of 
the oxalate the structure of thc transition state was postulated to be IS by 
Hoppe and Prue1I9. whereas H a y  and assumed the chelate 16 t o  
be the reactive species. Boric acid increases the rate of the alkaline hydroly- 
sis of phenyl salicylate probably by the formation of a complex 17 (Capon 
and Ghoshls8). 

OPh 
I 

Huchital and Taube'89 observed that ester hydrolysis accompanies the 
reaction of the methyImalonatopentaamminecobalt( I t 1 )  complex with the 
chromium(lI) ion: a chelate, possibly 18. was assumed to be formed as a n  
intermediate. 

E. intramolecular Catalysis 

Intramolecular catalysis. also callcd neighbouringgroup participation or. 
if the enhanced rate is due to  stabilization o f  the transition state. anchimeric 
assistance, may take place as nucleophilic o r  general base catalysis by basic 
groups, as electrophilic o r  general acid catalysis by acidic groups, or as 
bifunctional electrophilic-nucleophilic catalysis ; these are  all considired 
together in this section. Neighbonring group participation has recently 
been reviewed by Capon'". 

1. Carboxylate ion and carboxyl group 

The rate of the hydrolysis o f  acetyl (Edwards'") and othcr acyl salicylic 
acids (19) (GarrettI9?) is independent of pH in the region from about 4 to 8 
(Figure 6). As general bases d o  not catalyse the reaction1YL and added organ- 
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2 4 0 I0 I2 

FIGURE 6. Tlic pH profile of thc logarithni o f  thc experimcntal tirsi-order raic 
coefficient of acyl salicylic acids. 1: acctylsaiicylic acid in water at  15°C (Ed- 
wards'"). I 1  : trimcthylacerylsPiicylic acid in 0.5",; cthanol-water at 2 5 T  (Gar- 
rett'"), 1 1 1 :  o-I~OOCC,H,OCOCl~,C1i,COOH (25)  in watcr 31 25 ,C (Mora- 

and Orcskes'!',') 

ic solvents either accelerate the reaction (ethanol) o r  have little influence 
(dioxane)Ig2, the reaction cannot be a neutral ester hydrolysis by general 
base catalysis. As first proposed by Chariley, Gindler, and SobotkaIY4, it may 
be interpreted as a spontaneous reaction of the acyl salicylate anion by an 
intramolecular attack of the carboxylate ion on the carbonyl carbon atom 
producing an  anhydride intermediate (20)  (equation 26). 

The hydrolysis of acetylsalicylic acid in H ,ISO yieldcd salicylic acidJ80 
and acetic acId-'80 in a ratio which is in good agreemen1 wi th  that expected 
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0 1 1  I hc basis of tnechaiiism (36)19:. Fersht and Ki!-bf)*l have rec,ontjy 
investigated the efiect of substitirents in  t he  4 and 5 positions to the rate 
of h\.droIysis of  ace1ylsalicylic acid and  repcalccl sonic of rhc above- 
men I ioned es peri men 1s. par[ l y w i  I  h u ncs pect cd res 11 I IS (I he acct ate ion 
cat;il\.sed the rcaction. lYO did not incorporate inlo the produced salicylic 
acid).  They concluded t h a t  tlie hydrolysis of aspirin and of most of its 
derivatives takes place b\. i ti1 ra molccu tar genera I basc ra 1 hcr t ha 11 r i  ucleo- 
philic catalysis. On [lie orhcr hand. 3.5-dinitroospirin is considered to 
hydrolyse 13). intraniolcciilar ~iuclcophilic catalysis in  llie p H  resion 3 - S  
antl 13). intramolecular gencral acid catalysis when ptl is cz 

Other ester hydrolyses i n  which an intramolecular catalysis by carboxy- 
late ion is demonstrated to occLir include the reactions o f  the p-nitrophe- 
nyl ester groups i n  acrylic acid copolymers and their aliphatic analogue, 
p -  n i t 1-0 p li c 11 y I g I 11 t a rate ( M or a wet z a t i  d coworkers 'Jfi ). of sit bs t i t u ted 
inonoplienyl glutarates (21). succinates (22), maleates (23). and 7-oxabi- 
c yc 1 o [ 2.2,1] he p t- 2-e n e - 5.6 -".YO- d i c a r bo x y I a t  es (24) ( Ga e tj e n s a n d M o ra- 
wcrz1", and Briiice and caworkers'!'S. 19!'). and of phenyl and trifluoro- 
ethyl hydrogeii phtlialates (Thaiiassi antl BrLiiceSUu). The intramolecular 
hydrolysis by carboxylate anions ha5 bezn found to be much inore sensitive 
t o  substituent eflects than is the intermolecular catalysis: the substituent 
effects are iiiainly due to differenccs in activation entropytvi .  The effect of 
theconfiguration is seen from the relative rates 1, 230, lo4. and 5 X  lo4 for 
the esters 21. 22. 23, a n d  24, rcspectively'g". A l k y l  and aryl substituents 

CH2 / '. CH2COOR CHzCOOR CH2COO- 1 HCCOO- HCCOOR II e : : : H , , B r  or 

p -CGH,OMe 
CH2COO- 

(21) ( 2 2 )  (23) (24) 

i n  the 3-position o f  21 cnhancc the t-atc of hydrolysis approximately pro- 
portionally to their steric efiects'''*'9': this is explaincd by the aid of 
cliatige in the conformational equilibrium (27) .  

COOAr 

coo- 

As the acetate-ion catal) s r d  hydrolysih of phcnyl and p-chiorophenyl 
acetates takes place by gcncral ba\e c;italy~is"'' but the intramolccularly 
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catalysed hydrolysis of monophenyl rnaleates takes place by nucleophilic 
catalysis1g8, there is a change of mechanisni from general base in the inter- 
molecular reaction to nucleophilic catalysis in the intramolecular reac- 
t ionZo1. 

Whereas phenyl and trifluoroethyl hydrogen phtlialates hydrolyse by 
intrainolecular nucleophilic catalysis (equation 28)'00, ethyl hydrogen phtha- 
late (Agren, Hedsten, and Jonsson4'), methyl hydrogen 3,6-dimethylphtha- 

0 0 0 
!I II 

,;\ .c 
-7- - . . -- _- fy' c - w -- bL-,,ci (JY + kc- -. --c aroducts 

,,?> c - C.7 

&>.. Cooti -E- :.d*coo. L, 

ll 

0 

(28) 

late ( E b e r s o ~ P ~ ) ,  and methyl and 2'-chloroethyl hydrogen phtlialates 
(Thanassi and Bruice200) react by electrophilic neighbouring carboxyl group 
participation. The change i n  mechanism takes place when the pKa of the 
alcohol is about 13.5; in  the case of the monophthalate of 2-propyn-1-01 
(pK, = 13.55) the rate of renction is not dependent on the fraction of ester 
in the acidic and anionic Also t h e  hydrolysis of ethyl hydrogen 
maieate and citraconate, which has been found to be independent of pH in 
aqueous s ~ l u t i o n ' ~ .  obviously takes place by carboxyl participatiorPo2. The 
mechanism of the carboxyl group promoted hydrolysis cannot be given 
with certainty because the forniation of :in anhydride intermediate o n  the 
reaction path has not been demonstrated and several mechanisms are pos- 

A b i f u n c t i  o 11 a I r I ec t ro p h i I i c- 11 u c I co  phi I ic cat a I y s is wits observed by M o- 
rawetz and Oreskcs193 i n  the hydrolysis of the ester 25. The pH-rate profile 
is bell-shaped (Figure 6 )  with  a maximum at pH 3.S where both a carboxy- 
late ion and a free carboxylic acid are present. At the rate inaximum the 
ester 25 hydrolyses 24,000 times as fast as the acetylsalicylate anion and 66 
times as fast as the corresponding Jiester. Several kinetically equi\,alent 
niechanisms are possible (equation 29). 

sible2UlJ 

2. Hydroxyl group 

A neighbouring hydi-oxyl group has been found t o  cataly\e the hyclroly- 
sis of carboxylic esters (for earlier ~-eferences. see references 89 and 203); 
recent examples are the alkalinc liydrolyses of catechol monoacetate (Han- 
se n2"04), in on oc h I or oacet a t e ( Fu I I er * 74), ni on oci n iia ma te ( S ha I i t i n a ti d Ber 11- 

IiardUj), and monobenzoate (Capon and Ghosh'") the rates of which are 
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from 200 to 800 times higher than those of the corresponding phenyl or 
o-methoxyphenyl esters. Bender, Kezdy, and Zerr~er"~ performed a n  exten- 
sive kinetic investigation of the hydrolysis of p-nitrophenyl 5-nitrosalicylate 
and related esters without the o-hydroxyl group o r  with a n  o-methoxyl 
group. The 5-nitiosalicylate dimered from the other esters by having two 
regions where the rate was ptl-independent. Thc pH-independent reac- 
tion i n  the alkaline region (pH = 7-10) was concluded to be a reaction be- 
tween water and the ionized ester lather than a kinetically equivalent reac- 
tion between the hydroxide ion and the unionized ester. This was based o n  
the fact that several other nucleophiles react ~ I t h  salicylate esters at the 
same ratc as with corresponding beliLoatr esters. in  contrast to the hypothet- 
ical hydroxide ion reaction. The intramolecular general b ~ s c  catalysis (30) 
was proposed as the most probable mechanism for the rcaction. 

in the casc of  esters wi th  less acidic ncighbouriny alcoholic hydroxyl 
c croups, such as cis-2- and cis-3-hydroxycyclopentyl acetates, the weakly 
assisted hydrolysis at the pH range 8-10 is probably d u e  to an internal solva- 
tion of the transition state for attilck of the hydrosidc ion a t  the carbonyl 
group (Bruice and FifefiY) the mechanism being given by equation (3 I)'so. 
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Kupchan, Eriksen and Friedtnan"OC have stated that the methanolysis of 
1,3-diaxial hydroxyacetates, such as coprostane-3/3, SP-diol 3-m01loacetate, 
which is subject to general base catalysis, is facilitated by the neighbouring 
hydroxyl group via general acid catalysis. 

3. Carbonyl group 

Enhanced rate is observed i n  the alkaline hydrolysis of esters having a 
neighbouring carbonyl group. These include the keto groups in the acyl 
component of methyl o-benzoylbeczoates (Newman and HishidaZo7) and 
methyl 1 -benzyl-2-acetyl-6-oxo- 10-liydroxy-cis-decahydroisochinolin-9-car- 
boxylate (Becker, Schneider and Steinleitner2ns) arid in the alkyl component 
of 2-0x0-I-methylpropyl acetate (HanserPY), substituted 2-oxopropyl ben- 
zoates (Schiitzle and coworkerszlo), and the cinnamoyl ester of o-hydroxy- 
acetophenone (Shalitin and Bernhard"1); the rate enhancement caused 
by the keto group varies from 10 to 104. The aldehyde groups in methyl 
o-formylbenzoate (Bender and coworkers212) and o-formylpheriy I cinna- 
mate"l have a still stronger effect. The introduction of the remote 19-alde- 
hyde group of strophanthidin 3-acetate "06 has a smaller effect. 

The mechanism (32) is proposed for the hydrolyses of methyl o-benzoyl 

R 

b e n ~ o a t e s ' ~ ~  atid methyl o-formylbenzoates212. The hydration of the carbon- 
yl group may be rate-limiting?l'". Tlic following step, in fact, takes place by 
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hydroxyl group catalysis. Evidence for mechanism (32) is obtained from 
steric considerations207 and from the spectrophotometric observation and 
isolation of  3-morpholinophthalide in the case of methyl o-forniylbenzoate 
when the catalyst is morpholine rather than the hydroxide ionzL2. The 
magnitude and sign of Hammett's reaction constant found for the hyd- 
rolysis of 3'- and 4'-substituted methyl 2-benzoylbenzoates ( 9  = 2.07 
in 70 v01.x dioxane-water at 30"c) are in accordance with the intramolec- 
ular mechanism (Bowden and TayloP'). A similar mechanism may be 
operative in the other  cases 206, even if the possibility of electrophilic 
catalysis cannot be excluded when the carbonyl group is in the alkyl 
Component of the ester210* 

4. Nitrogen-containing groups 

Bruice a n d  coworkers found that imidazole groups catalysed intrarnolec- 
ularly the hydrolysis reactions of esters both in the acyl component as in 
aryl 4-4' - imidazoly lb~tyrates~~~ (26; for the p-nitrophenyl ester the rate was 
30,000 times that of p-nitrophenyl acetate) and in the phenyl component as 
in 2-(l'-imidazolyl)phenyl acetate 314 (a thousandfold rate) and also in a n  
aliphatic alkyl component as in 4-(2'-acetoxyethyl)imidazolez13 (a tenfold 
rate) and 1 -methyl-5-hydroxymethylimidazolyl acetate2I5 (koH 40 to  220 
times that for the alkaline hydrolysis of p- and m-nitrobenzyl acetates, re- 
spectively). O n  the other hand, methyl 4-4'-imidazolylbutyrate does not un- 
dergo hydrolysis with imidazole participation213. 

From the pH dependence of the rate, the observed small kinetic solvent 
isotope effects, the spectrophotometric observation of a lactam (27), and 
other evidence, it was concluded that mechanism (33), in which the imida- 

zole group acts as a nucleophile, is valid for phenyl (and thiol) esters around 
neutrality In the case of 2-(4'-imidazolyl)phenyl acetate and aliphatic esters 
with the iniidazolyl group in the alkyl component n o  intermediate could 
be observed and  the rate-limiting step may be  the nucleophilic attack of the 
nitrogen on the  acyl group. The mechanism of the reaction is thus analogotis 
to that postulated for the pH-independent hydrolysis of 8-acetoxyquinoline 
(28) by Freiser and coworkcrs (equation 34)"'. '16. 
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. -0 / C - M e  OH 

0 + MeCOOH 
0 - C - M e  

I1 
0 A- 

(28)  

Bruice and Beiikovic"' compared the intermolecular catalysis by trimeth- 
yl amine of aryl acetates t o  the intramolecular reactions of the correspond- 
ing aryl4-(N,A'-diniethylamino) butprates and 5-(N.N-dimethylamino) vale- 
rates. The activation enthalpies were found to be invariable for all theesters, 
therefore the activation entropy a l m e  determined the relative rates. The 
formation of a five- or six-membered cyclic intermediate was found to be 
favoured by I6 and I3 E.u., respectively, as compared with the intermolec- 
ular reaction. 

The protonated amino group acts as an intramolecular acid catalyst in  
the hydrolyses of 2-(N,N-dimethyla:.ni1io)ethyl benzoated7 and 2- and 3- 
( N , N - d  i a I k y 1 a ni i n o )a I k y 1 ace t a t esL'17* ''I ' , which hydrolyse 1C30 times as fast 
as  the corresponding quaternary ammonium compounds, and methyl 3- 
and 4- (N,A~-dia lkylamino)~arboxylates~~~,  when the  rate increases less. 
On the contrary. the rates of the alkaline hydrolysis of protonated dime- 
thylglycine esters are 2-4 times lower than those of the corresponding 
quaternary esters of tr i inctl i~l~lycine.  Whether the ammonium group of  
the ester is tertiar). or  primary, is less important. The rate coefficient for 
tlic protonated estcr is 20-40 times higher than that of the unprotonated 
form3sx. Intramolecular elrctrophilic catal>,sis b) a protonated amino 
group is also observed in  the acetate-ion catalysed hydrolyses of methyl 
p~~rrol id~lacetylsal ic~late  h\drochloridc and 2-N.A'-diethylarninoethyl 
ace t ?.lsa 1 ic). I a t c h>.d roc h I o rid e (G a rret t '"I9). ' I'hc t ransi 1 io 11 states for hese 
bifunctional caialjses may be written:' 3s 29 a n d  30. 
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Tlic $-benzyl ester of 1"-benzyloxycarbonyl-L-aspartyl-L-seryl ainide has 
in dioxane-water a rate of alkaline hydrolysis lo7 times higher than that of 
benzyl propionate, and ko, for the ester 31 is 5000 M-' sec-l (Bernhard 

(31) 

and coworkers'"* An iniide intermediate (32) is formed which 
hydrolyses a t  a rate of one tenth of that for the ester. According to the 
proposed mechanism (35) 

0 0 0 0 

(32) 

the ionized alcoholic hydroxyl group of the  seryl component or the phenolic 
hydroxyl of 31 abstracts a proton from the amido nitrogen which then 
makes a nucleopliilic attack on  the ester carbonyl group. 

Menger and Johnson"l found that p-nitrophenyl o-methanesulphonami- 
dobenzoate (33) hydrolyses in slightly alkaline solutions more rapidly than 
the pora- corn pou nd . 

(33) 

A s  the solvent isotope effect kl, ,0/kD20 was 2.02, the reaction was concluded 
to  take p l a x  by general base catalysis o r  general acid-specific hydroxide 
ion catalysis, 

5. Other  groups 

The early observed rapidity"? of the hydrolysis of the phenyl ester of 
salicyl phosphate (34) was interpreted by Chanlcy, Gindler and Sobotka'QO 
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to be due  to nucleophilic catalysis by the neighbouring phosphate ion 
(equation 36). 

II 
r, 

/ \  
-0 o m  

(34) 

'The slightly higher ratzs of alkaline hydrolysis of R3MCH2CH2COOEt 
(R = Me, Et) when M is Sn, Si, or Ge rather than C was stated by Drenth2= 
to be caused by a stabilization of the transition state by coordination as in 
35. 

(35) 
F. Inhibition 

Inhibition of a reaction niay be considered as negative catalysis. If a 
nucleopliile reacts with an ester forming an unreactive compound, the hy- 
drolysis of  theester is inhibited. Also the formation of a complex between an 
ester and a reagent may inhibit hydrolysis. Thus Connors and Mollica 
demonstrated an inhibition of the hydrolysis of methyl trans-cinnarnate by 
imidazole224 and other heterocyclic compounds">, and Menger and Ben- 
der22G of the hydrolysis of p-nitrophenyl 3-indoleacrylate and p-nitrophenyl 
3-indoleacetate by the 3.5-dinitrobcnzoute ion. 

G. Enzymic Catalysis 

Enzymic catalysis i b  the most po\cerful catalysis of carboxylic acid deriv- 
ati\.es. I t  is bclieved t h a t  the cnzynie forms a complex wi th  the reacting 
species, the substrate. The enzyme h a s  a n  active site, probably with several 
fuiictioiial groups. which thus conic i n  the neighbourhood of the reacting 
centre. The following, usually rate-limiting, stage of the reaction thus re- 
sembles :3n intramolecular reaction. The functional groups of the enzyme 
arc in the side-chains of proteins and may bc carbosslate ions (aspartate 
and gliitam:ile), iilcoholic hydroxyls (serine arid thrconine), phenolic hy- 
drcxyls (tyrosine). thiols (cystcine), amines (lysine). guanidines (arginine), 
and imidazole groups (histidinc). Also the -CO--NH- grouping of the 
peptide bond niay itself bc efl'ective. All of these groups are known to act as 
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catalysts in ester hydrolysis approaching i n  effectivity in some cases to  that 
observed in enzymic catalysis. Polymers and micelles containing several 
functional groups are  found to  be good models for enzymic reactions384. 
Most of the above-mentioned investigations of catalysis in ester hydro- 
lysis are performed as models for enzymic catalysis. This large and contro- 
versial field will, however, no1 be considered in this connexion. 

ilV. H Y D R O G E N - I O N  CATALYSED HYDROLYSIS 
AND ESTERIFICATION BY ACYL-OXYGEN FISSION (AAC) 

The hydrogen-ioncatalysed or acid hydrolysis of esters and the esterification 
of carboxylic acids are the reverse of each other and have identical mecha- 
nisms in their respective directions, in accordance with the principle of 
microscopic revcrsibility. They are here considered side by side, the more 
common biinolecular mechanism (A,,2) first and the unimolecular mecha- 
nism ( A A c ] )  in the last section only. Many experimental methods and theo- 
ries are analogous to  those in alkaline hydrolysis and are discussed only 
shortly and without special reference to  section 11. 

A. Reaction Mechanism 

1. Evidence for acyl-oxygen fission and the addition-elimination mechanism 

H ~ l m b e r g ' ~  showed that acetoxysuccinic acid retained the configuration 
of the asymmetric group during acid hydrolysis. E. H. and C .  K. IngoldZ0 
found that no  isomerization took place during acid hydrolysis and esterifi- 
cation in the case o f  I -  and 3-methylallyl acetates. The case of acid hydrol- 
ysis t o  which the l80 method has been applied include methyl hydrogen 
s uccina t e G, dip hen y I me t h y 1 for ma teZz7. 7-bu tyrolac t onez4, the tri fl uoroace- 
tates of methanol", phenolzg, and (with concurrent alkyl-oxygen fission) 
diphenylmethano129, and bornyl acetates". In esterification it was employed 
for the reaction between benzoic acid and methanol228. 

The main evidence for the addition-elimination mechanism is obtained 
from the observed concurrent hydrolysis and carbonyl-oxygen exchange, 
which also in  the case of acid hydrolysis takes place approximately to the 
same extent as in alkaline hydrolysis in spite of the much higher rate of the 
I at t e rr2. 

2. Hydrogen ion catalysis 

A s  the reaction is catalysed by the hydrogen ion, the ester in hydrolysis 
and the acid in esterification must become protonated. It is generally believ- 
ed that there exists a rapid pre-equilibrium before the rate-limiting addition 
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of water or alcohol t o  the carbonyl group. Carboxylic acids and esters are 
only feebly basic; the pK, of the protonated forms of substituted benzoic 
acids229 is between - 6.6 and - 8.0, and ethyl has almost the 
same basicity (pK, = -7-36) as benzoic acid"'" (ph', = -7.26). Protona- 
tion thus takes place only to a small extent even in moderately concentrated 
acid solutions, and the reaction rate is approsimately proportional to hy- 
drogen ion concentration (see section IV.C.3). The observed rates are 
shown by Martinjs5 lo be reasonable in spite of tlie very low conceiilration 
of the protonated ester. 

Divers opinions have been expressed as to  where the proton is attached. 
From the effect of substitution o n  t h e  pKa of substituted benzoic acids, and 
froin the Roman spectrum of benzoic acid in sulphuric acid it is conc- 
luded that the carbonyl oxygen becomes protonated owing to resonance 

OH 

OH 
RC/ + \ 

stabilization (Stewart and YatesZz2" and Hosoya and Nagakurag31). Nuc- 
lear magnetic resonance spectra of methyl formate dissolved in very strong 
acids indicate that tlie protonation of esters also takes place chiefly t o  the 
carbonyl-oxygen atom ( FraenkeP2). This may be due to  the resonance form 

R= 
-O\C- .o+/ 
/ R' 

which increases the relative basicity of tlie carboiiyl oxygen. The reacting 
species is not necessarily the more protonated one21T, but it is now generally 
believed to be the one protonated on  the carbonyl-oxygen atom. Also in 
the non-aqueous strongly-acid media HF-BF3Js6 and HS03F-SbF;3e7 
the protonation of several esters is found by i1.m.r. 10 take place exclu- 
sively on the carbonyl oxygen. 

When the hydrogen-ion activity in t h e  solution becomes sufficiently high. 
a n  appreciable fraction of the ester becomes protonated. When the ester or 
acid is fully-protonatcd the rate should be independent of hydrogen-ion 
concentration. J a q ~ i e s ~ ~ ~  and Lane"" have shown that the rate of hydrolysis 
of ethll  acetate has a maximuni in 50-60':.< sulphuric acid and decreases 
rapidly a t  higher concentrations. It was calctilated that ethyl acetate was 
half-protonatcd in 777; sulphuric (thus PA; is -6.93). The observ- 
ed decrease in rate after the maximum is causehi mainly by decreasing 
~ a t e r  activity. A plot of log (k,,/[EHT I )  (where EH- is the protonated ester 
and k ,  is the first-order rate coefficient a t  conbtant [ H I  1) versus log aHIO 
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was found to be a straight line with a slope of approximately two. Carbon- 
yl-oxygen exchange with water was observed also in  the region of the rate 
ma~irnum23~. Yates and h l ~ C l e l l a n d ~ ~ ~  have found similar rate maxima 
for the hydrolysis of acetates of primary and secondary alcohols and of 
phenols at about the same sulphuric acid concentration. They concluded 
that two water molectiles are needed in the formation of the transition state. 

3. Reaction mechanism and kinetics 

The mechanism for the bimolecular acid-catalysed ester hydrolysis and  
esterification (A.\.2) may be written3 as equation (37). Figure 7 represents 
a free energy diagram corresponding to the mechanism (37) with reasonable 

0 OH OH 
K OH +ko  fast ! 

f a x  ! 
- , - __ R'C-ORa := R'C-OR'i-H+ 

I1 R l C a R 2 + H +  .-L- RtC/ 
f a s t  ORZ fax i 

OH,+ OH 
E EH+ (36) (37) (37) 

OH 

138) AH+ A 

values for an ordinary ester like ethyl benzoate. The transition state must 
he close to 36 because the carbonyl-oxygen exchange, which must take  
place through the symmetrical intermediate 37. is slower than the hydro- 

FIGURE 7. Free energy diagram fm the acid hydrolysis of an  ordinary ester in 
dilute aqueous solution (for the: notations, see cquatioil 37) 
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lysis31. I t  is to be remembered that the free energy dilrerence between the 
ground state and the transition state determines the rate of reaction inde- 
pendently of the actual mechanism. 

The mechanism (37) leads to the rate equation (38) for the hydrolysis 
(and to a n  analogo~is expression for the esterification). 

d[E]  - k,KI[E] [H?O] [W]  k?K'[A] [R'OH] [I+-]  - - --.___-- - . _ _  .. - 
1 +./. lSl/Cr. (38) dt  

k ~ [ E l [ H - l - - k ~ [ A l  [H"]  

Here k,  = kIK1[H20] / ( I  +v.) and k ,  = ksK2[R'OH]/(I + I / = )  are the es- 
perimental second-order rate coefficients for the hydrolysis and esterifica- 
tion, respectively, and z depends on those rate coefficients i n  (37) whose 
values are assumed to  be high. The equilibrium constant K (equation 39) 

for the esterification rcaction does not differ much from unity for ordi- 

TABLE I I .  Data for the equilibria of the estcrification of  
acetic acid ar 25'c (Jencks and Gilchrisr23Jj). For the equi- 
librium constant K (equation 39) all conccntrations arc 
g iwn in niole/l. but for the free energy difference AGO the 

activity of purc watcr i s  takcn as  unity 

Ester 

CH ,COOEt 3.38 I660 

Cl-l,COOCH,CH,CI 0.46 2840 

CH,COOCH,CH,NMc, 0.394 1940 

C H,COOC1-1 Ctt 0 bl c 1.42 2180 

L 

CH,COOCH,CF, 0.01 3 4970 

nary esters (Table 1 I ) .  Therefore the hydrolysis i n  aqueous solutions and 
the esterification i n  alcoholic solutions go practically to  completion in  
kinetic conditions (low ester or carboxylic acid concentration). I n  reactions 
taking place in wzter-alcohol mixtures and i n  synthetic conditions. how- 
ever, the reverse reaction has to  be taken into account. 

Alternative mechanisms for the acid hydrolysis and the esterification a re  
presented asdifferingfrom (37) mainly in respect t o  the number of participat- 
ing water molecules and  possible intermediates. The apparent order of reac- 
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tion in respect to water, which in moderately concentrated sulphuric acid 
was observed to  be two (section IV.A.2), was explained by Lane'34 with the 
aid of the cyclic transition state 39. Othei proposed cyclic transition states3 
include 40 (Syrkin and Moiseev'") and 41 (Palm and  coworker^^^'). 

The Arrhenius equation is found to  be obeyed when no changes in reac- 
tion mechanism take place. The values of activation enthalpy and entropy 
are in general low, e.g., the  following kinetic data are obtained238 for ethyl 
acetatein water at 25"c: k,  = 1.07X M-' sec-', E = 16-76 kcal/mole, 
log A = 8.32, AGS = 22-87 kcal/mole. A H 3  = 16.17 kcal/mole. and ASS 
= -22.5 E.U. The  negative value of  the activation entropy clearly points 
to a bimolecular reaction. 

The effect of pressure o n  the acid hydrolysis of alkyl acetates was studied 
as early as 1896 by R o t h m ~ n d ~ ~ ~  aiid in  1 S97 by Bog.c;jz.+/knsky and Tam- 
m a n r ~ ~ ~ " .  The more recent investigation by Osborn and W h a l l e ~ ~ ~ ~  gave the 
values of -9.1 5 0 - 7  and - 9 - 3 t 0 - 7  cm3/niole for the activation volume 
AVX of the acid hydrolyses of methyl and ethyl acetates, respectively, in 
water at 35"c. They are in  accordance with a bimolecular addition mecha- 
nism if the proton adds to  the carbonyl-oxygen atomz4?. On the basis of a 
study of the pressure effect on the hydrolysis of methyl acetate in acetone- 
water mixtures, Baliga and coworkers243 stated that it could be more advan- 
tageous to employ activation parameters a t  constant volume, AA;, AU:, 
AS:, and A c t .  instead of those at  constant pressure, 4G$ AH:, AS:, and 
AC;. Ultrasonic sound was found by Chen and K a l b a ~ k ~ ~ ~  to increase 
the rate of the acid hydrolysis of methyl acelate by increasing the fre- 
quency factor. 

4. Catalysis 

Llsually only the hydrogen ion is found to  catalyse ester hydrolysis and 
esterification in acid solutions. Intramolecular electrophilic catalysis by 
different groups and intermolecular catalysis by Lewis acids, however, can 
take place in ester hydrolysis (sections II1.D and E), whereas the reported 
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cases for general acid catalysis in ester hydrolysis and esterification have 
often been explained as due to salt effects3. 

The rate expression for the esterification OC acetic acid in methanol was 
found by Rolfe and H i n ~ h e l w o o d ~ ~ ~  to include a term of second order with 
respect to acetic acid. indicating that the reaction between acetic acid and 
niethanol was catalysed by another acetic acid molecule. A similar depend- 
ence o n  acid concentration was found by Gordon and S c a n t l e b ~ r y ? ~ ~  in 
the ‘uncatalysed’ polyesterification of adipic acid with pentaerythritol. In 
the hydrolysis of n-pentyl formate, O l ~ e n ~ ~ ~  observed a clear rate enhance- 
ment in phosphoric acid-hydrogen phosphate buffer solutions with increas- 
ing buffer concentration. As the buffer ratio was not varied, no distinction 
could be made between the proposed general acid catalysis by phosphoric 
acid and the general base catalysis by the hydrogen phosphate ion, for 
which, however, the observed rate coefficient seems to  be too high. 

Cationic exchange resins are found to catalyse the hydrolysis of esters 
aiid the esterification of acids, but usually no  ninrked difference between the 
resin catalysis aiid the hydrogen ion catalysis has been foi!iid3. Affrossman 
and Murray247 observed that while the catalytic effect of a sulphonic acid 
resin on the hydrolysis of propyl and aliyl acetates in general only depends 
on the fraction of the resin i n  the acidic form, the effect of a resin which is 
partially exchanged with a silver ion is more effective with a n  unsaturated 
ester because of thc increased concentration of the ester within the resin due 
to  complexing of the silver ion and the unsaturated ester. Yoshikawa and 
Kim248 observed that water-soluble polymeric sulphonic acids were in 
acetone-water poorer, but in  water better, catalysts than hydrochloric acid 
and that the efficiency was the better the more hydrophobic the ester was. 

B. Structural Effects 

Only weak polar effects are to  be expected in  acid hydrolysis and estcri- 
fication because those polar effects which facilitate the addition of a proton 
retard the nucleophilic attack of water in hydrolysis or of alcohol in  esteri- 
fication. On the other hand, strong steric retardation is to be expected 
because the reaction is bimolcculnr. 

1. Polar effects: meta- and para-substituted benzene derivatives 

The sinall iiilluence of polarity is seen from the following relative rate 
coefficients for the acid liydrolysis of substituted phe ny l  acetates 
CH3COOC6H.IX in 60 vol. 7; acetone-water at 2 5 ” ~  (Tommila and 
Sipp0Ia2~u) : m-Me = 0.98, p-Me = 1-07, p-CI = 0.87. H = 1 .  Differences 
in activation energy (E  = 17-2 & 0.05) and in frequency factor (log ,-I 
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= S-O,O.OS) are small and irregular. The corresponding data for p-nitro- 
phenyl acetate are: relative rate = 0-74, E = 16-74 kcallmole, log A 
= 7.56 (Mariinniaa and Tommila390). 

The Hammett equation (14) may be applied to data for acid hydrolysis 
and esterification although the fit is sometimes not good. The following 
small values", " of the reaction constant 0 illustrate the unimportance of 
the polar factors: --0-58 for ArCOOH+MeOH+H* in methanol at  
25"c, + 0.56 for ArCOOH + cyclo-CGH1lOH + H ' in cyclohexanol at  
55"c, t O . 1 1  for ArCOOEt+ H" i n  60:/, acetone-water at  IOO"c, f0.05 
for ArCH=CHCOCOOMe+ H' i n  50% dioxane-water a t  25"c, and 
-0.20 for CH3COOAr+ H' in 60% acetone-water at 25"c. 

2. Resonance effects 

Resonance effects should be similar in alkaline and acid hydrolyses and 
in esterification because the resonance stabilization of the ground state is 
disturbed in the transition state in each case. The data in Table 12 indicate 

TABLE 12. Kinetic data for the acid hydrolysis of ethyl esters RCOOEt in water at 
40"c 

CHJH, 41.3 15.87 7.69 238 

5 6 ' 4 5  
0.13 ( M e  ester) - - 250 

CH,-=CH 1-68 19.13 8-59 73 
CHI-C 1-16 16.22 4.39 25 1 
C~S-EIOCOCH-- C H  1.17" 19.58" 8.73' 73 
~ ~ u / I s - E ~ O C O C H - C H  4.08" 18.57" 8.57" 73 
trom-1-l OCO C H =: C H  1-96 18.64 8-30 73 

" Without statistical corrections. 

that this expected retardation by conjugation with the carbonyl group is 
observed. 

3. Steric effects 

Table 13 contains values of the rate coefficiens for the acid hydrolysis of 
acyl- and alkyl-substituted esters and for the esterification of acids. The 
substituents are arranged in order of increasing electronegativity. It can be 
secn that there is no correlation with the polarity of the substituent group 
but that steric effects are decisive. 
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TABLE 13. Rate coeficients for the acid hydrolysis of ethyl carboxylates 
RCOOEt and alkyl acetates CH,COOR in water at XOc and for thc  
rsterification of csrboxylic acids RCOOH with ethanol in cthanol at 

25% 

R 

KCOOEI 

RcScrence 

i-Pr 
n-Bu 
i-Bu 
n-Pr 
Et 
Me 
CICH,CH, 
H 
McOCH, 
MeCOCH, 
CICH, 
MeCO 
C1,CH 

-0.19 
-0.13 
-0-12 
-0.1 I 
-0-10 

0 
0-38 
0-49 
0.52 
0.60 
1-05 
1.65 
I .94 

- 0.47 
- 0.39 
- 0.93 
- 0.36 
- 0.07 
0 

- 0-90 
7-  1-24 
-0.19 

0.573 

0.240 
0.687 
1-12 
1.07 
0.163 

0-655 
0-165 
0-808 
1.20 
1-20 

_- 

30.7 

252 

253 
238 
238 
23s 
254 
238 
253 
255 

84 
252 
256 

- 

CHjCOOR Rcoon 

i-Pr 
n-Bu 
i-Bu 
n-Pr 
Et 
M e  
CICH,CH, 
H 
MeOCH, 
MeCOCH, 
CICH, 

0.617 
1.10 
0.92 
1-10 
1.07 
I .09 
0.8 17 

- 
0,335 
0.354 

252 
252 
257 
238 
238 
238 

83 
- 
__ 
252 
150 

0.289 
0-496 
0.0959 
0.500 
I .07 
1.47 
- 

40.4, 
- 
- 

0.959 

258 
258 
258 
258 
258 
258 

259 
- 

The concept of steric hindrance \vas established by MeyerZG1 who found 
that the esterification of ortho-disubstituted benzoic acids is very slow o r  
even prevented irrespectively of the nature of the substituents. On the basis 
of structural effects in the acid hydrolysis of aliphatic esters, PalornaaZ*"' 
proposed that cyclic species of 'higher order' are formed, ail idea further 
developed by Smith and McReynolds2G2. Newman2GG" paid attention to the 
especially strong steric effect of atoms in position number 6 from the carbon- 
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y] oxygen (Newman's 'Rule of Six'). The transition state theory was appli- 
ed to steric hindrance by Hughes"', and BeckerZG5 treated steric effects 
theoretically in ester hydrolysis and esterification. 

The Taft equation ( I  7) may be applied to the acid hydrolysis of esters and 
co the esterification of acids in the case of aliphatic and ortho-substituted 
aromatic compounds but with the same limitations as in alkaline hydrolysis 
(see section l l . B . 6 ) .  

4. Separation of polar and steric effects 

Ing01d"~ stated in 1930 that steric factors have the same effect in both 
acid- and base-catalysed hydrolyses of an ester, and the same applies for 
resomnce en'ccts. On this basis a value is obtained for the polar substituent 
constant CJ* from the Taft-Ingold equation (40)2s7, 

where the subscripts A and B, respectively, refer t o  otherwise identical 
acid and alkaline hydrolyses ofesters. The factor 2.48 is a reaction constant 
introduced to get the CJ* values on the same scale as the Hammett CJ valuese5. 

TaftZG7 further concluded that the relative rates of esters in acid hydro- 
lysis are independent of polar factors and defined the steric substituent con- 
stant E, by equation (41 ). For reactions in which both polar and steric effects 

vary with the structure the equation (42) may be valid. p* and 6 are 
reaction constants that measure the susceptibility of the reaction series 

(42) 

to the polar and steric effects, respectively". Values for o* and €, are given 
in Table 13. 

A treatment of kinetic data for several series of alkyl carboxylates indicat- 
ed that equation (41) did not correlate well in the case of the acid hydrolysis 
of alkyl tbrmates, in  contrast with acetates, propionates, and butyratesZs8. 
This was attributed to differences in steric en-ects of the alkyl groups in dif- 
ferent reaction series and to pronounced polar effects in the hydrolysis of 
formic estcrs. On the other hand, i t  has been concluded that, although the 
assumption madc in deriving the Taft-lngold equation (40) may be valid 
for aliphatic systems, for oriho-substituted benzoates (Chapman, Shorter, 
and Utley2") and heterocyclic compounds (ten Thije and Janssen"O) the 
transition states for acid and alkaline hydrolyses are not as similar as sug- 

log (k /k" )  = e*a*+ 6€, 
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gested, probably because the effect of solvation is dissimilar and depends on 
. The reaction constant 2-48 in the polar nature of the substituent- 

equation (40) does vary depending on the reaction in question ( B ~ w d e n ” ~ ) .  
Wells272 proposed that a common scaling of the Hammett and Taft-ingold 
equations requires multiplication of the (TI values by a factor of 0-74. 

Hancock and coworkers extended the Taft-lngold cquation for hyper- 
conjugation by correcting the  steric substituent constant €, in (41) for R’ 
in RJCOORZ. In the obtained equation (43) €: is the corrected steric substi- 

“69. P i 1  

€,< 3 E,C+h(n-33) (43) 

tuent constant, / I  the reaction constant for hyperconjugation (= 0-306), 
and n the number of u  hydrogen^^'^. When R2 is varied, a significant im- 
provement was achieved when tlie change in the Newrnan’s six number 
(i.e.,  in t h e  number of atoms in the six position from the carbonyl-oxy- 
gen atom) was taken into accountZ77. The equation (44) 

log ( k l k ” )  = g * d  1- 6E;’t ~ ( 3 6 )  (44) 

proposed when the structure in R“ is baried thus contains (46 )  which is the 
six number of a substituent in the acyl component minus the six number of 
the same substituent in the alkyl  component. Talvik and Palm275 further 
extended the Taft-Ingold equation for R’ by also tsking into account car- 
bon-carbon hyperconjugation (equation 45). wherc t i l ,  and n, are the num- 
bers of a-C-H and 5-C-C bond>. respectively. 

C. Medium Effects 

1. Solvent isotope effects 

The acid cster hydrolysis takes place in deuterium oxide at a rate about 
50% higher than in ordinary water (for curly references, see Wiberg.76). 
Because D.0 is a weaker base than HzO the ester is relatively more proton- 
ated in D.0 than in HnO. If the kinetic isotope eflects in  the subsequent 
stages are weaker than in the preequilibriuin step, a higher rate of hydroly- 
sis in D@ is observed. Salomaa, Schaleger. and examined the  acid 
hydrolysis of ethyl forniate and mtthyl acetate in HzO-DzO solvcnt mix- 
tures a t  25’c. The solvent isotope eflccts k l ) ,O /kH,O for these estcrs were 
found to be 1-57 and 1.68, respectively. The data for the HnO-DnO mix- 
tures were in accordance with a transition state with three or more es- 
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changeable protons, affirming the view that the acid hydrolysis of esters is 
not a simple A2 reaction. 

2. Salt effects 

Neutral salts like alkali halides usually slightly increase the rate of the 
acid hydrolysis of esters such as ethyl acetate ( methyl chloro- 
acetate (McTigue and W a t k i n ~ ? ~ ~ ) ,  and 7-butyrolactone (Long, Dunkle, 
and M c D e ~ i t ~ ~ ~ ) ) .  On the other hand, salts with large anions like sodium 
perchlorate sometimes decrease the rate"'. 2'9. The activity coefficient fE 
of the ester is usually found to change in the same direction but even more 
than the rate of I i y d r o l y ~ i s ~ ~ ~ *  ' i 9 .  According to the Brransted equation (18), 
k / k o  = j ; f H * / ' ,  salts mainly cause a change in fE whereas the ratio 
fH+/fz varies to a smaller degree and in the opposite direction; probably f :  
changes in the same direction asji279. McTigueSs0 has developed a theory for 
kinetic salt effects. which can be used for determining the transition state 
hydration number from salt effects. Values varying from 2 (7-butyrolactone) 
to 5 (ethyl acetate) were calculated but stated to be uncertain278. 

3. Reaction in moderately concentrated acids 

Thc rate equation (38) for acid ester hydrolysis would require proportion- 
ality between the rate and the hydrogen ion concentration. According to  
the Zucker-l-iarnmett hypothesisgs1, however, a difference is to be expected 
in moderately concentrated acid solutions depending o n  whether the tran- 
sition state contains only a proton o r  a proton and a water molecule in addi- 
tion t o  the reacting specieszw2. In the first-mentioned case log k ,  (kv, is the 
observed first-order rate coefficient a t  constant [H +]) should be directly 
proportional t o  Harnmett's acidity function H ,  (46). If, on the other hand, 
the reaction is bimolecular, the rate should be more nearly proportional t o  
the concentration of the acid than to  110. 

The rates of acid hydrolysis of ordinary esters i n  moderately concentrated 
acids ( u p  to 10 M HCI, HC104. or  H2S04) have been found to be more 
nearly proportional to the hydrogen ion concentration than to  170, although 
the second-order rate coefficients kH in general increase with increasing acid 
concentration (cf the effects of salts described in the preceding section). 
Such esters as have been studied are, e.g. ,  methyl f ~ r m a t e ~ ~ ~ ,  n-pentyl for- 
m a t ~ ~ ~ ~ ,  methyl acetateza4, ethyl acetate9. 283, isopropyl acetateza5, methyl 

2eG, monoglyceryl esters of benzoic and anisic acids281i, ethyl 
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a~e toace ta te '~~ ,  ~ - b i ~ t y r o l a c t o n e ~ ~ ~ ,  methylene and ethylidene diace- 
tatcs2SE. 260 , and vinyl acctate"O*. 

It is no longer believed that the Zucker-Hammett hypothesis is gener- 
ally valid, but the above-mentioned criteria can be applied in special 
cases to distinguish between A1 and A2 mechanisms. A plot of log k ,  
against log [H3O'] or - H o ,  however, is seldom linear with slope I .  Bun- 
nett293 proposed therefore that a plot of (log k,?+HO) against log uHIO 
might be a better criterion for the mechanism. The obtained slopes 11' of 
the expf:riniental straight lines for A,,2 ester hydrolyses lay between 4 
and 7. Tncy are higher than the values of 2-3 characteristic for a nucleo- 
philic attack by water but smaller than the \ialues for general acid catal- 
ysis of leaving group ejection from a covalent hydrate interrne~iiate2~3. 
This may depend on the complicated nature of the experimental rate co- 
efficient (equation 38), which includes the rate coefficients both for the n u -  
cleophilic attack of water (kl) and for the proton transfer reactions (LY and 
K,); c j :  also the discussion by Martin294. 

More recently Bunnett and OIsenzg5 proposed the use of a plot of 
(log I?+,+ H,) for reactions of weakly basic substrates, or of log k ,  for 
reactions of strongly basic substrates, against ( H , +  log [H+]). The slope 
4 of the obtained straight line (equation 47) characterizes the response 

(47) 

of the reaction rate to changing acid concentration. It was stated that 
mechanistic interpretation of 4 values for reactions of weakly basic sub- 
strates is fraught with uncertainty. The values for AAc2 hydrolyses range 
from 0.74 to  1. 

log k,p + Ho = 4( Ho + log[ H . I )  + log k l i  

4. Solvent effects 

The rate of the acid hydrolysis of a11 ester like ethyl acetate depends 
only slightly on the concentration of an addcd organic solvent when the 
water content is relativcly high, but thc Arrhenius parameters vary with 
the solvent composition in quite a complicated manner (Figure 8) resem- 

* Kiprianova and Rckashcvazgl statcd on the basis of '"0 cxperirncnts that  vinyl 
ilcctatc hydrolyscs in acid solutions by alkyl-oxygen fission follo\r.ing a mechanisin 
similar to that of vinyl cthcr hydrolysis. LandgrchcZv2 also proposed an A,,,, mccha- 
nisni with a n  initial hydration of the carhonxarbor i  double bond. Thc  abovc-nicntion- 
ed a n d  othcr  rcsults (structural cffccts, solvent and structural Linetic isotope cffccts, 
solvcnt cffccts, thermodynamic data of activation) obtained by YrjanP2so, however, 
a rc  similar for  vinyl acctate and  othcr simple estcrs and givc s t rong evidence for thc 
AAc2 nicchanisni also in thc case of \inyl acetatc. This was recently confirmed by the 
lSO metliod (Euranto  and Hautoniemi, unpublished results). 
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bling that found in alkaline hydrolysis (section ll.C.3). Harned and 
determined both the rate of hydrolysis and the activity coefficient of 
methyl acetate in dioxane-water mixtures and found that the rate coeffi- 
cient and the activity coefficient of the ester diminish with increasing dio- 
xane content, whereas the activity coefficients of hydrogen chloride, water, 
and the transition state increase, the last-mentioned least. The situation is 
thus similar t o  that found in salt solutions (section IV.C.2) and the change 
in  the activity coefficient of the ester is the most important factor. 

Attempts have been made t o  determine the order of reaction with re- 
spect t o  water by measuring the rate in solutions with low water content. 

PI 

I 

1-7 

38 - C6 ‘I.---- 04 0 2  ’1-5 L. . 

”* 
FIGURE 8. Variation of  the free energy AGZ, enthalpy A H $ ,  and entropy A S 1  of 
activation for the acid hydrolysis of  ethyl acetate in acetone-water mixtures at 

25°C as a function of the mole fraction x, of  watcr (Tomrnila and HelIaZ3’) 

Friedman and E I n ~ o r e ~ ~ ~  found that the hydrolysis of methyl acetate in 
acetone solutions with similar ester, water, and sulphuric acid concentra- 
tions was first order both in water and ester. Koskikallio29s observed that 
the rate of hydrolysis of ethyl acetate in dioxane-water mixtures was almost 
independent of water concentration when it was below 1 M and perchloric 
acid was the catalyst but decreased when sulphuric acid or hydrogen chlo- 
ride were catalysts. In the first-mentioned case it was concluded that there 
was a rapid pre-equilibrium proportional to [H20]-’ and tha t  the reaction 
was of second order in water. Hydrogen chloride is a weak acid i n  these 
conditions, and the protonation step of the ester was concluded to be rate- 
limiting. The equilibrium constant for esterifications was found to be con- 
stant over the whole range of solvent compositions studied. It is to be re- 
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membered that specific solvation effects may be important in these low water 
concentrations. 

In dimethyl sulphoxide-water mixtures the acid hydrolysis of ethyl ace- 
tate differs from that in acetone-water mixtures in having a rate maximum 
a t  about  s, -- 0-9 after which the rate decreases continuously (Tommila 
and Murto299)). Activation enthalpy and entropy have minima a t  about  
x, = 0-8 (as in alkaline hydrolysis) and maxima a t  about  s, = 0-4 (in 
contrast with alkaline hydrolysis). 

D. Esters with Electronegorive Subsrituents 

The rates of the acid hydrolysis of carboxylic esters decrease if one a 
hydrogen atom in the alkyl or acyl component of the ester is substituted by 
a halogen atom, but increase when two (Table 13, cf. also the value 
1-3X M-' sec-' for k, of CH~CICOOCH3C1 in water at 25°c13*3"00) 

u hydrogens are  substituted. T h e  rates of hydrolysis of or three28. 29. 275. 301 

4 

3 

2 2 
0 

I 

C 

C (mole/l! 

FIGURE 9. The first-ordcr rate coefficients for the hydrolysis of chloroniethyl 
chloroacetate in aqueous pcrchloric acid and sodium perchlorate solutions at 
25°C. The dotted curve is that calculated for the hydrogcn-ion catalysed reaction 

(Euranto and C l e ~ e ~ ~ ~ )  
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the last-mentioned and some other esters with highly negative substituents 

such as cthyl nitroacetate:'O' are higher than expected". 3n1 on the basis 
of Taft  equations (42) and (45). The hydrolysis of these esters has also been 
studied in  high acid concentrations where a rate maximum was found for 
methyl2* and p h e n y P  trifluoroacetate. chloromethyl chloroacetate300 
(Figure 91, and niono-o-nitrophenyl oxalateqog. Both the high rate (Tal- 
vik:"'") and the rate maximum (Bunton and  coworker^^^*'^^^) have been 
explained t o  be due to salt effects. As the exceptional acid hydrolysis is 
always accompanied by a relatively rapid neutral hydrolysis, the salt effect 
of the added acid on the neutral hydrolysis certainly aflects the measured 
total rate of reaction. I n  the casc of chloromethyl chloroacetate the rate 
was measured in  presence of several salts which all had similar negative 
electrolyte efl'ects12. If the salt effects of sodium perchlorate and perchlo- 
ric acid arc assumed t o  be identical, t h e  true rate coefficient for the hydro- 
gen-ion catalysed hydrolysis is obtained by substrating the rate coefficient 
for a sodium perchlorate solution from that for a perchloric acid solution 
of equal concentration (Figure 9). The resulting curve has n o  maximum 
but it is still of unusual  shape, and especially the rapid increase in rate at high 
acid concentrations seems to  be difficult to explain on the basis of salt 
effects. Therefore it was assumed:""' that the mechanism of the acid hydro- 
lysis in dilute aqueous acid solutions is not A,,2, which may. however, 
dominate in concentrated solutions. 

The change i n  mechanism is also suggested by other exceptional kinet- 
ic properties found in the acid hydrolysis of the esters in question3o5: the 
rate decreases with increasing acetone content more rapidly than in the 
case of other simple esters, neutral salts considerably diminish the rate 
(cf. section lV.C.2.), the kinetic solvent isotope effect is the opposite to  
that for other esters ( k , ~ o ~ k , ~ o  = 0-6), :ind the activation enthalpy and 
entropy are smaller than usual. All these properties resernblc those for 
neutral ester hydrolysis. Bunton showed in the case ofmethylz8and phenylz9 
trifluoroacetates that acyl-oxygen fission takes place. On the basis of the 
above criteria it was proposed305 that the rate-limiting step is the same as 
in  neutral ester hydrolysis (kl in equation 23) .  but that the added acid 
catalyses the expulsion of the leaving group. In order that this could be 
observed, however, thc partitioning of the intermediate must affect the 
observed rate coefficient. Some observed structural effects in neutral ester 
hydrolysis*3 arid isotope effects in the accompanying carboxyl-oxygen 
exchangeAohseem to support this. 
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E. Unimoleculor Hydrolysis and Esterificotion ( A A c l )  

The unimolecular AAcl mechanism (equation 48) dirers  from the 

bimolecular reaction (37) i n  that the protonated ester or acid decomposes 
into an acylium ion (42). In contrast t o  the AAc2 reaction, rates of the 
A,,] reactions should be greatly increased by clectropositive substituents 
in the acyl component R' and retarded by clectropositive substituents i i i  

the alkyl component R2; they should be insensitive to steric retardation 
and highly sensitive to  the solvent. The reaction should bc especially favour- 
ed by sulphuric acid and other solvents whci-c acyliuiii ions are known to 
be stable. The rate coeficient should be proportional to ho rather t h a n  to 
[ H +I6. 

The first evidence of the occurrelice of the AAcl  mcchanism was obtain- 
ed by Treffers and Hanimett"oc, who observed that 2,4.6-trimethylben- 
zoic acid (mesitoic acid) dissolved i n  sulphuric acid to form four particles 
(equation 49). Methyl mesitoate. i n  contrast to methyl benzoate. may be 

RCOOH+2 H,SO. - - RCO'+H,O'fZ HS0,- (49) 

hydrolysed by dissolving it i n  sulphuric acid and pouring the mixture into 
water and methyl mesitoatc may be prepared by pouring a sulphuric acid 
solution ot' mesitoic acid iiito methanol (Newman3')7\. From the ultraviolet 
spectrum of mesitoic acid in concentrated sulphuric acid it is concluded 
that mesitoyl cation Me3C6H2CO' is present231. 

The kinetics of the hydrolysis of niethyl mesitoatc-' i n  aqueous perchloric 
and sulphuric acid solutions was investigated by Chmiel and LongS"; who 
found that a plot of- log I;,, versus H , ,  gavc a straight line with slope 1.2. 
Bender, Ladenheim. and Chen3"* found that the values of the activation 
enthalpy and entropy in 11.5 XI sulphuric acid were 21.55 1 kcal/mole and 
+G+ 5 E.IJ. .  respcctively. Thc positive activation entropy is i n  accordance 
with a uniniolecular process. N o  carbonyl-oxygcn exchange was found to 
take place. In the hydrolysis of methyl 4-substituted-2,6-dimcthylbenzo- 
ates in 9.70 hi sulphuric acid, electron-donating 4-substituents were found 
t o  accelcratc the reaction3o9. 
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Leisten3l0 found that the rates of the hydrolyses of methyl and ethyl 
benzoates in nearly anhydrous sulphuric acid are independent of water 
concentration. Structural effects for substituted alkyl benzoates311 in 
99-97; sulphuric acid indicate that all methyl esters hydrolyse by the AAcl 
mechanism, while ethyl benzoates with electronegative nitro groups and 
isopropyl benzoate31u hydrolyse by thc AAL1 mechanism. The hydrolysis 
of ethyl acetate in sulphuric acid solutions containing more than 85% acid 
has been t o  be almost independent of the activity of  water, indi- 
cating that the mechanism is of A1 type. Whether it is the proposed A,,1 
o r  the AAcl mechanism, as in the case of ethyl benzoate, cannot be decid- 
ed from the given data.  However. Yates and M ~ C l e l l a n d ~ ~ ~  more recently 
found that the dependence of rate on water activity is different for different 
esters and concluded that in the case of primary alkyl and phenyl esterr 
a change takes place from AAc2 lo A,,] mechanism. 

Nuclear magnetic resonance measurements have shown that in HF-BF3 
(HogeveerP6) and in HS03F-SbFj (Olah, O'Brien, and White3s7) methyl 
esters RCOONle of different acids cleave with acyl-oxygen fission when 
acyliurn ions are formed. The rate was found to vary with R in the 
following way: I4 -=<Me -=El ~ i - P r > t - B u ~ ~ ~ . ~ ~ ~ .  Thc  observed maximum 
in rate was caused by the opposite effects of activstion enthalpy and 
entropy which both decreased in the above-mentioned series387. 

The hydrolysis of P-butyrolactone in strongly acid solutions was shown 
by Olson and coworkers with the aid of the optically active (+)-8-butyro- 
l a ~ t o n e ~ ' ~  and of the l 8 0  method313 to  take place by acyl-oxygen fission. 
Long and P ~ r c h a s e 3 1 ~  found that its rate in concentrated perchloric and 
sulphuric acid solutions was proportional to Iro indicating that the mecha- 
nism was A,,]. 

Bunnett's 11' vaIiieP3, - 1 - 10 and - 2.47 for methyl mesitoate and 
+0-39 and - 1.18 for $-butyrolactone in sulphuric and perchloric acid 
solutions, respectively. as well as the corresponding 4 valueszQs of -0.25, 
-0.42, +0-10. and -0.22 differ clearly from those found for A,$ reac- 
tions (section IV.C.3) and  fall in the region characteristic for  reactions 
in which water is not involved in the transition state. 
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V. H Y D R O L Y S I S  A N D  ESTERlFlCATlON 
BY A L K Y L - O X Y G E N  F I S S I O N  

A. Acid-Catalysed Reactions ( A A ~ 7 )  
1. Mechanism and evidence for alkyl-oxygen fission 

Unirnolecular reaction by alkyl-oxygen fission can take place in the 
hydrolysis of esters and i n  the esterification of acids (equation 50) if the 
carbonium ion (43) is sufficiently stable. I t  can be stabilized by strongly 

0 +OH 

(43) 

electropositive groups in R2 o r  by resonance. 
Evidcnce for alkyl-oxygen fission in  acid hydrolysis and esterification is 

obtained from the following facts. Racemization takes place when the 
3: carbon ateni of R2 is asymmetric (esterification o f  optically active 2-octa- 
no1 with acetic acid3]>; hydrolysis of optically active metliylethylisohexyl- 
methyl acetate316). Ether rather than ester is formed in the alcoholysis of 
esters (niethanolysis of r-butyl benzoates”’). Formation of alkenes (hydro- 
lysis of t-butyl benzoate318) o r  isotopic hydrogen exchange of the hydro- 
gens of tlie alkyl component (hydrolysib of s- and t-alkyl trifluoroaceta- 
tes3I9) acconipanies the hydrolysis. The lSO method has been used i n  the 
case of t-butyl acetate3”* 3’1, dipheiiylnicthyl trifluoroacctate29, p-methoxy- 
diphenylniethyl acetate3’?, and  triphenylmcthyl acetate3?$. More indirect 
methods for distinguishing the A and AAc2 mechanisms are consider- 
ed imthe following in connexion with different types of esters. 

A review of alkyl-oxygen heterolysis i n  carboxylic estcrs was given by 
Davies and Keny0n32~. 

2. Reactions with intermediate carbonium ions 

The hydrolysis of 1-butyl acetate in water is a typical AALI reaction 
yielding tlie intermediate Me3C.” carbonium ion. I t  dityers i n  many re- 
spects from the AAc2 reactions of ordinary esters: /iH (1.2X 10-d M-’ 

sec-I in water a t  25’c when SSO,,; of t h e  reaction takes place by the A,,] 
mechaiiisiii)32‘ is higher than expected on the basis of structural effccts in 
.4*,,2 mechanism (cj: Table l3), A H :  is considerably higher (26.9 kcal/ 
mole)321, 1.S: is positive (-!- I3  E . U . ) ? ~ ~ ,  2,V: is almost zero (0.05 1-0 
cm3/mole at 60 ’c)?.”, electropositive substituents i n  the alliyl coniponent 
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increase the rate (kH  for Gamy1 acetate in water at25"c is 4-4X 10-4M-1sec-1) 
jq5, added salts regardless of their nature increase the rate and the influence 
is more pronounced (McTigue and W a t k i n ~ " ~ ;  they also calculated that 
the transition state hydration number was nearly zero), the logarithm of the 
rate coefficient in moderately concentrated acids is a linear function of H ,  
(log k,, = - 1*13H,,-3-85)q65, Bunnett's w (- 1.17)283 and 4 (-0-21)295 
are negative indicating that water is not involved in the rate-limiting step, 
and organic solvent components diminish the rate more strongly3?'. Also, 
added dimethyl sulphoxide decreases the rate"1. 

The esters of tertiary alcohols in general hydrolyse by the AAL1 mecha- 
nism. Variation in temperature, solvent composition, o r  the structure of 
the ester, however, often changes the mechanism. Thus the percentage of 
the AALI mechanism for t-butyl acetate is 85 a t  25"c in water but 99 at 
85"c in water3" and 36 a t  25"c in 707< d i o ~ a n e - w a t e r ~ ~ ~ .  While r-butyl 
acetate reacts in water a t  25"c predominantly by the A,,1 mechanism, the 
corresponding hydrolysis of t-butyl formate was found by Sa10maa~~'  to 
take place by the AA,2mechanism as indicated by the low values of activ- 
ation energy (14.8 kcal/mole) and entropy (-21 E.u.). The change in 
mechanism is due to the fact that steric effects, which slow down the AA,2 
reaction in the case of acetates, are of much lesser importance for the for- 
mates. Y r j a ~ ~ a ~ ' ~  studied the acid hydrolysis of several aliphatic alkoxy- 
substituted tertiary alkyl esters and found that diethyl-$-methoxyethyl- 
methyl acetate hydrolysed in 560/, acetone-water by the AAL1 mechanism 
( A l l $  = 27.0 kcal/mole, AS: = + 7-9 E.u.) whereas methyl-bis(methoxy- 
methy1)methyl acetate reacted in the same solvent by the AAc2 mecha- 
nism (4Hz = 17.0 kcal/mole, A S f  = -26-5 E.u.). In the case of dimeth- 
ylmethoxymethylmethyl acetate (log k,,, was neither a linear function 
of log [ H I ]  nor H,, i n  aqueous hydrogen chloride solutions at 25"c) 
and diethylmetliox~mcth~lmet hyl acetate (4H: = 20.4 kcal/mole, AS: = 

- 16 E.u.,  the Arrhenius equation is n o t  accurately followed in 567; 
acetone-water) the reaclion t o G k  place concurrently by both mechanisms. 
From the data for the li\.drolysis of dimethylniethox~ methylmethyl ace- 
tate over a11 extensive temperature ranpe, t h e  relative rates for both mecha- 
nisms could be calculated329. 

The tertiary 1-isovalerolactone also hydrolyses by the AAL 1 mechanism 
in contrast to @-butyrolaclone. This is indicated by the linear dependence 
of log k,, ,  on Ho (Bunnett's H , ~ ~ ~  is +0.06 and 42g5 is +O.Ol) and its thou- 
sand times higher rate of hydrolysis (Liang and Ba~-tlett~~O). 

If the alkyl component of an ester contains a group which can by reso- 
nance stabilize the carbonium ion, the AA,l hydrolysis is preferred as com- 
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pared with corresponding saturated compounds. Thus Harvey and Stim- 
son found that  a-methylallyl 2,4.6-trimcthyl benzoate arid benzoate, but 
not acetate. hydrolysed in 60% acetone-water by the AAL1 mechanism 

owing to the resonance { MeC-CH=CH 2 --- - - MeC===CH-CHs} in the 
formed intermediatc carbonium ionJ3". Similarly diphenylmethyl 2,4,6- 
trimethylbenzoate and benzoate. but not formate, react in acetor?e-water 
mixtures by the A,,] Substituents in one of the phenyl 
groups of  diphenylmet hyl p-nitrobenzoates have the expected influences 
( SilverJJ3). 

in concentrated sulphuric acid solutions have shown 
that the rate of  acid hydrolysis of esters has in general a maximum followed 
by a minimum a t  still higher concentrations. and that a change in mechan- 
ism takes place (cJ section 1V.E). In the case of secondary alkyl and benzyl 
acetates the reaction taking place after the minimum occurs by alkyl- 
oxygcn fission386. IL was concluded that i n  this A,,I hydrolysis water is 
actually released in  the rate-limiting step. I n  t h e  non-aqueous IHS03F- 
S b F j  system esters of  ethanol and secondary and tertiary alcohols were 
found to cleave by alkyl-oxygen fission. the rate increasing in the mention- 
ed order"*'. 

+ - 

Kecent studies 

3. Reactions with intermediate alkoxymethyl cations 

Alkoxymethyl esters (44) are esters as well as acetals. On the basis of the 
higher values for the temperature coefficients in their acid hydrolyses as 
compared with ordinary esters, Salmi25Gs 334 concluded that  the reaction 
took place as a n  acetal hydrolysis, which in this case is an A,,1 hydrolysis 
(equation 51) as suggested by S a l o n ~ a a ~ ~ ~ ~ .  The formed alkoxymethyl cation 

0 +OH 

fast ' slow (51)  R'CO-CH,ORz-?- H+ -=--: R'CO--CH,ORa - z c o - o ~  
(44) 

last ras t  
{CH, :6Rz - - -. - dH,-OR') r>,s Hi - HOCH,ORz 

(45) is greatly stabilized by its mesomeric structure3". S a l o ~ n a a " ~ ~  337s 33* 

presented the following evidence for this mechanism in  the case of meth- 
oxymethyl and ethoxymethyl acetates: the rate of hydrolysis is more close- 
ly related to / l o  than t o  [ H + ]  (Bunnett's w values2y3 vary from -0.67 
to  - 3-57 and 4 values2u5 from - 0.06 to -0.44), the reactions in methanol- 
water or ethanol-water mixtures yield acetals in addition to formaldehyde, 
and the valucs of activation energy (ca. 22.5 kcal/mole) and frequency 

--- H+ +- HCHO-- RZOH 

(45) 
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factor (log A = 14) are high. In thc case of methoxymethyl forrnate the 
A,,2 mechanism takes place concurrently ( w  = -i- 1.24, 9 = f0.15, 
the Arrhenius equation is not followed accurately). Similarly Salomaa and 
L i n n a n t i ~ ~ ~ ~  found that the hydrolysis of B-chloroethoxymethyl formate 
took place predominantly by the AAc2 mechanism (accompanied by 
307" AAL1 in water at 25"c), but that of the acetic ester by the A,,] 
mechanism. S a l ~ m a a ~ ~ O  observed further that the effect of R in the A,,1 
hydrolysis of alkoxymetliyl acetates CH~COOCHZOR correlated well 
with its clf'ect both in the acid-catalysed hydrolysis of dialkoxymethanes 
CH1(OR):! and in the ethanolysis of alkoxymethyl chlorides ROCF2CI, 
which is to be expected because the same alkoxymethyl ion CHz=OR is 
formed in all these cases. The solvent isotope e f f e ~ t ~ ~ l  for the acid hydro- 
lysis of methoxymethyl acetate in  water at 25"c (kDzo/kHz0 = 2.23) is 
higher than that for an AAc2 hydrolysis but lower than for the hydrolysis 
of acetals (2.8). 

111 the case of cyclic acetal esters, 1,3-dioxolone-4 

/O--C-O 
HZC,,, 

\O- -CH, 

and its methyl-substituted derivatives3"", the AA,l hydrolysis is so much 
retardcd on conformational grounds that dioxolones that have an unsub- 
stituted C(.,) atom hydrolyse by the AAc2 mechanism ( A H : :  = 16 kcal/ 
mole, 4s: = -21 to -26  L U . ,  11. = i 4 - 8 ) .  On the other hand, 2, 
methyl-substituted dioxolones have valucs of A H :  (17-20 kcal/mole)- 
AS: (-4 to  - 9  E.u.), w (about I ) ,  and kD20/ / ; , , o  (1.68) which are be- 
tween those for the AAc3 and AAL1 hydrolyses. However, as they hydro- 
Iyse much slower than tlie corresponding dioxolanes i n  contrast to the 
corresponding opcn-chain compounds, these mechanisms cannot take 
place concurrently. I t  was concluded that the reaction involves a water- 
carbon y 1 add i t  i o n eq u i I i br i u m fo 1 I o wed by a rate- I i m i t i n g u n i m o lec u I a r 
decomposition of tlie intermediate formed or  that the rate-limiting stage 
is the addition of watel-"l". In the case of yethoxy-y-butyrolactone the 
reaction takes place by the A,,I mechanism (Fife"13) because in this case 
there are no stereochemical reasons which would retard the unimolecular 
reaction . 

B. Unimolecular Solvolysis (BA'l) 

The unimolecular hydrolysis of neutral cster molecules by alkyl-oxygen 
fission ( B A L  I )  is in fact a unimolecular nucleophilic substitution reaction 
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(S,1) a t  the saturated alkyl carbon atom. The mechanism can be written as 
equation ( 5 2 ) .  

fast 

fast 

Electropositive groups i n  R2 and electronegative groups in R1 should 
accelerate the reaction, which should not be sensitive to steric retardation. 
The reaction rate should decrease rapidly wi th  diminishing polarity of the 
solventc. 

The first evidence for alkyl-oxygen fission in ester hydrolysis was ob- 
tained by Kenyon and coworkers344. who found that the hydrolysis of 
optically active hydrogen phrhalates of I ,3-dimethylallyl, l-methyl-3- 
phenylallyl, and I-phenyl-3-methylallyl alcohols gave i n  concentrated 
sodium hydroxide solutions optically pure alcohols. but in aqueous sodium 
carbonate solutions inactive alcohols. In the case of the phenylmethylallyl 
esters, i n  addition to their parent alcohols, the isomers formed by allylic 
rearrangement were also obtained by using low hydroxide ion concentra- 
tions. The explanation is (equation 53) that when [OH-] is high the me- 

n 
I fl>~coo + HO-C-CHzCHPh 

(53 1 -0  - C  I -CH= CHPh . \ m C O O - +  { MetH-i t i=C.HPh} 

; ; M e  

BAL1 </\COO- MeCH=CH-CHPh 

+OH- - MuCH(0H)CH = CHPh + MUCH = CHCH(0H)Ph 

(46) 

chanism is B,,2 but when it is low the mesomeric cation (46) is produced 
by the BAL 1 mechanism324. 

The reaction products in the hydrolysis ofan ester by the B,L1 and B,,2 
mechanisms are the same but in  alcoholysis the carboniuni ion +R2 form- 
ed in the BALI solvolysis reacts with the alcohol R30H producing the 
ether R 2 0 R 3  rather than the ester R1COOR3 which would have formed if 
acyl-oxygen fission had taken place. Thus triphenylmethyl benzoate was 
found by Harnmond and R ~ d e s i l P ~ ~  to react with ethanol yielding ethyl 
triphenylrnethyl ether in the reaction (54). whose rate was independent of 

-€[OH 
PhCOOCPh, -PhCOO- - 4 Ph,C+ - -- Ph,COEt+H+ (54) 
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sodium ethoxide apart  from a salt effect. For further references to  early, 
mainly non-kinetic studies, see the review of Davies and Keny0n3~~ .  

In Table 14 examples of esters which have been found to  undergo a B,, 1 
hydrolysis are listed together with kinetic data. Structural and solvent 
effects are seen to be in accordance with t h e  above-mentioned expecta- 
tions. The rate of reaction is the higher the more stabilized is the the car- 
bonium ion formed. Especially strong stabilization is caused by cyclo- 
propyl groups, e.g. tricyclopropylmethyl benzoate is liydrolysed much more 
rapidly than triphenylmethyl benzoate, the rate being lo7 times higher than 
that of triisopropylmethyl benzoate3jZ. The strain release obtained in the 
BALI solvolyses of esters with bicyclic fused cyclopropyl rings in the 
alkyl component makes them still much more reactive. Thus bicyclo[2.1 .O]- 
penrane- I -mct hyl p-nitrobenzoate was found by Dauben and Wisernanj3? 
to hydrolyse in 607,; acetone-water at 5O'c to yield 3-methylenecyclopen- 
tanol with a rate 400,000 times higher than that of cyclopropylmethyl 
p-nitrobenzoatr. Electronegative substituents in the acyl components of 
p-methoxybenzhydryl benzoates increase the rate considerably; the reac- 
tion gives a good correlation with Hammett's (J constants with the value 
+ 1.8 for 9 in 89% acetone-water a t  90 and 7OCcJs4. 

The hydrolysis has in some cases been shown not t o  be catalysed by 
sodium hydroxide or other bases (triphenylmetliyl acetate3", t-butyl 
2,4,6-triphenylbenzoatezG). Formation of unsaturated compounds by eli- 
mination accompanying the hydrolysis is demonstrated in the case of 
z-alkyl esters of 2,4,6-triphenylbenzoic acidz6 and trifluoroacetic 
Activation energy for the hydrolysis is usually high and the activation 
entropy nearly zero (Table 14). In one case (the hydrolysis of benzhydryl 
p-nitrobenzoate in  70% acetone-water by Fox and K o h n ~ t a m ~ ~ ~ )  accurate 
measurements were performed at  several temperatures; it was noticed that 
the Arrhenius cquation was not followed and the heat capacity of activa- 
tiofi AC: was found to be negative, which is in accordance with other reac- 
tions when a polar transition state is formed from a neutral molecule. Sol- 
vent polarity influences the rate strongly as i n  S,1 reactions in general. 
Thus the, in the hizh water content region, approximately linear part  of the 
plot of log k o  versus log [HzO] for the hydrolysis of t-butyl hydrogen 
o-phthalate i n  acetone-water mixtures was found to  hzve a slope of 5*8347. 
The solvent isotope effect is small; the ratio kHIO/kDLO was found b!. 
Martin and .';cot1392 to be 1-21 for the hydrolysis of 1-butyl trifluoroacetate 

in  water at 1O"c. 
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C. Bimolecular Hydrolysis (BAL2) 

The bimolecular hydrolysis of esters by alkyl-oxygen fission ( BAL2), 
which is actually a bimolecular nucleophilic substitution (S ,2)  at the sat- 
urated alkyl carbon atom, is an unusual reaction because the carbonyl 
carbon atom is more susceptible to riucleophilic attack, and hydrolysis by 
the BAc2 mechanism is thus more rapid and masks the B,,2 mechanism 

0 
slow , 

(55).  
0 
I 

R'CO-OR, - H,O 7 R'CO R20H; -!% R'COOH + R'OH ( 5 5 )  

The first system in which the B A L 2  mechanism was observed was the 
hydrolysis of p-lactones. Optically active $-malolactonic acid was observed 
by Cowdrey and coworkers"j" and &butyrolactone by Olson and Miller3I2 
to  undergo hydrolysis in neutral and slightly acid solutions with inversion 
of configuration. Alkyl-oxygen fission was confirmed in the last-mentioned 
case by Olson and Hydc3I3 by using the l80 method. Similar kinetic behav- 
iour in the case of $-propiolactone indicated the same mechanism (Long 
and Purchase314). I t  was confirmed by the observation of Bartlett and 
Rylander3jG that thc reaction product from fl-propiolactone and methanol 
in initially neutral solution was mcthoxypropioriic acid rather than methyl 
P-hydroxypropionate. The exceptional behaviour of /?-lactones must be 
due to  greater release o f  thc ring strain by the S,2 attack on the alkyl car- 
bon atom than by the hydration of the carbonyl group i n  the B,,2 mecha- 
nism>. In the hydrolysis of $-butyrolactonc a general base catalysis has 
been observed in both the BAL2 and B,4c2 mechanisnis by carbonate, 
borate, and phosphate ions3"* ''' . The  activation energy and entropy 
of the B,,2 hydrolysis of $-propiolactone311 are relatively high ( E  = 
19.5 kcal/mole, AS: := - 15 1s.u.). Deuterium oxidc solvent isotope effect 
is small (k,120/kDlo = 1.15, Butler and Gold:'5s). 

I f  the rate of the BAc2 reaction of a n  ester is sufficiently diminished by 
steric hindrance. the existence of a BAL2 hydrolysis might become observ- 
able. Although the alkaline hydrolysis of methyl 2,J,6-trimethylbenzoatc 
was shown to  take place by the B,,2 mechanism (Bender and Dewey"js), 
the still more hindered esters, methyl 2.4,6-tri-t-butylbenzoate and methyl 
2-1nethyl-4,6-di-t-butylbcuzoatc, were found by Barclay, Hal1 and Cooke"," 
to follow second-order kinetics and to hydrolyse with alkyl-oxygen fission. 
The reaction of methyl 2.3,6-1ri-r-but~'lbenzoare i n  90"/;, methanol-water 
w ~ s  slow bi-' scc-l at 95'c) and  had high values of 
activation encr_ey (25.1 kcal jmole) and frcqucnc), factor (log A = 10.93). 

A special case of thc B,\,2 mechanism, which is not an S,2 reaction, 

= 1 . 2 ~  
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0 0 
I 

~q0-c- 0-. C--ORz T==- 
(48) 

+0---H 

H + H,O 

is the hydrolysis of 3(5)-liydrorryn~ethylimidazolyl acetate (47) studied by 
Bruice and cow~rkers" '~ .  3G1 . TI1 e proposed mechanism (56),  which leads to 
second-order kinetics. is mechanistically an elimination (ElcB) reaction 

1 0 0  0- 0 
! I  

I (57) 

ii ! 
RlO.-C-OCOR2 ..-::.:- R'O-C-OCOR~ 

0 .... H .... OH, 

H 

OH+H,O+ 

0 0 
II I1 

K d C H 2 - O C C H 3  k /=tCH2 - OCCH3 -+,,.\ N N- N NH 
+/ v 

0 0 
I1 I1 

K d C H 2 - O C C H 3  k /=tCH2 - OCCH3 -+,,.\ N N- N NH 
+/ v 

(47) 

followed by addition of water or. if only the rate-limiting step is considered, 
a B,, I reaction of the anionic form of'the ester. 

VI. HYDROLYSES I N V O L V I N G  
NOT O N L Y  THE CARBOXYL GROUP 

This section contains a discusion of. some hydrolytic reactions of esters in 
which neither the acyl-oxygen nor the alkyl-oxygen bond is the first one 
to rupture. These reactions d o  not therefore belong to any of the mecha- 
nistic groups of I ngold's classification. 
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similar to that proposed for neutral ester hydrolysis (equation 23). It can- 
not be decided on the basis of  kinetic data or  from reaction products 
whether the ester or  anhydride bond is ruptured in the product-forming 
reaction but the last-mentioned possibility seems to  be more likely. 

Also the hydrolysis of ordinary acid anhydrides could be considered as 
a special case of ester- hydrolysis because acid anhydrides, R1COOCOR2, 
may be regarded as  esters with the carbonyl group R2C0 as alkyl compo- 
nent. A discussion of anhydride hydrolysis is, however, outside the scope 
of this chapter. 

0. Alkyl Haloformates 

The chloroformates CICOOR are esters as well as acyl chlorides. Their 
solvolytic reactions are much slower than those of ordinary acyl chloiides 
(e.g. the rate coefficients for the alcoholysis of acetyl chloride364 and ethyl 
c h l ~ r o f o r r n a t e ~ ~ ~  in ethanol a t  25"c are 0.147 and 2.1 1 X 10-5 sec-1, 
respectively) because the ground state is stabilized by resonance (58). 

0 0- 
- I  

(58) 

The rates for the alcoholysis of alkyl chloroforrnates in methanol were 
found by L e i r n ~ ~ ~ ~  to vary with R in the order CHRCICHz >> Me =- Et Z n -  
P r  =- i-Pr. Ethyl fluoroformate was found by Hudson and Green3'Q to  
hydrolyse in 85% acetone-water about 30 times faster than the chloro- 
forniate. Hydroxide ion catalyses the reaction strongly (ko,/ko for the 
hydrolysis of ethyl chloroformate a t  0;c is 3 X  lo7 i n  827; acetone-water 
and 3 x  loG in 150/, acetone-water9Gd). Mercuric ion has no influence on 
the rate of hydrolysis of n-butyl chloroformate in 50 vol.O,/, dioxane- 
water indicating t h a t  the S,I mechanism is of no  importance under these 
conditions (Hall and Lueck3(j'). Nucleophilic catalysis in the hydrolysis of 
ethyl cliloroforniate in 850/ ,  acetone-water was observed by Hudson and 
Green3c7, the order 111 rates being: acetoxime =- OH- =- PhO- =. NO*- 
=- NJ- > F- =- H 2 0  =- Br-,  I - ,  CNS-.  Catalysis by para-substituted 
phenols was found3'" to follow Bronsted's law (22) tvith the value of 
0.78 for p- 

The abo\e-rnentioned observations are most easily understood if the 
reaction of primary chloroformates, at  least in solvents of low ionizing 
power. takes place by a bimolecular addition-elimination mechanism (59). 

R- 0- C-- C[ e--- R--O--C-C[ 

0 0- 0 
I slow I 

I 
RO-C-CI + H,O -2 RO-C-CI la% RO-C + CI- + H + (59) 

I 

OH 
fair  

+OH, 
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i f  the addition of water is general basz catalysed, the slow step is identical 
with that in  neutral ester hydrolysis (23). One can estimate that the observ- 
ed rate for ethyl  chloroformate (ko = 3.59X sec-l in water a t  
2 5 O ~ " ~ )  is of the same order of magnitude that a BAc2 reaction would have 
(the corresponding value is 7-95x lopJ sec-' -see Table 10 - for methyl 
trichloroacetate14s with a n  acyl group of presumably nearly equal electro- 
negativity). As chlorine is a better leaving group than a n  alkoxyl group, the 
reaction of alkyl chloroformates takes place by acyl halide rather than by 
ester hydrolysis. 

Other kinetic data for the hydrolysis of ethyl chloroformate i n  water 
( E  = 17.9 kcal/mole, AS$ = -24  E.U., k1420 /ko20  = 1.95, a(l0g ko) /  
a(log [H20] )  = 2.3-2.4 for different organic solvent-water mixtures, ac- 
cording to  Kiviiien"'. '" ) differ considerably from those for neutral ester 
hydrolysis (Table 10). The small influence of  solvent composition on rate 
resembles that in an S,2 reaction. but the kinetic data and structural effects 
are difficult to explain on this basis. The most likely explanation seems to  
be that in  solvents of low polarity the addition-elimination mechanism (59) 
predominates (in 80 vol.o/.O; acetone-water the kinetic data for ethyl chloro- 
f o r n ~ a t e ~ ~ ~ ,  AH: = 14.3 kcal/mole and AS: = -35 E.U., resemble those 
for neutra! ester hydrolysis). When the solvent polarity iucreases, the rela- 
tive importance of bond-breaking increases and the free energy difference 
between transition and ground states diminishes less than in the case of 
neutral ester hydrolysis. In solvents of high polarity (e .g .  in 997; formic 
acid-water mixture the rate order is ClCOOMe ClCOOEt -= CICOO- 
Pr-i and E for ethyl chloroformate is 25 kcal  jmole3G8) the mechanism chan- 
ges to a reaction with rate-limiting ionization. This mechanism already 
prevails in 65"/;, acetone-water in the case of chloroformates of secondary 
alcohols according t o  Green and Hudson2i', who prefer mechanism (60) 
for the reaction. M i n a t ~ ~ ~ '  denies, however, the possibility of acylium ion 

0 H,O + olefin : CO, + CI 

R ~ H ,  + co, - CI- (60) 
1 1  

ROC-CI = - ROC O+CI- 

HCI A- ROCOOH - ROH T CO, 

formation on the ground of the relatively slow rate of hydrolysis of alkyl 
chloroformates as compared with acetyl and benzoyl chlorid:. 

Quc"en3'Ja1 has recently determined the thermodynamic paraineters of 
activation for the hydrolysis of several a l k ~ , l  chloroforrnates i n  water. 
T h e  observed small values for AH:.  AS:, AC:, and /tD,0/kH20 for pheiiyl 
and methyl chloroformates are in accordance with the addition-elimi- 
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nation mechanism whereas the observed increase of the relatively large 
values of ACZ with temperature in the case of  ethyl and  propyl chloro- 
formates is probably an indication of a change in mechanism toward one 
with higher activation er?thalpy. 

C. a-Hdodkyl  Esters 

Drushel a n d  Bancroft”’” stated that u-chloroethyl acetate and propio- 
nate undergo hydrolysis at such a high rate that  a kinetic study is impos- 
sible. The  hydrolysis of a-haloalkyl esters R1COOCXR2RR“ (X is CI, Br. or 
I, R’s are alkyl o r  aryl groups or hydrogens) was Rot thereafter studied 
kinetically until after 1956 when the present author performed a series of 
investigations. Bohme and coworkers374 determined the rate of hydrolysis 
of chloromethyl acetate and benzoate. The reaction can take place either 
as a n  ester hydrolysis or as  a nucleophilic substitution of halogen (equa- 
tion 61), which in  both cases lead to the same products. The alkaline 

R’COOH + HO-CR’R’ ’ 
I ?  

X R’COOH+ HX+R’R’CO (61) 
+y 

R’COOCR‘R~ + H,O 
I 

x R’COOCR~R’ + HX 
I 
OH 

hydrolysis takes place by the BAc2 ( c -  Table 4) and the 
acid 
Table 13) or by the exceptional reaction of esters that have negative sub- 
stituents300. 305 (section 1V. U). These reactions are accompanied by a rela- 
tively fast uncatalysed hydrolysis (Figure 1 )  which can be either neutral 
ester hydrolysis13* 141, (section 111. A, Table lo), if the ester has several 
electronegative substituents, or displacement of halogen. These mecha- 
nisms can easily be distinguished experimentally because neutral ester 
hydrolysis has especially low activation enthalpy and entropy (Table 10) as 
compared with those for nucleophilic substitution reactions. When both 
reactions occur concurrently, the activation energy is found to increase 
with increasing t ~ r n p e r a t u r e ~ ~ ’ .  

Nucleophilic displacement of halogen can take place either as a bimolec- 
ular S,2 o r  a unimolecular S,1 reaction. The hydrolysis of halomethyl 
esters has been found to have more or less S,2 characterljO as can be seen, 
e.g., from the relatively slight influence of solvent polarity on rate (Figure 
lo). The mechanism can thus be written in the form of equation (62). 

(62) 

hydrolysis either by the normal AAc2 mechanism’4‘* ‘50*2c5* 376 (cf. 

slow 
RCOOCH,X+ H,O - RCOOCH,OH + HX !% RCOOH + CH,O + HX 
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Typical kinetic data for this SN2 or borderline solvolysis are exempli- 
fied by the following values for the hydrolysis of chloromethyl acetatela. 150 
in water a t  2 5 " ~ :  ko = 1-53X10-5 sec-l, AH1 = 22.8 kcal/mole, 
AS$ = - 4  E.U., AC: = -62 cal mole-' deg-l, and a(log ko)/a(log 
[H20]) = 3.3. The structure of the acyl component R of the esters 

FIGURE 10. The logarithmic dependencc of the ratc coefficient on molar water 
content in the solvolysis of a-haloalkyl esters in acetone-water mixtures at 25°C 
(Euranto and cow~rkcrs'~* 1*1* 150* 378). I : a-chloroisopropyl acetate (SNl), 11: 
a-chlorocyclohexyl acetate ( & I ) ,  111: a-chloroethyl acetate (&I), IV: a-chloro- 
isopropyl trichloroacetate (B,,c2). V:  chloromethyl chloroacetate (BAc2), VI: 

chloromethyl acetate (Ss3. 1 )  

RCOOCHsCl has a relatively slight influence on the rate, the observed 
order in  rates being150. 37D: Ph <I Me 4 Et T;J n-Pr. Bromoniethyl acetate 
has been found to hydrolyse 40-70 times faster than chloromethyl acetate. 
Salt effects are usually small but the rate of hydrolysis of chloromethyl 
acetate is considerably increased by added bromide or iodide ions. This 
effect can be interpreted as nucleophilic catalysis because rapidly reacting 
bromo- or iodomethyl acetate is formed from chloromethyl acetate by a 
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nucleophilic halogen exchange that accompanies the hydrolysis. Corre- 
sponding nucleophilic inhibition by chloride ion is observed in the hydro- 
lysis of bromomethyl acetate and  by perchlorate, nitrate, and sulphate ions 
in the hydrolysis of chloromethyl acetatelso. 

Substitution of one of the a hydrogen atoms of the halomethyl group 
of halomethyl esters by a n  alkyl group leads to  a change to  the S,1 
mechanism (63) as indicated by the over thousandfold increase in rate and 

-1. 

(63) 

1 slow { I1 II t 

0 0 

R’COOCR’R’X --+ R’C-0-CR’R’ --t R’C-O~---CR’R’ + X- 

+ H  0 -- fas;-- R’COOC(OH)R2R’+ HX --‘% R’COOH +- HX-; RWCO 

by more pronounced solvent effects in the hydrolysis’jO (Figure 10). The 
kinetic data for the hydrolysis of a-chloroethyl acetate in 40 wt.% acetone- 
water at 25”c are typical for this reaction15n: ko = 195X 10-3 sec-1, 
4 H l =  18.0 kcal/mole, list = - 10.6 E.u., and a(log ko)/a(log [H20]) = 5.9. 
Added salts in general increase the rate but in the case of common-ion 
salts a small mass-law effect is observed’50* 37G- R70. 

The most pronounced structural effect is the above-mentioned large 
increase in rate when a hydrogens are substituted by methyl groups; the 
relative rates (not measured under the same conditions, see Figure 10) of 
CH3COOCH2Cl, CH3COOCHMeC1, and CH3COOCMe2Cl are about I ,  
103, and loG, respectively’50* 378. Variation in the acyl component R1 of 
esters R’COOCH MeC137G* ’“ and  R T O O C M C , C ~ ~ ~ ~  causes the expected 
variation in the rate of hydrolysis: CH2Cl -= H -= Ph -= Me -= Et. On the 
other hand, variation of RZ in the alkyl component of esters CHsCOO- 
C M e R T l  and CH3COOCEtRrCl gives the rate order378 Me =- n-Pr =- Et =- 

i-Pr, which is almost the opposite to that expected o n  the basis of induc- 
tive effects, so that the Baker-Nathan order is followed and the hyper- 
conjugation eiTect determines the rate sequence. Also in the case of esters 
CH3COOCR2RR”CI with R? and RJ being H, CH2CI, or  CH3, the almost 
equal rates of hydrolysis for RJ being H or CH2CI can be understood only 
when taking into account the number of hydrogens that are able to  
contribute to the Baker-Nathan cffeect141. The influence of the halogen on 
rate is similar as in the S,2 reaction: the bromocsters hydrolyse 25-75 
timcs as fast as  the corresponding chloroesters”‘. 37‘. 
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1 .SCOPE OF T H E  D E C A R B O X Y L A T I O N  R E A C T I O N  

A . The  Carbon Dioxide-Oxygen Cycle in N a t u r e  

The carbon dioxide-oxygen cycle is one of the most interesting pheno- 
mena in nature . In this process green plants change the energy of sunlight 
into chemical energy. and animals make use of the chemical energy thus 
stored in the plant foods to carry on their various functions . In the first 
stage of the cycle. the green plant. with the aid of sunlight and chlorophyll. 
uses mainly carbon dioxide and water to manufacture starches and other 
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substances. I n  this stage energy is absorbed and oxygen is released into 
the atmosphere. I n  the second stage the animal organism, w i t h  the aid of 
enzymes and vitamins, converts the plant foods ultimately into carbon 
dioxide and water. In  this stage energy is released and oxygen is cxtracted 
from the atmosphere. The long range global operation of this cycle pre- 
serves the various components of t h e  atmosphere at  nearly constant pro- 
portions (carbon dioxide, 0-0350/, by volume, oxygen, 20.99% by volume). 

Studies of the first stage of the carbon dioxide-oxygen cycle (carboxy- 
lation) by Calvin, Bassham and Bensonl using carbon dioxide labeled 
with 14C have shown that one of the first substances formed during 
photosynthesis is phosphoglyceric acid, CH2(0POsH2)CHOHCOOH. The 
radioactive carbon is found to  be more abundant in the carboxyl group 
than in the other two carbon atoms of the molecule. 

In the second stage of the cycle (decarboxylation), the carbon dioxide is 
produced during animal catabolism either by spontaneous decarboxylation 
of @-keto acids, or  by oxidative decarboxylation of a-keto acids? 

Laboratory studies on the decarboxylation rcaction have very often been 
prompted by a desire to gain a better understanding of the complex factors 
operating in the second stage of the carbon dioxide-oxygen cycle, 

0 .  Synthesis of Organic Compounds 

The decarboxylation reaction plays a n  important role in the synthesis of 
a large variety of organic compounds. Space permits the  mention of only a 
few examples. 

Some alkanes may be produced by heating a mixture of the sodium salt 
of a monocarboxylic acid with sodium hydroxide. The following equation 
illustrates this method of preparation: 

CH,COONa-+ NaOH - -  - CH,+ Na,CO, 

Although this type of reaction has been frequently cited as a preparative 
method for preparing alkanes, March3 has pointed out that simple aliphatic 
acids (except acetic acid) give relatively poor yields of the corresponding 
alkanes by this procedure. 

Alkanes, as well as  other compounds, may bc prepared by t h e  Kolbe 
synthesis. For example, 10-tnethyloctadecanoic acid has been prepared by 
the electrolysis of a mixture of the sodium salts of 3-methylundccanoic acid 
a n d  monomethyl suberic acid in methanol4. 

Unsymmetrical ketones havc been prepared by thc decarboxylation of 
acids containing no  m-hydrogen atoms by heating with aerogel thoria 
catalyst at  490';. 
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A series of u-naphthylalkylacetic acids have been prepared by hydrolysis 
and decarboxylation of the corresponding a-naphthyl alkyl malonic estersa. 
The basic esters of these acids were found to be effective antispasmodics. 

Alkyl or aryl halides may be prepared by the decarboxylation in the 
presence of chlorine or bromine, of the silver salts of carboxylic acids in 
inert 

A series of aromatic and heterocyclic hydrazines have been prepared by 
application of the malonic acid decarboxylation renctionsl0. 

The decarboxylation of a-nitrophenylacetic acid has been used to prepare 
u- n i t ro t ol uene" . 

Heating adipic acid with barium hydroxide gives cyclopentanoneI2. 
The usefullness of this method of synthesis depends upon two factors: 

(1) the introduction of a carboxyl group a t  a desired site in  the molecule 
by oxidation or by other methods, and (2) the possibility of the removal 
of a carboxyl group under favorable circumstances. Thereappears to be no 
limit to the variety of compounds which can be produced by the proper 
combination of these two operations. 

91. MECHANISMS OF T H E  DECARBOXYLATION REACTION 

A. Heterolytic fission 

1. Keto acids and their anions 

u. Kefo  acids. In 1908 Bredigand Balcom13 studied the decarboxylation 
of camphor-3-carboxylic acid into carbon dioxide and camphor in water, 
as well as in a variety of non-aqueous solvents (aniline. ethanol, benzene, 
phenetole, ether.) 

- (Jy +co, 

They found that the unionized acid at  98" in water decomposed about 34 
times faster than did the anion, and that the rate of reaction of the union- 
ized acid in the different solvents at this temperature increased with increas- 
ing basicity of the solvent. These results indicate that the reaction is bimo- 
lecular and involves mainly the undissociated acid. 

In 1932 Pedersen14 proposed the hypothesis that a dipolar ion is the 
intermediate in the decarboxylation of dimethylacetoacetic acid in solution. 
However, in  1941, Westheimer and Jones'; pointed out that, if Pedersen's 
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proposal was correct, the reaction should proceed more rapidly the higher 
the dielectric constant of the medium. I n  studying the decarboxylation of 
this compound in water and  in water-alcohol and water-dioxane mixtures 
they found the rate to be essentially independent of the solvent. These find- 
ings invalidated the dipolar ion hypothesis and lead them to propose a 
chelate structure as the intermediate: 

In 1947 Kingls proposed a similar mechanism 
of malonic acid and its derivatives: 

for the decarboxylation 

In 1948 Schenkel and Schenkel-Rudii~'~ advanced the hypothesis that 
the transition state in the decarboxylation of B-keto acids was the enol form 
of the acid: 

H 
\ 

/-'To 0-H 
-C  

\ 
0-H' 

They cited as evidence for this mechanism the fact that camphenonicacid, 
which is incapable of enolizing, cannot be decarboxylated18, This sugges- 
tion cannot be accepted, however, since many P-keto acids which cannot 
enolize (e .g . ,  dimethylacetoacetic acid'4. l5 and diethylmalonic acidlQ* 'O) 

readily undergo decarboxylation. 
Further light was thrown on the probable mechanism of the decarboxy- 

lation of 8-keto acids by the studies of Fraenkel, Belford and Yankwich in 
1954 on the decarboxylation of malonic acid in dioxane and in quinoline- 
dioxane mixtures in which they found that the rate of reaction was propor- 
tional t o  the concentration of the quinoline". Near loo", extrapolation of 
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TABLE 1 .  Pseudo first-order rate constants for the decarboxylation of nialonic acid 
in dioxane-quinolinc rnixturcs at 99.6" 

k x  105 
Concentration (sec- 1) 

Reference of-q"ino,ine ~- -.__ Medium 
(rnole/l) with dioxane corrected for 

present dioxane 
-. - - - - __ .. - -- - - -. 

( 1 )  Dioxane 0 0-66 0 21 
(2) Dioxanc-quinolinc 0.27 2.8 2-14 21 
(3) Dioxane-quinoline 0.53 4.3 3.64 21 
(4) Dioxane-quinoline 1-59 11-8 11-14 21 
(5) Dioxane-quinoline 4.24 29.5 28-84 21 
(6) Quinoline 7.75 - 52.5 22 

the data to 100% quinoline yielded a value corresponding very closely with 
that obtained by measuring the reaction in pure quinoline. Details of these 
findings are shown in Table 1 and in Figure 1. 

It will be seen in Table 1 that a t  the temperature of the experiments 
(99.6") malonic acid undergoes decarboxylation at a slow but measureable 
rate in pure dioxane (1). When a small quantity of quinoline is added to  the 
dioxane (the temperature remaining constant) the rate of the reaction 
increases (2). As more and more quinoline is added the rate continues to 
increase. The bottom row of the table shows the calculated rate of reaction 
a t  99.6" in  pure quinoline based upon data subsequently obtained by 

Concmtrotim at qurnoline (moleA) 

FIGURE 1. Rate of dccarboxylation of malonic acid at Y9.6'C in dioxane-quinolinc 
mixtures (corrected for dioxane), based on data in Tablc 1 .  
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Clarkzz, since this gives somewhat better agreement than that furnished by 
Fraenkel, Belford and YankwichZ1. 

Dioxane itself appears to  act as a moderate catalyst for the decarboxyla- 
tion of malonic acid as shown by the results of line ( I )  of Table I .  Therefore, 
when malonic acid is added to a mixture of dioxane and quinoline, two 
reactions evidently take place simultaneously - the slow decarboxylation 
involving dioxane, and the faster decarboxylation involving quinoline. 
Subtraction of the effect of dioxane from the total efYect yields the contri- 
bution of quinoline. The  corrected rate constants thus calculated ;\re shown 
in the last colJmn of Table 1. 

Figure 1 is a plot of the corrected rate constants for  the decarboxylation 
of malonic acid in the dioxane quinoline mixtures a t  99.6" versus the molar 
concentration of quinoline, based upon the data in Table 1. The fact that 
the plot of the data yields a straight line shows that, in an  ideal inert 
solvent, at constant temperature, the rate constant for the decarboxylation 
of malonic acid is a linear function of the concentration of quinoline*. These 
results demonstrate unequivocably that the reaction is bimolecular and 
lead Fraenkel, Belford and Yankwich to propose the following mechanism 
for the decarboxylation cf malonic acid in the presence of quinoline and 
related solvents: 

I 
OH 

c 

According to  their proposal, the reaction occurs through the formation 
of an activated complex involving a polarized carbonyl carbon atom of 

* The equation for the line in Figure 1 is k----- = 6.78X 1 0 - s M ,  whcre M is the 
concentration of the quinoline in. mole/l. This equation enables one to calculate the 
rate constant at this temperature for any concentration of quinoline. 
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malonic acid (present in the ketone chelate structure as proposed by West- 
heimer and Jones';, as well as by KingIG)and the nucleophilic nitrogen atom 
in the quinoline nucleus. The subsequent fast cleavage of malonic acid in 
the activated complex is favored by two important circumstances: (1) the 
partial neutralization of the effective positive charge on the polarized car- 
bony1 carbon atom of malonic acid due to the propinquity of the unshared 
pair of electrons on the nitrogen atom in  quinoline. and (2) the hydrogen 
bridge in the six-membered ring of the chelate structure facilitating the 
transfer of thc hydrogen atom from one oxygen atom to the other. I n  the 
kinetics of the reaction the rate-determining step is the formation of the 
activated complex, via a nucleophilic attack on the 7-bonded carbon atom 
This step is essentially the addition of one molecule of the amine (the 
nucleophilic agent) to one molecule of malonic acid (the electrophilic 
agent, or substrate) forming a nuclcophile-electrophile pair, and is thus 
a nucleophilic addition reaction". After the formation of the activated 
complex the decarboxylation reaction itself evidently ensues rapidly 
through heterolytic fission yielding u proton and a carbanion". The latter 
quickly rearranges to acetic acid. The decarboxylation of malonic acid is 
thus quite similar to a bimolecular nucleophilic substitution reaction (S,2)?;. 

T h e  decarboxylation of other 8-keto acids in  nucleophilic solvents prob- 
ably takes place by a mechanism similar to that of the decarboxylation of 
malonic acid in quinoline. Evidence has also been obtained which indicates 
thata-keto acids probably undergo decarboxylation in nucleophilic solvents 
by a mechanism quite similar to that of P-keto acidsz6. The transition state 
in the case of the decarboxylation of the r-keto acids would necessarily 
show a five-membered chelate ring structure instead of the six-membered 
ring in case of the $-keto acids. 

It has been mentioned previously (see section 11. A. 
1. a) that, in the case of the decarboxylation of camphor-3-carboxylic acid 
in water a t  98" the unionized acid reacts about 34 times as fast as does the 
anionI3. The fact that the anions of P-keto acids are susceptible to decar- 
boxylation, but less readily than the corresponding acids, appears to be 
entirely general. PedersenZ7 found that at IS" dimethylacetoacetic acid 
reacts in water solution I80 times as fast as its anion. Widniark2R observed 
that acetoacetic acid in  water a t  37" decomposes 53 times as fast as its anion. 
Hall29 observed that malonic acid i n  water a t  98'' decomposes 10 times as 
fast as its anion. 

The behavior of cc-keto acids and their anions parallel that of P-keto 
acids and their anions. Dinglinger and SchroeP  found that the mono- 
anion of oxalic acid does not lose carbon dioxide as easily as the acid itself 

b. Kero acidanions. 
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WiigJ1 observed that the rate of decarboxylation of oxalic acid decreased on 
the addition of water to l O O x  sulfuric acid. Clark observed that a t  100" 
the decarboxylation of oxalic acid takes place 21 times as fast in rn-cresol 
(where little ionization would be expected) as it does in the basic, ionizing 
solvent quinoline"* 33. He found also that the decarboxylation of oxamic 
acid at 100" proceeds 15 times as fast in octanoic acid as  it does in quino- 
line34. 35 . Furthermore, the enthalpies of activation for these decarboxy- 
lation reactions are higher in the basic medium than in  the acid medium, as 
shown in Table 2. 

TABLE 2. Kinetic data for the decarboxylation of oxalic acid and oxamic acid in acid 
and in basic media 

A H :  4 k l O 0 O  x 10' A H 1  ?,ST kroooX lo7 Solvent 

(kcallmole) (E.u./mole) (sec - 1 )  (kcallmole) (E.v.lmolr) (SIX - 1 )  

Quinoline 38.9 15.75 2.24 47.0 37.5 I .66 
m-Cresol 26.9 -11.0 47.8 
Octanoic acid - - __ 30-5 - 1.25 24.6 

__ - - 

The results shown in Table 2 suggest that in quinoline ionization of these 
two acids occurs and the anions undergo decarboxylation, whereas in t h e  
acid media, ionization is repressed and the undissociated acids decompose. 

The activated complexes involved in the decarboxylation of the anions of 
a- and p-keto acids probably closely resemble those of the unionized acids: 

T h e  loss of a proton in the formation of the monoanion increases the elec- 
tron density on the oxygen of the carboxylate residue thus decreasing the 
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effective positive charge on the polarized carboxyl carbon atom. This leads 
t o  a weakening of the attraction between the nucleophile and the substrate 
and accounts for the increase in the enthalpy of activation". 

2. Hydroxy acids and their anions 

Results of studies by Franke and Brathun3', and by Locke38, on the &- 
carboxylation of dihydroxymaleic acid indicate that the monoanion a t  40" 
in water suffers decarboxylation 40 times faster than the undissociated 
acid. Brown, Hammick and S c h ~ l e f i e l d ~ ~  studied the decarboxylation of 
several hydroxybenzoic acids in resorcinol and proposed a bimolecular 
mechanism for the reaction. Clark has studied the decarboxylation of 
2,4-dihydroxybenzoic acid in amines, glycols4", phenols, and acid+. His 
results show that  at 100" the rate constant for the decarboxylation of 2,4- 
dihydroxybenzoic acid is 65 times greater in  quinoline than it is in octanoic 
acid, as  shown in Table 3. 

TABLE 3. Kinctic data for the decarboxylation or 2.4-dihydroxybenzoic 
acid in acid and basic media 

Solvent  A H 1  
(kcallmole) 

Reference 

Q u ino I i nc 34.4 5.95 9.55 4 0  
Octanoic acid 32.8 - 6.9 0.15 41 

These results suggest that 3,4-dihydroxybenzoic acid ionizes in quinoline 
a n d  the anion suffers decarboxylation, whereas in octanoic acid, ionization 
is repressed and the undissociated molecule decomposes. The supposition 
that the anion is involved in the decarboxylation of 2,4-dihydroxybenzoic 
acid in  qiiinoline is supported by the fact that  the enthalpy of activation of 
the reaction in  quinoline is higher than it is in theacid solvent, as  was not- 
ed in the parallel cases of oxalic acid and oxamic acid (see section 11. A. 
I .  b). The fact that  the anions of the d-hydroxyacids appear t o  be more 
unstable than the undissociated acids, i n  contrast t o  the behavior of u- and 
/3-keto acids (section 11. A .  1. b) may be ;1 result of the greater hydrogen- 
bonding potential of  the hydroxyl groxlp as opposed to  the keto group. 

The mechanism of the decarboxylation of z- and fi-hydroxy acids and 
their anions is probably quite similar to that of the decarboxylation of z- 

and /I-keto acids and their anions. The rate-determining step i n  the decar- 
boxylation of the hydroxy acids is n o  doubt the formation of a n  activated 
bomplex as illustrated by the following example: 
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3. The anions of trichloroacetic acid and related compounds 

In  1884 Silberstein4z observed that trichloroacetic acid is split quantitati- 
vely into chloroform and carbon dioxide when heated in organic bases such 
as  aniline, dimethylaniline, quinoline and pyridine : 

CCISCOOH --- CHCI,-I-CO, 

I n  1906 Goldschmidt and B r a ~ e r ~ ~  studied the kinetics of the reaction in 
aniline solution and found it to  be a first-order reaction. The same reaction 
was investigated by Salmi and Korte i n  dioxane-water mixtures44. Groote 
studied the decarboxylation of tribromoacetic acid in waterq5, and Auer- 
back, Verhoeck and Henne, the decarboxylation of the sodium salt of tri- 
fluoracetic acid in ethylene Kappanna and coworkers studied the 
decarboxylation of trichloroacetic acid in water4' and in pure aniline as 
well as in aniline-benzene and aniline-toluene mixturesq8. Verhoeck and 
coworkers studied trichloroacetic acid and its salts in water, water-ethanol, 
formamide--water and aniline49-52 . They suggested that the reaction is a 
unimolecular decomposition of the anion. Clark has studied the same 
reactions in glycerol53, aromatic a m i ~ i e s ~ ~ ,  and in fatty a ~ i d s ~ ~ - ~ ~  . These 
investigations have established the fact that the unionized trihaloacetic acid 
is stable, decarboxylation involving the trihaloacetate anion. Studies of the 
reaction in various polar solvents indicate that the reaction is probably 
bimolecular and not unimolecular as  postulated by Verhoeck and cowor- 
kers. The data shown in Table 4 will make this point clear. 

As has been pointed out (section 11. A. I .  a )  malonic acid apparently does 
not ionize in aromatic amines and certainly not in acid solvents. Instead, 
the undissociated diacid combines with the nucleophile t o  form the acfivat- 
ed camplex. In bimolecular, nucleophilic addition reactions, any increase 
in the nucleophilicity of the reagent increases the attraction between it and 
the substrate, thus lowering the enthalpy of activation30. The profound dif- 
ferences in the nucleophilicities of acids as compared with aromatic arnines 
is clearly demonstrated by the data in Table 4. Here it  will be seen that the 
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TABLE 4. A comparison of the kinetic data for thc decarboxylation of malonic acid and 
the trichloroacetatc ion in various solvents 

Malonic acid" sn 5 O  
- - - -. - __ _ _ _  ___ - 

 AH^ a d  k],,. x 10' 
(kcal/molc) (E.U./mOlC) (sec-1) 

. . - . . . . . . - - _ - . . . - . . - _- __ . . . .. . __ . - .- ___. 

Ani I i ne 26-9 -4-46 1.3 
o-Toluidine 25.7 -7.05 2-0 
Quinoline 26-74 -2.37 5.0 
8-Methylquinoline 24.4 - 10.47 2-1 
Hexanoic acid 32.5 3.2 0.037 

Trichloroace~are ions5 6@ 
- - - - -____ - ___ 

JHf as: k,,,.x 10' 

24-5 -2-57 78 

(Lcal/rnolr) (E.u./molc) (scc-I) 
- - - - - - - _ _  __ --___ 

23-8 -6.82 29 
23-98 -2.41 214 
22.31 -8.43 100 
39-3 22.1 0.065 

enthalpies of activation for the decarboxylation of malonic acid are con- 
siderably lowcr in the amines (lines I ,  2 , 3  and 4) than in the acid (line 5). 

The  amines also differ among themselves as regards nucleophilicity. The 
methyl group in o-toluidine exerts both an inductive and a steric effect. The 
inductive effect increases the effective negative charge on the nitrogen atom, 
in other words it increases the nucleophilicity of the reagent. This is re-. 
flected by the fact that the enthalpy of activation for the decarboxylation of 
malonic acid is lower in o-toluidine than it is in  aniline (compare lines 1 and 
2 of Table 4). 

The steric effect of the methyl group in the orrho position is an example 
of the ortlzo effectc0. The approach of the electrophile to the nitrogen is 
hindered, thus decreasing the probability of the formation of the activated 
complex. The operation of this effect is demonstrated by the entropy of 
activation. The decrease in the entropy of activation in the decarboxylation 
of malonic acid on going from aniline to o-toluidine (see lilies 1 and 2 of 
Table 4) is evidence for the steric effect in this particular reaction. The 
inductive and steric effects are also clearly demonstrated by the data in  
Table 4 for the decarboxylation of malonic acid in quinoline and in &me- 
thylquinoline (lines 3 and 4 of Table 4). The fact that the enthalpy of acti- 
vation for the decarboxylation of malonic acid is lower in 8-methylquinoline 
than in quinoline is evidence for the inductive effect of the methyl group. 

The data in  Table 4 for the decarboxylation of the trichloroacetate anion 
in the various solvents exactly parallel those for malonic acid. Again the 
enthalpies of activation are lower in the basic solvents than i n  the acid, 
and the enthalpy of activation is lower in o-toluidine than in aniline, and is 
lower in  8-methylquinoline than in quinoline, pointing to the inductive ef- 
fect of the methyl group. The steric effect of the methyl group is similarly 
demonstrated by the corresponding decreases i n  the entropies of activa- 
tion. 
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These results indicate that the rate-determining step in the decarboxyla- 
tion of the trichloroac.etate anion in polar solvents must be, like that of 
unionized malonic acid, a bimolecular nucleophilic addition reaction. By 
analogy with malonic acid the activated complex may be formulated as 
follows : 

Dibromomalonic acid (HOOCCBrZCOOH) is somewhat analogous in 
structure to the trihaloacetic acids, inasmuch as all three a-hydrogens in 
acetic acid have been replaced by electron-attracting groups. MuusOl has 
observed that the undissociated dibromomalonic acid is stable, and that the 
monoanion takes part in the decarboxylation reaction as in the case of the 
trihaloacetic acids. Like malonic acid and oxalic acid the dianion of 
dibromomalonic acid does not undergo decarboxylation. The activated 
complex for the decarboxylation of dibromomalonic acid monoanion is 
probably entirely analogous to  that of the trihaloacetic acid. 

Another group of compounds which bears a certain resemblance to 
malonic acid is the aliphatic a-nitro acids, (e.g. OzNCHzCOOH). Peder- 
senG2-04 has observed that the monoanion of a-nitroacetic acid and related 
acids is involved in the decarboxylation reaction. The undissociated acid, 
like that of trichloroacetic acid, is stable. The decarboxylation of these 
compounds probably follows the same course as that of the trichloro- 
acetate anion. 

Moelwyn-Hughes and HinshelwoodG5, and VerhoeckGG have investigat- 
ed the decarboxylation of trinitrobenzoic acid and its salts in various sol- 
vents, and have found that this compound resembles the trihaloacetic acids 
in that the unionized molecule is stable, the anion participating in the 
decarboxylation reaction. It is reasonable to suppose that the decarboxy- 
lation of compounds of this class resembles that of the trichloroacetate 
anion. 

4. Heterocyclic acids 

Hammick and coworkers have studied the decarboxylation of quinaldi- 
n ic acid (l)G7, isoquinaldinic acid (2)G7, picolinic acid (3)08, and cinchoninic 
acid (4)69 
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acooH COOH 

in the presence of aldehydes, ketones, esters, quinoline, and aromatic nitro 
compounds. Carbinols were found as by-products of the reaction in alde- 
hydes and ketones, as shown by the following example: 

They found also70 that quinaldinic acid suffers decarboxylation in basic 
solvents more rapidly than in  acidic solvents. They explained these results 
by postulating a zwitterion structure for the transition state. By loss of car- 
bon dioxide this would yield an  intermediate carbanion which would be 
capable of interacting with an electrophilic agent. Their proposed mecha- 
nism is shown in the following example: 

r 1 

Doering and Pasternak" have shown that a-methyl-a-2-pyridylbutyric 
acid (5) and 4-pyridylacetic acid (6)  probably exist as zwitterionsin the tran- 
sition state. 
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HN, / C\--C~' Qr:c"2c", \ 3 
H-.- p o  - 0- 

(5) (6) 

Schenkel and c o ~ o r k e r s ~ ~ - ~ ~  studied the decarboxylation of a number 
of a- and /3-heterocyclic acids in a variety of solvents and found that the 
reaction took place more rapidly in basic media than in acid solvents. The 
compounds which they investigated were as follows : thiazole-2-carboxylic 
acid (7), thiazole-4-carboxylic acid (8), thiazole-5-carboxylic acid (9), thia- 
zole-4,5-dicarboxylic acid (lo), pyridine-2-carboxylic acid (ll), pyridine- 
3-carboxylic acid (12), pyndine-4-carboxylic acid (13), 2-thiazolylacetic 
acid (lli), 4-thiazolylacetic acid (15), and 5-thiazolylacetic acid (16). 

CHzCOOH 

(14) (15) (16) 

Cantwell and Brown studied the decarboxylation of picolinic acid (11) 
and methyl-substituted picolinic acids in p-dimethoxybenzene7s. The de- 
carboxylation of picolinic acid in a variety of polar solvents has been stu- 
died by Cantwell and Brown77 and by Clark7** ". A careful analysis of the 
experimental results indicates that it is not necessary to  postulate a zwitter- 
ion as an intermediate in the decarboxylation of a- and /?-heterocyclic 
acids. Instead the results indicate that there appears to be no essential dif- 
ference in the mechanism of the decarboxylation of heterocyclic acids and 
that of the keto acids, hydroxy acids and trihaloacetate anions previously 
discussed. Support for these conclusions in provided by the data in Tabies 
5 and 6. 
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TABLE 5. Activation parameters for the decarboxylation of picolinic acid and malonic 
acid in several ethers 

Picolinic acid Malonic acid 

AH$ A Sx  AH^ Asx Reference 
Solvent 

(kcallmole) (E.u./mole) (kcallmole) (a.u./mole) 
- .- - - ____ - - . _______. __ 

Phenetole 35.9 3.4 29.0 - 6.0 78 
8-Chlorophenetole 33.1 - 2-0 27-8 - 7.9 78 

77 
p-Dimethoxybenzene 32.0 - 4.6 27-1 - 10.8 78 

- - p-Bromoanisole 32.7 - 2.5 

TABLE 6. Activation parameters for the decarboxylation of picolinic acid 
and of malonic acid in acid and basic solvents 

Picolinic acid" Malonic acid", 

 AH^ AS$ 3 H f  A Sf. 
(kcallmole) (E.u.lmole) (kcallmole) (E.v.lrnolc) 

-- 
Solvent 

Octanoic acid 34.3 0-5 34.8 8.9 
N-Ethylaniline 38- 1 9.5 26-0 - 6.6 
N,N-Diethylaniline 36.8 6.7 25.4 - 8-24 

Table 5 shows the activation parameters for the decarboxylation of pico- 
l ink acid and of malonic acid in several mixed ethers. The solvents are 
arranged in the order of decreasing enthalpies of activation for the picolinic 
acid reaction. This is also the order of increasing nucleophilicity of these 
four solvents. The enthalpy of activation for the decarboxylation of picoli- 
nic acid decreases from 35-9 kcal/mole in phenetole to  32-0 kcal/mole in 
p-dimethoxybenzene. For the reaction in this series of solvents the entropy 
of activation decreases as the complexity of the reagent increases. Exactly 
the same trend is exhibited by the data for malonic acid. The enthalpy of 
activation for this reaction decreases from 29-0 kcal/mole in phenetole to 
27- 1 kcal/mole in p-dimethoxybenzene. Also the entropy of activation for 
this reaction decreases as the complexity of the solvent increases. 

The rate-determining step in the decarboxylation of malonic acid in po- 
lar solvents has been shown to be the formation of an activated complex by 
way of a bimolecular nucleophilic addition reaction i.e. a nucleophilic 
attack on a x-bonded carbon atom (see section 11. A. 1. a). The differences 
in  the - enthalpies and entropies of activation for the decarboxylation of 
malonic acid in the various ethers shown in Table 5 are consistent with 
the proposed mechanism. Since the enthalpy and entropy changes for the 
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decarboxylation of picolinic acid in these solvents parallel those of maIonic 
acid the conclusion is inescapable that the mechanism of the decarboxy- 
lation of picolinic acid in ethers is similar to that of malonic acid, and it 
appears highly probable that the unionized, five-membered, chelate struc- 
ture of picolinic acid, and not the zwitterion, is involved in  the decarboxy- 
lation of this acid in  neutral solvents. 

Further insight into the details of the mechanism of the decarboxyiation 
of picolinic acid in polar solvents may be gained from Table 6 which pre- 
sents data for the decarboxylation of picolinic acid and malonic acid in 
acid and basic solvents. 

I t  will be seen in Table 6 that the enthalpy of activation for the decar- 
boxylation of malonic acid is lower in the basic solvents, N-ethylaniline and 
N,N-diethylaniline, than it is in octanoic acid. Here there is no question of 
ionization of malonic acid in the basic media. The unionized, neutral mole- 
cule in the six-membered, chelate structure is involved in the formation of 
the activated complex in both the acid and basic solvents, as demonstrated 
previously (see section 11. A. 1 .  a). The decrease in the enthalpy of activa- 
tion for the malonic acid reaction on passing from the acid to  the basic 
solvents is evidently a result of the greater nucleophilicity of the amines as 
compared with the acid. 

In contrast to the bahavior of malonic acid, the enthalpies of activation 
for the decarboxylation of picolinic acid are higher in the basic solvents 
than in the acid. In this respect, picolinic acid resembles oxalic acid and 
oxamic acid (see section 11. A. 1. b). The interpretation of the results obtain- 
ed in the decarboxylation of oxalic and of oxamic acid was that in the ba- 
sic solvents, the anion is involved in the rate-determining step. The higher 
enthalpy of activation for the anion reaction arises from the fact that, with 
the loss of the proton, the negative charge on the oxygen tends to  partially 
neutralize the effective positive charge on the polarized carbonyl carbon 
atom. 

The supposition that the mechanism of the reaction involving the anion 
of picolinic acid is quite similar to that involving the neutral molecule is 
supported by the fact that the enthalpy of activation and the entropy of 
activation for the picolinic acid reaction are both lower in N,N-diethylani- 
line than in N-ethylaniline (see Table 6) .  The behavior of picolinic acid in 
these two solvents parallels that of the trichloroacetate anion reaction in 
similar solvents (see section 11. A. 3.). The differences in the enthalpies and 
entropies of activation for the reaction in these two amines are consistent 
with a bimolecular, nucleophilic addition reaction involving the picolinic 
acid anion. 
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In the decarboxylation of keto acids, hydroxy acids, trihaloacetic acids, 
and heterocyclic acids. and the corresponding monoanions, the loss of car- 
bon dioxide by heterolytic fission always yields a carbanion as an  interme- 
diate. The production of carbinols in the case of the decarboxylation of 
picolinic acid and  other irilino acids dissolved in carbonyl-type com- 
p o ~ n d s ~ ’ - ~ ~  is readily explicable by this circumstance without recourse t o  
a zwitterion hypothesis. 

TABLE 7.  Pseudo first-order rate constants 
for the decarboxylarion of picolinic acid in 

acid and basic media79 

Solvent 

.. . . . -. . . . . . . -. . . - -. -. - - . . 

Octanoic acid 
N-cthylaniline 
N,N-diethylaniline 

8.05 
4.4 1 
6.17 

As shown in Table 7, the rate constants a t  100” for the decarboxylation of 
picolinic acid in the basic, ionizing solvents are lower than the one for the 
reaction in octanoic acid. If we accept the hypothesis that picolinic acid is 
ionized in the two amines, but not in the acid, we can see that the unionized 
picolinic acid a t  this temperature is less stable (with respect to decarboxyla- 
tion) than the anion. In this respect picolinic acid resembles the keto acids 
(see section 11. A. 2, and Table 2). (At temperatures below the isokinetic 
temperature the reaction having the lowest enthalpy of activation has the 
highest ratea0. This accounts for the fact that the decarboxylation of pico- 
l ink acid a t  100” takes place faster in N,N-diethylaniline than it does in 
N-ethylaniline as shown in Table 7.) 

5. Miscellaneous examples of decarboxylation not covered in the preceding 
sections 

The various acids thus far discussed which are capable of losing carbon 

( I )  Those whose anions are less stable (with respect to decarboxylation) 

(2) those whose anions are more stable (with respect to decarboxylation) 

dioxide by heterolytic fission fall into two distinct classes: 

than the unionized acids; 

than the unionized acids. 

In class ( I  ) belong some acids which are very resistant to  decarboxylation 
but whose anions readily lose carbon dioxide (e .g .  trichloroacetic acid, 
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dibromomalonic acid, a-nitroacetic acid, trinitrobenzoic acid, amino acids, 
and related compounds; see section 11. A. 3), as well as some acids which 
undergo cleavage although not as easily as their corresponding mono- 
anions (e.g., dihydroxymaleic acid and dihydroxybenzoic acid ; see section 
11. A. 2). The keto acids (section 11. A. 1) and the heterocyclic acids (section 
11. A. 4.) constitute class (2). 

Structurally, members of class (2) are distinguished by a double-bonded 
oxygen or  nitrogen atom in the a or p position. Members of class ( I )  have a 
carboxyl group attached to an aromatic nucleus, or to a carbon atom con- 
taining one or more electron-attracting groups other than keto or imino. 
I t  thus appears that the behavior of a particular acid (whether according to 
class 1 or class 2) depends to some extent on the strength of the acid and to 
some extent on its structure. A preponderance of strongly electron-attract- 
ing groups in the a position will tend to increase the strength of the acid 
promoting ionization. The stronger the acid the less stable (with respect to 
decarboxylation) will be the resulting anion. The presence of relatively weak 
electron-attracting groups in the a or position (e.g. keto groups or imino 
groups) will favor the formation of unionized 5- or 6-membered chelate 
rings by intramolecular hydrogen bonding. These acids will not be as strong 
as the members of class (1) and hence will not ionize as readily. The unionized 
acid will be less stable (with respect to decarboxylation) than the anion. 
In representatives of both class (1) and class (2) all degrees of stability of 
both acid and anion are possible from an acid which is very stable (very 
little tendency to lose carbon dioxide) and whose anion is correspondingly 
very unstable (e.g. trichloroacetic acid40) to an acid which is extremely un- 
stable (strong tendency to lose carbon dioxide) and whose anion is almost 
completely inert (e.g. dimethylacetoacetic acid2'). In  the decarboxylation 
of the unionized as well as the ionized form of both types of acids the me- 
chanism is evidently the same in every case - the formation of an activated 
complex by way of a nucleophilic bimolecular addition reaction, followed 
by loss of carbon dioxide by heterolytic cleavage. The rate-determining 
step in every case appears to be the formation of the activated complex 
via a nucleophilic attack o n  a z-bonded carbon atom. 

Electron-attracting substituents in the a or p position inducing decar- 
boxylation are not limited to the types already discussed. Several other 
types of compounds which illustrate the principles adduced above will be 
briefly mentioned. Cram and Wingrove*' found that the anion of (1)-2- 
benzenesulfonyl-2-methyloctanoic acid is readily decarboxylated although 
the unionized acid is stable: CH3(CH2)jC(CH3)(S02CGH5)COOH. 

This compound is analogous to a-nitroacetic acid (see section 11. A. 3), 
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since the electron-withdrawing a-benzenesulfonyl group promotes ioniza- 
tion and facilitates decarboxylation of the anion. This compound thus fits 
into class (1) of the foregoing classification. 

Gleason and Dqugherty observed that unionized o-benzoylbenzoic acid 
(17) undergoes decarboxylation more readily than the anione2 : 

COOH 

This compound is evidently vinylogous with the a-keto acids and is thus a 
member of class (2). 

I t  has been suggested that the mechanism of the decarboxylation of a,/?- 
and B,y-unsaturated acids is similar to that of /3-keto acidse3. This group 
of compounds therefore would belong to class (2) of the foregoing classi- 
fication. 

Tommila and Kivinene5 found that acetylene dicarboxylic acid in water 
a t  70" decomposes absur 30% faster than its anion. This places the com- 
pound in class (2), but it is obviously close to the borderline where there 
would be little difference in the relative stabilities of the unionized or ionized 
forms. 

The decarboxylation of anthracene-9-carboxylic acid (18) has been stu- 

COOH 

died by Schenkel and coworkers"* 87. Since this is a relatively weak acid, 
it is not surprising to learn that they found the unionized acid to be 
more easily split than the anion, placing the compound in class (2). 

The production of methane by heating a mixture of sodium acetate and 
soda lime (see section 1.B) n o  doubt takes place by heterolytic splitting. 
This reaction is analogous to the ketone decarboxylation reaction illustrat- 
ed by the production of acetone by heating calcium acetate : 

CH,COO-Ca-OCOCH, - CaC0,i- CH,COCHj 

The latter reaction also probably takes place by an ionic mechanism. 
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B. Homolytic Fission 

I t  is as well to consider a few decarboxylation reactions which involve 
homolytic rather than heterolytic fission. A free radical mechanism has 
been invoked to explain the Hunsdieker reactionss, i.e., the conversion of 
silver salts of carboxylic acids to the corresponding halides by treatment 
with elemental bromine or iodine in an inert solvent. Homolytic fission is 
also involved in the Kolbe synthesis". For example, in the electrolysis of 
sodium acetate, the acetate anion moves to the anode where it is changed 
to a neutral acetate radical by the loss of an electron. It is believed that the 
acetate radical then loses carbon dioxide by homolytic fission forming a 
methyl radical. Ethane then results from the combination of two methyl 
radicals. Finally, photochemical decomposition of carboxylic acids may be 
mentioned as another example of a decarboxylation reaction taking place 
by homolytic fissione0* ' I .  

111. D I S C U S S I O N  OF SEVERAL SPECIFIC E X A M P L E S  

A. Decorboxylotion 
1. Malonic acid 

The activation parameters for the decarboxylation of malonic acid in 
the molten state and in various aliphatic and aromatic acids are shown in 
Table 8. In view of the amphiprotic character of the hydroxyl group, the 
solvent molecule in these reactions probably functions as the nucleo- 
philic agent, while malonic acid acts as the electrophile in the formation 
of the activated complex. It was shown in section 11. A. 4 (Table 6) that 
an  increase in the nucleophilicity of the solvent causes a decrease in the 
enthalpy of activation for the malonic acid reaction. This same principle 

TABLE 8. Activation parameters for the dccarboxylation of malonic acid in the molten 
state and in several acid solvents 

~~ 

Reference 
$ 

Solvent A H  1 a d  A F , W  
(kcallmole) (E.u./molc) (kcallmole) 

Melt 35-8 11.9 31.1 92 
Propionic acid 33.6 6.1 31.1 93 
Hexanoic acid 32.5 3.2 31.2 94 
Benzoic acid 30.4 - 1.8 31.1 59 
Heptanoic acid 29-7 - 3.4 31.1 59 
Decanoic acid 26.6 - 11.0 31.1 94 
d, 1-2-Methylpentanoic acid 26.45 - 1 1 . 1  31-0 59 
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is illustrated in Table 8. It will be seen that in general the enthalpy of acti- 
vation for the decarboxylation of malonic acid decreases with increasing 
chain length of the alkyl residue on the nucleophile. Furthermore, the 
entropy of activation decreases as the complexity of the solvent increases. 

According to the absolute rea.ction rate equation (1) the rate constant 
of a reaction depends upon the free energy of activationgs. The free energy 

k - xT e - A F f l R T  
h 

of activation at  any temperature may be calculated by means of the equa- 
tion (2): 

(2) ak-t = A H ~ . - T A S S  

Values of the free energy of activation for the decarboxylation of maIonic 
acid in each of the solvent at 135" (the melting point of malonic acidj, 
calculated by means of equation (21, are shown in the third column of 
Table 8. 

It is interesting to note in Table 8 that the free energy of activation at 
the melting point of malonic acid is approximately the same in the various 
solvents (about 3 1 - 1 kcal/mole). I f  this value of the free energy of activa- 
tion .it 135" (31-1 kcal/mole) is substituted in the absolute reaction rate 
equation (l) ,  the rate constant a t  this temperature may be calculated. 
Thc result of such a calculation yields k1350 = 0.00019 sec-l, correspond- 
ing to a half-life of 61 min. Since the rate constant at  135" is the same for 
thr: decarboxylation of malonic acid in the molten statc as it is for the 
reaction in the acid media, these results indicate that, at the melting point 
of malonic acid, the rate of reaction is not affected by the presence of 
acidic solvents . 

The temperature at which a given reaction proceeds at the same rate in 
different solvents is known as the isokinetic temperature of the reaction 
seriess0. When a reaction is carried out at  some temperature below the 
isokinetic temperature, the rate constant is greater the lower the enthalpy 
of activation. When i t  is carried o u t  at some temperature above the isoki- 
netic temperature, the rate constant is greater the higher the enthalpy of 
activation". 

It is often found that a change in type of solvent produces a new reac- 
tion series having the same isokinetic temperature as the first but a diffe- 
ent rate constant96. An illustration of this effect is afforded by the data 
for the decarboxylation of malonic acid in alkanols shown in Table 9. 
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TABLE 9. Activation parameters for the decarboxylation of malonic 
acid in alkanolse7* 98 

Solvent A H S  A Ss *F?W 
(kcalfrnole) (E.v./rnole) (kcalfrnole) 

n-Butyl alcohol 27-2 - 4.4 29.0 
n-Hexyl alcohol 26.0 - 7.6 29.1 
2-Ethylhexanol- 1 24.8 - 10.4 29-05 
Di-isobutylcarbinol 24.8 - 10.7 29.1 3 
Cyclohexanol 23.0 - 15.0 29-12 

The changes in the enthalpy and entropy of activation for the reaction 
in the various alcohols shown in Table 9 reflect the differences in the 
inductive and steric effects of the different groups attached to the hydro- 
xyl moiety. The enthalpy as well as the entropy of activation for the reac- 
tion is higher in the simplest solvent, n-butyl alcohol, than in any of the 
others. Both parameters then decrease regularly with increasing complexity 
of the solvents. The data in Table 9 serve as cogent arguments for the 
bimolecularity of the reaction. 

The free energies of activation at 135" for the decarboxylation of malo- 
nic acid in the various alcohols, shown in the third column of the table, 
are approximately equal (about 29- 1 kcal/mole). The rate constant at 
135" calculated in the usual manner, is 0.00216 sec-', corresponding to 
a half-life of about 5.5 min. We find therefore that the decarboxylation 
of malonic acid in alcohols has the same isokinetic temperature as that 
for the reaction in acids but that the reaction at  135" in alcohols takes place 
about 11 times as fast as i t  does in the acid solvents. 

A third series again having an isokinetic temperature of 135" is found in 
aromatic amines as shown in Table 10. The average free energy of acti- 
vation a t  135" is about 28-75 kcal/mole. This corresponds to a value of 

TABLE 10. Activation parameters for the decarboxylation of malonic 
acid in amines58 

~~~ ~~ ~~ 

+ + 
solveol  AH+ A S +  

(kcallmole) (E.v./rnolc) 

tn-Toluidine 28-4 - 0.8 
Aniline 26.9 - 4.45 
N-Methylaniline 26.6 - 5.33 
N,N-Diethylaniline 25-4 - 8-24 
2,6-Dirnethylanilinc 23.1 - 14.0 

(kcalfmolc) 

28.72 
28-70 
28.77 
28.76 
28.80 
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k1350 of 0.0034 sec-', representing a half-life of 3-3 min. Thus, the de- 
carboxylation of malonic acid a t  135" takes place 18 times as fast in ami- 
nes as it does in the acid solvents at this temperature. Thus the decarboxy- 
lation of malonic acid forms a separate reaction series in each group of 
solvents, all having the same isokinetic temperature, while the rate con- 
stant at  the isokinetic temperature increases with increasing nucleophili- 
city of the solvents. 

FIGURE 2. Plot of cnthalpy versus entropy of activation for thc  decarboxylation of 
malonic acid in acids (line I), in alkanols (line 11) and in amines (line 111). Slope of the 

lines: 4 0 8 " ~  ( 1 3 5 " ~ ) .  

A plot of enthzlpy of activation versus entropy of activation for the 
decarboxylation of malonic acid in the three types of solvent (based on 
the data in Tables 8, 9, and 10) forms three parallel lines, the slope of the 
lines (which corresponds to the isokinetic temperature) being equal to 
the melting point of malonic acid (see Figure 2). The intercept of the isoki- 
netic temperature line on the zero entropy of activation axis yields hF", 
the free energy of activation at the isokiaetic temperature for all the reac- 
tions conforming to the line". The smaller the value of AF" the faster is 
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the reaction at  the isokinctic temperature. In other words, the lower the 
line in Figure 2 the faster is the reaction at  the isokinetic tcmpcrature. It 
will be noted that the three lines are arranged in the order of increasing 
nucleophilicity of the homologous series. 

2. Other acids 

The relationship between the melting point of the substrate atid the 
isokinetic temperature of the reaction series is not restricted to the malo- 
nic acid reaction. In Table 11 are shown data for the decarboxylation of 
n-hexylmalonic acid (m.p. 105"). oxanilic acid (m.p. 1 SO"), cyclohexyl- 
malonic acid (m.p. 180"), and oxamic acid (m.p. 210") in the molten state 
and in one or two fatty acids. In the molten state and in acid media. the 
free energy of activation at the melting point of the substrate is a con- 
stant and approximately equal to 31.1 kcal/mole, the same value as that 
found for the decarboxylation of malonic acid in acidic solvents (see 
Table 8). Although the data shown in Table 1 1  are not as complete as 
those for rnalonic, acid, the variety of compounds and the range of tem- 
perature covered by their melting points militates against ascribing the 
results to coincidence or  to  experimental error. The data in Tables 8 and 
1 1  indicate that, in those acids stbdied in the molten state and in acid 
media, the isokinetic temperature of each reaction series is equal to the 
melting point of the substrate, and the free energy of activation a t  the 
melting point is a constant (31.1 kcal/rnole). It is interesting to observe that 
the melting points of these five acids differ from one another by integral 
multiples of 15 degrees. The basis of the relationship between the melting 
points and the isokinetic temperatures of the reaction series is not imme- 
diately apparent. It is to be hoped that future research will furnish an 
explanation for i t .  

Many apparently unrelated reaction series involving decarboxylation 
exhibit identical isokinetic temperatures. The decarboxylation of benzyl- 
rnalonic acid and its derivatives in aromatic amines forms a reaction series 
with an isokinetic temperature of 105" (see Table 12). The same isokinetic 
temperature is shown by the decarboxylation of malorianilic acid in the 
cresols (Table 13). Three different reaction series each having an isokinetic 
temperature of 150' are formed by the decarboxylation of 2,4-dihydroxy- 
benzoic acid, benzylmalonic acid, and malonanilic acid in quinoline and 
its derivatives, as  shown in Table 14. These isokinetic temperatures. like 
the melting points of the acids mentioned previously. difTer from one 
another by integral multiples of 15 degrees. 

In  Tables 8, 9 and 10 we observed that several different rcaction series 
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TABLE 12. Activation paramctcrs for thc dccarboxylation of 
benzylmalonic acid in amines'o' 

+ 
Solvent A H :  h sf AFi+OW 

(kcallnrole) (r.u./molc) (kcnl/mole) 
-. .- -. . - - - - - - . - .. .. - __ . 

Aniline 19.8 -21.64 28.0 
N-Ethylanilinc 21.9 - 15.8 27.9 
N-s-Butylanilinc 26.J6 - 3.6 27-92 
o-Toluidinc 29.9 5.0 28.0 
N,N-Diethylaniline 3 8 4  27.4 28.051 

TABLE I 3. Activation parameters for the dccarboxylation 
of malonanilic acid in cresols~03 

Solvcnt A H $  A S f  AF?W 
(hcnl/mole) (E.u./mole) (kcallmole) 

. .- - -. - _-_ _ _  - ~ 

m-Cresol 33.2 9.4 29.64 
p-Crcsol 34.0 1 1.54 29.63 
o-Cresol 35.5 15.5 29.64 

having the same isokinetic temperature were formed using the same sub- 
strate (malonic acid) and varying the type of solvent. As the nilcleophili- 
city of the solvent increased the free energy of the reaction at  the isokinetic 
temperature decreased. In Table 14 we observe three different reaction 
series having the same isokinetic temperature (1 SO") formed by using the 
same type of solvent but varying the substrate. We may deduce in  this 
case that the free energies of activation at the isokinetic temperature are 
lower the greater the attraction between the substrate and the solvent. 

Not only can a change in type of solvent (or substrate) produce a new 
reaction series having the same isokinetic temperature as the first, but, 
under suitable conditions, it may result in the formation of a new reaction 
series having a different isokinetic temperature. Table 1 1 illustrated this 
occurrence as a result of change in the substrate. The other case is illus- 
trated by the data in Tables 13 and 14. The decarboxylation of malonani- 
lic acid in the cresols forms a reaction series with an  isokinetic tempera- 
ture of 105" (see Table 13) whereas the reaction in quinoline and its deri- 
vatives (Table 14) constitutes a reaction series with an isokinetic tempera- 
ture of 150'. It is probable that the decarboxylation of malonaniiic acid 
as well as that of benzylmalonic acid differs in some points from that of 
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nialonic acidlo?. The tirst t w o  acids appear to function as nucleoplii!cs 
rather than electrophiles*. 

W e  have seen that malonic acid and its derivatives are related to $-keto 
acids, whereas oxanilic acid and oxamic acid are related tc x-keto acids. 
It is therefore logical to suppose that the results obtained in studies of 
the decarboxylation of malonic acid, oxanilic acid, etc., will apply also 
to  the behavior of z- and P-keto acids in  general. Furthermore, in view 
of the fact that the decarboxylation of heterocyclic acids, trihaloacetic 
acids, hydroxy acids, and other types of acids, evidently takes place by a 
mechanism siniilar t o  that of the keto acids, i t  is not unlikely that similar 
relationships may apply to all decarboxylations involving bimolecular 
nuc leoph i lic ad di t i 011 and h et erol y t ic fission . 

The mechanism of the decarboxylation reaction is not unlike the general 
S,2 mechanism by which many other organic reactions takes place23. All 
these reactions are alike with respect to t h e  rate-determining step. which 
consists in the formation of an activated complex in~olving a n  electro- 
phile-nucleophile pair. In view of thcse circuinstances it is reasonable to 
surmise that the principles adduced above for the decarbosylation reac- 
tion may apply to other types of bimolecular heterolytic reactions. Evid- 
ence for the plaitsibility of this assumption is presented in the following 
sections. 

0. Relation Between Decarbox ylation and Other Bimolecular 
Heterolytic Reactions 

Meloche and Laidler104 studied the acid- and base-catalyzed hydrolysis 
of benzamide and its derivatives. Rate constants for the various reactions 
were measured over about a 50” range of temperature in 0.025 M benzene- 
siilfonic acid and in 0.025 hi sodium hydroxide solutions using an equal 
concentration of reactant i n  a 60-40 by volume alcohol-water mixture. 
The activation parameters and isokinetic temperatures for the various 
reactions are shown i n  Table 15. (The isokinetic temperatures shown i n  
Table 15 were not reported by Meloche and Laidler, but were calculated 
from their data by the present writer.) 

I t  will be seen in ’Table 15 that a difTerent reaction series is formed by the 
hydrolysis of benzaniide and each of its derikxtives in solutions of vary- 
ing pH. Three of these series (lines 3, 4 and 5 )  have the same isokinetic 

* Nucleophilic addition and clccwophilic addition are cssen1ially Ihc sanic rcxtion- 
I I  is nicrcly a niattcr ofcon\c.ntion to distinguish bctwecn thcm. In either case the U I C -  

determining step is thc samc, the rorniation of ;? nucleophilc-L.lectrophile pair in the 
I ransi I io n st ate. 
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TABLE 15. Activation and isokinctic temperatures for tile acid- and base- 
catalyzed hydrolysis of benzamide and its derivatives 

Isokincric 
Acid hydrol>sis Alkaline hydrolysis rempcratu~e 

Substrate *.p. . - . 

A 

3t1-r AS: A H :  4 s: 
(kcal/mole) ( E . L ' . / n l O k )  (kcal/mole) (E.u./mo!c) ("'I 

( I )  p-Nitrobenzamide 200' 23.9 - 12-5 15.4 - 30.0 210" 
(2) p-Chlorobenzamide 180" 23.0 - 14.1 16.9 - 29.0 135" 
(3) o-Methylbenzainide - 26.4 - 10.8 22.4 -21.3 105" 
(4) p-Methylbenzamide - 21.3 - 18.9 18.2 - 27.2 105" 
(5) Benzamide 130" 22.6 - 14.7 18.0 - 26.8 105" 

temperature (105"), while in the case of thc other two series (lines 1 and 2) 
each has a different isokinetic temperature ( 1  35', 210"). With the three 
series having the same isokinetic temperature it will be seen in Figure 3 
that the free energy of activation at  the isokinetic temperature decreases as 
the electrophiiicity of the substrate increases. The introduction of strongly 
electron-attracting groups on the aromatic nucleus of the substrate 
(chloro-, nitro-) increases the effective positive charge on the carbonyl 
carbon atom, raising the isokinetic temperature. For each reaction series 
shown in  Table 15 the rate of hydrolysis at the isokinetic temperature is 
independent of pH. 

It is interesting to  note that the isokinetic temperatures of the various 
reaction series involving h ~ d r o / j * s i s  shown in Table 15 are identical with 
those of the reaction series formed by the decurbosj*lutio/i of n-hexyl- 
malonic acid. malonic acid, and oxamic acid i n  acid media (see section 
111. A. 1). Furthermore. the increase in the isokinetic tempernturc of the 
different reaction series shown in Table 15 parallels the increase in  the 
melting point OF the substrate: similar behavior was observed wi th  acids. 
These results may show that some principles deduced from studies of the 
decarboxylation rsactinn apply t o  other birnolccular heterolytic reactions, 
too. 

I n  ihe S,2 alcoholysis of acgl halides, the alcohol i s  the niideophilic 
:<gent and the acyl halide is the electrophile. The rate-determining step is 
prohably analogous to that for the dccarbosylation and hydrolysis rcac- 
(ions, naniel!.. the formation of ;in activated complex via a nuclenphilic 
al~acL on ;1 1-bonded carbon atom: 
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Kivinenlo5 has made an extended study of the kinetics of the ethanolysis 
of substituted benzoyl chlorides in various mixed solvents. (Diluting the 
reaction mixture with a non-polar solvent, such as benzene, would be 
expected to affect a reaction in two ways: (1) by lowering the overall 

26 - 

25 - 

0 ” 

24 - 

d 23- 
F 
5 2 2 -  

- 20 - 15 - I0 -5 
A S t ( e u  / m d e )  

FIGURE 3. Enthalpy versus entropy of activation plot for the acid and base-catalyzed 
hydrolysis of benzarnide and its derivatives, based upon the data in Table 15 (lines 
3,4 and 5) .  Line 1: o-Methylbenzamide; line 11: p-Methylbenzamide; line 111: Benz- 

arnide. (Slope of the lines: 378°K or lOS0C). 

dielectric constant of the medium the electrostatic attraction between 
reactants would increase, thus lowering the enthalpy of activation ; (2) it 
would tend to decrease the probability of effective collisions between react- 
ant molecules, thus lowering the entropy of activation.) Kivinen’s results 
strongly suggest that solvolysis reactions obey the same laws as  decar- 
boxylation and hydrolysis. For example, he found that the isokinetic 
temperature for the ethanolysis of m-nitrobenzoylchloride in various 



The decarboxylation reaction 619 

TABLE 16. Free energies of activation at 
the isokinetic temperature (- 15') for the 
ethanolysis of substituted benzoyl chlorides 

in benzene solutionsIO* 

Electrophile 

p-Methoxybenzoyl chloride 22-65 
nz-Methoxybenzoyl chloride 22.15 
nz-Chlorobenzoyl chloride 21.4 
m-Nitrobenzoyl chloride 20.38 

ethanol-benzene mixtures is -15", and that for the ethanolysis of the 
same substrate in ethanol-ether mixtures is - 75". 

Table 16 shows that the free energy of activation at the isokinetic tern- 
perature for four aroyl halides decreases as the electrophilicity of the sub- 
strate increases. It is interesting to  compare these results with the data for 
the decarboxylation of malonic acid in several different homologous 
series (see Tables 8, 9 and 10) i n  which it was observed that the free energy 
of activation at the isokinetic temperature decreases as the rtucleophificity 
oftlie so/ve)rt increases. 

I n  three ethanolysis reactions of aroyl halides in ethanol/ether mixtures 
having different isokinetic temperatures (m-nitrobenzoyl, - 75", nz-bromo- 
henzoyl, - go", and m-methylbenzoyl, - 135"), the isokinetic temperat- 
ures increase with increasing electrophilicity of the substrate, and paraliel 
the increase in the melting points of the substrates. For each of these three 
reaction series the free energy of activation at  the isokinetic temperature 
is constant, (1 8.4 kcal/mole). I t  will be recalled that analogous results 
were observed in the case of the decarboxylation of substituted malonic 
acids in  acid media (see Table 1 I ) .  

It is interesting t o  note that the isokinetic temperatures for the ethano- 
lysis, hydrolysis and decarboxylation reactions discussed above differ 
from each other by integral multiples of 15. Although the real significance 
of these numbers is not readily apparent, they possibly indicate a funda- 
mental connection between the various types of heterolytic reactions. 

C. Conclusion 

The results outlined in the preceding sections indicate that an  increase in 
the mutual attraction between the electrophile-nucleophile pair taking part 
in a bimolecular heterolytic reaction (caused either by an increase in the 
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effective positive charge on the electrophile or by an increase i n  the effective 
negative charge on the nucleophile) may either ( 1 )  increase the rate constant 
a t  the isokinetic temperature (without changing the isokinetic temperature), 
or (2) raise the isokinetic temperattire. Low isokinetic temperat: I res are  asso- 
ciated with reaction series involving electrophilc-nucleophile pairs having 
relatively weak attractions for one another. Such reactions will ordinarily 
take place a t  temperatures aBoiv the isokinetic temperature, hence their 
speed will be governed by the entropy of activation, not the enthalpy of 
activationg5. High isokinetic temperatures are associated with reaction 
series involving electvophile-nucleophile pairs having strong attractions 
for one another. Such reactions will ordinarily take place a t  temperatures 
below the isokinetic temperature. hence their speed will be governed by the 
enthalpy of activation, not the entropy of activationg5. 

The above principles not only provide a deeper insight into the intricacies 
of t h e  decarboxylation reaction but also furnish a basis for a broader under- 
standing of other biniolecular hetcrolytic reactions. Their future application 
should aid in simplifying, organizing, correlating and systematizing the 
complex field of organic reactivity. 
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1 . INTRODUCTION 

T h e  chemistry of ortho esters has not been systematically explored 
Virtually n o  physicochemical studies have been undertaken concerning the 
or tho ester function : thus bond.lengths. bond energies. dipole moments. 
and light absorption properties relevant to this function are largely un- 
known . An abundance of such information is available for most of the 
other functional groups of organic chemistry . Although a large number of 
organic reactions with a variety of ortho esters have been probed experi- 
mentally. most of these studies have concentrated on the synthesis of a 
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certain compoutid or  class of compounds and have, consequently, not 
dealt with these processcs either in terms of overall scope or it1 terms of 
mechanism. The on ly  reaction which is an exception t o  this statement is 
that of ortho ester hydrolysis, a reaction which has been exzmined in 
some detail for the past four decades. Failure to  examine the reactions of 
ortho esters in  depth has undoubtedly shrouded much interesting che- 
mistry. Reactions of these species must. for the most part at  least, proceed 
via carbonium ion intermediates and, in  consequence, ortho esters must 
share a great deal of the fascinating chemistry typical of other substrates 
capable of generating reasonably stable carbonium ions. 

We begin this review with a consideration of synthetic methods leading 
to or tho esters. Then, prior to considering reactions with nucleophilic 
reagents, attention is directed to two aspects of ortho ester cliemistry 
which are basic to further considerations: their protonation and their 
conversion to cat-bonium ions. The next reaction explored is that  of hydro- 
lysis. to which a major share of attention is directed as a result of our 
rather satisfactory understanding of th i s  process. Subsequently, we con- 
sider reactions of amines, carbon acids, and other reagents. Throughout, 
we will be concerned with the mechanistic aspects of these reactions as 
well as with their actual or potential use for the synthesis of novel orsanic 
compounds. 

Ortho acids, the hydrates of carboxylic acids and the parent compounds 
of ortho esters, are thermodynamically less stable than the hydrates of 
carbonyl substrates and, unlike the latter species, d o  not exist in appre- 
ciable concentrations a t  equilibrium in solution. Furthermore. ortho acids 
have not been isolated. They are, i n  consequence, of little direct interest 
and will not be considered further. 

Few previous reviews of this subject have been published. Of particular 
note is the exhaustive monograph of the chemistry of aliphatic ortho esters 
by Post which develops the subject matter up to 1943’. A review concerning 
mechanisms and catalysis for ortho ester hydrolysis has been published 
recently‘. 

II. S Y N T H E S I S  O F  ORTHO E S T E R S  

There exist two generally useful methods for the synthesis of ortho csters: 
alcoholysis of itnido ester hydrochlorides and the reaction of 1,1, I-trihali- 
des with alkoxides. Of these, the former i s  of  greater overall utility; we 
consider i t  first. I n  addition to tliesc methods, there are several reactions 
which have proved to be of value in isolated instances. These, together 
with the more common methods, have been previously discussed’. ’. 
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A. From lmido Ester Hydrochlorides 

Preparation of ortho esters through the alcoholysis of iniido ester 
hydrochlorides was introduced by Pinner i n  18834* ’ and is generally 
known as  the Pinncr synthesis. This method has several advantages. In  the 
first place, the imido ester hydrochloridcs are  readily available in excellent 
yield from partial alcoholysis of the parent nitriles according to  equation 

( 1 )  

(1). These reactions are  usually conducted by the addition of dry hydrogen 
chloride to a n  equimolar mixture of nitrile and alcohol in ether or other 
inert solvent6-9 or by the addition of dry nitrile to a solution of hydrogen 
chloride in  the alcohol10* ‘ I .  Anhydrous conditions are important for 
maximum yields. In the second place, the alcoholysis of the imido ester 
hydrochlorides can usually be readily effected in satisfactory yield (equa- 

R ~ - C C ( O R ~ ) = N H . H C I + ~ R ~ ~ H  - - R~---c(oR~)(oR=),, NH,CI (2) 

tion 2)”-]4. The success of this reaction requires that the imido ester hyd- 
rochloride be free of excess acid and be anhydrous. Equation (2) ordi- 
narily requires a few days if conducted at room temperature but may be 
accomplished in a few hours by refluxing in etherJ5. If the latter alternative 
is chosen, care must be taken to avoid temperatures above 40” since these 
lead to decomposition of the hydrochloride“* 17. Finally, both mixed 
(R2 f R3; equation 2) and normal ortho esters may be prepared by this 
method. Many ortho esters obtained by the Pinner synthesis have been 
collected, together with their physical properties, by Post‘. 

R ’ C N  7 R’OH + HCI - - -- R’- C(OR2) =: NH . HCI 

6. f rom Polyholides 

The earliest ortho ester synthesis is that of Williamson and Kay who, i n  
1854, reported the preparation of orthoformates from the actioii of sodium 
methoxide on The historical development of this method 
has been outlined by Post‘. The overall course of these reactions is indicat- 
ed in equation (3).  The reactions are gei~erally carried o u t  using the tri- 

R’---CX, 7 -  3 N a O R 2  ---- R‘-C(OR2),i-3 N a X  (3) 

chlorides and are most successful if chloroform, benzotrichloride or other 
substrates not possessing a hydrogen atom on the carbon adjacent to that 
carrying the three halogens are used. Thus, a variety of a lky l  orthoformates 
have been prepared froin chloroform and sodium alkoxides’. ’* ’’ and ben- 
zotrichloride is easily converted to ortho esters by these reagents”. In addi- 
tion, several orthoacetates have been derived from I ,  1, I-trichloroethanel. 
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Although these reactions are ordinarily conducted in the absence of catalysts, 
Hill and coworkers have found ferric chloride to be an effective promoter 
for the synthesis of ortho esters derived from fluoroalcohols and either 
chloroform or benzotrichloride'O. Numerous early attempts to prepare 
orthocarbonates from sodium alkoxides and carbon tetrachloride failed 
uniformly although orthoformates were obtained in several cases'. The use 
of ferric chloride as a catalyst has recently resulted in the production of 
orthocarbonates from carbon tetrachloride and fluoroalcohols20. This 
reaction is of limited utility for the synthesis of orthocarbonates since it 
fails for ordinary alcohols which are decomposed by the catalyst. The usual 
method of obtaining orthocarbonates is through a related reaction, that 
between sodium alkoxides and chloropicrin (equation 4)*l. These products 
have also been obtained from sodium alkoxides and thiocarbonyl perchlo- 
ride (Cl~CSCl)z*. 

O,N-C(C1),+4 NaOR - -- C(OR)4f 3 NaCl+ NaNO, (4) 

Synthesis of unusual ortho esters in  which this function is adjacent to an 
amide group has been reported by Russian workers who used I-alkoxy- 
1, I-dichloro compounds as starting materials (equation 5)". 

0 OAr 0 
1 ,  i / '  

2 ArONa+ R'OC(CI),C-NR: - - -  R'-0-C -- - C-NR:+ 2 NaCl ( 5 )  
! 

OAr 

C. Miscellaneous Syntheses 

I. From ketene acetals 

McElvain and coworkers have clearly demonstrated that addition of 
primary and secondary alcohols to ketene acetals in the presence of acid 
leads readily to ortho esters (equation 6)'4-2i. This method is well adapted 

H+ R' 

R2 
><:",: + R'OH --- R'RaHC--C(OR4)1(0RJ) 

t o  the production of mixed ortho esters. It has not found wide applica- 
bility for general synthesis since the ketene acetals are not usually readily 
available. Indeed, at least two methods of synthesis of these ketals require 
ortho esters as starting material. However, in isolated instances, the use of 
ketene acetals can lead to novel and interesting products. For example, 
McElvain and McKay have prepared the cyclic ortho esters 1, 2, and 3 
from the cyclic ketene acetal, 2-methoxy-5,6-dihydropyranZ8. 
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(1) (2 )  (3) 

In a related reaction, Kuryla and Leis have reported the synthesis of 
either the ketene acetal or the ortho ester, depending on reaction conditions 
and nature of the alcohol used, from 1,l-dichloroethylene and /3-alkoxy 
alcohols2o. 

2. Form orthothioformates 

Ethyl orthothioformate, easily prepared from ethyl formate and ethyl 
rnercaptan, provides a convenient starting point for the synthesis of ortho- 
forrnates via exchange reactions with alcohols in the presence of Lewis acid 
catalysts (equation 7)30. 

(7) 
ZnCI, 

HC(SEtj,+ 3 ROH -- HC(OR), +- 3 H S E t  

3. By ortho ester exchange 

Treatment of ortho esters with alcohols generally leads to radical inter- 
change3I. Such reactions are promoted by the addition of acids. If one per- 
mits the reaction to proceed to  equilibrium, a mixture. of two normal ortho 
esters, all possible mixed ortho esters, and the two alcohols is obtained3'. 
However, the reactions may be driven to completion by continuous removal 
through distillation of the lower boiling alcohol product. 

Alcohol interchange reactions between ethyl orthoformate and certain 
triols has led to a series of bicyclic ortho esters3?. That between ethyl ortho 
esters and r-butyl hydroperoxide produces peroxy ortho esters (equation 
8)33. Finally, such reactions may be used to synthesize ortho esters of iiuc- 

OEc 

R-C(OEt),+ HOO-t-Bu - -- R - C - 0 - 0 - t - B ~ f  EtOH (8) 
I 

O E t  

leic acid derivatives34. A typical example is provided in equation (9) 

ROCHZ 

HC(OEt)., + ribonucleosides - q0$-: 2 EtOH (9) 

OEt 
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Thesc cyclic ortho csters may prove Lo be of significant value as suitably- 
blocked substrates for polymerization reactions lcading to nuclcic acids or 
related substances. 

Several additional niclhods for the synthesis of ortho esters by methods 
of little interest a t  this time have been discussed by Post]. 

Ill. BASICITY O F  ORTHO ESTERS 

Ortho esters are weak oxygen bases. A quantitative understanding of their 
basic properties would be highly desirable from the standpoint of fuller 
understanding of their reactivities since their icactions usually involve acid 
catalysis. The acid lability of ortho esters precludes direct measurement of 
their extent of protonation in  aqueous solution as ;i function of medium 
acidity, the most straightforward manner of evaluating basicity for weak 
acids. As an alternative for cases of this type, it is possible to employ posi- 
tions of the 0-11 or 0---D stretching frcquencies in the infrared for suit- 
able hydrogen donors as a measure of basicity of weak oxygen bases to 
which they hydrogen bond".". Not only is the magnitude of the frequency 
shift for each of the compounds of interest relative to a suitable non-basic 
standard a measure of relative basicity but approximate values of pK, for 
the conjugate acids may also be obtained by use of a linear relationship 
between $1  and pK, derived from a compilation of such studies:I5. 

The first such nieasuremeiits using ortho csters and related substrates 
were those of West, Whatley, and Lake who employed the 0-H stretching 
frequency of phenol as a measure of basicity3'. These results clearly indicate 
the following order of basicity: ethers =r ketals =- ortho esters orthocar- 
bonatcs. That is, increasing substitution of alkoxy for alkyl functions lowers 
basicity as would be expected on the basis of greatcr inductive electron 
withdrawal by the alkoxy functions. I n  an efTort to place these conclusions 
on a more quantitative basis, similar measurements were made on the com- 
pounds studied by West and o n  others using CHnOD as the hydrogen do- 
n o P .  l t  is for this compound that the most reliable correlation between 
All and pK, has been established". In Table 1. the positions of the 0-D 
stretching frequencies together w i t h  the derived values of p K ,  for the con- 
jugate acids of the indicated substrates are compiled. These data are in  
qualitative agreement with those of West and his coworkers. The absolute 
values of pK,, should bz accepted with some reservations since deviations 
from the $A versiis pKa plot are rather large for certain oxygen bases. How- 
ever, the variations in pK, from compound to compound are certainly real 
and the magnitudes of the changes are considered to be quantitatively reli- 
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able due to the degree of structural similarity in the compounds involved. 
Furthermore, the values of pK, are remarkably similar to those estimated 
o n  the basis of t h e  assumption that the  effects of polar substituents on  the 
basicity of oxygen bases are similar to  those for nitrogen bases (Table l)39. 
The basicity of methyl-t-butyl ether is similar to  those obtained for related 
ethers by other rneans3j. Thus, the indicated values of p& are probably not 
greatly in error. Weshall return to  the question of ortho ester basicity some- 
what later in this chapter in connection with structiire-reactivity correla- 
tions for hydrolysis of these substrates. 

IV. REACTIONS 

A. Corbonium Ion formation 

Alkoxymethyl carboniam ions have been prepared in two ways. The ini- 
tial syntheses are due to Meerwein and coworkers who obtained fluorobo- 
rates of dialkoxy- and trialkoxymethyl carbonium ions by the abstraction 
of hydride i o n  from ketals and ortho The hydride abstractors 
used were generally salts of stable carbonium ions; a typical example is 
indicated in equation (10). Products of these reactions may be obtained as 
stable crystalline preparations. Subsequently, Ramsey and Taft have de- 

R' R, 
\C*/OR2 -- (C,H,),C+ BF,- --- \C/OR' BFi- + (C,H,),C-H (10) 

H/ \OR' - \OR2 

monstrated that alkoxyniethyl cations may be generated directly from 
ketals, ortho esters, and orthocarbonates in strongly acidic solutions4?-. 

TARLE 1 .  Basicities of a series of weak oxygen bases 

Compound 

Benzene 
Carbon tetrachloride 
Methyl r-butyl ether 
2,'L-Dimethoxypropar~~ 
Methyl orthoacetaw 
Methyl orthocarbonate 
Brnzaldehyde dicthyl acetal 

Position of 0-D 
stretching bond ol 
deuteriomcthanol 

( I 0  

Pii.L" P h i &  
(measured) (estimated) 

3.73 
3.7; 
3.5; 
3.53 
3 . S l  
3.80 
3.84 

- 
0.14 
0.17, 
0.09 
0.07 
0.1 I 

- - 
- 3.7 - 
- 5.2 -4.6 
- 6.5 - 6.4 
- 8.4 - 8.5 
- 5.7 - 5.8 

" Obtained Iiom the linear relationship b c l u c e n  A u  and pK4 ol.refcrence ?5. 
Estimated o n  th: baus of polar suostitusn: eHc.ctz as outlined by Bunton and DeH'olfe in refcrencc 33. 
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Thus, trialkoxy- and p-fluorophenyldialkoxymethyl carbonium ions are 
generated through the addition of the appropriate orthocarbonate (equ- 

(1 1) 

ation 1 1 )  or ortho ester to  sulfuric acid. Orthocarbonates are also con- 
verted to the carbonium ions in trifluoroacetic acid. Formation of dialkoxy- 
methyl and alkoxydimethyl carbonium ions requires rather more drastic 
conditions : 30% SO3.H2SO4. Evidence for the stoichiometry indicated in 
equation (1 1) is compelling. 

C(OR),+ 3 HZSO, (RO,)C+ i ROS0,H + H,O+ + 2 HS04- 

(i) Ethyl orthocarbonate in sulfuric acid gives an  ‘i’ factor of 5.1 f 0.1. 
(ii) Proton magnetic resonance spectra of solutions of orthocarbonates 

have integrated absorption intensities identical to those predicted on the 
basis of equation (1 1). Furthermore, positions of signals for these solutions 
are similar t o  a composite of those for (R0)3C+BF4- plus ROH in sulfuric 
acid. 

(iii) The infrared spectra of sulfuric acid solutions of ethyl orthocarbo- 
nate are  similar t o  those recorded for the salts prepared by Meerwein and 
coworkers. 

In addition to  direct demonstrations of the existence of the postulated 
carbonium ions, Taft and Ramsey have observed that dilute solutions of 
methyl orthocarbonate in anhydrous methanol exhibit only a single 
methyl proton resonance absorption in the presence of 0.5 to 1-0 ki H C P .  
The coalescence of the methyl peaks of the ortho ester and methanol is most 
reasonably interpreted as reflecting the rapid and reversible formation of 
the trimethoxymethyl carbonium ion. The lifetime of this carboniurn ion 
in anhydrous methanol solutions containing unit concentrations of ortho 
ester and acid is estimated to be approximately 0.01 sec. 

The original investigations of Meerwein and coworkers established that 
dialkoxy- and trialkoxymethyl carbonium ions possess large energies of 
stabilization. The simple fact that salts of these carboniums ions can be 
readily isolated bears strong testimony t o  this effect. Furthermore, these 
workers have established that the reaction between equimolar methyl 
orthocarbonate and the triphenylmethyl carbonium ion proceeds to  com- 
pletion with transfer of a methoxy functionasindicated in equation (12)40* 41. 

This observation, made in a heterogeneous system, has been confirmed by 

(C,Hs)sC+ + C(OCHJ4 -+ + C(OCH,), + (C,Hs),COCH, (13) 

Rarnsey and Taft under homogeneous conditionsi2. These findings indicate 
that the stabilization of the trimethoxyrnethyl carbonium ion is greater 
than that for the triphenylmethyl cation. 
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TABLE 2. Stabilization energy 
relative to CH: of polysubstituted 

methoxy cationP 

Stabilization 

(f 3 kcal/molc) 
Ion cocrgy 

CH ,OCH: 66 
(CH,O),C + H 85 
(CH,O),C + 90 

The stabilization energies of alkoxymethyl carbonium ions have been 
probed by Taft and his associates. From appearance potential measure- 
ments on a series of substituted methoxymethanes, these workers have deriv- 
ed the stabilization er,ergies for such cations summarized in Table 244* 45. 

Two points are important here. In the first place, it is clear that, in the gas 
phase a t  least, substantial stabilization energies relative to  the methyl 
cation are observed. Put another way, the CH30CH2+ species has 
33 kcal/mole more stabilization energy than the CH3CH2+ cation; similarly 
the (CHsO)zCH+ and (CH30)3C+ cations have about 18 kcal/mole more 
stabilization energy than (CH3)3C+44* ". In  the second place, there is a 

marked saturation of the stabilization observed in the cation as hydrogens 
are successively replaced by methoxy functions. Introduction of the first 
such function involves a change in stabilization energy of 66 kcal/mole, of 
the second 19 kcal/mole, and of the third only about 5 kcal/mole. Similar 
effects have been noted for Stabilization energies of triphenylmethyl anions4'. 
We shall return to this point later in considerations of the relationship be- 
tween structure and reactivity for hydrolysis of these substrates. 

Relative stabilization energies of alkoxymethyl carbonium ions in the 
gaseous phase derived from appearance potential measurements have been 
confirmed for the liquid phase as well using nuclear magnetic resonance 
spectroscopy. The fluorine n.m.r. shielding for the p-FCaH4C(CGH&+ ion 
and for those ions derived from this one by successive replacement of 
phenyl groups by niethoxy functions has been determined by Ramsey and 
Taft;  the results are collected in Table 342. The fluorine n.m.r. shielding 
clearly increases with increasing methoxy group substitution corresponding 
to  increasing electron density a t  fluorine and its bonded carbon atom47. For 
the case of triphenylmethyl cations, a linear relationship has been found 
between fluorine n.m.r. shieldingand ~tabi l izat ionenergy~~.  Thus, the results 
in the present case indicate increasing stabilization energy with increasing 
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TARLE 3. Fluorine n.m.r. sliielding i n  p- 
fluorosubstitutcd phen) Imethosymethyl 

cations in sulfuric acid'' 

p-FC, H.,C(CCH:), - - 30.0 
p-FC,H ,C(C,H,)(OCH,) - - 27.2 
p-FC,H IC(OCH3):: - - 20.2 

oHrlative lo external letrachlorolrcrafluoro- 
cyclobutanc. 4072 (wl)  in carbon tetrachloride. 

methoxy group substitution in accord with the results pertinent to the gss  
phase. 

Extended investigations of the nuclear magnetic resonance, infrared, and 
ultraviolet spectra of alkoxyriiethyl carbonium ions have led to the follow- 
ing additional c ~ n c l u s i o n s ~ ~ :  

(i) the (CH30)dY, (CHa0)2CCH:i-, and (CHs0)3_CH+ ions are essen- 
tially coplanar; 

(ii) the carbonium carbon-methoxy oxygen bond has appreciable double 
bond character (0.2 t o  0.3 ;I bond order) and the energy of activation for 
rotation about this bond in (CH30)2CCH: is roughly 1 1  kcal/mole; 

(iii) the conversion of ortho esters and ketals to methoxymethyl carbo- 
nium ions causes the proton n.m.r. of the OCH3 groups to shift t o  lower 
fields by about 1-8 ppm in accordance wi th  considerations based on deloca- 
lization of positi\ e charge to oxygen. 

6. Hydrolysis 

Studies concerned with mechanisms and catalysis for the hydrolysis of 
acetals, ketals. and ortho esters have been productive in the development of 
a general understanding of these topics for reactions in aqueous solution. 
Indeed, pioneering studies on general acid-base catalysis, solvent deuterium 
isotope efiects. reaction kinetics in strongly acidic media. and struc- 
ture-reactivity correlations have tiscd these substances as substrates. Such 
early studies together with signilicant recent developments have clearly 
established the principal mechanistic and catalytic features of these hyd- 
rolytic processes. These are summarized below. A more comprehensive 
discussion of this topic has been recently published2. 

In  acidic aqueous solutions. ortho esters hydrolyze according to the over- 
all stoichiometry indicated i n  cqtiation ( 1  3).  These ieactions occur with 
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the rupture of two covalent bonds to  carbon and involve at least two proton 
transfer reactions as well and, hence, must be multi-step. 

The first step in ortho ester hydrolysis in which the making or breaking 
of covalent bonds to carbon is involved may be visualized as occuring via 
one of the four transition states indicated below. Each of these transition 
states is pictured, for the sake of clarity, as havingarisen from theconjugate 
acid of the substrate. Kinetic studies indicate the presence of a proton or 
its kinetic equivalent in  the transition state but leave uncertain the question 
of the timing of proton transfer relative to cleavage of the C-0 bond. We 
return to this point below. Transition states 4 and 5 picture these hydrolyses 

as occurring via unimoleculai- decomposition of the conjugate acids of the 
substrates with cleavage of the carbonyl carbon-oxygen and alcohol car- 
bon-oxygen bonds, respectively (A I reactions). The corresponding carbo- 
niuin ions are the immediate products. Transition states 6 and 7 include 
the participation of water as nucleophilic reagent with  carbon-oxygen 
bond cleavage at the sites indicated (A2 reactions). The immediate pro- 
ducts are identical to those formed from addition of one molecule of 
water to the carbonium ions generated from transition states 4 and 5. 
Distinction between these transition states involves (1 )  localization of the 
site of C-0 bond cleavage and (2) identification of the immediate product 
of’ C-0 clcavitge as a carbonium ion or  its hydrate. We shall consider 
these topics i n  sequence. 
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1. T h e  s i te  of carbon-oxygen bond cleavage 

Several lines of evidence conclusively establish that, for most cases at 
least, the hydrolysis of acetals (and by inference, ortho esters as  well) 
proceeds with cleavage of the carbonyl carbon-oxygen bond. The earliest 
convincing evidence for this point of view is the important work of Lucas 
and his associates on the hydrolysis of acetals derived from optically 
active alcohols. For example, hydrolysis of the D( +)-2-octanol acetal of 
acetaldehyde in dilute aqueous phosphoric acid yields 2-octanol having 
the same optical rotation as i.tie original alcohol from which the acetal 
was ~yn thes i zed~~ .  This finding excludes formation of the alkyl carbonium 
ion (transition state 5),  in which case substantial or complete racemization 
of the alcohol would be expected, and also an A2 reaction involving 
nucleophilic attack of solvent on the alcohol (transition state 7), in which 
case optical inversion of the alcohol would be expected. Similarly, the 
formal, acetal, and carbonate derived from D( -)-2,3-butanediol and the 
acetal derived from u( + )-2-butanol undergo acid-catalyzed hydrolysis 
with complete retention of configuration at  the carbinol carbon of the 
alcohol50i 51. 

Stasiuk, Sheppard and Bourns have strongly corroborated the above 
conclusion in an isotope tracer study of acetal formation and hydro lys i~~~ .  
The condensation of benzaldehyde and n-butyraldehyde, enriched, in l80, 
with n-butyl and ally1 alcohols yielded acetals of normal isotopic abund- 
ance and 180-enriched water (equation 14). In a like fashion, hydrolysis of 
benzaldehyde di-n-butyl acetal and n-butyraldehyde di-n-butyl acetal in 
l80-enriched water yielded alcohols of normal isotopic content (the re- 

(14) R2-C< 3- 2 R'OH -- R2-C--H+ /OR' H,"O 

H 'OR' 

verse of equation 14). Thus, these reactions clearly proceed with carbonyl 
carbon-oxygen bond cleavage (or formation). 

Less experimental work on the site of carbon-oxygen bond cleavage has 
been reported for the cases of ketal and ortho ester hydrolysis. One would 
expect these substrates to behave in a fashion similar to that of acetals. 
Some very early work on the hydrolysis of ketals tends to  bear out this 
supposition*. Recently, Taft has studied the hydrolysis of methyl ortho- 
carbonate in Hzl80. While most of the l8O does appear in the carbonyl 
group of dimethyl carbonate as expected, there is appreciable formation 
of CH3''oH and CH3-0-CH3, i.e. methylation of the nucleophiles water 
and methanol either by the orthocarbonate or the corresponding carbo- 
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nium ions3. These products almost certainly arise in bimolecular reactions 
involving alcohol carbon-oxygen bond clesvage (transition state 7 or a 
variant thereof). 

In summary, the data indicated above and reasonable extrapolations 
thereof strongly suggest that, in the preponderant majority of cases, acid- 
catalyzed hydrolysis of acetals, ketals, and ortho esters occurs with cleavage 
of the carbonyl carbon-oxygen bond. We now tu rn  to a consideration of 
the distinction between the two transition states, 4 and 6,  which involve 
bond cleavage of this type. 

2. Molecularity 

Several independent lines of evidence strongly suggest that the acid- 
catalyzed hydrolysis of ortho esters proceeds by a reaction pathway nor 
involving solvent as nucleophilic reagent, i.e. that 4 describes the transition 
state for the initial reaction in which covalent bonds to carbon are broken 
(equation IS). These lines of evidence derive from studies on (i) the reac- 
tion kinetics, (ii) structure-reactivity correlations, (iii) entropies of activa- 

0 
I 1  
/ I  - R’-C-OR2+ R20H + H+ 

H f  
R’ 

R 2 0  / \OH 

tion, (iv) volumes of activation, (v) isotope effects, and (vi) rate and pro- 
duct studies in  the presence of added nucleophilic reagents. We shall 
consider the results of these studies sequentially. 

The hydrolysis of the substrates in question is almost invariably depen- 
dent upon acid catalysis. That is, the rate laws for reactions in dilute 
aqueous solution have the form 

in which the terms in the summation on the right-hand side of equation 
( 1  6 )  are frequently negligible. The complete dependence of these reactions 
on acid catalysis suggests that water does not participate as a nucleophilic 
reagent. If water were able to expel alcohol from the protonated substrates 
in nucleophilic reactions then one might expect that hydroxide ion (or 
other nucleophilic reagent) would expel alkoxide ion from the correspond- 
ing free bases. Since the latter reactions are not observed: one suspects 
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that the former reactions do not occur either. This is, of course, a naive 
argument and  provides only weak evidence against nucleophilic participa- 
tion by water. 

At this point, attention is directed t o  structure-reactivity correlations 
which exist within individual reaction series ( i .e .  relative hydrolysis rates 
for methyl acetals of alkyl aldehydes). Inter-series comparisons are deferred 
for the moment (section 1V. B. 4). We include structure-reactivity correla- 
tions for hydrolysis of acetals and keials. closely related reactions, as 
well. 
In several instances, second-order rate constants for reactions of interest 

here are correlated by one or more linear free energy relationships. These 
cases are collected in Table 4. Second-order rate constants for acetal and 
ketal hydrolysis are very sensitive to  structural alterations in both the 
aldehyde and alcohol moieties. Such rate constants for hydrolysis of a 
series of m-substituted diethyl acetals of benzaldehyde are correlated by 
the Hammett D constants and a 0 value of - 3.35j4. This 9 value is consis- 
tent with and  support for rate-deterniining carbonium ion formation since, 
in this case, electron donation from a polar substituent will both favor 
pre-equilibrium substrate protonation and stabilize the carboniurn ion 
developing in the transition state. For compounds substituted in the para 
position with groups capable of electron donation by resonance, second- 
order rate constants fall somewhat above the line established by the rn- 
substituted compounds when plotted against the D constants and somewhat 
below a corresponding line when plotted against the cr- constants. Data 
of this type may be treated according to the considerations of Y ukawa and 
Tsuno who have suggested a linear free energy correlation of the form shown 
in equation (I 7):;. 

k 
k0 

log - = c[a+r(a -a)]. 

The second-order rate constants for the hydrolysis of p- and m-substituted 
benzaldehyde diethyl acetals are well correlated by equation (I 7) and values 
of and r of -3-35 and 0.5, respectively. as illustrated in Figure 1 .A very 
similar situation exists for the hydrolysis of 2-(p-substituted phenyl-)- 1,3- 
dioxolanes (Table 1 and Figure 1)". The fact that these reaction rates are 
correlated by a set of substituent constants intermediate between a and 
G+ is fully consistent with rate-determining carbonium ion formation. 

Kreevoy and Taft have found that second-order rate constants for the 
hydrolysis of 24 diethyl acetals and ketals of non-conjugated aldehydes and 
ketones are well-correlated, with one exception, by  the linear free energy 
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FIGURE 1. Plots of the logarithms of second-order rate constants for hydrolysis of substi- 
tuted benzaldehyde diethyl acetals ( 0 )  and 2-(substituted phenyl)-l,3-dioxolanes ( Q )  
against u+05(u+ -u). The values on the left ordinate refer to the benzaldehyde ace- 
tals and those on the right to the dioxolanes. Constructed from the data of Fife and 

Jao"'. 

relationship k 
ko 

log- = (Ed) e*+(An) / i  

in which (T* is the sum of the appropriate polar substituent constants58, 
An is the difference in the total number of a-hydrogen atoms in the carbo- 
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c cr* 
FIGURE 2. Plot of [ log(k /kO)-0-54(An)]  against Zu*. 8 : Acetals RCH(OC2H5),; 
0 : Ketals R(CH3)C(0C2H&. K is given with each point; ti = number of a-hydrogen 
atoms56. [Reprinted by permission from M .  M .  Kreevoy and R. W. Taft, Jr., J .  Am. 

Clietn. Soc., 7 ,  5590 (19SS)l 

nyl moiety and the six in the standard o f  comparison, diethyl acetonal, and 
h is an empirical constant measuring the facilitating effect o f  a single 
hydrogen on the rates6. This structure-reactivity correlation is illustrated 
in Figure 2 for the case h = 0.54. Both the magnitude of the value of e*, 
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- 3.60, and the necessity of including a hyperconjugation term suggest 
rate-determining carbonium ion formation, not rate-determining solvent 
attack. The abiiorinal reactivity of the methyl neopentyl ketal (Figure 2). 
the exception noted above, may be accounted for in  terms of relief of steric 
strain as the teti.ahedra1 carbon atom approaches the trigonal configuration 
in the transition state. The latter point has been further pursued by Kree- 
voy, Morgan, and Taft in a study of hydrolysis rates for bulky and cyclic 
ketalsG1. I n  all cases, the observed rate constants are consistent with the 
hypothesis that the transition state has made considerable progress toward 
carbonium ion geometry. 

Substituent effects on rates of ortho ester hydrolysis are much smaller 
than the corresponding effects on acetal and ketal l iydro ly~is~~.  Further- 
more, the rate constants for ortho ester hydrolysis do not increase uni- 
formly with increasing electron-donating power of the substituent. A quan- 
titative comparison of substituent effects in the two reaction series is 
presented i n  Table 5. The detailed interpretation of these substituent 

TABLE 5. Comparison of substituent effects o n  the relative 
rates of hydrolysis of acetals and ketals to those on the 
relative rates of hydrolysis of ortho csters (modified from 

reference 39) 

Compound Rclativc hydrolysis 
rate Reference 

1 .0Oh 56 
6.05 loJ 56 
1-7X 10' 56 
I 4 :.' I 0 7  56 

.I .OOA 64 
38-5 64 
23.3 64 

0.62 62 
0.17 64 

a Reactions in  49.6% aqueous dioxane at 25'. 
b k t  = 4.13 X 10-3 M - 1  scc-1. 

Reactions in watcr at 25'. 
kt  = 5 . 3 8 ~  IO? M - 1  sec-1. 

effects is deferred to a later section. Suffice it to say at  this point that these 
effects are consistent with the intermediacy of carbonium ions in ortho 
ester hydrolysis. The systematic study of substituent effects in benzoic 
acid ortho ester hydrolysisGo (entry 7, Table 4) is badly clouded by an 
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unfortunate choice of solvent and the value of 9 obtained cannot be firmly 
relied uponG2. 

The use of entropies of activation as a criterion of mechanism for acid- 
catalyzed reactions in aqueous solution has been reviewed by Schaleger 
and LongG3. Briefly stated, experience indicates that reactions proceeding 
with unimolecular decomposition of the protonated substrate (A 1) usually 
exhibit entropies of activation near zero o r  somewhat positive while, in 
contrast, those proceeding with nucleophilic attack of solvent on the 
protonated substrate (A2) usually exhibit corresponding values which are 
large and negative. That bimolecular reactions should exhibit more nega- 
tive entropies of activation than unimolecular reactions is reasor.able in 
view of the loss of rotational and translational freedom of the water mole- 
cule in the transition state. However, variability in the A S  accompanying 
the protonation reaction may cloud the picture and differences in entropies 
of activation are not always large enough to permit unambiguous conclu- 
sions. A Compilation of data relevant to the substrates under consideration 
is presented in Table 6.  These data, in light of the above generalization, 

ortho esters 
TABLE 6. Entropies of activation for hydrolysis of acetals. ketals. and 

Compound A Sf: Refereoce 

Acetals and ketals 
Dimethoxymethane + 6.8 
Diethoxymethane i 7.0 
Dimethoxyethane i 13 
1,3-Dioxolanc - 0.6 

2,4,4,5,5-Pentamethyl-l,3-dioxolanc - 3.8 
2,2-Dimethyl-l,3-dioxolane I 7 . 9  

Substituted benzaldehyde diethyl acetals - 0.7- + 2.0 
2-(Substit uted pheny1)- 1,3-dioxolanes - 6.9- - 9.6 

65 
65, 66 

65 
67 
67 
67 
54 
54 

Ortho esters 
Ethyl orthoformatc j 6-+ 8 65, 68 
Methyl orthobenzoate .f. 8.4 69 
Ethyl orthobenzoate - 0.3 62 
Ethyl orthoacetate -+ 5.5 (40 :< 62, 70 

d ionanc) 

lend additional support to  the concept of carbonium ion intermediates 
for acetal, ketal, and ortho ester hydrolysis. 

Volumes of activation, like entropies of activation, may be employed as 
an empirical criterion of reaction molecularity. Typical values of A f l  for 
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acid-catalyzed reactions considered to  be unimolecular are in  the range 
- 2 to + 6 cm3/niole while those for reactions considered to  be bimolecular 
(with nucleophilic participation of solvent) are in the range - 6  to 
- 10 cm3/mole7'. This result is intuitively reasonable since, in the 
uniniolecular case, some loosening of a covalent bond will have occurred 
in the transition state with a n  attendant overall increase in volume of the 
reacting species, while, i n  the bimolecular case, the partial formation of 
a covalent bond between the substrate and water in the transition state may 
result in an overall decrease in volume of the reacting species. Volumes 
of activation are probably a inore reliable guide to mechanism than the 
corresponding entropies in that the volume changes accompanying the 
pre-equilibrium protonation seem less susceptible to variation than do t h e  
entropy changes. In Table 7, volumes of activation for several reactions of 

TABLE 7 .  Volumes of activation for certain acid-catalyzed 
hydrolytic reactions 

Substrate T 
( ' C )  

+ 
1 v+ 

(cm3/rnole) 
Reference 

Di nic t h ox y nic t ha 11 e '5 - 0.5 65 
Diethoxymcthanc ' 5  0.0 65 
Dimethoxyctharie 0 .- 1.5 65 

15 .- 1.8 65 
Ethyl orthoforniate 0 - 3-4 65 

interest are r-ccorded. In each case, the value falls into the range typical 
of reactions involving unimolecular decomposition of the protonated species. 

Solvent deuterium isotope effects on the rate of hydrolysis of certain 
acetals and ortho esters are collected in Table 8 .  Most of these values fall 
in the range kD,O+/kH,O. = 2-3. Such solvent deuterium isotope 
effects probably primarily reflect the isotope effect on the pre-equilibrium 
protonation reaction. Rate increases of 2 to  3 fold i n  DaO compared to 
HaO are typical of acid-catalyzed reactions considered to  be unimolecular 
(AI )  and are similar to those predicted theoretically. For example, Bunton 
and Shiner have calculated a deuterium solvent isotope effect for acetal 
hydrolysis of 2 0 5 ~ ~ .  Of particular note are the isotope effects on the hydro- 
lysis of ethyl orthocarbonate. With the hydrated proton as catalyst, the 
isotope erect is small and with acetic acid as catalyst, it is actually less than 
unity. These results suggest t h e  involvement of proton transfer in t h e  
transition state (cf. discussion below). 
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TABLE 8. Kinetic solvent deuterium isotope effects for acid-catalyzed acetal, ketal, 
and ortho ester hydrolysis" 

k D + / k n +  Refercncc 7- 
( " C )  

Suhstratc Solvent 

- .. - -- .. . . - . . - . . .- - . . . . . - .- - - - - - - . - - - - 

1 , l -Diinetlioxyethanc 
1 ,I-Diethoxyethane 
1, l -Diethoxyethane 
1,l-Diethoxyethane 
2-Methyl-1.3-dioxolane 
2-Phenyl- 1,3-dioxane 

Ethyl orthofoi-mate 
Ethyl orthoformate 
Ethyl orthoformatc 
Ethyl orthoforniatc 
Ethyl orthobcnzoats  
Methyl orthobenzoatc 
Ethyl orthocarbonate 
Ethyl orthocarbonate 

Water 
Water 
50% Dioxane 
Water 
Watcr 
10% Aceto-  

Water 
Water 
Warcr 
Water 
Watcr 
Watcs 
Water 
Water 

nitrile 

35O 
25" 
25= 
15" 
75" 
25" 

25" 
25" 
15" 
35" 
25" 
25" 

7.70 
2.66 
3. I 
7.6 1 
2-79 
3.1 

1.05 
2.35 
2-70 
2.3 1 
2.3 
2.2 
1-4 
0.7 

73 
74 
75 
7 6  
73 
77  

7 4  
78 
68 
68 
62 
69 
79 
79 

Catalysts comparcd with subctrates I to 13 were H.,OC and D,O-; with subsrrate 14 CHJCOOH 
and CH,,COOD. 

Shiner and Cross have measured the secotidarji deuterium isotope eHect 
resulting from z-deuteration in the carbonyl component on the rates of 
hydrolysis of the diethyl ketals of acetone, methyl ethyl ketone, methyl 
isopropyl ketone and phenoxyacetone". For the fully z-deuterated sub- 
strates, a value of k , / k ,  of 1 . 1  to 1-25 wasobtained in each case. These 
results may be attributed to either the greater relative inductive electron- 
donating power of H compared to D 01-  the greater relative hyperconjuga- 
tive electron donating power of H compared to D or to boths1. Regardless 
of the precise explanation, these results substantiate the earlier conclusion 
that electron donation accelerates ketal hydrolysis, as expected in terms 
of rate-determining carbonium ion formation. 

Each of the criteria indicated above provides suppc;.t for the thesis that 
the initial step involving carbon-oxygen bond cleavage for the hydrolysis 
of acetals, ketals. and ortho esters involves unimolecular decomposition 
of the protonated substrates rather than a bimolecular reaction involving 
solvent as nucleophilic reagent. Taken together, these criteria constitute a 
strong case for this conclusion. Considerable further support is provided 
by studies of the hydrolysis of methyl orthobenzoate and ethyl orthocarbo- 
nate in  the presence of added nucleophilic reagents. 

The first-order rate constants for the decomposition of methyl ortho- 
benzoate i n  slightly acidic aqueous solution are independent of the con- 
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centration of added hydroxylamine and semicarbazide under conditions in 
which a n  appreciable fraction of the ortho ester yields aniine addition 
products rather than methyl benzoateG9. This result is illustrated in Fig- 
ure 3. For example. in  the presence of 0.9 M hydroxylamine a t  pH 5.45, 
approximately 85% of the methyl orthobenzoate yields a hydroxylamine 
addition product, probably N-hydroxymethyl benzimidate, yet the first- 
order rate constant (0.0228 min-l) is not appreciably different from that 

0.600 
= 
c .- 

0.400 
P 

0.200 

0.000 

60 

50 

!? 
40 2 

20 

I 1 I I I I 1 I 
0 0.2 0.4 0.6 0.8 I .o 1.2 1.4 

Concentration of amine (MI 
FIGURE 3 .  First-order rate constants (closed points, left ordinate) for the acid-critalyzcd 
decomposition o f  methyl orthobenzoate at 25" and ionic strcngth 0.50 plGtted against 
the concentration of hydroxylamine (circles) and semicarbazide (triangles). In  addition. 
the fraction of methyl orthobenzoate yielding cster product (open points, right ordinate) 

measured i n  the absence of hydroxylamine (0.0210 min-'). Methyl ben- 
zoate does not react with hydroxylamine under tlie conditions of these 
reactions a t  an appreciable rate. Furthermore. the fraction of methyl 
orthobenzoate yielding methyl benzoate as product may be accurately 
calculated assuming that the coiljugate acid of t h e  ortho ester undergoes a 
unimolecular decomposition yielding a n  intermediate carbonium ion which 
is then rapidly partitioned between water. yielding methyl benzoate, and 
amine, yielding amine addition product. On this basis. the free base of 

is plotted against the concentration of these amines. 
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hydroxylamine is calculated to be 2000 foid, and the free base form of 
semicarbazide 275 fold, more reactive toward the carbonium ion than 
water. These results strongly suggest that  the solvent does /lot participate 
as a nucleophilic reagent in the rate-determining step of acid-catalyzed 
methyl orthobenzoate liydrolysis. The above experiments are closely relat- 
ed to the rate-product criterion originally employed by Ingold and his 
coworkers for  the identification of unimolecular solvolysis reactions82. 

Related experiments have becn performed by Kresge and Preto for the 
case of ethyl orthocarbonate hydrolysis, a reaction subject to modest 
general acid catalysiss3. These workers observed that t h e  rate of hydrolysis 
of this substrate is the same in  the presence of sodium iodide as i n  the 
presence of sodium perchlorate. Using the Swain-Scott equation, a reason- 
able calculation reveals that, were the hydrolysis in  fact bimolecular, the 
concentration of iodide ion employed should have more than doubled the 
rate through a direct nucleophilic displacement reaction. Since no rate 
increase was obserbed, one concludes that the hydrolysis reaction is, in 
fact. not bimolecular. Thus, this study fully corroborates that performed 
employing methyl orthobenzoate as substrate. 

The lines of evidence cited thus far provide a convincing ciise for two 
preliminary and  closely related conclusions. First, the transition state for 
the initial reaction involving carbon-oxygen bond cleavage for the hydroly- 
sis of acetals, ketals, and ortho esters is characterized by carbonyl carbon- 
oxygen bond cleavage and is unimolecular. That is, this transition state 
is closely related to 4 (or a variant thereof) and, second, that equation (15) 
is the minimum reaction path required to account for these reactions. 
A closer examination of these points is presented below. 

3. Rate-determining step 

Several times in the above discussion it has been pointed out that certain 
findings (e.g. entropies and volumes of activation) are evidence not only 
for a reaction path involving the formation of a carbonium ion but for 
rate-determining unimolecular formation of ;1 cal-boniiini ion. However, 
it does iiot follow from this conclusion that formation of the carbonium 
ion, the first reaction in cquatioii ( i  5) .  is necessarily rate-dcterniining. This 
is true since the decomposition of the tetraIicdi.aI intermediate, the termi- 
nal step i n  equation ( I  5 ) ,  is also almost certainly unimolecular and yields 
a species possessing carbonium ion character. This decomposition may be 
considered to  yield the conjugatc acid of a carbonyl compound (equation 
19a) or the carbonyl compound itself (equation 19b). Thus there exist two 
ciosely related species both formed i n  unimolecular processes o n  the reac 



646 E. H. Cordcs 

OH 
\ *  

/=OH 
C C-OH- 

/ 
H 

tion pathway and the formation of  either may be rate-determining. 
Mechanisms involving rate-determining formation of either the carboni- 
um ion o r  the product (or its conjugate acid) are consistent with subs- 
tantially all of the experimental information dctailed above. In view of 
thcse considerations, it is somewhat surprising that the initial step in  
equation (15) has been nearly unanimously agreed on in the literaturz a 5  

the rate-determining step. 
The conclusion that formation of the carboniurn ion is rate-determining 

is in accordance with expectations based on chemical arguments. In solu- 
tions containing little alcohol, rate-determining reaction of this carbonium 
ion with solvent is extremely unlikely since this requires that alcohol reacts 
with the carboniuin ion, regenerating starting material, more rapidly than 
water reacts wi th  the carbonium ion? yielding products. Since the rate corrst- 
ants for reaction ofalcohol and water arc almost certainly about the same 
(see below), the rate for the latter rcaction must be greater than that for the 
former. A similar argument suggests that tetrahciiral intcrmediate deconi- 
position, by either route (19a) o r  (19b), is not rate-detcrrnining. Since the 
overall equilibrium constant for interconversion of, for cxarnple, methyl 
orthobenzoate and dimethyl orthobenzoate should be about unity, the latter 
would be present in much greater concentration than the former were 
equilibrium established, due to the high concentration of water relative to 
methanol. Since the rate coiistaiits for decomposition of these species 
should be about equal (or that for dimethyl orthobenzoate may actually be 
appreciably the larger if reaction occurs by route (19b) as a similar route is 
unavailable to methyl orthobenzoatc), the rote for dimethyl orthobenzoate 
decomposition should be greatcr than the corresponding quantity for 
methyl orthobenzoate. These conclusions are fully corroborated in  kinetic 
studies of  ketal and ortho ester hydrolysis conducted in thc presence of 
deuterated alcohols which are described immediately below. 

A study of the kinetics and product composition for the hydrolysis of 
methyl ketals itnd nictiiyl ortho esters in metlianol-d4-deuterium oxide 
mixtures (equation 20), using proton magnetic resonance spectroscopy, has 
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provided a simple and straightforward experimental distinction between 
several of the possible rate-determining steps for these reactionss4* 85. 

\ c,/ oc H, 
+- D+ ;..: .:= >C.+- - OCH, + CH,OD (ZOa) ’ ‘OCH, 

,OCH3 
+D+ --..=-: \C‘.---OCH,+CD,OD (SObj 

_- = >.+ ---OCD,+CH,OD (’Ocj 

/ 
\C/ 
/ ‘OCD, 

\C/OCH3+ D+ ’ ‘OCD, 

(70d) 

The experimental quantities determined in the study of, for example. metliyl 
orthobenzoate hydrolysis by this method includc the first-ordcr rate con- 
stants for the disappearance of the methoxy protons of the ortho cster. 
knrtho zs,cr, for the appearance of the methyl protons of methanol, ,kbleOHI 
and for the appearance of the methoxy protons of the carboxylic estcr, 
/iesler. Siiicc the proton resonance singlets for cach of these groups are well 
separated. the rate constants can be determined simultaneously. I n  addi- 
tion, the ratio of integrated proton intensities at  infinite time of the prod- 
11 c t s t o  some i n ter n a I ,  t i  in e-i n d c pe I I  d e n t . s t a n da  rd pro vi d cs a q u a 11 tit  at i ve 
measiire of product composition for many substrates. 

Both the product composition and the relative magnitudes of the vurious 
rate constants arc funztions of the iiaturc of the rate-determining step. If 
carboniurn ion formation were rapid and reversible (i.0. carboniurn ion for- 
mation not rate-determining), tlis methoxy groups of the starting matcrial 
would be rapidly exchanged for dcuteriomethoxy groups through reaction 
of the carbonium ion with soi\znt deuterioniethanol. The ortho ester would 
be converted more slowly to carboxylic cstcr product. Thus. kc>rll,o Eb,er 

and kkleOH would bc considerably larger than k,,,,,. Furtlierniore. little or 
no carboxylic ester product containing inetlioxy protons would be formed 
since virtually all of thc ortho ester would have been converted into the 
corresponding deuterated material i n  the pre-equilibrium exchange reac- 
tions. In contrast. i f ’  carboniuni ion formation were rate-determining, 
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methanol would not be exchanged for deuteriomethanol in a pre-equilib- 
rium reaction; hence, kortho kMeOH, and k,,,,, would be nearlyidentical. 
In addition, only protio carboxylic ester would be produced as reaction 
product. 

Studies of this type have been carried out using 2,2-dimethoxypropane, 
6,6,6-trimethoxyhexanonitrile, methyl orthobenzoate, and methyl orthocar- 
bonate as substratess2. The course of the hydrolysis of methyl orthobenzo- 
a te  as a function of time is indicated in Figure 4. As may be judged qualita- 

40 30 

7 
Zero time 

I 

4.0 3.0 
1111111111111111 

4.0 3.0 
-r 

52 hours 

4 h - 
4.0 3.0 

* Infinite time 

4.0 30 

FIGURE 4. Initial, intermediate, and final proton magnetic resonance spectra for the 
hydrolysis of methyl orthobenzoate in a n  equimolar mixture of deuterium oxide and 
methanol-d,BS. Methoxy protons of ortho ester appear at 3 .0  ppm, thosc of methyl 

benzoate at 3.8 ppm, and those of methanol at 3.25 ppm. 

tively from this figure, the rate of disappearance of the methoxy protons of 
the ortho ester is comparable to the rate of appearance of the corresponding 
protons of methyl benzoate. Furthermore, a rather substantial amount of 
methyl benzoate, as opposed to deuteriomethyl benzoate, is formed in the 
reaction as judged from the intensity of the appropriate signal in the infinite 
time spectrum. These results are just those predicted on the basis of rate- 
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determining carbonium ion formation. The quantitative results 0:' this 
experiment, and of similar esperiments using the other substrates noted 
above, are collected in Table 9. I n  each case, the characteristic rate con- 
stants arc similar. A quantitative treatment of the kinetics of reactions of 
this type reveals that the relative magnitudes of the various rate constants 
and the product composition patterns are those expected for rate-deter- 
mining carbonium ion formation provided that deuterium oxide and deute- 
riomethanol are about equally reactive toward the carbonium ions5. The 
latter conclusion is in  accordance wi th  the relative reactivities of water and 
methanol toward, for example, the r-butyl and benzhydryl carbonium 

We consider that the above results clearly establish that the first step 
indicated in equation (1 5 )  is rate-determining for at least those substrates 
explicitly studied and provide strong evidence for similar behavior in the 
cases of related substrates. 1 t is important to recognize, however, that the 
first step in equation (15) is, in fact, composed of two steps: protonation 
and decomposition. The data cited above do not distinguish between rate- 
determining protonation and pre-equilibrium protonation. It is also pos- 
sible, of course, that protonation and carbon-oxygen bond cleavage may be 
concerted processes. 

iOns86-6S 

4. Structure-reactivity correlations 

The notion of rate-determining decomposition of the protonated sub- 
strates for acetal and ketal hydrolysis, A 1 reaction paths, is fully consistent 
with all of the known facts concerning these reactions including the strong 
accelerating effect of electron-donating polar substituents (Table 4). Thus, 
those substrates yielding the most stable carbonium ions react most rapidly. 
The situation is not quitc so straightforward for the hydrolysis of ortho 
esters in the respect that rates of hydrolysis do not parallel the expected 
stabilities of the corresponding carbonium ions. As noted in Table 5.  ethyl 
orthocarbonate is less reactive than ethyl orthobcnzoate which is, in turn, 
less reactive than ethyl orthoacetate. Thus, for this limited set of substrates, 
the rates are actually in\ersely related to carbonium ion stabilities. Neglect- 
ing the now excluded possibility that these reactions are A?. there rzmain 
several possible explanations for the failure of su  bstituents capable of 
electron donation by resonance to accelerate the rate of ortho estet- hyd- 
rolysis. 

Firstly, DeWolfe and Jetisen have noted that rates for ortho ester hydro- 
lysis follow the irzhrctive etrect of thc substitucnts and ,  on this basis. have 
suggested that thc transition state for thcse reactions is rexched so carly 
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along the reaction coordinate that the central carbon is essentially tetra- 
hedral thereinG3. If this were the case, electron donation byTesonance would 
be of little importance and the rates would be expected to follow the induc- 
tive efTects alone. We do not find this hypothesis appealing particularly in 
view of the large Bronsted v. value for general acid catalysis of orthocarbo- 

nate hydrolysis (see below). This point of view seems to have been aban- 
doned by at least one of the abo\:e a u t h o r P .  

A second possibility is that a saturation effect occurs. That is, it is possible 
that the transition state for a dialkoxymethyl carbonium ion is so stabilized 
by these functions that the remaining aryl, alkyl, or alkoxy substituent does 
not lend appreciable further stabilization. The appearance potential and 
fluorine n.m.r. measurements of Taft and coworkers discussed above (sec- 
tion 1V. A) lend S( i i f iC support to this point. However, some additional sta- 
bilization does seem to occur on introduction of, for example, the third 
alkoxy function. At any event, saturation effects, by themselves, cannot 
account for the observed rate decrease on increasing alkoxy substitution. 
Furthermore, saturation effects have not previously been noted in carbo- 
nium ion reactions in solution as evidenced by the facts9 that the relative 
rates of solvolysis of C6H;CHaCI. (CoHj)zCHCI, and (CGH5)3CCI are 
approximately 1 : lo5 : loo. Nevertheless, it does seem likely that 2 satura- 
tion effect accounts, in  part, for the observed order of reactivities in the 
present case. 

Thirdly, Hine has suggested that the relative rates of hydro!ysis of ethers, 
ketals, or-tho esters, and orthocarbonates can be accounted for on the basis 
of the summation of substituent effects upon starting material and transi- 
tion state employing the concept of (double bond)-(no bond) resonance"). 
Consider, for example, the cases of ethyl orthocarbonate and ethyl ortho- 
acetate. With the former substrate, a total of 12 (double bond)-(no bond) 
resonance structures niay be written while on ly  six will contribute to  the 
structure of the latter substrate. 

O R  - O R  + O R  O R  

...-C-OR - .-- -C O R  --.... ---C- - O R  - - ----C O R  

O R  - O R  - O R  - O R  

O R  . O R  - O R  

-. . _ _  - - c -  . O R  -. - -  . - C  O R  -.- - C..-OR 

- O R  O R  OR 

Since stabilization by (double bond)-(no bond) resonance will be of lesser 
importance in the transition state (and may completely disappear in  the 



652 E. H. Cordes 

carbonium ions themselves), this factor will tend to decrease the reactivity 
of the orthocarbonate relative to the orthoacetate. This argument may be 
extended to  account for the relative reactivities of ethyl orthobenzoate and 
ethyl orthoacetate as  well since substituents which donate electrons by reso- 
nance will themselves be able to participate in (double bond)-(no bond) 
resonance. Thus, one would expect structure 8 to  make a greater contri- 
bution to  the stability of methyl orthobenzoate than structure 9 to the stabi- 
lity of ethyl orthoacetate. The force of these arguments is weakened some- 

H' OR 

I 1  
H OR 

I -  
C OR H-C=C OR 

(8) (9) 

what by ihe lack of thoroughly reliable information as to  the quantitative 
importance of (double bond)-(no bond) resonance for systems involving 
oxygen-oxygen interactions. Furthermore, the relative basicities of ketals, 
ortho esters, and orthocarbonates, (section 111) suggest that (double bond)- 
(no bond) resonance may be of minor importance in stabilization of these 
species. This follows since such resonance should be much more impor- 
tant i n  the unprotonated than in the protonated species; thus (double 
bond)-(no bond) resonance should markedly affect the observed basicities. 
The fact that these basicities are nicely accounted for in terms of polar 
effects alone (Table 1) therefore provides suggestive evidence against sig- 
nificant ground state stabilization by such resonance. The final assessment 
of its importance in accounting for the reactivities in question must await 
reliable therrnochemical data for these aubstrates. 

Fourthly, the niost basic substrates are observed to react most rapidly: 
to what extent do the basicity differences account for the observed order of 
reactivity? In the first place, the basicities differ, as one goes from ketal t o  
orthocarbonate, by only three orders of magnitude. Since 2,2-dirnethoxy- 
propane is about lo3 times as reactive as methyl orthocarbonate'" G4, the 
differences in basicity are barely adequate t o  account for the magnitude of 
the rate difference and  certainly cannot explain why the opposite order of 
reactivity is not, in  fact, observed. In the second place, the differences in 
basicity will exert their full effect on  observed rates only if the reactions 
proceed with pre-equilibrium proton transfer (or i f  the B r ~ n s t e d  'A value for 
general acid catalysis is unity). I t  is likely that, for some of the substrates a t  
least, the protonation reaction is not a pre-equilibrium process39. This 
brings us directly to  our  last point. 
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Finally, one may argue that ortho ester hydrolysis does not proceed via 
a n  A1 I1 reaction path but involves proton transfer in the  rate-determining 
step". Such reactions may be regarded as electrophilic displacements on 
oxygen and a re  designated S,2 reactions. The postulation of a n  SE2 reac- 
tion mechanism does not, in itself, account for the observed structure- 
reactivity relationships. I t  does introduce novel considerations into the 
evaluation of such effects and provides a new framework into which the fac- 
tors enumerated above may be placed. We shall consider the arguments sug- 
gesting that these reactions are, in fact, S,2 in character in some detail 
below. 

5. Catalysis 

The hydrolysis of acetals, ketals, and ortho esters is subject t o  catalysis 
by the hydratcd proton, as  noted above. Certain of these substrates are sub- 
ject to catalysis by other species as well. These include acids in general and 
certain detergents . 

Ortho ester hydrolysis was the first reaction demonstrated to be subject 
to the phenomenon of general acid catalysis. In 1929 B r ~ n s t e d  and Wynne- 
Jones found that the first-order rate constants for hydrolysis of ethyl ortho- 
carbonate, ethyl orthoacetate, and ethyl orthopropionate in aqueous solu- 
tion increased with increasing buffer concentration a t  constant pH62. The 
hydrolyses of ethyl orthoformate and methyl orthobenzoate are, in addi- 
tion, subject to general acid catalysis in aqueous dioxane and aqueous 
methanol solutions respectively"'.". The B r ~ n s t e d  0: value for general 
acid-catalyzed ethyl orthocarbonate hydrolysis is near O*7OG5* 63 as is that 
for methyl orthobenzoate hydrolysisc0. Although rather few systematic stu- 
dies have been carried out, i t  seems likely that the hydrolysis of all ortho 
esters will be characterized by large values of x .  I n  contrast to the case for 
ortho ester hydrolysis, there seem to be no  reports of general acid catalysis 
fo r  acetal and ketal hydrolysis. 

The finding of general acid catalysis for ortho ester hydrolysis immedi- 
ately raises the question of the mechanism of the hydronium ion catalyzed 
reaction. The following possibilities exist. Firstly, substrate protonation is a 
pre-equilibrium reaction and the subsequent decomposition of the conjugate 
acid of the substrate is rate-determining (transition state 10). Secondly, 
substrate protonation is the rate-determining step and the subsequent de- 
composition is rapid (transition state 11). Thirdly, substrate protonation and 
decomposition are independent reactions and occur with approximately 
the same rate (transition states 10 and 11 both important). Fourthly, pro- 
ton transfer to the substrate and substrate decomposition are concerted 
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processes (transition state 12). The last possibility may itself be refined 
into subcategories which are considered below. I t  is t o  be noted that each of 
the above transition states is related to transition state 4 originally proposed 
and whose basic features are correct for acetal and ketal hydrolysis at least. 
Interesting calculations recently reported by Bur ton  and Dr Wolfe strongly 

OR Hh- O R  O R  
; 4 + !  I (3-.- 14: 
I .  

-..C ___.  OR .. c .... 0 .... H .... .C ..._ 0 .._. H .... B 
I ,  

OR O R  R O R  R 

(10) ( 1 1 )  (12) 

suggest that the first alternative is incorrect39. These workers have esti- 
mated the basicities of ortho esters by employing t h e  reasonable assump- 
tion that the structural eff'ects on the basicity of oxygen bases parallel 
those on thc basicity of nitrogen bases. Since the basicity of aliphatic ainines 
is correlated by the aliphatic substituent constants of Taft, o*, with a 9 -  
value of approximately 303, the basicities of ortho esters may be obtain- 
ed by use of the appropriate substituent constants, the above assumption, 
and the values of pKa of - 3.6 for diethyl ether and - 3.8 for dimethyl 
ether3j. The estimated values of pk; are - 5.4 for I ,  1 -dimethoxyethane, .- 7 
for ethyl orthoformate, - 7-6 for ethyl orthobcnzoate, and - 8 - 5  for ethyl 
orthocarbonate (see also Table I ). If we formulate oi-tho ester. ketal. and 
acetal hydrolysis as 

I<-, 

k- t 

S f H,OA . :r-- SH' -: H,O 

k- a 
SH+ __ . -  products (21) 

the steady srats assumption yields the rate I:iw 

in which /iH ib  thc second-order rate constant for the hydronium ion 
catalyzed reaction. k - ,  must have a value near lo1" % i - l  sec-I, the difiu- 
sion-controlled upper limit, since i t  involves proton transfer from a very 
strong acid to water"". Using this value and the knowledge that K, ,  -= 

= A--l /A-l .  we can estimate k a  from equation [ E l .  For example, consider 
the case of I ,  I-dirnethoxyethane hydrolysis. Using the value of pK. of 
-5 .6 ,  k l  is calculated to be 3-5X 10" h l - '  sec-I. Since /iH for this sub- 
strate is 3X lo-' M-' sec--', /<:! is calculated to be about 10 sec-'. This 
value is clearly much less than that for k - ,  consistent with the formulation 
of acetal hydrolysis as an A 1 reaction. However. a similar calculation for 
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ortho ester hydrolysis. usins any of the substrates indicated above, yields 
values Of k:! near loio M-' sec-'. Hence, for these reactions k - ,  is not 
large with respect t o  / i q  and, hence, protoilation cannot be a pre-equilibrium 
process. 

In addition. i t  scerns unlikely that proton transfer itself is largely rate- 
determining. This would require that the rate of cleavage of a covalent 
bond t o  carbon, k. ) ,  be much larger than that for the dimusion-controlled 
loss of a proton from the protonated substrate, I;-,. The factor setting 
thc upper limit for processes of the former type is not the time constant 
for the vibration of a single bond but the rate a t  which the products diffuse 
from each other following covalent bond cleavage. This rate constant is 
not much larger than that for diffusion-controlled bimolecular reactions 
and hence, /iz cannot be appreciably larger than k - ] .  Wc are left with the 
latter two alternatives indicated above. 

There exists a t  this point no definitive basis for a choice between a 
reaction pathway involving the successive formation of 10 and 11 and one 
occurring via 12 o r  a variant thereof. Inasmuch as  ortho ester hydrolysis is 
known to be subject t o  general acid catalysis, we are inclined toward the 
view that the hydronium ion catalyzed reaction involves general acid cata- 
lysis as well. These points are pursued more deeply in reference 2. 

The hydrolysis of methyl orthobenzoate is subject to marked catalysis 
by dilute aqueous solutions of sodium lauryl sulfate and other anionic 
detergents as illustrated i n  Figure 5"5.'JG. I n  contrast, this reaction is 
slightly inhibited by cationic detergents such as cetyl trimethylammonium 
bromide (Figure 5) .  Such catalysis is considered to involve a pre-equili- 
brium association of ortho ester and detergent as a result of hydrophobic 
bond formation between the species involved97. Consistent with this hypo- 
thesis is the observation of saturation of substrate with catalyst and satura- 
tion of catalyst with substrate. Thus, a t  low substrate concentrations, the 
first-order rate constants are independent of this variable but decrease 
thereafter with increasing substrate concentration and eventually approach 
the value for this reaction in  the absence of detergents. These kinetics are 
entirely comparable to the Michaelis-LMenten kinetics typically observed 
i n  enzyme-catalyzcd reactions. The role of hydrophobic interactions is 
further emphasizcd by the finding that the hydrolysis of ethyl orthovalerate 
and ethyl orthopropionate, but not that  of ethyl orthoformate, is subject 
t o  modest catalysis by sodium lauryl sulfate'". 

Following complex formation between detergent and ortho ester, cata- 
lysis of bond-breaking reactions may result either from (i) electrostatic 
stabilization of the developing carbonium ion in the transition state by 
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the negative charges of the micelle; (ii) a locally increased concentration 
of hydronium ions in the immediate vicinity of the substrate-detergent 
complex; or (iii) general acid catalysis by sodium lauryl sulfuric acid. 

Concentration of detergent (MI 
FIGURE 5. First-order rare constants for the hydrolysis of methyl orthobenzoate in 
aqueous solution at 25" and pH 4.76 plotted as a function of the concentration of 
sodium lauryl sulfate ( 0 )  sodium oleyl sulfate (a), sodium hcptadecyl sulfate (A), 

and cetyltrimethylammonium bromidc ( D)96. 

C. With Amines 

The reaction of ortho esters with amines seems to be a general process. 
A variety of amines have been demonstrated to react with a variety of 
ortho esters although the nature of the products and the extent of reac- 
tions can be sensitive functions of substrate structure and reaction condi- 
tions, particularly the presence or absence of acidic catalysts. Little in the 
way of mechanistic study has been devoted to these reactions. Only the 
finding that the rate of reaction of methyl orthobenzoate in aqueous solu- 
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tions of weakly basic amines is independent of the concentration of amine 
(section IV. B. 2)69 suggests that  these reactions proceed via the carbonium 
ions derived from the ortho ester substrates. In the usual solvents used for 
synthetic reactions between ortho esters and amines, which have modest 
ion-solvating powers, the assumption of a carbonium ion intermediate 
may be too much of a simplification. Such reactions are probably better 
regarded as nucleophilic attack of the amine on loose ion pairs. Regardless 
of the extent of formation of a free carbonium ion, i t  is probably safe to  
conclude, that for most cases a t  least, departure of the alcohol precedes 
attack of amine. This follows from the well-known resistance of these 
substrates to  direct nucleophilic attack, from the results on the hydrolysis 
reactions discussed in section 1V. B, and from the kinetic observation 
indicated above. 

We initiate discussion of reactions of amines with ortho esters by con- 
sidering some rather straightforward examples and subsequently, turning 
attention t o  some rather more complicated cases. 

Perhaps the best studied reaction is that of ethyl orthoformate with 
primary aromatic amines. Study of these reactions has been pursued sincc 
the pioneering observation of Walther and Claisen in 1895 until  rather 
r e ~ e n t l y ~ ~ - ~ ~ ~ .  Most of the modern work is the product of the efforts of 
Roberts and C O W O ~ ~ ~ ~ S ~ ~ ~ - ~ ~ ~  . The principal conclusions of these investiga- 
tions may be summarized as follows. In  the first place. the reaction yields 
principally imidates in the presence of acid and  principally symmetrical 
amidines in the absence of acid. The synthesis of these products almost 
certainly follows the two-step reaction pathway outlined in equations (23) 
and (24). Thus the imidate is the initial product and its subsequent amino- 
lysis yields the amidine. The early suggestion by Claisen that the formami- 

f 

r 

f 

r 

R’C(OEt),- R’NH, ==- R’C(. .NR’)OEt+ZEtOH (23) 

R’C(-NR’)OEt+ R’NH, se- R’C(=-NR’)NHR’+EtOH (24) 

dine is an intermediate in the formation of the formimidate in the reaction 
between aniline and ethyl orthoformateo8 has been carefully excluded by 
Roberts and DeWolfe, who established that the amidine does not react 
with the ortho ester under conditions in which the imidate is obtained in  
high yields in the aminolysis reactionlo’. It is worth noting that amidines 
do react with ethyl orthoformate in the presence of acid catalysts to 
yield imidates although the products are very likely derived from alco- 
holysis of the amidine involving alcoho: produced in decomposition of  
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the ortho ebtcr'"4. I n  the second place, reaction (24f) must be more rapid 
than (23f) since, in the absence of acid. only the amidine is obtained from 
the reaction of aniline w e n  with a large excess of ortho esterL0'. The 
explanation provided in the literature to  explain the production of imi- 
dzte in the presence of acid. i.e. t l x t  the amidine forins rapidly in  reac- 
tions (23f) and (24f) and then gradually reverls to irnidate via reac- 
tion (24r) (considered to  be highly acid de~endent)"~.  'lo , must be wrong 
since i t  violates the principle of microscopic reversibility. The obscr- 
vation can be simply accounted for in  terms of the effcct of increasing 
acidity on  the equilibrium position of equation (24). One expects th i s  to 
shift to the left with increasing acidity since there are two species o n  the 
left side and only one on the right Ivhich have marked basic character. 
It is worth noting that the N-substituted phenyl alkyl forminidate products 
are  converted, by thermal rearrangement. t o  N-alkyl forrnanilidesLL1. Hyd- 
rolysis of these products yields N-alkyl anilines (equation 25); these reac- 
tions appear t o  be a suitable route for the preparation of both thc forrnani- 
lides and anilines. 

O R  

(25) 
3 

HC(-NAr)OR - -- HC- NAr HCO,H+ArNHR 

The reactions of aromatic arnines with ortho esters have been extended 
to ethyl orthoacetate by DeWolfe112 and by Taylor and Elirhart1l". The 
former worker has described synthesis of a variety of N,W-diarylacetami- 
dines from heating two moles of aromatic amine with one mole of ethyl 
orthoacetate in the ptesence of a small amount of p-toluenesulfonic acid112. 
The results of the latter group suggest that  either amidines or imidates 
can be prepared in these reactions: the aniidines from reaction of two 
moles of amine with one of ortho ester in the presence of one mole of 
acetic acid. and the imidates from an eqiiirnolar mixture c f  amine and 
ortho ester either in the absence of acid or  i n  the presence of a trace of 
acidll". Typical results are indicated in Table 10. In contrasting these 
results with those obtained using orthoformates, one concludes that reac- 
tion (24f), rapid and not sensitive to  acid in the latter case, must be s low 
and highly dependent on acid in that  of orthoacetates. 

The above reactions may, in part, be extended to  aliphatic amines as 
well. Thus, treatment of one mole of ethyl orthoformate or ethyl ortlio- 
acetate with two moles of an aliphatic amine in the presence of one mole 
of acetic acid yields the appropriate formarnidines and acetaniidinesll". 
These reactions d o  not permit isolation of the imidates, however. Reaction 
of aliphatic diamines with ortho esters yields the cyclic amidine products. 
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Tr\uLL 10. Reaction ot' aromatic amines with cthyl orthoaceiaic"O 

Mole ratio of Mole ratio of Reacrion Arnidine Imidnte nmirir. to acetic acid to time 
ortho ester ortho ester ( h) (72 ( %) 

. . . . .. -. ... _-_- - .  - 

C ,  I+ .;N H - 3 

1 
2 
1 

2 
I 
0.66 

o-CH,OC,H,N 1-1, 2 

1/12 
I /24 
0 
0 
I 
1/12 
],/I2 
0 
0 
I 
2f 3 

-J - 76 
1.5 5.2 
1 .j [ r a w  
I .5 tcacc 
1-3 72 
1-75 50 
1 -5 i .7  
5 
1-5 - 
1 .s 57 
1-5  30 

-_ 

- 
88 
69 
59 

- 
87 
90 
59 

Thus, that between ethylenediamine and ethyl ortho esters produces 
imidazoline"O* '" and that between trirnethylenediamine and  ortho esters 
yields tetrahydropyrimidines (equation 26)l13. 

A related reaction has been used fora  synthesis of purines (equation 27)u4. 

These simple reactions involving ordinary aromatic or aliphatic amines 
have been cxtended to less simple arnines with the production of less 
simple products. Typical examples include reactions with hydrazines and 
ureas. 

Ainsworth has demonstrated the syntliesis of 2-phenyl-l,3,4-oxadiazoles 
from acyl hydrazines and ethyl orthoformate (equation 28)115. Similarly. if 
thioacyl llydrazines are used substrates. thiadiazoles are obtaincd. 

0 Ar 

;I H 
A r -  C-NNH, + HC(OEt), -- N-N 
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It  has proved possible to isolate 1-acyl-2-ethoxymethyleiie hydrazines (13) 
from reaction mixtures and to convert. these materials to  oxadiazoles 
thermally. Thus, species of the type 13 are likely intermediates in the overall 
reaction processes. Synthesis of these materials is, of course, exactly ana- 
logous to  those for imidates discussed above and their conversion to 
oxadiazoles involves a simple cyclization. 

0 
il H H 

R -C--N-N-C-OC,H, 

(13) 

In a related process, thiosemicarbazide has been converted to N,N'-bis- 
(1,3,4-thiadiazole-2)-formamidine in a reaction with ethyl orthoformate 
(equation 29)llG. Three possible intermediates, 14, 15, and 16, have been 

5 
H 11 

H,NN-C-NH, + HC(OE:), - /' ,, T N - ~ = N < ' ~  (29) 

N-N N-N 

isolated from reaction mixtures. These structures suggest that the overall 
reaction involves formation of the imidate (14), cyclization to 16, and an 
aminolysis reaction between 16 and 15, presumably formed from decom- 
position of 16, yielding the amidine. 

The reaction of ortho esters with aryl liydrazines yields simple imidate- 
type compounds, tetrazoles (17) or tr-iazolium ions (18) depending on the 

H 
C=N 
. ' \  

A r - - N  N-Ar 
I t  
N=C 

H 

(17) 

H +  
k:-N -N -- CH 

II I I  
N 

H / N 

Ar 

(18) 

nature of the substituents present in the aryl function and on  reaction 
conditions"'. Reaction pathways leading to these species are not entirely 
clear. 
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Reaction of or tho esters with u r e a  follows the general course outlined 
a bove. Thus, treatment of one mole of ethyl orthoformate with two moles 
of substituted urea yields N,N'-dicarbamylformamidines (equation 30)"". 

(30) 
0 0 0 

H '  H ) I  H H : ! H  
HC(OEt), j 2 RN-C--NH, - --- RN-C-N=C--N-C-NR 

These compounds are intermediates for the synthesis of pyrinidines118. 
Of special interest are those reactions with ureas in the presence of excess 
acetic anhydride from which dialkoxymethylureas may be isolated (equ- 

0 0 0 RZ 

(CH :)>O 1: ' (31) H ' I  

R'N-C-NH,I RaC(OEt), ----f- - R'N--C--N-C(OEt),; EtOH 

ation 31 j1l9. Compounds of this type are presumably intermediates in 
virtually all of the aminolysis reactions indicated thus far, though they 
have not been generally isolated. Furthermore, they bear a distinct 
resemblance to  the tetrahedral intermediates considered to be involved 
in the aminolysis of  esters; thus studies of their modes of decomposition 
may shed light on this interesting class of reactions. 

Treatment of ethyl orthoformate with isocyanates in the presence of 
Lewis acid catalysts yields compounds structurally related to the dialkoxy- 
methyl ureas as indicated in equation (32)190. The dialkoxymethyl carba- 

OEt 

HC(OEt),j R- -N..=CLO 5 H---C-N---C0,Et (32) 
I 1  
OEt R 

mates themselves undergo interesting reactions including condensation 
with carbon acids120: an example is indicated in equation (33). We shall 

OEt R Et0,C H R  
I I  \ '  

I / 
OEt NC (33) 

H C -N -. C02Et NC- -CH,-CO,Et -- - C -C-N--CO,Et + 2 EtOH 

consider some related reactions in section 1V. D. 
The reaction of carbosylic acid ainides and ethyl orthoformate in the 

presence of acidic catalysts proceeds with replacement of each of the 
ethoxy functions with an rtmide function as indicated in equation (34)121. 

This product may arise from addition of a third mole of amide t o  an 
amidine-type structure formed by a reaction pathway analogous to those 
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previously described. 

( " 1  (34) 

0 
I n i  

R-C- NH,-+HC(OEt), - -- HC'NH--C--R ,+3ErOH 

Little work has been done concerning the addition of secondary amines 
to ortho esters. The reaction of piperidine with ethyl orthoacetate in the 
presence of p-toluenesulfonyl chloride yields a nitrogen analog of a keterie 
acetal (equation 35)lZ2. McElvain and Tate have reported the synthesis of 

7- 

---- CH,=C 
9 -MeC5H,S0,CI 

-V, N-disubstituted amides from secondary amines and ethyl orthoacetate 
under different ~onditions'2~. The pathway for this reaction is not clear. 

D. With Carbon Nocleophilic Reagent 

Ortho esters react quite generally with carbon nucleophilic reagents. 
.4 particularly simple example is provided by the reaction of ortho esters 
with hydrogen cyanide ir. the presence of zinc chloride or  other acidic 
catalyst to yield 1-cyano-I, 1-dialkoxyalkanes (equation 36)"'. Although no  

R'C(OR'),fHCN -z- 1 R'C(OR'),CNi R'OH (36) 

mechanistic studies have been carried ou t  on this or related reactions it 
seems reasonable to conclude that they proceed v i a  acid-promoted for- 
mation of the carbonium ions derived from the ortho esters followed by 
attack of the carbon nucleophile. Such a reaction may well be the first 
step in somewhat more complicated processes which resemble Knocvcn- 
age1 reactions. For  example, malononitrile reacts with ethyl orthoacetate 
a t  room temperature and in the absence of catalyst as  indicated in equa- 

/CN 
OEt 

CH,C(OEt),+ CH,(CN), - --- CH,- - C c' - 2EtOH (37) 
\CN 

tion (37)'". Numerous examples of reactions of this type are known"G- lZ9. 

I n  certain cases i n  which the interniedinte product cannot break down to 
yield the 1 -alkoxy olefin compounds, reactions may proceed with parti- 
cipation of the ortho ester as alkylating agcnt rather than acylating 
agent'30-133. A typical example is indicated in equation (38). 

CN 0 C N  OEt 
I 
I 

<$-C-- - C - R - HC(OEt), - (,'I- C --C- R-; EcOH-HCOZE~ 
H 

(38) 
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Acylation cf' carbon nucleophiles is, in certain cases, promoted by acetic 
anhydride. Jones has suggested that the initial product in these reactions is 
a n  dialkoxymethyl acetate indicated in equation (39)134. Such compounds 

H 
HC(OEt), - (CH,CO),O - -- CH,-C-O-C(OEt)z+ CHXCOZEt (39) 

were prepared many years ago and demonstrated t o  be active alkylating 
agents13". They have subsequently been demonstrated to  possess powers of 
acy lat ion as 

Among reactions of this type are a series of processes which involve 
condensation of ortho esters with diazoesters involving rearrangement 
according to  the general reaction of equation (40)'37-'41. These reactions 
are  promoted by Lewis acid catalysts. They almost certainly involve reac- 
tions of the diazoester carbanions and not of the cirbenes derived by loss 
of nitrogen. 

0 

OMe 

(40) 

In the presence of Lewis acid catalysts. ortho esters react readily with 
unsaturated  ether^'^"-'^' . Most of these reactions can be understood in 
terms of the following reaction pathway: 

BF, . Ec,O - (M~O),CH-~H-CO,EC HC(OMe), 2 N,CH-C0,Et - 

OMe 
0F3. Et20 ' 

?C(OMc), + MeOCH = CH? - RC- CH2 - CH = i)Mo + Moo- 

I 

?Me. OMe 
I 

i?-C-CH2-C-H 
I I 
OMe OMe 

Miscellaneous Reactions 

Ortho esters undergo a number of' reactions which have been e>cplored 
i l l  just one or  two instances. We shall summarize these at  this point. 

Treatment of ortho esters ivith lithium aluminum I ~ y d r i d e ' ~ ~  or diisobuty] 
aluminum hydrideIJ7 results in their reduction to acetals. 

Under strenuous conditions, it is possible to cause ortho esters t o  undergo 
elimination reactions with formation of ketene acctals14R. Thus treatment 

of methyl orthophenylacetic 
oxide yields the methyl ketal 

OMe 0 CH2 - 7- I OMe 

OMe 

acid with  ethyl sodium or  aluminuni meth- 
of phenyl ketene (equation 42). 
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Ortho esters react with active acylatiiig agents in the interesting fashion 
indicated in equation (43)143. The mechanism for these reactions is obscure. 

0 0 
I! 1, 

HC(OAr), + RC-CI ---- R-C-OAr i (ArO),CH-CI 

0 0 
I H 

HC(OR),+ CH,&-CN -- CH,~-OR+(RO),C-CN (43) 

Reaction of orthoformates with phosphorus pentoxide yields a mixture 
of triethyl phosphate and tetraethyl pyrophosphateljO. Related reactions 
occur with phosphorus pentasulfide. 

Hypophosphite esters are obtained through mixing ortho esters with 
hypophosphorus acid at  room temperatureljl. This reaction is the only 
known convenient synthesis of such esters. 

The free radical reactions which typically occur between acetals and 
di-t-butyl peroxide also occur with ortho esters15z. 
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1. G E N E R A L  COMMENTS 

During recent years peracids have found an increased use as oxidizing 
agents and peresters have also become a useful synthetic tool for the organic 
chemist. In this review only peroxycarboxylic acids and esters are treated 
and efforts have 'ken made to cover the most important and relevant data  
in this field. The reader is referred to earlier reviews'-' for more detailed 
accounts, and for other types of related peroxy compounds attention is 
called to  a recent review by Sosnovsky and Brown7. 

II. P R E P A R A T I O N  OF PERACIDS 

A. From Corboxylic Acids or Acid Anhydrides and Hydrogen Peroxide 

The most oftzn-used method for the preparation of aliphatic peracids is 
the reaction of hydrogen peroxide with a carboxylic acid o r  its anhydride. 
In the absence of a strong acid catalyst the attainment of equilibrium is 
impractically slow. A catalyst is thus necessary and sulphuric acid is the 

0 0 
H+ ' 

RC-OH + H,O, -y-= RC-OOH + H,O 

most common one. Other catalysts used are methanesulphonic acids, 
ethanesulphonic acid or other alkanesulphonic acids, p-toluenesulphonic 
acid hydrateo, boron trifluoride or boron trifluoride monohydrate", 
and pyridine oxidel"-. A dificulty encountered in preparing aliphatic per- 
acids containing six o r  more carbon atoms is that the parent carboxylic 
acid is not soluble enough for a smooth and fast reaction. Parker and 
coworkersI3 have circumvented these difficulties by using 95% sulphuric 
acid as catalyst, cosolvent and reaction medium. Higher peracids can 
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also be synthesized from the corresponding methyl esters which are more 
soluble than the corresponding acidsI4. Lower peracids are also conveni- 
ently prepared from carboxylic anhydride or boric carboxylic anhydride'j. 
Monoperphtlialic acid, prepared from phtlialic anhydride and hydrogen 
peroxide, has been described by BohmeJG and three modifications of the 
method have been recently p~ibIislied~'-'~. 

8. From Acid Chlorides and Sodium Peroxide 

Peracids can also be obtained by treating an acid chloride with sodium 
peroxide in aqueous alcohol2') or in aqueous tetrahydrofuran21. 

0 0 

HOO- -7 RCCI - - RCOOH+CI- 

In general the reactions between acid chlorides and hydrogen peroxide 
are more suitable for tlic preparation of diacyl peroxides than of peracids. 

C. From Organic Peroxides and Alcoholates 

Diaroyl peroxides are in general easily available solids, which are rela- 
tively stable and easy to purify. By their basic hydrolysis, followea by 
acidification, the corresponding peracids are obtained in  high yields. Per- 
benzoic acid which has been studied extensively, is prepared by treating 
benzoyl peroxide with sodium methoxide". Substituted perbenzoic acids 
can be obtained by the same procedure. 

0 0  0 0 
'I CH ONa 

C,H,COOCC,H, - y- C,H,COON~ 'L C,H,COOH 

D. By Oxidation of Aldehydes 

Since 1900 it has been known that oxidation of an aldehyde produces the 
peracid23 as an intermediate. Biickstrom suggested that the peracid is form- 
ed by a reaction", the first step of which, the activation of the aldehyde, 
is initiated by lightZ5 or catalysed by heavy metals2e. The kinetics of the 
autoxidation of benzaldehydeZ7 account for the postulate that benzalde- 
hyde and perbenzoic acid rapidly give the adduct which then decomposes 
to give benzoic acid. 

0 0 OH 
,' 

C,H,COOH A C,H,CHO - C,H,-COO~HC,H, - - 2 C,H,COOH 

The chain reaction of BackstrOmZ4 is formulated as follows: 
c n CHO 

0 0 0 0 

C,H,C. 05 C,H,COO. -!-->-- C,H,COOH -L C,H,C. 
I I 
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Autoxidation reactions of aldehydes for the laboratory preparation of 
peracids are not often used, but quite a few patents are known for indus- 
trial processes. 

111. PHYSICAL PROPERTIES AND S T R U C T U R E  
O F  PERACIDS 

Generally, peracids are used in oxidation processes without being isolated. 
However, several peracids have been isolated in analytically pure form. 
Peracetic, perpropionic and perbutyric' acids are distillable. A great 
variety of solid peracids derived from aliphatic (mono- and dibasic), aro- 
matic and heterocyclic acids are now known. ni-Chloroperbenzoic acid 
is commercially available and is frequently used in syntheses. The lowest 
peracids can explode in pure form but the higher homologues are relati- 
vely stable and can be stored at a low temperature for a long time without 
decompositionzR. 

It  has been shown by infrared, x-ray diffraction and molecular weight 
studies29 that long-chain aliphatic peracids exist in solution as intramolec- 
ularly chelated monomers in a five-membered ring but that in the solid 
state they are dimeric. 

A study of the dipole moments of peracids30 supports the suggested 
structures of peracids. However, certain modifications of the original 
theories have been necessary3'. Several other infrared investigations of 
peracids have also been the ultraviolet absorption spectrum 
of peracetic acid37 has been published and thermochemical studies of autox- 
idation of benzaldehyde have been reported". 30. 

In further support of the cyclic structure ascribed to peracids are the 
dissociation constants of some organic peracids40 which were shown to lie 
between those of the corresponding acids and hydroperoxides. A conse- 
quence of a chelated structure is that the peracids should be considerable 
weaker than the corresponding carboxylic acids, (pKA = 7.1-8-2, the 
value for the corresponding carboxylic acids is pKA = 2.6-4-9). 



Peracids and pcresters 673 

IV. REACTIONS 
A. Epoxidation of Unsaturated Compounds 

By reaction of peracids with olefins, oxiranes (epoxides) are formed4'. 
The epoxidation (and hydroxylation) of unsaturated compounds was re- 
viewed by G ~ n s t o n e ~ ~  and M a l i n ~ v s k y ~ ~ .  T h e  reaction conditions are mild, 
both polar and non-polar solvents are used, and a great variety of per- 
acids have been investigated as  epoxidizing agents. This cis addition is 
facilitated by electron-releasing groups and decreased (or completely 
inhibited) by electron-attracting groups. Concerning the latter gyoup, 
it is stated44 that with ethyl crotonate trifluoroperacetic acid is the only 
known peracid that is effective. However, other methods are known for 
the epoxidizing of such electrophilic 01efins~~. 

I t  has been e ~ t a b l i s h e d ~ ~  that the rate of epoxidation of olefins with 
peracids in general is first-order each with respect to olefin and to peracid, 
and that  the reaction is not acid-catalysed. The favoured mechanism for 
the nonacid-catalysed peracid oxidation is due to  Bartlett47 and  other^^^-^^: 

Alternative mechanisms have been discussed by SwernS3 and Huisgen, 
Grashey and Sauerj4. 

Cycloalkenes may react with peracids in a different manner. I-Alkyl- 
cyclohexenes and  perbenzoic acid yield a mixture of the epoxide and a 
2-alkylcyclohexanone (formed by rearrangement of the epoxideS5), where- 
as 1 -ethoxycyclohexene and perbenzoic acid yield 2-benzoyloxycyclo- 
hexanonesc. 

p-Piperidinostyrene reacts with perbenzoic acid leading to an epoxide 
which by rearrangement forms piperidinoa~etophenone"~. 

B. Hydroxylation of Unsaturated Compounds 

sponding carboxylic acid is always produced : 
When epoxidizing unsaturated compounds with a peracid, the corre- 
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If the conditions are more vigorous (long reaction time, higher tempera- 
ture)  and a strong acid catalyst is presentj8, the 0-monoacylglycol is iso- 
lated, and is readily and in high yields converted to the a-glycol by saponi- 
fication. The liydroxylation reaction is stereospecific and yields the rram- 
glycols. Different peracids have been used, either preformed or prepared 
and utilized it1 situ. It has been reported that trifluoroperacetic acid is 
very reactive in the hydroxylation of o1efinP. Electrophilic olefins also 
u n d ergo s m o o t h h y d r o x y I at i o n w i t h t r i H u o r o pe r ace t ic acid Go. 

C. Cleavage Reaction 

1. Oxidation of carbonyl compounds 

The Baeyer-Villiger oxidation of aldehydes and ketones has been review- 
ed as late as 1963'j1. In this reaction a n  acylic ketone is oxidized with 
hydrogen peroxide or a peracid under mild conditions to give an ester in 
reason able yield s . 

.4 cyclic ketonc produces the corresponding lactone as for instance: 

This method has proved useful i n  analytical62 and synthetic, as well as 
degradative, studies and has been applied successfully to different carbonyl 
compounds such as aldehydes, aliphatic, alicyclic, aromatic and hetero- 
cyclic ketones and r ,  i3-unsaturated ketones as well as to related 
compounds such as r-dikctones, x-keto acids and a-keto carboxylic 
esters. A great variety of oxidation agents have been tried and a few com- 
ments may be pertincnt. Simple ketones producc unstable and  dangerous 
peroxides (also polymeric peroxides) when oxidized with common per- 
acids. Trifluoroperacetic acid, however, converts most ketones to esters 
in high yields".83. Simple aliphatic aldehydes react in the same way. 
Acetals, acylals and dioxolanes of cr-,$-unsaturated aldehydes have been 
oxidized with peracctic acidG". and in  most cases the corresponding epoxi- 
des are  produced. When non-cyclic acetalsc4 are used, the oxidation pro- 
ducts are mainly the corresponding unsaturated esters as for instance: 

,OBu , 
CH,CO,H CH,CH-=-CHCH -- - CH,CH --CHCOBu 

\oau 0 



Peracids and pcrestcrs 675 

R'CO,H 
3- C-R'  -- 

iI 
0 

Acetals of saturated aldehydes are also converted to the corrcsponding 

The favoured mechanism for the Bacyer-Villiger reaction6] is indicated 
esters by treatment with peracetic acidG4. 

below: 

R-C-R '  _c R - - C - - - R '  
I / 'h0. + R'COO- HO 

/ \  
HO 0 0 C R 2  

II 
0 

The peracid is first added to the carbon-oxygen double bond; then t h e  
oxygen-oxygen bond is heterolytically cleaved after which a 1,2 shift 
from carbon to oxygcn occurs. 

Investigations on the mechanism and/or  kinetics of the oxidation of 
 ketone^"^'^ and aldehydes"" '" have recently been carried out. The stereo- 

of the oxidiitioii of ketones with perbenzoic acid has also 
been studied. Thus i n  the rcaction of optically active methyl a-phenylethyl 
ketone, the a-phenylethyl group migrates with complete retention of its 
stereochemical c o ~ i f i g u r a t i o n ~ ~ .  

CH, 0 CH, 0 

2. Oxidation of unsaturated compounds 

I t  is known that pcracetic acid attacks only the double bond i n  4-phe- 
nyletIiynyl-3-hepte1ie~~, leaving the acetylenic bond intact : 

Pr Pr  

-_  
Other similar cascs arc also kno\vii'".''. On the other hand, a great 

variety of acetylenic compounds"-s3 have been oxidized with peracids. 
The general scheme of thcse reactions has not yct been outlined. Contrary 
t o  olefins 110 epoxideh have been isolated from the reaction between acety- 
lenes and peracidshe, although that had earlier been clairned78.7g. 

Acctylenic hydrocarbons react i n  two ways: 
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f? -C I C -R’ 

CHCOOH RCOOH + R’COOH 
/ 

R’ 

Oxidative splitting a t  the acetylenic bond produces the normal carboxylic 
acids, and an a-branched carboxylic acid is alternatively formed by 
oxidation accompanicd by an alkyl migration. 

In the case of acctylenic alcohols also simultaneous reactions have been 
found, where in some cases the influence of the substituents determines 
the course of the reaction. 

Attempts h 3 - e  been made to  epoxidize a l I e n e ~ ~ ~ - ~ ~ .  I n  a rccent reporta6 
tetramethy:allene was treated with peracetic acid and it is proposed that 
the allene oxide as well as  the dioxide are molecules of finite existence. 

However, none of thcsc intermediates were isolated. 

3. Oxidation of aromatic compounds 

Peracids react with aromatic rings”. Benzene in general is quite stable 
to peracids, naphthalcneSN is slowly oxidized to o-carboxyallocinnamic 
acid and  phenanthrenesD t o  diphenic acid. In the conversion of mesitylene 
to mesitol [CGH~(CH:$)~OH] by hydrogen peroxide in acetic-sulphuric 
acid the hydroxyl cation was suggested to  be the attacking speciesg0. In 
related oxidations a Lewis acid (boron fluoride etherate) has been used 
instead of mineral acids”. Trifluoroperacetic acid, realized to be an excel- 
lent source of positive hydroxyl ions, was first used in the oxidation of 
alkylbenzenes92. Later, Hart and coworkers studied trifluoroperacetic 
acid-boron fluoride as oxidizing agent for a variety of aromatic com- 
p o ~ n d s ” ~ ~ ~ .  Among other things it was found that through Wagner- 
Merwein rearrangement hexamethylbenzene gives hexamethyl-2,4-cyclo- 
hexadienone i n  90% yield. 
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From less-substituted benzenes phenols are produced by electrophilic 
attack at  an unsubstituted ring position: 

OH 

C H, 

The peracid oxidation of aryl ethers up to 1951 has been reviewedgg, 
and since then similar studies of aryl ethers have also been perform- 
edloo-'O? 

D. Oxidation of Organic Sulphur Compounds 

In organic synthesis mercaptocompounds are generally not oxidized 
by peracids, as mild oxidizing agents are necessary to avoid further undesir- 
ed reactions. 

Sulphides are smoothly and in high yields converted to sulphoxides or 
sulphcnes, depending upon the amount of peracid used. 

0 
1 

R-S-R' -+ R-S-R' + R-S-R' 
i & 
0 0 

The kinetics and mechanisms of such oxidations have been extensively 
studied'03-"". The kinetics'03 of the oxidation of p ,  p'-dichlorodiphenyl- 
sulphide by various para-substituted perbenzoic acids display a second- 
order rate. The absence of salt effects and the prefeiellce for a solvent 
with low dielectric constant indicates a mechanism involving a nucleo- 
philic attack of the hydrogen-bonded form of the peracid on the sulphide. 
Thc Hammett 9 value was found to be +1.05 for an isopropanolic solu- 
tion of the reagents. 

Similarly, the oxidation of phenyl sulphoxide by perbenzoic acid is consi- 
dered to be a nuclcophilic attack ofthe perbenzoic acid o n  the sulphur atom 
of the sulphoxideIu4. The 9 values for ArC03H oxidation of R'CGH~SOR 
in dioxane-water solution was I'ound to  be t-0.64 (R' = CH3) and 
70-54 (R1=CGH5) .  The rate of oxidation of sulphoxides is rather de- 
pendent on the pH'"* l l " ,  and it is found that sulphoxides are oxidized at 
a higher rate i n  alkaline solution. From the kinetic data"" it seems likely 
that two mechanisms take place, one involving the hydrogen-bonded 
peracid, and one involving the peracid anion. 
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The preparation of optically active sulphoxides by oxidation of sulphides 
with optically active percamphoric acid has been reported1''. The same 
general has been used for the prcparation of othcr opti- 
cal ly active s u  I phoxides. 

Disulphides. when treatcd with a peracid a t  a temperature below 55'. 
are  smoothly converted to thiosulphinntesll". 11.;. 

0 
L 

R-S-S-R - -  R-S-S-R 

Tri-, and tetrasulphides have also been investigated"> and they are all 

Thiosulphonic esters are converted by peracids1IG to z-disulphones. 
oxidized to the corresponding sulphoxides. 

0 . 0 0  
4 4  
, I  

R-S-S-R -* R-S-S-R 
; ' 4  

E. Oxidation of Organic Nitrogen CompouQds 

1. Amines to  nitroso or nitro compounds 

0 6 0  

It has long been recognized that aromatic primary amines are  oxidized 
by peracids to the nitroso compounds via the hydroxylamines: 

Yo !HI NHOH 

In a recent paper1I7 certain mechanisms are reviewed and a new mechanism 
based o n  extended investigations is proposed. 

Aromatic primary amines a re  oxidized to nitroaromaticslL8 by peracetic 
acid when the reaction temperature is higher than when preparing the 
corresponding nitroso compounds. Trifl uoroperacetic acid is a n  excellent 
oxidation agent i n  most caseslly. 1Zo. Perrnaleic acid is also a convenient 
oxidation agent for certain amines'". 

Very few investigations on reactions of aliphatic amines with peracids 
are known. Froin the meagre data available it would appear that  both 
nitroso12z and nitrolls compounds are fmmcd. 

2. Tertiary amines to amine oxides 

The oxidation of tertiary amines t o  aminc oxides by peracids is a general 
reaction with a broad scope. Aliphatic amines are easiest to oxidize, the 
aromatic ones morc difficult :ind the aromatic nitrogen heterocycles still 
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more difficult t o  convert to amine oxides. A kinetic investigation on the 
perbenzoic acid oxidation of tertiary amines has been made129 and a re- 

Problems coiicerning peracid oxidation of compounds containing both 
sulphur and nitrogen are discussed i n  the literaturell4. 154* 12s. In most 
cases the oxidation of organic sulphur compounds to sulphoxides is faster 
than the oxidation of nitrogen compounds to  N-oxides. 

is available covering different aspects of this reaction. 

3. Nitroso compounds to nitro compounds 

The oxidation of nitroso compounds with peracetic acid has recently 
been studied mechanistically12G, and it is suggested that oxidation of nitro- 
sobenzene by peracids follows a path similar t o  that for the oxidation of 
a m i n e ~ l ~ ~ .  Chloroperacetic acid oxidizes nitrosobenzene more rapidly 
than does peracetic acid]]’. Peracetic acid does not react with o-dinitroso- 
benzene but trifluoroperacetic acid smoothly oxidizes it to o-dinitroben- 
 ene el^^. By using anhydrous trifluoroperacetic acid, N-nitrosoamines 
have been converted to the nitramines i n  high yields1lQ* 

4. Oximes to nitro compounds 

A quite general procedure for the oxidation of primary and secondary 
aliphatic, alicyclic and aromatic oximes to the corresponding nitro com- 
pounds has been describedeo. The oxidizing agent is trifluoroperacetic 
acid, and the solvent is acetonitrile, which is presumed to function as a 
base : 

5. Aldehyde 

R R 
\C--NOH ~Fac-o’.H- \C-- NO,H -- “>CHNO, 

R/ R/ R 

hydrazones to azoxy compounds 

The reaction of aromatic peracids with aldehyde hydrazones has been 
shown to produce azoxy compounds“. 13n-133. The phenyl hydrazone is 
first converted to  the enolic azo compound, which is then oxidized. The 
same type of oxidation with peracetic acid has also been accornpl i~hed’~~.  

6. Azo compounds to azoxy compounds 

Azo compounds are oxidized smoothly t o  azoxy derivatives in high 
yields. In recent studies of peracid oxidation of substituted azobenzenesl”, 
good procedures for the preparation of azoxybenzenes are described. 
Problems encountered here are that isomeric compounds are possible. 
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rn-Nitroazobenzene for instance gives two isomeric azoxy compounds13G- 
2-Phenylazopyridine gives an amine oxide azoxy compound1J7. 

3 
0 

7. Oxidation of Schiff's bases and related compounds 

Quite independently three difrerent groups of investigators have found 
that by treatment of imines with peracids oxaziranes are formed"'. 138-140. 

R R Y\ \C N R z  ?!''.o'!!, \C. .-N-R' 
R' / R' / 

Oxaziranes react smoothly with peracids to  give nitrosoalkane dimers'", 
and Emmons further showed that the same dimers are produced by reac- 
tion of the imines with two equivalents of peracidsIz2. 

Azines have also been oxidized by peracids and give thc azine mon- 
o xidel 41. 

R'C0,H 
A r c  N-N C-Ar --- - -- A r c  N-N--C-Ar 

I 
R R R 6 R  

R'C0,H 
N2 + 2 Ar-C R .. __ ___) 

0 

Further treatment of the amine oxide with peracid regenerates the car- 
bony1 compound. Azines wi th  two equivalents of peracids produce the 
carbon y 1 co ni p o u n d s direct 1 y . 

The reaction of ketenimines with peracids yields a mixture of ketone, 
isonitrile and rr-acyloxyamide~J2. I t  is suggested that epoxidation of the 
carbon-carbon double bond leads to an epoxyiniine which may decom- 
pose to an isonitrile or a carbonyl compound or may react with carboxylic 
acid (or its anion): 

\ R\ R\ 

R'/ R'/ \O/ R'/ 

R 

C C. NR2 .!"OaH_. C... .... C .NR2 - C-O;-C --NR2 

1 R'COO- 
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F. Oxidation of Organic lodine Compounds 

Different peracids have been found to  oxidize aromatic and aliphatic 
iodine compounds143. 144 to the iodoso compounds, which then usually 
form the diester or are oxidized to the iodoxy compounds. For example, 
iodobenzene and peracetic acid usually form the diacetate, whereas iodo- 
benzene and perbenzoic acid form the iodoxybenzene: 

I I- 0 10; 

The kinetics of the perbenzoic acid oxidation of aromatic iodine com- 
pounds has been investigated by Boeseken and W i ~ h e r l i n k ~ ~ ~ .  

V. P R E P A R A T I O N  OF PERESTERS 

Peresters are generally prepared by acylation of an alkylhydroperoxide, 
and acid chloride, ketene, diketene, or  anhydride are used as acylation 
agents. Baeyer and Villiger146 prepared the first perester by treatinga barium 
salt of a hydroperoxide with an acid chloride under neutral conditions. As 
peresters of primary and secondary alkyl hydroperoxides are sensitive to 
base, the above method is very convenient in thesecases. Alsoalkyl hydro- 
peroxides, which are sensitive to acid or are difficult to acylate according to 
t he  common methods, are most conveniently acylated via their salts14’. 
Peresters of tertiary alkylhydroperoxides, which are insensitive to base, 
are best prepared according to the Schotten-Baumann procedure in mild 
alkaline solutionl48. P ~ r i d i n e l ~ ~  has also been used as the base when acyl- 
ating hydroperoxides with acid chlorides. The formed hydrogen chloride 
can also be removed in vacuum when an alkyl hydroperoxide is reacted 
with an acid chloride1j0 without any base present. 

A very elegant method for the preparation of peresters has been worked 
o u t  by Ruchardtljl (see also reference 152), in which the carboxylic acid 
is used as follows: 
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0 

/? 1- BuOOH 
* RC03Bu--t kN - CoR 

It is thus not necessary to prepare the acid chloride. The preparation of 
alkylidenc perester~”~.  by treating the acid and alkylhydroperoxide 
with arylsulphonyl chloride at  0”c also avoids the use of the acid chloride 
or anhydride: 

0 
#I 

ArS0,CI CH3\ /ooC-R + RCOOH---- - .-- 
CH3\ /OOH 

/=\ C 
CH,/ \OOH CH3 OOC-R 

0 

r-Butyl performiate has also been prepared directly from formic acid and 
2-butyl hydroperoxide, in which procedure the water formed is removed 
by azeotropic distillation15j. The same perester is also prepared by treat- 
ing t-butyl hydroperoxide with the mixed anhydride from formic and 
acetic acids1j6. Under mild conditions ketene yields 1-butyl peracetate’j’ : 

CH,--C--- 0 + t-BuOOH -- CH,C03Bu-t 

and diketene produces the corresponding perester of acetoacetic acid1:’. 
Peresters of carbonic acids are known. Phosgene and ethyl chlorofor- 

miate react with 2-butyl hydroperoxide and sodium peroxide as fol- 
lows .IS& 159 

,008~-t 
t-EuOOH - 4 0-c t - B u O O L  o-c /ooBu-t 0-c 

\Cl ‘Cl ‘00 Bu -t 

\ C,H,OH ‘ 

/ooBu-t 0--c i-BuOOHl 0-=c . __ - 
\OC,H, \OC,H, 

2 R0,C-CI - Na,02  - - R0,C-00-COOR -- 2 NaCl 

Similarly, by reacting alkyl or aryl isocyanates with hydroperoxides 
different types of peresters are formed’”* 380-1G3: 
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,NHR ,NHR 

'Cl 'OOBu-t 

t-BuOOH 1-BuOOH 
0-c ---- - 0-C-NR _._* 0- c 

/c' 

I 
RNH2+ 0:c 

\OOBu-t 

Amines and peresters of chloroformic acid also give the same type of 
compounds1G6-'6s . 

VI. CHEMICAL PROPERTIES OF PERESTERS 

A. Reaction with Grignard Reagents 

Until recently very little work had been done on reactions between 
Grignard reagents and peroxy compounds and only isolated cases o f  such 
reactions were known'se-174. t-Butyl perbenzoate reacts with sodium 
methoxide in methanol to  give methyl benzoate and the sodium salt of 
t-butyl hydr~peroxidel~j .  Contrary to the reaction of esters with Gri- 
gnard reagents, t-butyl perbenzoate reacts with a variety of Grignard rea- 
gents to give good yields of I-butyl ethers and benzoic 

OMgX R 
i I 

1-Butyl peracetatelso can be used instead of t-butyl perbenzoate. This 
simple method of introducing a t-butoxy group into an  aromatic compound 
and the subsequent smooth elimination of isobutylene gives a route to 
hydroxyaromaticsl60 from the corresponding haloaromatic compounds. 
In heterocyclic chemistry, potential hydroxythiophenes have been prepar- 
ed as follows'so. : 

Hydroxythiophenes can otherwise be prepared by hydrogen peroxide oxi- 
dation of ihiophene boronic acids182-'". However, this method is restricted 
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in the sense that the preparation is possible only for substituents show- 
ing no reactivity toward organometallic reagents. By using a t-butoxy- 
thiopheiie as starting material (1-butyl group as  hydroxyl protecting 
group), different substituents can be introduced aild finally isobutylene is 
eliminated. Thus, a variety of hydroxythiophenes's0-'s8 can be prepared, 
as for instance: 

OBu- t  m u - t  

oau-r 

- - 
CO,C,H, 

H' 
C02C1H5 'S' 

As organolitliium compounds attack peresters a t  the carbonyl group, 
they have to be converted to the Grignard reagents by treatment with 
anhydrous magnesium bromide189. 

B. Reactions with other Nucleophilic Reagents 

It was known early that benzoyl peroxide is reduced by triphenyl- 
phosphinelO0 to  benzoic anhydride. Homer and J~ rge le i t ' ~ '  extended this 
investigation to  a variety of peroxides, and also t-butyl perbenzoate : 

C H C O-O--Bu-t+ (C,H,),P ---- C,H,C-O-Bu-t -I (C,H,), P O  
= , . -  

0 0 

The reaction is considered to proceed by nucleophilic attack o n  oxygen 
to  form an ion pair which then reacts to give the final product'": 

This mechanism has also been confirmed by Greenbaum, Denney and 
Hoffman d9?. 
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The reaction of the sodium derivatives of malonic esters with benzoyl 
peroxide in non-hydroxylic solvents yields O-benzoyltartronate~~~~-~~~. 
Similarly, the benzoyloxy group has been introduced into the methylene 
group of other active methylene compounds196-". Instead of benzoyl 
peroxide r-butyl peracetate can be used, whereby the t-butoxy group is 
introduced'"* 

C. Friedel-Crafts Oxygenation Reactions 

The decomposition of aroyl peroxides in  the presence of aluminium 
chloride has been inve~t iga ted '~ ' - '~~  but no similar studies of peresters 
seem to have been done. However, quite recently peroxydicarbonates have 
attracted considerable attention as oxygenating agents in work by Kova- 
cic and coworkers. They report oxygenation of toluene to cresols in 50% 
yield with diisopropyl peroxydicarbonate and aluminium chloridez05. 
Other substrates (ankole2ufi, alkylbenzenes2nG, aromatic ethers206, halo- 
benzeneszu7, biphenyl"', naphthalenezn7) have been shown to undergo the 
same reaction. As no reaction occurs in the absence of catalyst, the per- 
oxide-catalyst complex may play a crucial role. Further, since no products 
arising from free-radical reactions are present, as the reaction occurs at 
low temperature (0-5"c) under which condition the peroxide itself is stable, 
and also based on other reasons (isomer distribution and kinetics), an 
electrophilic reaction mechanism is suggested : 

O....AICI, 0 0  
" I 

0 

RO-C-00-COR - A r H  -- ROCOOCOAICI,+ ArR + HCI 

0 O--..AICI, 

A r H  
ROCOOCOAICI, -- ArOC0,R + (CI,AI)2 CO, + HCI 

O....AICI, 

ArOCOR 

ArOCO,AICI, 

... ArH- ArOCO,AICI, -i ArR + HCI 

. . H20- . . . .. ArOH + CO, + AICI, 
HCI 

Alternatively, aryl-oxygen bond formation may be the first step: 

0 O....AICI, 

ROC-00-COR ArOCO,R+ ROCO,AICI,+ HCI 
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I n  most cases there is strong evidence for primacy of heterolytic oxy- 
gen-oxygen cleavage rather than alkylation. Depending on the nature of 
the substrates, different oxygenated materials are obtained which can easily 
be converted to  the phenol stage by hydrolysis. 

Another type of perester, r-butylperoxy isopropyl carbonate, has also 
been reacted with aromatic compounds20s under Friedel-Crafts conditions 
to produce phenols. It is suggested that aluminium chloride initially coor- 
dinates a t  the carbonyl group to give the electrophile 1-BuO'. 

O....AICI, 
CH,, !! 

CH,/ a -  b +  
CH-OCO-O--BU-t 

An aryl t-butyl cther is postulated as the intermediate which then is 
dealkylated in the presence of the catalyst. Evidence is presented for hete- 
rolytic fission of the peroxidc linkage and a n  electrophilic reaction mecha- 
nism. 

D .  Uncatalysed Perester Decomposition 

Peresters derived from t-alkyl hydroperoxides can undergo ditrerent 
fragmentation and rearrangement reactions : 

0 

0 ! -... RC-0. + -OR; 
, -- R.+CO,+*OCR; 
I 

1 

R-C-OOCR; -- I 

R"- - -- -OCR;+other  products 

I 0 R' 

I I - R-C-OC-R, 

! 
O R '  

Among the perestcrs t-butyl peracetate ( R  = CH,) and 1-butyl per- 
benzoate belong to  a class i n  which neither group R -  forms a particularly 
stable radical. The decomposition rate varies little with the nature of 
R?09-?11 . I f  R possesses appreciable stability as a free radical, carbon 
dioxide and the radicals R- and RjC--O. are formed. The  rate of decom- 
position depends o n  the resonance stability of the radial R212. A similar 
concerted fission of a t  least two bonds occurs in the decomposition of di- 
t-butylperoxalate t o  give only carbon dioxide and products of the t-butoxy 

T h e  Criegec decomposition of peresters can occur under extremely mild 

radica1S213s 214 

conditions. Just by standing a perester is converted to a n  acylal2l5. ? I G :  
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OOCOR 

---- & 
The reaction rate depends strongly on the dielectric constant of the solv- 

ent and must therefore involve charged species as intermediates. Also the 
rate of rearrangement increases with the strength of the acid RC03H. 
A synchronous mechanism, as outlined below, suggests that the fission of 
the oxygen-oxygen and carbon-carbon bonds is concurrent with the for- 
mation of the carbon-oxygen bond. 

0 n 
n 

OCR 

I f  the reaction is carried out in the presence of foreign anions, none of 
them is incorporated into the resulting ester2I7. Denney and coworkerst 
by labelling the carbonyl oxygen of the perester with l8O, showed tha, 
virtually all of the I 8 0  in the final product is found in the carbonyl 
group"s, 21'3 . These results imply that the synchronous mechanism is cor- 
rect or alternatively the reaction proceeds through an ion pair, in which 
the identity of the acyl oxygen atoms is preserved220. 

Simple peresters derived from t-alkyl hydroperoxides generally do not 
undergo the Criegee reaction. However, when a phenyl group is present a t  
the a position of the hydroperoxide, a rearrangement is observed147 : 

C6H5 
I 

CH,-C-OOC-C,H, -- -- 'C' 
I CH,/ \OCOC6H, 
CH, 

The perbenzoate of triphenylmethyl hydroperoxide is so labile that only 
the rearrangement product is isolatedzz1 : 

(C,H,),C-OOH + C,H,COCI -- - [(C~HS),C-O~C-C~HS] --.+ 

II 
0 

,OC6H, 

- (C6H42C 
\OC-C,H, 
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Similarly certain silylperbenzoates222 rearrange : 

CH,\ /OC,Hs 
__c Si' 

CH,/ \OC-C,H, 
II 
0 

Esters of primary and secondary a1 kyl hydroperoxides may undergo the 
Criegee reaction but a competitive reaction may also occur. Autoxidation 
of tetralin for instance results in a mixture of a ketone and an a c y l a P :  

In  the case of s-butyl peracetate, which gives acetic acid and butanone-2 
as sole products a cyclic concerted process is po~tulated'2~: 

HO 
C#5\ \ - /"-" + 
(% 

The Baeyer-Villiger reaction, closely related to the Criegee reaction, 
has been dealt with elsewhere (IV. C. 1) and will be omitted in this section. 
A review covering mostly mechanistic aspects of non-catalysed decom- 
positions of peresters has quite recently been published2225. 



Peracids and peresters 689 

E .  The Perester Reaction 

1. Introduction 

t-Butyl perbenzoate is a commercially available perester. It is less prone 
t o  the Criegee reaction than are the co,rresponding bicyclic compounds. 
Only when warmed in the presence of a trace of perchloric acid209 does it 
decompose, giving acetone and benzoic acid. In the absence of a catalyst 
the thermal decomposition of t-butyl perbenzoate results in a complex 
mixture of products* -10. 226 . t-Butyl perbenzoate is also decomposed in 
boiling benzene in the presence of cuprous bromide'2G, and only methyl 
benzoate and acetone are isolated. The following chain-reaction is postu- 
lated : 

C6HSCOOOBu-t+ CU+ - -- C,H,COOCU'(II) +- C-BuO. 

t - B u O -  ----- CH,-;- CH3CO 
I 
CH, 

CH,. + C,HSCO3t-Bu - -+ C,H,COOCH, 7- t-BuO. 

Different copper salts have been used and found to be efficient cata- 
l Y  Sti226228 ; cobalt salts are less effective2", and salts such as ZnC12 and 
MgBra are ineffectivey26. The copper salt catalysed decomposition of r-butyl 
perbenzoate in different substrates revealed substitution in the latter by 
the benzoyloxy group. This is called the perester reaction: 

0 0 
I I 

I '  

R--C-H + c,H,C-OOB~-~ ---. cu+/cua+ R--c-OC-C,H, + K-BUOH 
I 

f-Butyl peracetate is another commercially available perester, which 
only has been studied in isolated cases. 

2 Reactions of peresters with various classes of compounds 

u. Olefiris. As indicated earlier, peroxides and olefins give complex 
mixtures of products"'. However, when a catalytic amount of cuprous 
bromide is present, t-butyl perbenzoate and cyclohexene predominantly 
yield 3-benzoyloxycyclohexene : 

+ CsH,CO,-Bu-t CU'ICU" 0 + t-BuOH 

The benzoyloxy group is thus introduced into the allylic position226. 219. 230. 

As only r-butyl perbenzoate and r-butyl peracetate are commercially avail- 
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able, only two types of esters are easily prepared. However, if excess of a 
carboxylic acid is present in the reaction mixture, the allylic ester of this 
acid is obtained22G: 

OCOR 

It was first thought that  the perester reaction was very selective; this 
has later been only partly . For instance, when solvent is 
present, allylbenzene produces small amounts of cinnamyl benzoate in 
addition to  the main product, the 3-a~yloxyderivat ive~~*.  

K o ~ h i ~ ~ ~  always found small amounts of the  1 -acyloxyderivative when 
reacting a terminal olefin with r-butyl perbenzoate or peracetate. 2-Bu- 
t e n P 3  containing an internal double bond, gives 84-94% 3-acyloxy-l-b~- 
tene, showing in this case that almost complete isomerization has occurred. 

Cu+lCu"  - ! CH,--.CH --CH--CH3i- C6H,C0,E~-t - - 

CH,-CH---CH-.-CH,i. CH,-CH--CH -CH, 
I I 
I 

OCOC,H, 
84-94% 

I 
OCOC,H, 
6-15% 

Denney, Appelbaum and DenneyZ2> have also found the same rearrange- 
ment with internal olefins. 

when react- 
ing norbornadiene with r-butyl perbenzoate : 

A quite different rearrangement was observed by Story234. 

0 - B u - t  

CU'/CU"_ + CsH,CO,Bu - t 

Instead of a benzoate a r-butyl ether is obtained. In an attempt to explain 
this anomalous result (2D)-norbornadiene was reacted with r-butyl per- 
benzoate and 7-r-butoxynorbornadiene with deuterium in all positions was 
produced236. This indicates attack of  the t-butoxy radical on all four ole- 
finic carbons followed by rearrangement of the norbornadiene skeleton. 

Kharasch and FonoZ3' showed that cu- 
mene reacts with r-butyl perbenzoate in the following way: 

b. Non-olefinic hj:drocarbons. 
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The corresponding reaction with f-butyl peracetate has also been achiev- 
ed238. Only hydrocarbons with benzylic hydrogen have been investi- 
gated but the experimental material is insufficient for wide generalizations. 
Triphenylmethane'26 does not give well-defined products, diphenyl- 
methane'27 yields only the dimer, 1,1,2,2-tetraphenylethane, and tetralin230 
the expected ester product. Optically active 2-phenylbutane yields inac- 
tive 2-phenyl-2-benzoyloxybu tane?39. 

The reaction between alcohols and ben- 
zoyl peroxide was first studied by Gelissen and Herrnans2O3. Bartlett and 
Nozaki24O explained the formation of carbonyl compounds in the follow- 
ing way, and this mechanism was also supported by Urry and coworkers241: 

R,CHOH -+ C,H,COO. ----- R&OH + C,H,COOH 

c. Alcohols arid niercaptans. 

R,cOH -!- (C,H,COO), -. - -- R,COH t C,H,COO. 
I 

OCOC,H, 

R,COH .- - - - -  R,CO+ C,H,COOH 

OCOC,H, 

The uncatalysed reaction of f-butoxy radicals with alcohols with avail- 
able a-hydrogen atoms yields 1,2-dihydroxy derivatives by dimerization 
241-243. 

R--CH--- O H  
c-BuO. 

RCHZOH --- I 
R-CH --OH 

r-Butyl perbenzoate decomposes slowly in alcohols and with benzyl 
alcohol benzaldehyde and benzoic acid are formed230. 244- A disproportion- 
ation of the benzyl alcohol radical: 

2 C,H,eHC)H .- -- C,H,CHG+ C,H,CH,OH 

or a fragmentation of the hemiacylal: 

C,H,CHOH 
! . C,H,CHO + C,H,COOH 

OCOC,H, 

would account for these results. 
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When a catalyst is present the reaction is rapid in primary and second- 
ary alcohols. Benzyl alcohol yields benzaldehyde and its dibenzylacetal 
and similar results a r e  observed with n - b i ~ t y l a l d e h y d e ~ ~ ~ .  Secondary alco- 
hols yield the corresponding ketones by reaction with t-butyl perbenzoate. 
In t-butyl alcohol the decomposition of f-butyl perbenzoate is s10w~~4. 

The reactions of I-butyl perbenzoate with t h i ~ l s ' ~ ~  and thiophen01s~~O 
are not modified by copper salt catalysis, since the only products are the 
corresponding disulphides. 

When benzyl ethers are heated with di-r-butyl per- 
oxide, dimerization o r  fragmentation or  both occuro4J : 

d. Benzyfic ethers. 

<;C,H,CHO + R- 
C,H,CH,-OR --. .-- c,H,CH---OR 

[CbHSCH -OR], 

(R = methyl, ethyl, isopropyl, t-butyl, phenyl, benzyl or diphenylmethyl). 
Irrespective of the group R, the attack of the free t-butoxy radical occurs 
on the methylene group between t h e  heteroatom and the phenyl group. 
The cleavage of monosubstituted dibenzyl ethers by free r-butoxy radi- 
cals has later been performed by Huang and Yeo'". By reacting a series of 
benzyl ethers17s with r-butyl perbenzoate in the presence of catalytic 
amounts of cuprous chloride the benzoyloxy group is introduced, giving 
the acylal : 

0 
C" +/cua- 

C,HsCH,--OR i C,H,C- 0- 061.1-t - - - -+ C,HsCH--OR 

OCOC,H, 

(R = methyl, ethyl, isopropyl, t-butyl and phenyl). With dibenzyl ether n o  
acylal is formed but instead benzaldehyde and benzaldehyde dibenzyl- 
acetal are isolated. It is proposed that the a-bcnzoyloxyderivative first 
formed undergoes a n  oxygenal kyl heterolysis whereby the unsymmetrical 
acetal is formed, which thereafter gives thc dibenzylacetal: 

0 
CU'lCU'* C6HsCH,-O-CH2C,H, - C,H,C-- -0- OBU-t -. - - -  - - -  -- 

I-Bu-OH 
C,H,CH-O--CH,C,H, - C,HsCH---O ---CH,C6H, ---* 

i -C.H,COOH 

OCOC,H, 0 Bu-t 

OCH,C, H, 

C6HsCH- -O-CH,C,H, 
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The benzaldehyde isolated may have been formed from decomposition 
of an acetal or by its reaction with  radical^'^^^ 3 s .  

e .  Diaikpi arid nryl alkyl etliers. r-Benzoyloxy ethers have been formed 
by decomposing benzoyl peroxide in the mechanism of 
which has been elucidated by Denney and Feig’j”. In these investigations 
n o  fragmentation of the intermediate ether radical has been observed, 
which would indicate that there is a difference between benzyl ethers and 
simple aliphatic ethers in this respect. This difference was further accen- 
tuated when t-butyl peroxide was reacted with n-butyl ether, giving the 
dimer as the main product?j3. 

A series of dialkyl and aryl alkyl ethers have been reacted with t-butyl 
perbenzoate in the presence of  cuprous chloride as catalyst, and as with 
benzyl ethers, the benzoyloxy group is introduced into the a position of 
the heteroatom17% 253-255 . Free-radical reactions with aryl alkyl etherzs6 
have hitherto only given ill-defined products. 

I f  excess alcohol is present during the reaction, a n  acetal is obtained, 
thus providing a convenient way of transforming ethers into aldehydeszs3: 

.J.’To!!-. RCH,.-O-.-CHR R’OH 
RCH,-0-CHR 

I 
OCOC,H, OR‘ 

0 R’ 

f. Cyclic ethers. Anomalous results are obtained when tetrahydrofuran 
or tetrahydropyran react with t-butyl perbenzoate with a catalyst pre- 
sent. No benzoyloxy derivatives are isolated but instead 2-t-butoxy- 
tetrahydrofuran”>. 257 and 2-t-butoxytetrahydropyran are 2s7. 

It  is suggested that the benzoyloxy group is first introduced into the cz posi- 
tion of the ether. i f  excess of a n  alcohol ROH other than t-butanol is pre- 
sent in the reaction mixture, the RO group is introduced into the cyclic 
etherzs7: 

Other cyclic ethers ( 1  ,3-dioxane2”, 1 ,3-dioxane~~7~ and i s o c h r ~ r n a n ~ ~ ~ )  
have also been reacted with peresters but generally only the acyloxy 
derivatives are  produced. 

Straight-chain aliphatic and benzylic sulphides, as well 
as  aryl alkyl sulphides, react smoothly with t-butyl perbenzoate in the 

g. Sulphides. 
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presence of a copper salt to give a-benzoyloxy ~ u l p h i d e s ~ ~ ”  243. % j t l  without 
oxidation of the sulphide to sulphoxide o r  sulphone: 

cu-lcu’r 
RCH2-- S- CH2-RiC,HsC0, Bu-t - -* RCH2-S-- CH-R 

OCOC,H, 

The benzyl sulphides do not show any tendency to fragment as the ben- 
zyl ethers do, neither do  the benzoyloxy sulphides react with alcohols to 
give alkoxy sulphides; mercaptals’jg are  isolated instead. Pyrolysis pro- 
duces vinyl s ~ l p h i d e s l ~ ~ ,  2Go. 

Of the cyclic sulphides investigated, tetraliydrothiophe~i~’~. 2SN and  
1,4-thi0xane’~~ react with t-butyl perbenzoate with a copper salt present, 
t o  give the corresponding benzoates. 

h. Aldehydes, ketoties and esters. Decomposition of di-t-butyl peroxide 
in benzaldehyde produces 1,2-dibenzoyloxy- 1,2-diphenylethane according 
to  the following reactionzGL: 

C,H,CHO+ e0Bu-t --A t-BuOH + C,H,C -0 

C,H,C- 0 -7- C,H,CHO - C,H,COO-CH-C,H, -+ 

C,H,COO-CH- -C,Hs 

C,H,COO--- CH- C,H, 

The same conipound is obtained from benzaldehyde and  r-butyl per- 
benzoate when no catalyst is used?30. With a catalyst present t-butyl per- 
benzoate yields benzoic anhydride”O: 

CU+ICU’+ 
C,HsCHO + C6HsC0,Bu-t -. - (C,H,CO)20-- I-BuOH 

Aliphatic aldehydes as well as  ketones give no well-defined products on 
reaction with f-butyl perbenzoate with o r  without a catalyst present. 

Benzyl acetate reacts with t-butyl perbenzoate in the presence of a 
copper salt t o  give the corresponding a ~ y l a l ~ ~ ”  (a-acctoxybenzyl benzoate) : 

0 

C,H,CHZ-OC---CH, - i -  C,H,CO,Bu-t - cu‘/cu=’ . -* CbHSCH, /OCOCH3 i t-BuOH 

OCOC,H, \ 

The same acylal is also produced from benzyl benzoate with t-butyl per- 
acetate under the same conditions. Without a catalyst n o  acylals a r e  
formed. 
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Simple aliphatic esters give no well-defined products. Active methylene 
compounds such as diethyl malonate and ethyl acetatoacetate give mainly 
the corresponding r-butoxy derivatives227 (cf .  section V. B). 

The  reaction between different amines 
and r-butyl perbenzoate leads only t o  rapid decomposition of the perester. 
However, dimethylamine and t-butyl perbenzoate yield an anomaloris 
product, bis(p-dirnethylaminophenyl)~nethane~~~, irrespective of whether a 
catalyst is present or not. N,N-dimethylformamide, on the other hand, 
produces the normal product227. 

i .  Organic nitrogetr compounds. 

0 
CH, 

0 
CH, cu+/cu,* ' HC-N/ A C,H,CO, ~ u - t  -- 

"C-"<,, ,-OCOC,H, 'CH, 

j .  Organic silicoii cotnpounds. Only a very few results are available2s2, 
as, for instance : 

CU+lCU'+ 
(CH,),Si-CH,--CH-CH, + C,H,CO,Bu-t -- - -.-- 

(CH,),Si-CH-CH -=-CH, + t-BuOH 

OCOC,H, 

k .  Mecliatristic considerations. The copper salt catalyst has a profound 
influence on the decomposition of r-butyl perbenzoate or peracetate in the 
presence of different substrates. Certainly no single mechanism can account 
for all the results of the perester reaction. Depending upon the substrates 
and experimental conditions various mechanisms may be operative. 
Since reviews are  availablezG3. only a short outline will be given here. 

Kharasch, Sosnovsky and YangZZG suggested a chain mechanism involv- 
ing concerted steps: 

0 
C,H,COOBU-~ -:. CU+ - C,H,COOCu+(Il)+ t - 6 ~ 0 '  

RH + t - 6 ~ 0 .  - --- R. 1- t-BuOH 

R. +- C,HSCOOCu+(II) - -+ C,H,COOR + CU' 

As no isomerization of olefins was observed these authorPG believed that 
the radicals were not free but formed a complex with the metal ion cata- 

K o ~ h i ~ ~ ~ ,  'L65, who found isomerization of olefins in their reaction with 
r-butyl perbenzoate in the presence of copper salt, believes that the radi- 

lyst. 
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cals formed are free and suggests a ligand transfer process. Similar con- 
clusions have been made by two research 239 who investigated 
optically active substrates; the final products are optically inactive which 
indicates that conventional free-radical intermediates are a t  hand. Walling 
and Zavitsas"* have confirmed Kochi's results but prefer a 'free' carbo- 
nium ion rather than a ligand transfer proccss. The results of Goering and 
Mayer"6 are also consistent wi th  the Kochi mechanism. Another modi- 
fied mechanism has beer proposed by Beckwith and Evans231. 

3. Photochemical reactions 

The perester reaction is generally carried out a t  65-1 lYc, since the 
commerically available peresters are stable at room temperature and 
decompose only a t  a somewhat elevated temperature. On the other hand, 
some of the acyloxy derivatives formed are so thermally sensitive that a 
relatively low reaction temperature is preferred to  avoid side-reactions. 
With substrates of low boiling points the perester reaction has to be run in 
an autoclave. S o s n o v ~ k y ~ ~ ~  has found that if a substrate and a perester 
are irradiated with ultraviolet light below 35"c i n  the presence of copper 
ions, an ester is formed. This photochemical reaction thus extends the 
scope of the perester reaction. A drawback is that some substrates (sul- 
phides, olefins) deactivate the catalyst. 

F. Aromatic Oxygenation with Dialkyl Perox ydicarbonate-Metal Salt 

Razuvaev, Kartashova and Boguslavskaya968 reacted toluene with 
dicyclohexyl peroxydicarbonate in the presence of ferric chloride and iso- 
lated tolyl cyclohexyl carbonate. A heterolytic mechanism was postulated. 
These experiments have been repeated26g and extended to studies of relat- 
ed systems. Although few experimcntal data are availablc, i t  is concluded 
that alkoxycarboxy radicals are formed in the reaction. In another note270 
the preliminary results from aromatic oxygenation with diisopropyl per- 
oxydicarbonate-cupric chloride are described. This seems to be the first 
case of oxidation of an oxy radical to a species exhibiting oxonium ion 
character, which then effects aromatic substitution. It should be added 
that peroxydicarbonates'j". 3_i1-Ri4 and related compoundsl"s have only 
been investigated in isola.!ed cases (see also section VI. D and reference 225). 
The reason may be that this class of peroxides is hazardous to handle. 
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1. S T R U C T U R E  A N D  GENERAL PROPERTIES 

A. Introduction 

This chapter discusses thio acids, dithio acids and their esters. Although 
the purpose is a general review of the available information, emphasis is 
placed on the chemistry of thio compounds in comparison to the oxygen 
analogues. Much of the detailed knowledge, especially from earlier stu- 
dies, will not be included. In the choice of literature citations preference is 
given to later papers so that much pioneer research will not be referred to. 
Those active i n  this field are constantly made aware of the fact that in 
sulphur chemistry much is due to  work done before 1900. However, this 
work can be easily traced via more recent papers and in particular through 
Reid’s reviewl, which contains fairly complete lists of sulphur compounds 
known before 1958. For details of preparation and reactions, Volume 9 of 
Houben Weyl’s series? is unsurpassed. 

The study of thio- and dithiocarboxylic acids is still a comparatively 
unexplored field in organic chemistry. Although many of these acids 
have an unpleasant smell, th i s  cannot be the sole cause of this lack of 
interest. I t  is more likely that it is one of the fields which have been passed 
by accidentally. More is known about the derivatives which have found 
applications, such as the xanthates and dithiocarbamates. These com- 
pounds are included in this review in so far as they illustrate the properties 
of dithio acids. 

Since thio and dithio acids are derivatives of thiols and thiones, short 
discussions of these simpler molecules are given in the following sections. 
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6. Structure and Physical Properties of Thiones 

Whereas thiols and alcohols have a t  least enough in common to be re- 
cognized as related molecules, thio ketones seem very much dift-erent from 
ketones. They a re  charactcrizcd by their very high reactivity3. The thio- 
carbonyl group was once pictured as a diradical, because of spontaneous 
trinicrization4. 

Since Campaigne's review3 remarkablc progress has been made espe- 
cially in Mayer's laboratory5 enabling aliphatic thio ketones to  be more 
thoroughly studied. They appear t o  resemble ketones i n  more respects 
than was previously realizedG. 

Fortunately, aromatic thio ketones and thiocarbonyl compounds i n  
which the thione group is attached to licteroatoms arc much more stable. 
The most stable representatives of  the thioncs are  undoubtedly the thio 
ureas. A quantum-mechanical modcl for thione  compound^^^ fi was pro- 
posed, based on two fairly obvious principles: ( i )  the sulphur atom is less 
inclined than oxygen to  form double bonds, ( i i )  the electronegativity of 
s u l p h u r  is about midway between that of carbon and oxygen. 

Using these principles, spectral properties, resonaricc energiesand charge 
distributions of a variety of  thiocarbonyl compounds werc calculated, 
giving reasonable agrccnient wi th  expcrinienti-"', w i t h  the aid of :in ex- 
tended Hiickel method. The introduction of special postulates, distin- 
guishing thiocarbonyl compounds from carbonyl compounds (such as 
3 d- o r b i t ii I pa r t i c i p a t i o nll)  proved u n n eccssa r y . Some ca I c ii I a tcd re s o- 
nance energies arc given i n  Table 1 .  The fourth column gives the resonance 
energies i n  kcal/mole by calibrating the calculated value for a thio amide 
against the expcrimcntal value for the rotation barrier I'ound by Walter 
for N-methyl-N-benzyl forinamidel". In a recent study Sandsttom found 
a substantial relation between heights of rotation barricrs and loss of 
z-electron energies for ;I number of amides and t h i o  arnidesl3. I t  is highly 
probable that the stabilizing factor against oligomerization of hetero- 
substituted thiones is the resonance energy. The carbon-sulphur double 
bond has just ;1 slightly smaller binding energy than two singlc carbon- 
sulphur bonds'" ( I  15 as compared wi th  2 ~ 6 1 . 5  kcal/mole), so that even 
a comparntively small energy contribution would render the monorncric 
form more stable. 

111 1964, the Same method was used by Janssen and Sandstrom15 to 

corn pa re t h io nes with car bo n y I coin po u nd s . S o  me w h a t surprisingly it 
appeared that with the first compounds of  Table 1 the rcsonance energy of 
the  carbonyl compound is larger but with the last ones the thiones are  
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TARLE 1 .  Calculatcd rcsonancc cnergics (R. E.) of 
thiones, XYC = S7e8 

R . E .  R. E. 
(P unit) (kcal/nrole) 

x Y 

R" R" 
CI c1 
RS R 
RO R 
R .N R 
RS RS 
RO RS 
R2N RS 

(0) 
0 . 2 8 6 ~  6.5 
0.380 8.6 
0-766 17.4 
1.106 (25.1)' 
0.690 15.6 
1.054 23.0 
1.350 30.6 

" R means group incapable of resonance (nlkyi. H).  

C E\perirncntal valuelt. 
J .  Smdstrrirn. unpublished calculations. 

more stabilized. 'The point of intersection lies somewhere near the dithio 
esters (X, Y = RS, R). It depends, of  course, o n  the exact choice of para- 
meters but is not very sensitive to  changes as long as the two principles 
given above are followed. The general trend in the dipole moments 
strongly supports this result. 

The  results of Jansscn and Sandstrom15 may be translated into terms of 
higher polarizability of the thione group; a substituent capable of meso- 
meric electron release will be more effective towards a thiocarbonyl than 
towards a carbonyl group. 

Using a slightly different calculation method but with the same para- 
meters. Fabian and M e h l h ~ r n ' ~ - ~ ~  were able to  relate a number ofaddi-  
tional physical properties (half-wave potentials for polarographic reduc- 
tion and some hundred spectra) with theoretical quantities. Thus the treat- 
ment of thiocarbonyl compounds as  analogous to  carbonyl compounds 
seems soundly based. 

I n  Table 2 a more complete comparison is made between carboxylic 
and (di)thiocarboxylic esters1>' 21. The calculated resonance energies a re  
again calibrated against Walter's resuItsl2. Two conclusio~is arise which 
may seem surprising a t  first sight: ( i )  thiono esters are more stabilized by 
resonance than 0x0 esters, and (ii) thc thioacyl sulphur bears a higher neg- 
ative charge than the acyl osygcn if the alkoxy or  the thiol part is the 
same. 

T h e  first point may seem unlikely in view of the gencrally assumed high 
reactivity of the thiono esters. Howcver. rccent work has established that 
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T A ~ L E  2 .  Resonance energies (R.E.) and chargesof cstcrs and thio e s t c r ~ * ~ *  2 1  

//x 
R C  

RCSSR 0.380 5.6 .- 0.270 10.149 

thiono acids are  Iiydrolysetl slower than esters2? at least i n  acid-catalysed 
hydrolysis. 

Many observations on thione compounds can be explained by the 
theory given. Although outside the scope of th i s  review, a few may be 
mentioned : the greater tendency for enolization of thio ketonesG and 
dithio esters":'; the strong nucleophilicity and basicity of sulphur in thio 
amides and thio ureas (exempiified by tlic tendency to  form hydrogen 
bonds);  and the dimerization ot' thiophosgenc (similar to the trirneriza- 
tion of thio ketones) bu t  not of the subsequent structures of Table 1 
( b u t re appear i n g 1 n t r i fl u o r o ni e thy I t r i fl u or o d it h i o a c e t a t e)?,'. 

C. General Properties of Thio Acids and Dithio Acids 

1. Physical properties 

Three basic structural units have to be considered in this section: tlie 
thiolocarboxylic acids (l) ,  tlie thionocarboxylic acids ( 2 )  and the dithio 
acids (3).  . 

(1 )  (2) (3) 

Ob:.iously 1 and 2 exist in a fiist tautomcric equilibrium. Even at  an early 
date, most authors agreed that the thiolo forin (1) best dcscribed the pro- 
pcrties c!' thc acids and this opinion has been strengthcned by advanced 
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spectroscopical studies. Gordy25 found only the thiolo acid by electron 
diffraction ; infrared spectra show carbonyl and thiol frequencies and no 
hydroxyl bondsz0-", and the ultraviolet spectrum resembles that of a 
thiolo ester and not that of a thicno ester"". Reports that favour a sizeable 
amount of the thiono acid tautorner from infrared2s or spect- 
ral data are not based on a n  unambiguously assigned band and rest only on 
one type of observation. The most definite bands for a thiono acid would 
be the OH stretching band i n  infrared spectra or  the 17 -- ."E* absorption 
band in the iicar ultraviolct, expectcd around 370 mp by analogy with 
thiono esters"'. Neither of these bands has cver been noticed in the vapour 
phase or i n  a variety of solvents. 

A theoretical analysis by adding bond energies3? favours 1 by about 
10 kcal/mole but this difference is oKset by the larger resonance energy of 
2 (Table 2). Since both quantities are highly uncertain i n  their precise 
values, a pediction on theoretical grounds cannot be made. 

5 
/:- 

RC-: (-I v. 
0 

The salts derived from both thio acids contain the niesomeric anion 4. 
Since 4 exhibits an i.r. band in the carbonyl regionz3 i t  is generally assumed 
that most of the negative charge resides on the sulphur atom. This is in 
agreement with the postulate of the tendency of the carbon-sulphur bond 
to remain a single bond although the higher electronegativity of oxygen 
suggests that the other structure should dominate. Apparcntly the former 
effect prevails. 

Ultraviolet studies 0 1 )  thio acids have been made by Hantzsch and 
Scharf'"". Kocli3i, and Hirabayushi and Mazume3'jG. Thcy exhibit a strong 
band near 225 m:* and ii shouldcr (17 - z* band) around 270 iii;*.Theanion 
absorbs strongly near 250 rnp .  

Whereas the ultraviolet spcctra of the thiolo acids (and ehters) arc not 
very intcresting, the red colour o f  dithio acids has invited spectrochemical 
investigations for many ycars. Dithioacetic acid h;ts ;i low inlcnsity band 
a t  460 n i ; ~ ~ ~  which shifts iipoii ionization to 450 :-11p7. This band is assign- 
ed to an 17 - x* absorption o f  the thionc group on thc basis of its intcn- 
sity and its solvent elyccts. Due to inore extensivc conjugation the bands 
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shift t o  longer wavelengths in dithiobenzoic acid38 (538 m+). As expected 
the spectra of the acids resemble those of theesters. At  shorter wavelengths 
more intense bands due  t o n  - x* transitions exist.. 

2. Nucleophilic properties 

Although individual classes will be treated in subsequent sections, a 
short generalized treatment of properties typical of all thio acids will be 
presented here, limited to two topics : nucleophilic character of the anions 
and radical reactions. 

The  comparison of the nucleophilic character of oxygen and sulphur 
compounds is a popular field ofstudy but few quantitative studies have been 
made. Bunnett found that reaction (1) proceeded much faster with sulphur 
(CoH5SNa) than with oxygen (CH30Na) n u ~ l e o p h i l e s ~ ~ *  40 and concluded 
that a thiolate ion was about 1000 times stronger as a nucleophile than an 
alkoxide ion (the exact figure depending on the nature of X). 

(1) 2,4-(NO,),C,H,X i NaSC,H, - --.- 2,4-(NO,),C,H,SC,H, + NaX 

X = F. CI. Br. I 

This result, valid for hydroxylic solvents, may be profoundly influenced 
by a change in solvent. Kooyman4' reviewed evidence that the free ent- 
halpy of solvation in aqueous solvents is higher by about 8 kcal/mole 
for alkoxide ions compared with thiolate ions. I f  wc would go  so far as to 
assume that the solvation of the ions is of decisive importance for the 
solvent's effects upon reactions such as ( I )  then i n  less polar solvents the 
ratio of the rate constants of equation ( I )  (k , /ko)  would diminish from 
1OOO:l to the extreme value of 1: lOO in which case the alkoxide ion would 
be more reactive than the thiolate ion. N o  quantitative data are  available 
in non-polar solvents. 

In general, nucleophilicity increases w i t h  basicity but anotlier ractor is 
involved as  well. This has been described i n  terms of polarizability.l~l '~ or 
of oxidation p ~ t e n t i a l ~ " " ~ .  The latter approach sccms successful for a 
quantitative description and a number of parameters for sulphur nuclco- 
pliiles have been computed4b. The high oxidizability of tliiolate anions 
will otfsct the lower basicity and make sulphur compounds strong nucleo- 
philes. Howevcr, oxidation potentials are again determined i n  aqueous solv- 
ents and cxtensioii to non-polar systcrns has not been made. 

The best-kno\\ill description based 011 polarizability is I'carwn's con- 
cept of hard and soft acids and bases". I t  distinguishes t\\'O classes o f  
bases: those whic]i ]lave a strong tendency to bind with protons are called 
hard and those which preferentially combine with heavy metal ions are 
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called soft. Typical examples of hard bases are water or the fluoride anion, 
whereas hydrogen sulphide or the iodide ion are soft. The relation with 
polarizability is clear. Likewise, protons and boron trifluoride are hard 
acids and heavy metal ions or the heavier halogens (bromine, iodine) are 
soft acids. Evidence exists that a hard base has a strong tendency to bind 
with hard acids and vice versa. 

Although Pearson's concept has not been treated in quantitative terms 
as  yet, it is an extremely useful tool to rationalize the differences in  reac- 
tivity of oxygen and sulphur compounds. An oxygen nucleophile, being in  
general a hard base, will react preferentially with comparatively hard elec- 
trophilic sites whereas sulphur nucleophiles show enhanced reactivity 
when the electrophilic site is more polarizable (or softer). Thus the relhtive 
nucleophilicity of oxygen and sulphur compounds depends on the type of 
substrate and a general statement as t o  which type of compounds is the 
better reagent is not possible. 

It should be mentioned that the same conclusions follow from the Ed- 
wardsDavis  since the Edward-, equation contains reac- 
tion parameters which represent the response of a given substrate (in a 
given reaction) towards basicity and the oxidation potential of the reagent. 

In  the following sections we will frequently encounter evidence against 
the general statement that sulphur compounds are better nucleophiles 
than the corresponding oxygen derivatives. In many cases the apparent 
discrepancy is logically removed if the above-mentioned dual concept is 
applied. 

The anaiysis in terms of oxidation potentials predicts dill'erences i n  rela- 
tive nucleophilicity depending on the extent of charge transfer in the tran- 
sition state. Thus for substitutions at a saturated carbon atom, reactivity of 
the nucleophile is mainly governed by the oxidation (polarizability) term 
whereas for reactions a t  a carbonyl group the basicity is most important". 
In terms of soft acids the saturated carbon centre is softer than the car- 
bony1 group. 

The relative activities of oxygen and sulphur nucleophiles are less am- 
biguous in the case of the anions of dithio acids. The dilrerence in basicity 
between the dithiocarboxylate and carboxylale anions is much snial\er 
than in the system thiolatc/alkoxide. The complex formation \vitli heavy 
metals (because of softness of the base) is enormous in particular with the 
dithio acids (or put alternatively, they become easily oxidized) so that di- 
t hiocarbosylate ions w i l l  i n  most cases be very strongly nucleophilic when 
compared to the carboxylates. However, on: must be prepared for excep- 
tions even here. 
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3. Radical reactions 

Reactions of organosulphur radicals are  well known with thiols and 
thio acids. Dithio acids have becn studied less extensively but a few exam- 
ples of radical-initiated additions exist. With alcohols or oxygen acids they 
are rare. 

The importance of organosulphur radical reactions in synthetic chem- 
istry is due t o  the high chain-transfer activity: instead of starting a poly- 
merization chain they just  add t o  double bonds. 

Stacey and Harris recently reviewed this field.'g. CunneenjO gave the order 
of increasing reactivity of organosulphur radicals as 

i-AmSH -C PhSH -= HO,CCH,SH .C CH,COSH -= CICH,COSH <CI,CHCOSH -=CI,CCOSH 

( 3 )  

Apparently, increasing acidity increases reactivity. From the fact that  
thiols isomerize olctins it follows that the additions are reversible"'. 26. 

D. General Properties of Thiolo, Thiono and Dithio Esters 

1. Physical properties 

In the spectra ot'thiolo esters U . Y .  absorption occurs around 230 m : ~ ~ " .  53, 

with a shoulder a t  longer wavelcngths; the i.r. spectra show absorption a t  
expectcd frequencies, the carbonyl band being shifted to lower wave- 
numbers i n  comparison with esters. This shift has been interpreted" as 
involving resonance with the structure - S  -C-0' but cvidence is over- 
whelming for thc overall polarity + S - -  C- -O-  so that probably the 
presence of the licavicr sulphur atom is rcsponsible for the displacement. 

Spectra of the thiono and dithio estcrs have been studied exten- 
sively7. 14. 31. 54 , in particular the I I  .- T*  bands at long wavelengths tire 
characteristic of  these compounds. aithough they can be (and have bcen) 
cosily missed ifspectra arc takcn  at thc dilutions ilsuiil fo r  U.V .  spectroscopy. 
Some absorption maxima a r e  collccted in Table 3.  
Thc 11.v. absorption of simple thiones can be described i n  good npproxi- 
matio:i by simplc qurintum-mechanical methods (c.f. section 1. B). AS 
L ' x ~ c c : ~ ~ ,  the I I  - x* absorption shifts to lower wavelength?; when elec- 
tron-donating heteroatorns a re  attached to thc thiono group but to higher 
\v:~velcngtlis upon conjugation ivith 3 phenyl group. 
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Infrared htudies have centred around the assignment of the C - S  
stretching frequency: apparently investigators tacitly assumed that it 
should be strong and characteristic by analogy with carbonyl bands. The 
free C -S group is supposed to have its band around 1100 cni-' 55 which 
unfortunately is the region where many single bonds have their stretching 
frequencies. In a number of thiono compounds strong bands are found 
in the region between 1000 and 1200 cm-' which have been assigned to 

C---S but the shifts with substitution by heteroatoms 
cannot always be correlated with the expected effects on force constants. 
It becomes increasingly clear that the carbon--sulphur stretching fre- 
quency seldom exists as  such in the majority of compounds and that com- 
bined vibrations take its place. 

2. Chemical properties 

Compared to  the extensive studies on carboxylic esters the number of 
investigatioiis on thiolo esters is extremely small. I t  is no wonder that up 
till now only vague ideas have existed about the derails of thiolo ester 
reactions. Although thiolo esters a r e  less stable thermodynamically than 
oxygen esters, t hey  are never hydrolysed appreciably faster than carboxylic 
esters in alkaline media ( and  even slower by acids) (c$ section IV). Thiono 
esters give the same result"" (section V) .  Thc rate of hvdrolysis of dithio 
esters has not been investigated quantitatively but dithiomalonic ester 
derivatives have been shown to  hydrolyse preferentially a t  the carbonyl 
5 oroup= 6 0 :  

/CS2C2H5 

C,H,CH C - .-.- CeH5CH- CHCS,C,H, - CO, -- CZHSOH (4) 
KOH 

\C02C2H, ( 5 )  

Product 5 is a red oil which decomposes on attempted distillation. Ethane- 
thiol was only found i n  traces. 

Apparently the dithio ester group is Lery stable even against alkaline 
hydrolysis. 

II. THlO ACIDS 
A. Preparation 

The normal way of preparing thio acids consists o i  the action of hyd- 
rogen sulphide on derivatives of carboxylic acids such as acid halides, anhyd- 
rides, diacyl sulphides and esters. lMost reactions are equilibrium reactions 
(equations 5 and 6 ) .  High temperutures tend to drive olT hydrogen sul-  
pliide so that working under pressure may be necessary. 
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RCOOR i H,S z---- RCOSH j ROH 

RCOOCOR i- HXS 7.': RCOSH 7 RCOOH 

Fortunately many reactions run smoothly under mild conditionsg either 
uncatalysed (e .g .  with acid halides) or  catafysed by bases ( e g .  with an- 
hydrides). 

A variety of solvents, such as pyridine, methylene chloride c/c. are used. 
Acid catalysis has been applied for the preparation of  aliphatic tliio 
acids by the action of hydrogen sulphide on anhydrides under p r e s s i ~ r e ~ ~ - ~ ~ .  
Judging from the reaction conditions, it seems that hydrogen sulphide 
reacts faster than water in these reactions. 

An interesting case is the reaction between esters and NaSH. Hirabayashi 
and coworkers64, extending older findingsG5. found that NaSH in absolute 
ethanol sulphydrolyses aromatic esters of aliphatic carboxylic acids to 
thio acids in 70% yield but with aliphatic esters 50-7072 of the carboxylic 
acid and ethyl esters were formed by hydrolysis and ethanolysis. 

(7) 

(8) 

No appreciable amounts of thiois have been found in reactions (7) and 
(8) so that sulphydrolysis with attack on the alcoholic part of the ester is 
not involved. The authors consider the relative basicities of the leaving 
groups (CsHsO-, CHsO- and SH- )  t o  be the main reason for the course 
of the reaction. 

Under different conditions, in  particular i n  DMF as solvent thiolate 
ions and NaHS attack esters with preferential attack at the alkyl carbon 
atomG6. 

A similar selectivity is found'.' when acid chlorides rcact with NazS and 
NaHS in ethanol. Aromatic acyl chlorides yield thio acids smoothly but 
aliphatic acyl chlorides are solvolysed faster by ethanol (however, several 
aliphatic thio acids although contaminated by acids have been prepared 
by this method under careful control of reaction conditions"). 

Judging from the results with NaHS and NanS it appears that a fine 
balance cxists between the reactivitieb of' the sulphur and oxygen nucleo- 
phifes (probably both negatively charged) towards esters and acyl halidcs. 
Possibly, the aromatic substratcs, being 'softer', are more reactive towards 
the sulphide (cf. section I ,  C. 2). A careful analysis which takes the ioni- 
zation equilibria into account could throw more light on this fundamental 
problem. At the same time kinetic and thermodynamic factors should be 
d is ting uis hed c:i re fu I I y . 

c n on 

c n OH 

C,,H,,COOCH, - NaSH -2- - C,,H,,COOH 

C,,H,sCOOC6Hs+ NaSH A C,,H,,COSH +- (C,,H,,COS), (- 70%) 

i C,,H,,COOH C,,H,,COOC,H, (30%) 

C,,H,,COOC,H, 
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Other methods for the preparation of thio acids are of much less impor- 
tance. The oldest is reported by KekulCGs and consists of the sulphuriza- 
tion of carboxylic acids by P A  The reaction is only of historicill interest 
for the preparation of thio acids although it is still used for obtaining many 
thiono compounds. 

A method with general applicability is the reaction of Grignard rea- 
gents with COS (equation 9)'9; thioacetic acid is obtained by the action of 
hydrogen sulphide on ketene'" (equation 10). 

RMgC1.r COS .- -- RCOSMgCl -H-??- RCOSH 

CH,---C OtH,S . -.- CH,COSH 

Thioacids cannot be prepared by hydrolysis of thiolo esters; the only pro- 
ducts are a carboxylic acid and a thiol but sulphydrolysis of thiolo esters 
leads of course to  thio acids. The reaction is a variant of equation (6 ) ,  
and is sometinies useful for the preparation of unstable acids h situ. Wie- 
land and coworkers71* " prepared aminothio acids by this method. 

Thiono derivatives may be expected to  give thio acids on hydrolysis 
(equation I I ) .  However, thiono compounds are difficult to make (and 

,S 

unpleasant to handle) with the exception of thio amides. When conditions 
are  well clioscn, thio acids may be obtained, but structural limitations 
exist. Seydel'3 reports t h e  successful preparation of 2-ethylisothionicotinic 
acid by alkaline hydrolysis of the thio amide. Acid hydroiysis yielded the 
amide (equation 12). Several aromatic thio amides failed to give the thio 

0. Acidity 

The acid dissociation constants i n  watcr o f  only two t l i i o  acids ha\ e been 
rnea~ul-ed'~~''. The results ;ire compared wi th  the corresponding carboxy- 

111 Table 4. As expected thio acids are the stronger acids, 
although , h e  difference is much smaller ( -  1.5 units) t h a n  that between 
tliiols and alcohois ( -  6 iinits). The sm;iller diflerencc is largely caused by 

l i c  acidsi4, 76. ;I) . 
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TABLE 4. Acid dissociation constants of thio acids and carboxylic acids 
(in Hater at Y). 

~~ 

Conipcund P K I  ( X  S) Reference p I , ( X  = 0 1  R rl'crencc 

- - ______ 

CH3COXH 3.33.  3.41 7 4  77 d.76 71 

C, H,COX H 2.43 77 4.20 75 .79  

the decreased resonance stabilization of the RCOS- anion, but may partly 
be due to  differences in solvation. 

Ioffe, Sheinker and Kdbachnikno studied the acidity of thio acids and 
carboxylic acids in non-polar media by determining the proton transfer 
between the acids and an indicator (crystal violet) in benzene and chloro- 
benzene. Protolysis constants (K,) refer to the formation of ion pairs which 
are not dissociated appreciably. The K,, values show the expected trend 
upon substitution in the acids but the comparison between carboxylic 
acids and thio acids gives no straightforward results. On the whole. thio 
acids seem to be weaker in benzene and stronger in chlorobenzene, but 
in both cases the apolar solvent makes the relative acid strength of thio 
acids (i.e. compared with carboxylic acids) smaller. This is the opposite of 
what would be expected: the lesser solvation of thiocarboxylate ions would 
tend to  make the thio acids relatively weak in water and the dimerization 
of carboxylic acids in apolar solvents would work in the same direction. 
strengthening thio acids relatively i n  apolar solvents. I t  is doubtful, there- 
fore, whether the proton-transfer results can bc interpreted in terms of 
acid strength alone. The relevant data are given i n  Table 5. 

TABLE 5.  Proton-transl'er constants ph', of thiv acids and carbouylic acidsyO 
(refere ncc base : crystal violet). 

C H3COXH 
C,H,COXH 
p-BrC, H,COX H 
P-CF~C,; H 4CO X H 

Hydrogen-bonded dimers of thiu acids in non-polar solutions do occi~r ,  
although dimcr formation is less than with carboxylic acids. A recent 
infrared study by Ginzburg and Loginovdl shows both hydrogen-bonded 
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and free S H  and CO groups when thioacetic acid and thiobenzoic acid are 
dissolved in carbon tztrachloride. With thioacetic acid, the dimer bands 
disappear below a concentration of 1.4 mole/l. whereas M solutions 
of acetic acid in carbon tetrachloride still contain an  appreciable amoiint 
of dimerB2. Thib large difierence could in part be due to the smaller nega- 
tive charge on the acyl oxygen in  the case of t h i o  acids (Table 2), but 
this cannot be the sole cause, sincc the hydrogen-bonding ability of thio- 
acids is towards ethers also. 

It must be concluded that the SH group is less able to form hydrogen 
bridges with a reference base (at least towards oxygen bases) than the OH 
group, although it  is a stronger acid. 

C. Substitution Reactions 

The thiocarbonyl group. as can be cxpected, is liable to attack by nuc- 
leophilic agents. With water, thio acids arc slowly hydrolysed to carboxy- 
lic acids. This reaction is the basis for  the well-known use of thioacztic 
acid (which is more convenient than working with hydrogen sulphide) in 
the precipitation of metals as sulphides. The still more popular reagent 
thioacetamide acts by being hydrolysed to thioacetic acid in water with 
subsequent liberation of hydrogen sulphides4. 

Other metals are precipitated as their thioacetates which are often un- 
stable and decompose to metal sulphides. Since metal ions catalyse the 
decomposition of thio acids it is hard t o  obtain pure thio acetates of most 
heavy metals. 

The hydrolysis of thio acids can be either spontaneous or catalysed by 
acids or bases. The spontaneous hydrolysis of thioacetic acid proceeds 
about 20 times faster than oxygcn exchange in acetic acid77, but the acid- 
catalysed reaction goes slower with the thio acid7’. The base-catalysed 
reaction of thioacetic acid is faster again84 (see section IV.  B). The 
mechanistic aspects of this and similar reactions will be covered in  sec- 
tion 1V. 

Alcohols and arnincs drive off hydrogen sulphide likewise leading to 
csters and amides; the reactions go faster than with carboxylic acids”. 
In particular with amines, reaction is so rapid that thio acids resemble 
acid halides in this respect. Intramolecular substitution was found t o  be so 
fast for amino thio acids H,N’(CH,),,COS-, when I I  = 3 or  4no, that 
sulphydrolysis of the phenyl esters with triethyl amine and hydrogen 
sulphide gave no acid at  all, pyrrolidvne and piperidone being the sole 
products. \Yith longer o r  shorter chains sulphydrolysis yielded the amino- 
thio acid in good yield. 
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Thiols react in  the same way to give thiolo estersN7 (equation 13) but 

-!- H,S (13) 

the esters are more easily obtained from the reaction of thio acids with alkyl 
halides. Dithiosuccinic acid is reported to lose hydrogen sulphide spon- 
taneously8's (equation 14) to give 2,5-dioxotetiahydrothiophene. 

R'COSH .!. R"SH =--' R'COS"' 

(14) 

A different type of substitution reaction consists of the reaction of thio 
acids with a great variety of substrates that are liable to nucleophilic sub- 
stitutions. If the reaction centre in the substrate is a carbon atom the pro- 
duct is a thiolo ester (see section 111. A .  I ) .  An interesting reaction is illus- 
trated in equation ( 1  5 )  where the product is probably formed via a double 
substitution reaction". 

\ CHZ-CO 
I 
1 

CHZ-CO +- 
HSOCCH,CH,COSH --- 

(C,H,),CCI, + 2 HSOCCH, - .- -* (C6Hs),C(SOCCH,), .-- (C,H,),CS +-(CH,CO),S 

(15) 

Substitution may also occur on acid chloridesQo (equation 16), esters or 
acids. The latter reactions are equilibria. They may be of synthetic use 
when the reaction can be forced into the desired direction by removing the 
product (equation 1 7)81. 

RCOSH -+ R'COCI - - RCOSCOR t- HCI (16) 
C,H,COSH + CH,COOH :- -:: '=  C,H,COOH + CH,COSH (17) 

solvent distilled off 

D. Addition Reactions 

Addition of thio acids to unsaturated hydrocarbons results in  good yields 
ot'thiolo esters (equation 18). The reaction may be used for the synthesisof 

R'COSH +- R"CH- --CH, - -- R'COSCH,CH,R" (1 8) 

thiols, polythiols or unsaturated thiols which arc in  general more easily 
prepared by thio acid addition and subsequent hydrolysis than through 
direct addition of hydrogen sulphide, which gives unwanted side-reactions. 
An interesting example is the preparation of 2,3-dithiosuccinice3 acid: 

(19) 

With carbonyl compounds dithioacylals are obtained easily". with 

CbH5CH0 1 2  CH,COSH --- C,H,CH(SOCCH,), (20) 

HOOCC--:CCOOH - -- HOOCCH(SAc)CH(SAc)COOH -- 
. .-* HOOCCH(SH)CH(SH)COOH 

nitriles thioamidesu5 are formed : 

NH 
CbH,CN -+ CH,COSH ?'I- CbH5C/ --- C,H,CSNH, +CH,COOH (21) 

\SCOCH, 
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Reaction with a ketene gives a diacylsulphide (equation 22)'O. A few 
more additions to  cumulated systems have been described and others 
should probably succeed. The method can be used to distinguish between 
thiocyanates and Isothiocyanatesg7* ''. 

CH2- C-- 0 -k CHSCOSH - -- CHSCOSCOCH, (22) 

RSCN+CH,COSH - - RSC(NH)SCOCH, --  - RS,CNHCOR 
(23) 

[- - CHSCOSR-HCNS] 

RNCS+ CH,COSH - --- + RNHCS2COCHJ -- CHJCONHR -- CS2 (24 1 

Because of the strong nucleophilic action and easy radical formation 
of thio acids two mechanisms are possible. Nucleophilic addition may bc 
expected with activated (i.e. negatively substituted) double or  triple bonds 
by analogy with additions of thiols which occur both with basic catalysts 
(if activated olefins are used) and under influence of radical initiatorsg9, 
heat or light. Since both give anti-Markovnikov orientation, the products 
give no clue t o  the mechanism. However, reaction conditions and stereo- 
chemistry do. It is certain that both kinds of reaction occur, but the interest- 
ing borderline cases have only been sparingly studied so that many mecha- 
nistic pronouncements rest o n  unsure ground. Electrophilic addition of 
thio acids has not been recorded. 

With non-activated olefins, reactions are strongly alrected by light, heat 
o r  radical initiators (or inhibitors) leaving no doubt as t o  the free-radical 
course. The reactions lead t o  terminal attachment of the thiocarboxylic 
group irrespective of the polarity of the substituents. 

(CH,),C :CH2 - t -  RCOSH - -- (CH3),CHCH2SCOR ( 2 9  

NCCH---CH2+ RCOSH - -- NCCH,CH,SCOR (36 )  

Addition to triple bonds (equation 27) procecds analogously and radi- 

CH,C- CH2-RCOSH -- CHJCH- CHSCOR ('7) 

cal initiators are active again. However, a parallel and perhaps important 
nucleophilic addition has never been disproved and stereochemical ar-gu- 
ments may favour an ionic course (see below). An activated acetylene has 
been shown by Alkema and Arens to be liable to  both nucleophilic and 
radical addition of ethanethiol~Ou (equations 28 and 29). N ucleophilic 
reactions of thiols with acetylenes have been reviewed by Truce1"'. The 
addition of thiolacetic acid t o  ethoxyacetylene gives 1 -ethoxy- I -(acetyithio)- 
ethenel0Z even without added base. 
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/OC,H, 
HC -COC,H, + C,H,SH H,C -C 

\SC,H, 

HC- COC-H,+ C,H,SH “o~ac’ ’yrc  - CZHSSCH - --CHOC,H, (29) 

Adding two equivalents of thio acid to a terminal acetylene yields 1,2- 
bis-a~ylthioalkanes’~~* lo4 together with the monoaddition product; 
with disubstituted acetylencs the reaction stops with the mono-adduct 
unless activating groups are Thus dimethylacetylene dicarboxy- 
late yields the bis-adducte3 (cJ. equation 19). 

Additions to highly electrophilic unsaturated systems such as ketenese6 
(equation 22), isocyaoates etc. are certainly of ionic nature. 

Radical reactions of thiols and thio acids have been found to be only 
partially (or not at all) stereospecific, thio acids being even less stereospe- 
cific than t h i o l ~ ~ ~ .  lnc. lo’. Thus both cis- and frarrs-2-chloro-2-butene give 
the same mixture of zhreo- (907;) and erytlrro-2-(acetylthio)-3-chloro- 
butane (10%). The reaction with thioacetic acids3 and 2-chlorocyclohexene 
gives both cis- and rrans-2-chlorocyclohexylthiolacetate : since the cis 
form amounts to 70q’,, some preference for trans addition is shown1. 5R. Io6- 

80% trans addition was also found for 4-t-butyl- 1 -methyl-cycl~hexene~~~. 
The issue is further complicated by the reversibility of the addition: Neurei- 
ter and BordwellS2 found isomerization of cis-2-chloro-2-butene and cis-4. 
methyl-2-pentene when the olefins were irradiated in the presence of cata- 
lytic amounts of thio acids. 

Reactions of thiols with acetylenes have bezn found to proceed mostly 
via trans additionqs especially at  low temperatures. Trucelo‘ has pointed 
out that with nucleophiles trans addition occurs, whereas the stereoselec- 
tivity of radical addition is much lower. A recent review by Prilezhayeva108 
confirms this suggestion. The temperature dependence might be due to the 
decreasing importance of free-radical reactions in  the cold. Adducts are 
reported to isomerize on standingloo but careful study could clarify the 
presence or absence of competing mechanisms. The addition of thioacetic 
acid to methyl propiolateo3 gave both cis- and rrans-methyl ,+acetylthio- 
acrylate, but no  detailed studies have been reported. 

Thiolacetic acid was found to give the diadduct with allene by a t e r m  
inal attack under influence of u.v. light at room t e m p e r a t ~ r e ’ ~ ~ .  

Selective addition of thio acids to the ally1 groups o f  diallyl maleate 
and fumarate has been foundl1° (equation 30a). The reaction proceeds 
without isomerization of the central double bond so that even a reversible 
addition to the acid part is excluded. This rcaction illustrates the clectro- 
philic character of the radical. With basic catalybts, Michael reaction 
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takes place a t  the central double bond (together with isomerization to 
diallyl fumarate, see equation 30b). 

COOCH,CH CH, 
/ 

HC' 

HC 
2 CH,COSH -. -* 

'COOCH,CH CH, 

COOCH,CH --CH, 
/ 

HC ' 
CH,COSH -+ 

H=\ 

OH - - -  

'COOCH,CH - CH, 

E. Miscellaneous 

COO(CH,),SCOCH, 
/ HC 

HC\ 

(30aj 

'COO(CH,),SCOCH , 
COOCH,CH- CH, / 

CH,COS ----CH 
(30b) 

HlC 

\COOCH,CH - CH, 

Thio acids are  easily oxidized to  disulphides (equation 31)  and 

2RCOSH - (RCOS), (31) 

Many oxidizing agents do th:: same. such as iodine, hydrogen peroxide, 
metal ions etc. Thio acids can be titrated with iodine. When oxidized 
strongly the sulphur is removed altogether and carboxylic acids result. 
This reaction presumably proceeds via unstable acylsulphonyl interrned i- 
ates. Reduction with hydrogen and Raney nickel gives the alcohol o r  alde- 
hyde, but conditions for selectivity have not been studied in  detail. With 
lithium aluminium hydride a thiol is obtained. 

Mikolajczykll? reports the desulphiirization of thioacetic acid when it is 
kept with an equivalent amount of dimethylsulphoxide a t  20" for one 
week. 

(32) 

Condensation reactions of thioacids are  not well known although Clai- 
sen condensation? of the esters were studied in some detail (section 111. 
B. 2). Behringer and Grimrn113 describe thc formation of a trithiapentalene 
( 6 )  in 9'x yield from acetylacetone and thioacetic acid under the influence 
of sodium acetate. Sulphur is found i n  the reaction mixture. 

the aromatic acids especially must be protected against oxygen. 

CH,COSH L (CH,),SO 7oojb- CH,COOH -- (CH,)ZS t S 

(6) 

A condcnsation i n  which the me.byl g o u p  of thioacetic acid is involved 
is also described by Behringer (equation 34) .  At 20" 7 is the final product, 
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arising from a normal (nucleophilic) addition of thioacetic acid to the 
triple bond. 

NaOAc 
Ph-C E C-CO-ph+CH,COSH - ,ooo- - - -. _. - 

(7 )  
Ph 

( 8 )  

A t  higher temperature 7 reacts with thioacetic acid with formation of 8, 
so that  reaction (34) may be assumed t o  proceed via formation of 7. The 
interesting feature of the ring closure is that  the sulphur atom (which 
finally becomes the thione sulphur) is not eliminated instead of the oxygen. 

Tha t  the carbonyl group of thio acids has some ketocarbonyl character 
(due to low resonance in the COS group) can been seen by the formation 
of d i t h i ~ a c y l a l s ~ ~ ~ .  However, t h e  reaction does not proceed via intermedi- 
a te  benzaldehyde when thiobenzoic acid is used in equation (35). 

3 RCOSH base - -  -- RCH(SCOR),t H,O -+ S (35) 

The easy formation of orthothio esters of formic acid is another example 
(equation 36)ll". 

HCOOH-i.RSH - - - -  [HCOSR] -- - HC(SR), (36) 

111. THIOLO ESTERS 
A. Preparation 

1. Substitution reactions 

Reaction of thiols with a number of carboxylic acid derivatives yields 
thiolo esters smoothly (equation 37). Acid chlorides, anhydrides, esters 
and even the acids themselves can be used (but not amides2). 

These reactions, reach an equilibrium, and therefore yields are often 

dependent on the possibility of shifting thc equilibrium in the desired 
direction. In the case of amides the equilibrium lies so much towards the 
left that  preparation from these compounds is not practical. With carboxy- 
lic acids the equilibrium is also rather unfavourable. 



Thiolo. thiono and dithio acids and esters 725 

Reactions with acid halides can often be carried out  without a (basic) 
catalyst, but  higher yields result with the use of tertiary amines or  pyridine. 
With anhydrides a basic catalyst is generally used. Details for preparing 
unsaturated esters have been described'j. 

Instead of thiols several metal thiolates can be used such as RSNa, 
RSMg1117, (RS)ZPb1ls, t-BuHgSR1l'J, and Me,SiSRI2". An example is 
given in cquntion (38):  the COOR' group is probably not essential. 

RCOCI -i- (CH,),SiSCH,COOR' -- - RCOSCH,COOR' - (CH,),SiCI (38) 

From this example it is clear that the thiol need not be present as a n  ion 
( t k  3i-S bond being high1ycovalent)so that acylation may be expected to 
take place also on sulphur compounds other than thiols. Indeed acyl hali- 
des and  anhydrides yield $-substituted thiolo esters with ethylene sulphi- 
desJ21e122 (equation 39) and the reaction of acetyl bromide with thio 
ethers is reported to give thiolo esters123. Gustus and Stevens124 report 
that acetyl iodide reacts in the same way (equation 40) with thio ethers; the 
same reaction with ethers was found to be possible and even faster. 

CH,COCI + CHz-CH, .-- CH,COSCH,CH,CI (39) 

CH,COI 1. C,H,SC,H, -- CH,COSC,Hs C2HsI (40) 

A substitution similar to (39) and (40) leads to thiolo esters by the reaction 
between acetyl chloride and a dithioacetall". 

CH,(SCH,), + CH,COCI .-+ CH,COSCH,-i- CICHZSCH, (41) 

With t h e  unsymmetrical substratc cthoxymethyl ethyl sulphide the 
sulphur a tom and not the oxygen atom is attacked by acetyl chloride: 

'S' 

C,H,OCH,SC,H, + CH,COCI . - C2HsOCH2CI f CH,COSC,H, (70%) (42) 

I t  seems that here the sulphur atom is the better nucleophile; on the other 
hand the observations of Gustus and Stevens124 lead to the reverse conclu- 
sion. Systematic investigations on the rclative nucleophilicity of ethers and 
thio ethers towards acyl halides have not becn made. 

The acetylenic esters. unt i l  rccently unknown, have been prepared by 
the action of alkynyllithiurn. sulphur and an acyl bromide. The reaction 
proceeds v i a a I it hi LI m a I k y n y I t h io la t e ' (i. 

RC - CLi - S, - RC- -CSLi -L R'COBr . .--- R'COSC ---CR (43) 

The second general method for synthesizing thiolo esters is of a type 
which has o n l y  rare examplcs in the carboxylic field. I t  consists of the 
nucleophilic attack of thiocnrboxylzte anions upon a great variety of 
substrate sl* '. 
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Under alkaline conditions thio acids react with alkyl halides (equation 
44), with ethylene oxides (giving $-hydroxy thiolo esters), ethylene sulphi- 
des, erhylenc imines, alkyl tosylates and even with activated alcohols127 
(equation 45). The latter reaction can be considered as a Mannich-type 

RCOS- + RCI - -- RCOSR'+Cl- (44) 

RCOSH - R'2NCH20H - CHlCOSCH2NR', (45) 

reaction since it takes place when sodium thiocarboxylate is added to a 
mixture of a secondary amine and formaldehyde. Non-activated aicohols 
cannot be used, since they alcoholyse the thiocarboxylate group (section 
11. C). In the carboxylic fie!d only the tosylate group is a good enough leav- 
ing group to be substituted. Thesc reactions leave no  doubt about the 
powerful nucleophilic action of the thiocarboxylate group. Interesting 
studies could be made of nucleophilicities and leaving-group tendencies 
with thio acids as model compounds, especially in borderline cases as 
equation (45). 

2. Addition reactions 

Since Holmberg's studies9? the addition of thio acids to unsaturated 
systems has shown increasing promise as a synthetic route to  thiolo esters. 

As was described in section 11. D, additions to  ethylenes and acetylenes 
are mostly carried out under conditions favourable for radical additions 
and the orientation is in  a n  anti-Markovnikov sense. For preparative de- 
tails the reader should consult the literature"" "* lol-llo. 

Addition of a thiol to ketene yields a thiolo ester12s (equation 46): 

H,C--C-- -0+ RSH - CH,COSR (46) 

When a thiol is added to a nitrile, an imidothiolo ester is formed which 
after hydrolysis gives a thiolo ester]"". With hydrocyanic acid a thiolo- 
formate is obtained13". The addition is acid-catalysed. 

8. Properties 

1. Thiolo esters  a s  acylating agents 

By far the most important property of rhiolo esters is their tendency to 
act as acylating agents. I n  this respect thiolo esters resemble acyl halides, 
in accordance with the low degree of resonance i n  the  .-COS- group. 
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Since the discovery of t h e  role of acetyl coenzyme A in biological acyla- 
tion, the reactions of model substances have been extensively studied, in 
particular in their reactions with alcohols and amines. 

In general acyl groups tend to migrate from sulphur to oxygen131 or 
nitrogen'", Inn as is borne o u t  by reactions (48) and (49). Although these 
reactions go to completion, equilibria are in fact involved, the constants of 

HOCHzCH,SCOCH, - CH,COOCHzCH2SH (48) 

which have been measured in a number of cases. Thus the alcoliolysis (50) 
is estimated to have an  equilibrium constant of 134 which is approached 

C,H,COSC,H, + C,H,OH .-ZLL- C,H,COOC,H, c C2H,SH (50) 

experimentally from both sides13.'. Unfortunately the temperature at which 
the equilibrium is reached is uncertain since the reaction mixtures were 
heated to  over 200". 

The equilibrium constant for reaction (51) was measured by Jencks 
and coworkers135 in water a t  39" and found t o  be 56. 

HO(CH,),SCOCH, 'I ..- CH,COO(CH,),SH (51)  

Traiisacylation to water (i.e. hydro!ysis) has been studied by Reid who 
measured the equilibrium compositions of equiinolar quantities of ben- 
zoic acid and alkylthiols and also of alkylthiobenzoate and water. The 
equilibrium mixture contained about IS:!:, of the thiolo ester in both ca- 
ses136 (for alkyl = ethyl, and n-propyl) which lead to  equilibrium con- 

R'COSR" + H 2 0  - - .  -.- R'COOH i. R"SH ( 5 2 )  

stants for reaction (52) of around 30 (for carboxyliccsters the same coii- 
stant is 0.25). For the methyl esters A' was found to be higher ( -  80)130- 

The temperature of equilibration was around 200". 
Estcrifications have also been studied by C l ~ a h l a y ~ ~ ~  at I75O. The 

amount of thiolo cster formed ranged from 12:,.: for primary thiols and 
SO,.; for secondary thiols to 3-47; for /-butylthiol. 

The transacylation constants (or the reciprocal or the esterification 
constants) for the reactions of both alkyl thioloacetates and alkyl thiolo- 
benzoates are: A' (primary thiol) :.. 60, K,,(.(. :- 150, A',,.,, ::- lo4 137. The 
same constants ror alkyl acetates o r  benzoates are: KPrj,,, -1 K,(.(. iz 0.5, 
I(,,,,, 2 ~001:'". The ratio o f  thc constants for hydrolysis of tliiolo esters 
and carboxylic esters is coiisistent with t h e  equilibrium constant for  alco- 
holy sis at li igh t em pera t u rcs . 

The equilibrium for the  aniiiiolysis of thiolo esters lies much further to 
t h e  side of the acetylaniino but in acid solutions the reaction 

CH,COSC2Hs H2NC,Hs -- -* CH,CONHC,H, + C2H,SH (49) 
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is driven backwards because of protonation of the free amino group. In 

equilibrium (53a) a kinetic study by Martin and P a r ~ e l l l ~ ~  led to  an 
equilibrium constant of 5X lo7 (assuming pKa of protonated B-amino- 
ethyl thioacetate to  be 9 -  1). 

Unfortunately a similar analysislq1 of the 0 - N transacylation in a 
system (53b) (equal to (53a) but with oxygen instead of sulphur) gave an 
equilibrium constant of 1-5X lo3 whereas from reactions (51) and (53a) 

should be around lo6. This discrepancy is not yet resolved satis- 
factorily, although in a later publication Martinlq2 recommends abandon- 
ing his value for the 0 - N constant because this system according to  
H a n ~ e n l ~ ~  contains an irreversible step. 

Hansen's criticism may have far-reaching consequences for the detailed 
analyses of the systems (53a) and (53b), (see section IV. D). 

Apart from this unsolved question, evidence is overwhelming that com- 
pounds are successively more stable in the sequence S-acyl, 0-acyl, N- 
acyl. This order is in agreement with the increasing resonance energy in 
the systems. I f  it is assumed that differences in solvation energies are of 
secondary importance and mean values for the equilibrium constants are 
taken as K s -  2 60 and K S d N  = 5X lo7, differences in resonance 
energies between the thiocarboxyl group and the carboxyl group of ca. 
2-5 kcal/mole and between the thiocarboxyl and the amide group of cn. 
11 kcz!/mole can be estimated. 

H,NCH,CH,SCOCH, --I- CH,CONHCH,CH,SH (53b: S = 0) (53a) 

The kinetics of the transacylation will be covered in section I\'. 

2. Other reactions 

Thiolo esters bearinga-hydrogen atoms may act as the anionic reagent in 
Claisen and related condensations (cquation 54). Baker and used 
sodium but yields were much better (up to 70%) when isopropylmagnesium 
bromide was employedl4j. When ethyl acetate is subjected to the latter 
reaction conditions the normal Grignard reaction takes place with forma- 
tion of the tertiary alcohol. Sterically hindered esters (r-butyl acetate) 
undergo Claisen condensation with isopropylmagnesium bromideLq6 in 
42% yield. With 2-butyl thioacetate Claiseri condensation takes place 
more slowly, which was attributed by Cronyn. Chang and Wall14j to the 
greater stability of the organometallic compound 9 due to  the greater 
acidity of the thiolo ester. This is also borne out by the acidities of aceto- 

CH,COSC,H, -t -CHzCOSCzH, - -  ---- CH,COCH,COSCzH,+-CzH,5- (54) 

i-PrMgBr + CH,COSC(CH,), ---- BrMgCH,COSC(CH,), C,H, ( 5 5 )  
(9 )  
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thioacetates compared with acetoacetates. The available data147 are: 

CH,COCH,COSCH,CH,NHCOCH, p K ,  = 8.5 ( 5 6 )  

The higher acidity of rx-hydrogen atoms in thiolo esters finds a logical 
explanation i n  the lesser resonance within the -COS- group and the 
inductive efTect (often underestimated) of the sulphur atom. That thiolo 
esters react faster in ester condensations than esters has been explained by 
the greater acidity of the former but at the same time evidence exists that 
it also is a more reactive substrate for the attacking anion. Thus with ace- 
tone, ethyl acetate condenses to acetylacetone whereas ethyl thioacetate 
prefers condensation with itself to ethyl acetotl i i~loacetate '~~. The impor- 
tant condensation of acetate groups in acetyl-CoA has been reviewed by 
Bruice14 8. 

With Grignard reagents the thiolo cster function is attacked giving ter- 
tiary alcohols and thio1117* I4O unless the esters arc sterically hindered and 
metallation occurs as described abovc (equation 55). The analogous zinc 
reagent can also apparently be formed from thiolo esters, since Refor- 
matsky reactions can be carried out1s" with zinc as well as with the Gri- 

CH,COCH,CO,CH, P K ,  10.5 

gnard reagent. The latter with cyclohcxanone gives a 60",:, yield of 10 : 

(57) 

Oxidation of thiolo esters can give several products but is of minor syn- 
thetic use. Dependent upon the oxidizing agent and on the structure, either 
carboxylic acids or sulphonic acids result. Halogens give a multitude of' 
products, partly by oxidation (disulphides, tliiolsulplionic estersLi1) 
and partly by halogenation (wi th  C12: sulphenylchlorides RSCl, sulpho- 
nyl  chlorides RSOzCI, alkplsulphur trichlorides RSCI3)l"'. The presence 
of water has a profound influence upon the products formed. 

Reduction leads mostly t o  alcohols or aldehydes. Thc action of Raney 
nickel has been extensively studied wi th  the purpose of finding thc condi- 
tions favouring smooth reduction to alcohols or selective reduction to 
the aldehyde stage. The latter is achieved with a partly deactivated cata- 
I y st ( d ea c t i v at c d by t r ca t me 11 t wit h b o i 1 i 11 g a ce t o n e j3 o r c t h a n o 1 j4). 

However, alcohols may be obtaincd i n  excellent yiel~ls~j . ' - '~~.  When the 
Raney nickel is completely freed of adsorbed hydrogen disulphides and 
hydrcicarbons resultlj". With lithium aluminium hydride thc main 
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products are the a!coho11eo-1G2 and thiol, with lithium hydrides aldehydes 
resultlG3. 

A new class of thiolo esters, P-thioketothiolo esters, has recently been 
prepared and studied by Duus, Jakobsen and LawessonQo. 

:V. KINETICS A N D  MECHANISM OF SUBSTlTUTlON 
REACTIONS A T  T H E  THIOCARBOXYL FUNCTION 

A. General 

The discovery of the role of coenzyme A as a natural acylating agentls4 
and the following application of thiolo esters as reactive starting materials 
for the synthesis of 0ligopeptidesl3~. 165 have led to the description of the 
thiolo ester group as energy rich. As seen previously the free energy change 
of transacylation from sulphur to oxygen or nitrogen is always negative and 
this should be in fact the meaning of the term ‘energy rich’’35. It follows 
that in reaction ( 5 8 )  the rate of alcoholysis of a thiolo ester (kl) should be 
higher than the rate of thiolysis of an ester ( k - l ) .  

A ,  

k - ,  
R’COSR’+ R’OH -=- R’COOR’ + R’SH (58) 

One would expect thiocarboxyl groups to be more reactive towards 
nucleophiles than the carboxyl group and in a qualitative way this reems 
to be borne out by the very much faster aminolysis of thio acids. Thio- 
benzoic acid reacts with aniline spontaneously but benzoic acid reacts 
only o ~ i  prolonged heatings5. Likewise hydroxylamine needs heating 
with oxygen esters whereas thioloesters react spontaneously at  room 
temperature. Unfortunately comparable kinetic measurements have not 
been performed with N-nucleophiles, but the qualitative evidence seems 
quite compelling. 

The hydrolysis of thio acids and thiolo esters has been studied more 
extensively with direct reference to the comparable reaction with the oxy- 
gen analogues. A discussion is therefore best related to this reaction. 

In principle esters can be hydrolysed by attack on the carbonyl group 
(‘acyl fission) o r  on the alkyl  component (alkyl fission). Isotope experiments 
have shown that the first path dominates, except in cases where a specially 
stabilized carbonium ion is formed as with t-butyl, benzyl or triphenyl- 
methyl esterslGG. With thiolo esters product analysis gives the type of 
fission immediately. It has been found that t-butyl thioloacetate yields 
f-butylthiol and acetic acid (i.e. acyl fission occurs) both in acid and alka- 
line h y d r o : y s i ~ ~ ~ ’ ~  lG8. Triphenylmethyl thiolobenzoate gives alkyl fission 



137 Thiolo, thiono and dithio acids and esters 

upon acid but not upon alkaline hydrolysislG*. 100 (equations 59 and 60). 

( 5 9 )  

(60) 

Apparently the preference for acyl fissior, is even greater with thiolo esters 
than with oxygen esters. 

The mechanism of carboxylic ester hydrolysis has been reviewed by 
Bender170. Thc reaction can be eithcr spontaneous or  catalysed by acid or 
base. If Bender's scheme is translated for thiolo esters (or the acids) equa- 
tions (61) and (62) result. 

1 CHaCOSCR, + Ha0 --K- CHaCOSH + HOCR, (R = CAH,) 

CH,COSCR,-t HZO -.H*- CHaCOOH + HSCRa (R=CH,) 

CH,COSCR,+ H,O ZH: CH,COOH -t HSCR, (R= CH,. C,H,) 

OH OH 
I 

R-COSR' so> [ R-C<p,?]+ + H20 T-: k - .  -.- R---C---SR' I r---z H a 0  R-C-SR' 
I A k, H,O+ 

B +OH, C OH 

H,O- !!H,O (61) 
D ii 

OH 
H,Of ,OH. + I 

RCOOH+-HSR' -= -- [R-C 1 +HSR' -.r= - R-C-SHR' 
k ,  I f  
E OH 

F \OH. 

0- 
k ,  O H  - 

RCOSR' OH- -:---..-.- R-&R* - -  -.k'- - RC0OHtSR'- =-:: 
k - ,  I (62) 
n OH E F 

RCOO- i SR'- -+ H 2 0  

The evidence for the tetrahedral intermediates with carboxylic esters is 
well founded17". A similar intermediate i n  the hydrolysis of ethyl trifluoro- 
thioloacetate is postiilated or! kinctic evidence171. Alcoholysis, amino- 
Iysis rind hydroxylaminolysis of certain thiolo esters support this view 
(see below). T h u s  it may be assumed that schemes (61) and (62) arc indeed 
valid for reactions at  the thiocarboxyl group. 

Obviously the experimental evidence for  the tetrahedral addition com- 
plex is obtained from studies whcre its stability is above a certain limit. It is 
not a t  all ccrtain that the description via an intermediate complex is of 
gencral validity. Thus ester hydrolysis--and i n  fact all substitutions o n  
(t1iio)carboxylic acid derivatives--may be either a two-step reaction o r  
proceed directly as an S,2 reaction, dependent on thc life-time of the 
complex. I n  the first casc and if protonation equilibria are assumed to be 
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rapid the kinetics of the forward reaction in (61) and (62) can bc given b y  
a steady-state equation (63). 

If k - ,  <c k,  on ly  the formation of the complex is kinetically important 
(at least as long as steady-state conditions are  fulfilled) but when k - ,  be- 
comes relatively large the decomposition of the intermediate makes a n  
essential contribution to the overall reaction as well. Thus a discussion of 
the influence of structure upon rate becomes complicated because not 
only are direct influences involved but also a change in  mechanism may 
occur with variation of structure. In  the comparison of thiolocarboxylic 
and carboxylic groups another factor must be also considered in acid- 
catalysed reactions. Although not of direct kinetic importance, the fast 
equilibria determine the concentrations of the reacting species. T h u s  the 
first protonation pre-equilibrium A is reflected in the rate constant k l .  
Since thiolo esters (and acids) arc less basic than oxygen esters (and acids) 
acid-catalysed reactions of the fornier are slowed down relative to the 
latter. In the author's view substitution reactions on thiocarboxylate 
groups present a n  example where simple analysis in terms of nucleo- 
philicity of the reagent and leaving-group tendencies fail. 

8. Hydrolysis of Thio Acids 

Thio acids are hydrolysed either s p o n t a n e ~ u s l y ~ ~  o r  under the influence 
of acidic77 and basicfi4 catalysts, Comparison with carboxylic acids can be 
obtained by studying l6O exchange of the latter17zs lie. Data exist only for 
thioacetic acid and thiobenzoic acid. They arc given together with those of 
acetic acid and benzoic acid in Table 6. 

TABLE 6. Hydrolysis ratcs of thio acids and I8O cxchangc rates of carboxylic acids. 

Acid-calalysed (70') 
k 2 X  10' 

(Ilrnole scs) 
- .- . - .. . .- 

CH,COSH 4.25;' 
CH,COOH 3 s . 5 1 : 2  

C, H,COO H 0.25 17.1 

C,H,COSH 0.27' 

Spontaneous (70'). 
k ,  x 10" 
(sec-1) 

- 

The spontaneous hydrolysis of thioacctic acid is faster than that of 
acetic acid, but the acid-catalysed reaction is appreciably slower. With 
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thiobenzoic acid only the acid-catalysed rates can be compared. where 
the difTerence is negligible. 

The base-catalysed hydrolysis of thioacetic acid cannot be compared 
with a similar reaction of acetic acid since the former is of the expression: 
rate = kz(CH3COS--)(OH-) whereas with acetic acid a reaction of first 
order both in acetate ions and hydroxylic ions is not observed. However a n  
upper limit for such a reaction i1.e. of the rate =: ki(CH,COO'-) (OH-)] 
can be derived from the data given by L1e:vellyn and O'Connorliz. A t  the 
highest pH measured it is not yet detected although the concentration of 
t h e  acetate ions is 3X loc that of acetic acid. Since a contribution of loo/, 
would not have remained undetected the upper limit for the bimoleculat 
rate constant of the reaction between acetate or  hydroxyl ions would be 
of the order of ZX 10-j l/mole sec. Thus the base-catalysed reaction (as 
the spontaneous) is appreciably faster with thioacetic acid. 

The differences between acetic acid and thioacetic acid have been ratio- 
nalized by Hipkins and S a t ~ h e l l ' ~  in terms of bond breaking of C-0 
versus C-S bonds. The S H -  group is a better leaving group, and will be 
removed easier i ti spontaneous of base-catalysed reactions. Likewise the 
lower basicity (or nucleophilicity) of the leaving group would make it  less 
susceptible to acid catalysis. I n  acid, salts were found to exert a negative 
salt effect o n  the oxygen exchange of acetic acid but a positive one on the 
hydrolysis of thioacetic acidi7. Complications as to the real predominance 
of the bond-breaking step (E  in equation 61) and the e x i d n g  ionization 
equilibria are not all understood. 

Hydrolysis of thiolacetic anhydride and thiolbenzoic anhydride has 
also been studied by Hipkin and Sa t~he l l l ' ~ .  Here comparison with oxygen 
derivatives points to the importance of bond formation in determining 
the relative rates. The quantities ks /ko  are given in Table 7. 

TABLE 7.  Relative rcactivities towards hydrolysis 
(60:/;, v/v dio?tane/wntcr at 25' ) .  

A$:ku 
Anhydride .. . . . ._- . - -. . 

Spoiit:insou?. Acid-c .~ tn lyscJ  
_. -. . . .. .- . .  . .  

CH ,COSOC H 0.5 small 
C, H,COSCOC, kl, > ,., 0.4 
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C. Hydrolysis of Thiolo Esters 

The acid-catalysed hydrolysis of thiolo esters is slower by a factor be- 
tween 20 and 30 than that of the oxygen esters, but only a slight difference 
exists in alkaline hydrolysis, except when steric effects decrease the rate of 
hydrolysis of carboxylic esters. The results obtained by direct comparison 
of thiolo esters and esters in 6 2 x  acetone are compiled in Tables 8 and 9. 
Only one temperature has been taken, although in the original papers a 
temperature range was studied175. lG7. lGB. Although in acid hydrolysis the 
pseudo-monomolecular rate constants have been tabulated in the papers of 
Tarbell and coworkers1G7 .IG8, they have apparently been divided by the 
concentration of the acid, so that they are in fact the bimolecular constants. 
This seems to  be indicated by the agreement of the value for ethyl acetate 
with that obtained earlier. It is c o n c l ~ d e d ~ ~ ~ ~ ~ ~ ~  that on the wliole the 
entropies of activation in acid hydrolysis do not show much variance but 
that the activation energies differ (Table 91, with t-butyl acetate being an 
exception. In alkaline hydrolysis, the entropies of activation for the thiolo 
esters are consistently less negative and the activition energies are higher. 

I n  aqueous solutions a number of rate constants have been determinedl7". 
Comparison with hydrolysis of este1-9'~. 1 7 8  gives the same overall picture: 
acid hydrolysis of thiolo esters is about 10 times slower, alkaline hydro- 
lysis is of about equal speed. There is a marked dependence on the 
nature of the groups present. A study i n  aqueous dioxanc again gives the 
same overall result17y. T!ie rate in acid is found not to be proportional 
to the concentration of the acid; it seems from the data presented179 
that non-linearity is only important in acid concentrations above 0. I -  
0.2 mole/] in 70% (v/v) aqueous dioxane wherc apparently some kind 
of acidity function must be used. Bohme studied the efTect of aromatic 
and aliphatic groups both in  the acyl and alkyl part. This is illustrated 
in Table 10. 

The slower acid hydrolysis of thiolo esters is mainly important in ali- 
phatic esters; the direrence seems to decrease when first onc and then two 
aromatic groups are introduced. The decreasing value of k o / k ,  parallels 
the results with thio acids and anhydrides (section 1V. U). 

Alkaline hydrolysis rates of thiolo esters are again found to be very 
similar to those of the oxygen esters1'9. Ethyl thiolobenzoate was hydrolys- 
ed in 50% dioxane at  25' with k2 = 0.26 ]/mole min, ethyl benzoate 
with k2 = 0-29 ]/mole min. The second-order rate constant of phenyl 
thioacetate under the same conditions was k ,  = 56 l/mole min, again of 
the same order as phenyl acetate (exact value not given). 
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TABLE 10. Pseudo first-order constants of acid hydrolysis of thiolo esters and 
esters in 70% (v /v)  aqueous d i o x a n ~ " ~ .  

Ester 

CH3COXC2H, 1 - 1  31 28 40 
CH3COXC,H, 4.5 36 E 45 
C ,  H,COXCIH 1 -7 13  8 100 
C,H,COXC,H, 3.2 5.7 1-8 1 0 0  

D. Aminolysis of Thiolo Acids and Esters 

Kinetic studies of the reaction of aniline and thiobenzoic acid have been 
made by Hawkins, Tarbell and Noble". The reaction in chlorobenzene 
was found to be first order in each aniline and thiobenzoic acid. Catalysis 
by benzoic acid was found i n  this solvent but the rate increases less than 
proportionally with the concentration of benzoic acid. The authors assume 
a hydrogen-bonded complex between thiobenzoic acid and benzoic acid to 
he the reactive substrate in the catalysed reaction. The activation energy 
was found to be 7-4 kcal/mole. The difference in reactivity between thio- 
benzoic acid and benzoic acid is illustrated by the fact that the reaction of 
thiobenzoic acid in chlorobenzene can be conveniently followed at tempe- 
ratures between 50" and 70", whereas benzoic acid shows no appreciable 
reaction after a number of hours on a steam bath. The same reaction in 
aqueous acetic acid also gave second-order kinetics up to around 70% com- 
pletion of the reaction if the water content was lower than 307; (v/v). 
Acetanilide was not formed. I n  aniline as the solvent the reaction was 
second order in thiobenzoic acid with a rate constant of 0.5 I/mole min 
at 59.5". Additions of anilinium hydrochloride did not effect the rate of 
the reaction. The following mechanism was proposedN5. 

2 C,H,COSH -'lo; C,H,COSH: + C,H,COS- 
(64) 

rasc C,H,COSH: +C,H,NH, - --- C,H,CONHC,H,+ H,S+ H C  

This mechanism seems rather dubious for those accustomed to think of 
rapid proton transfer. An alternative possibility such as the rapid forma- 
tion of a complex between aniline and thiobenzoic acid and the rate- 
determining removal of hydrogen sulphide under catalysis by thiobenzoic 
acid should be considered. Relevant in this respect might be the obser- 
vation of Litvinenko and OleiniklS0 that benzoylation of aniline by ben- 
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TABLE 10. Pseudo first-order constants of acid hydrolysis of thiolo csters a n d  
estcrs in 70% (v/v) aqueous d i o ~ s n e ' 7 ~ .  

Ester - Temperature k, x 10' (mio-1) - k ,  (X = O ) / k ,  (X = S) 
(X  = S) (X  = 0) 

("C) 

CHJOXC,H, 1 . 1  31 28 40 
CH ,COXC, H, 4.5 36 8 4s 
C,H,COXC2H, 1 -7 15 8 100 
C,H5COXCt H, 3.2 5.7 1.8 1 0 0  

$ 

D. Aminolysis of Thiolo Acids and Esters 

Kinetic studies of the reaction of aniline and thiobenzoic acid have been 
made by Hawkins, Tarbell and NobleE5. The reaction in chlorobenzene 
was found to be first order in each aniline and thiobenzoic acid. Catalysis 
by benzoic acid was found i n  this solvent but the rate increases less than 
proportionally with thc concentration of benzoic acid. The authors assume 
a hydrogen-bonded complex between thiobenzoic acid and benzoic acid to  
he the reactive substrate in the catalysed reaction. The activation energy 
was found to be 7.4 kcal/mole. The  difference in reactivity between thio- 
benzoic acid and benzoic acid is illustrated by the fact that the reaction of 
thiobenzoic acid in chlorobenzene can be conveniently followed at  tempe- 
ratures between 50" and 70°, whereas benzoic acid shows no appreciable 
reaction after a number of hours o n  a steam bath. The same reaction in 
aqueous acetic acid also gave second-order kinetics up  to  around 70% com- 
pletion of the reaction if the water content was lower than 30% (v/v). 
Acetanilide was not formed. In ani l ine as the solvent the reaction was 
second order in thiobenzoic acid with a rate constant of 0.5 I/mole min 
a t  59.5". Additions of anilinium hydrochloride did not effect the rate of 
the reaction. The following mechanism was proposedE5. 

2 C,H,COSH -?'o% C,H,COSH: +- C,H,COS- 
(64) 

C,H,COSH: + C,H,NH, -Ia% C,H,CONHC,H, +- H,S+ H+ 

This mechanism seems rather dubious for those accustomed to think of 
rapid proton transfer. An alternative possibility such as the rapid forma- 
tion of a complex between aniline and thiobenzoic acid and the rate- 
determining removal of hydrogen sulphide under catalysis by thiobenzoic 
acid should be considered. Relevant in this respect might be the obser- 
vation of Litvinenko and Oleiniklso that benzoylation of aniline by ben- 



Thiolo, thiono and dithio acids and esters 737 

zoyl chloride in benzene is catalysed by thioacetic acid and thiobenzoic 
acid but  not by dithioacetic acid. Base catalysis is indicated by this study. 

Reaction of aliphatic carboxylic acids with aniline a t  100" in aniline as 
a solvent proceeds much slower. This reaction is also second order in 
acid ka = 2X I/mole min'81. 

Reactions of other amines with special reference to  amino acids have 
been but no comparison with oxygen analogues has been 
made. 

A comparative study of the aminolysis of the thiocarboxyl and carboxyl- 
group in aqueous solutions was made by Connors and Benderlss with 
ethyl-p-nitro(t1iio)benzoate. Concurrent alkaline hydrolysis was studied 
and the bimolecular rate constants for hydrolysis of the thiolo ester and  
the ester were evaluated as 0.50 and 0.61 l/mole sec respectively. The rate 
equation for aminolysis by n-butylamine was described in terms of a simple 
bimolecular reaction plus acid- and base-catalysed reactions. Acid cata- 
lysis in the aminolysis of ethyl p-nitrothiobenzoate was found to be unim- 
portant but general base catalysis terms (OH- and butylamine) were 
kinetically the most important. With ethyl p-nitrobenzoate no detectable 
aminolysis was found under the conditions of the experiments ( 2 5 . 6 " ~  
and ionic strength 0.5) so that again no comparison of the rate constants 
can be made, but evidently thiolo esters react faster than oxygen esters by 
several orders of magnitude. To explain the much greater speed of arnino- 
lysis of thiolo esters compared with the approximately equal rate of hydro- 
lysis Connors and Bender suggested that in aminolysis the return reaction 
of the tetrahedral intermediate, i.e. k-, of equation (61), dominates in the 
cases of carboxylic ester aminolysis. 

Studies on w-hydroxy and amino alkylthiolacetates (11) give pertinent 
evidence for the existence of a tetrahedral complex in acyl transfer reac- 
tions and  also on  the relative rates of bond breaking. 

11 readily gives acyl transfer according to equation (65) if  I I  = 2 or 3 
but no t  with higher values of d35,1N7.188. This observation suggests an- 
chimeric assistance by formation of a five- or six-membered ring. 

CH,COS(CH,),XH --- CH,COX(CH,)nSH (65) 
(11, X = 0, NH) 

In reaction (65) (X = NH) 2-methylthiazoline (12) was found to  be in- 
volved as  an intermediatel28.189. A complete scheme for this was given 
and studied kinetically by Martin and  coworker^^*^^ IgO. Their scheme, apar t  
from protonation equilibria, is given in equation (66).  The tetrahedral 
intermediate 14 was postulated on  kinetic grounds and all reactions were 
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assumed to  be equilibria. All equilibrium constants were determined (see 

section 111. B. 1) and many rate constants, as well. For full details the ori- 
ginal papers should be consulted. but for our discussion it is important to 
note that the ratio ks/h-s is found t o  be 1.2. T h u s  the rate of splitting of 
C-S and C-N bonds is nearly the same. In the oxazoline system141 
(equation 66 with 0 instead of S) the same ratio is found to be 6-4x lo6, 
giving evidence for a tremendous preference for C-N cleavage. These 
results are  certainly surprising and might be taken for evidence of prefer- 
red return to  starting products with esters as discussed by Connors and 
Bender1". A further analysis of t h e  ratios X.j/k:! is tempting but the reac- 
tion kp involves hydrogen ions and a comparison is probably not justi- 
fiable. I t  must be kept in mind that an incompatibility in the equilibrium 
constant still exists so that the results given should be applied with caution 
(cf. discussion in section 111. B.  1).  

Kinetic evidence for a tetrahedral non-cyclic intermediate was found by 
Bruice and FedorlsL in the hydroxylaminolysis of thiolo lactones and thiolo 
esters (equation 67). The authors deduce from thcir experiments that  the 
intermediate 15 is more stable than that formed from oxygen esters which 

,NHOH NHOH 
CH,----C 0 C Ha- C,' CH2-C/ 

(67) 
k0 - CH, SH 

'OH 
CH2 S --H2NOH - CH, S 
-\ / '\ / \ /  

CH, CHl CHa 

(15) 

is consistent again with a great leaving tendency of amines in the tetra- 
hedral intermediates of oxygcn esters. Both the transition states for nucleo- 
philic attack leading to 15 and for  departure of the leaving group are  found 
to  be kinetically important. 
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Evidence for general acid/basc catalysis together with a spontaneous 
reaction is found by the same authors but this interpretation has been 
criticized by Martin and H ~ n k l e l ~ ~  who interpreted these results in terms 
of a general base-catalysed reaction. Of course, when protonation equi- 
libria take part  in the reaction (and they arc abundant in reaction 67) acid 
and base catalysis cannot be distinguished kinetically and recourse must be 
taken to evidence of a n  indirect nature. The mechanism postulated for 
hydroxylamiiiolysis has also becn applied to hydrazinolysisl93. 

Thiocarboxylic anhydrides have recently been arninolysed together with 
carboxylic anhydrides by Hipkin and S a t ~ h e l l l ~ ~ .  They found first-order 
reaction in arnine and anhydride (,proving absence of base catalysis) in 
90% (v/v) dioxane-water with the rate constants given in Table 1 1 .  

TABLE 1 I .  Relativc reactivity of thiolo anhydrides and anhydrides towards aminolysis 
in 90':,', ( v / v )  aqueous dioxane at 1S°C*7.1 

Beiizoic anhydridcs (C,H,CO)2X Acetic anhydrides (CH:,CO),X 
........... __ - ..... - . __ 

A niinr 10X1 low, 
(I!rnole scci P , ( S ) / P , ( O )  A,tS)!A,(O) . 

R in RC,H,NH2 (I/molc scc) 
......... -. ... 

s ;i s 9 . 0 X = S  x = o  
........... ..... -_ ...... -. ........ - -. . .. - . . . . . . . .  

The ratio of the rate coiistailts k , /ko  is much smaller hcre than with 
esters. Its variation w a s  rationalized i n  terms o f  relative importance of 
bond formation and bond breaking i n  reaction ( 6 8 ) .  The authors have not 
analysed their results with respect to it passiblc tetrahcdral intermediate, 
but assume a single-step reaction. 

0 

" /-- 
9HzN - C - OR" (68 )  

I 
R '  

E. Summary and Conclusions 

Although a number of data have been collected, only a preliminary at- 
tempt can be made to  Jescribe the mcclianisn~ of nucleophilic attack at  the 
thiocarboxyl group. 
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In terms of a simple S,2 reaction only two parameters are involved: 
bond formation and bond breaking. It is not easy to  see how the difference 
in rate of attack of nitrogen and oxygen nucleophiles could be described 
in these terms. With the assumption of an intermediate as in equations 
(61) and (62) ,  many mo:e parameters become adjustable so that rational- 
izations can always be found when so few experimental data are available 
as in the present case. However, even erroneous interpretations may have 
their use in animating more detailed studies. 

In terms of the relative rate constants ( i .e .  the rate constant for a reac- 
tion a t  the thiolocarboxylate group divided by the rate constant for the 
same reaction at a carboxylate group) the main observations are: k (re].) 
for base-catalysed hydrolysis is of the order of I ; k (rel.) for acid-cata- 
lysed hydrolysis is around 0-04 for aliphatic esters but higher, up to 0.5, 
when aromatic groups are present (Table 10); k (rel.) for aminolysis ib 
very large. 

Tile most satisfactory explanation for the last result seems to be the 
suggestion of Connors and BenderISG that in carboxylic acid derivatives the 
return reaction is important in arninolysis. Probably the lower basicity of 
thiolo esters makes them less susceptible to acid-catalysed hydrolysis. 
Nevertheless it remains remarkable that a thiolo ester (which is less stabi- 
lized by resonance) is not hydrolysed much faster than an ester. Possibly 
the softer character of a thiolo ester makes it less susceptible to  the action 
of the hard base (water or hydroxyl ion). This might explain the obser- 
vation that the presence of phenyl groups causes a decrease in the rela- 
tive rate constant. 

The rate constants for  (thiolo) ester hydrolysis combined with equilib- 
rium constants permit thc evaluation of esterification rates. The equilib- 

i e  

kh 
R'SH+ R'COOH :.:?- R'COSR' - HZO K,, = k e / k h  

rium constants of reactions (69) and (70) have only been determined at 

high temperatures (cf. section 111. B. 1) but the relative constant K(re1.) = 

KSH/KOH is equal to the 0 -- S transacylation constant, which was meas- 
ured in aqueous solution':'; at  39" to be 1.8 X 

Since k, (re].) 3 kJk: = kh(rel.)K(rel.), kJre1.) for the (hypothetical) 
base-catalysed esterificritiorl becomes 0.02 and for the acid-catalysed 
esterification 8X Thus a thiol is remarkably slow in its reaction 

(section 111. B. 1). 
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with a carboxylic acid in spite of its assumed high nucleophilicity. The 
acid-catalysed esterification is described by equation (61) (when read 
backwards) and the enormous difference points to the importance of step 
E as the rate-determining step since the others can hardly be expected to 
be so sensitive to  the presence of a sulphur atom. 

Apparently the attack of a protonated acid (which will be a very hard 
acid) on a thiol is very slow. Several observations mentioned in the previ- 
ous sections have already shown that reactions of thic!s whith acyl coni- 
pounds are  slower than expected from the generalization that the sulphur 
atom is a better nucleophile than the oxygen atom. The conclusion of 
section 1. C. 2 is strengthened that this generalization is not allowed, but 
that the nature of the substrate can change the relative reactivities of 
thiols and alcohols. Fo r  recent paper with relevant discussion see R.  K. 
Chaturdevi, A. E. MacMahon and G .  L. Schmir, J .  Am. Chein. Soc., 89, 
6984 (1967). 

V. TIIIONO ESTERS 

This class is oiie of the least studied groups of compounds. They can be 
prepared by sulphydrolysis of imino e ~ t e r ~ ~ * ~ ~ ~ ~ ~ ~ - ~ ~ ~  in ether or in a 
cold aqueous solution when ether is present t o  take up the thiono ester 
immediately. The product contains thioamide and yields are general not 
higher than about 20x, (equation 71). 

CH,C(NH)OR -i H,S .-IT- CHSCSOR i NH, (71) 

Thiono esters react in cold ethereal and benzene solutions with ammonia o r  
primary ainines1Q7 and this reaction probably proceeds via the imino 
ester]”. The amidine is obtained in the presence of ammonium salt; with 

CH,CSOC,H, t H,NR +- H,NRCI 

an aniine only, the thioamide is the main product. 
In  a systematic investigation of reaction (71) Reynaud and Moreaulo0 

found the reaction to be strongly catalysed by amines. With ammonia 
the only product formed is the thioamide (90% yield), with tertiary 
amines (pyridine, triethylamine) u p  t o  55% of aliphatic thiono esters may 
be obtained, provided that the reaction is not prolonged unnecessarily, 



742 Matthys J .  Jansscn 

because the ammonium hydrosulpliide formed reacts with the product 
with formation of the thioamide. 

Thc reaction scheme proposed by Reynaud and Moreau is given i n  
equation (73). 

A second method of preparing tliiono esters consists of the reaction of 
G rig nard reagents o n  c h I oro t hio n o f c  r m a t es300-202 (which are obtained 
from alcohols with a 1 1  excess of thiopliosgeiic203) (equation 74). Yields 
are  low. 

S 
RMgl -2 C I C k s  - -  R C j  t M g l C l  (74) 

'OR' '0 R' 

Aromatic thionoacyl chloridcs may be alcoliolysed t o  thionoesters- * o w n 6  

but aliphatic thiono chlorides iire too unstable to be used with success*is. 

S 
C6H5Ck ROH - C,H,CSOR+HCI 

'Cl 
(75 

Only recently the synthcsis of ;I number o f  aromatic thioacid chlorides 
has been described i n  detail (with yiclds up to 80%) and the kinetics of 
their methanolysis have been studied2oG. 0.1 molar solutions i n  methanol 
react with pseudo-~inimolecular kinetics s n  that apparently hytlrocliloric 
acid does not influence the reaction. The rcsults are compared wi th  the 
methanolysis and ethanolysis of benzoyl chlorides2n', ' " O H .  Somc relevant 
data are collected i n  Table 12. 

Apart froin o-metliyItliiobcnzoyI cliloritle which reacts estrciiiely f'ast, 
methanolysis i b  sIo\\er with [tic thionocicid chlorides than with thc acid 
chloridcs. This is ccrtuinly a 1 1  Liiicxpccted result in view of the dificulties i n  
synthesizing the compounds! Scheitliaucr and Miiycr"": concl tided from 
the cntropy of thc reaction t h a t  ;It least soinc tliioiio chlorides were alco- 
liolysed i n  ;I uiiimolecular rcsction. The cxtrcmc reactivity of the ortho 
methyl dcrivativc s1ioLild bc c;iused by  lion-plaiinrity of thc conjugated 
system. As discussed i n  section 1 .  B t1iinc:irbonyl cvnipoulids derive their 
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stability from conjugation. The instability of o-methylthiobenzoyl chlo- 
ride and the aliphatic thioacyl chlorides support this model. 

A remarkable synthesis of thiono esters has been described by Banks 
and Cohen209. When a suitablc thiolo ester is aniinolysed an I-alkoxy- 
enethiol is split ofi‘ which of course isomerizes to the thiono ester (equa- 
tion 76). 

HC COC,H, + CH,COSH - --- CHz-C(OC,H,)SCOCH, -- -- 
S 

-- -- RNHCOCH,- CH,=C/ SH ] - -  -+ CH,CA (76) I ‘OCzH, ‘OC,H, 

RNH, 

Thiono esters are immediately desulphurized by silver and mcrcury 
Hydrolysis is also known to give desulphurized products but 

thio acids may be obtained as well. 

k3 
RCOOR‘ (+H2S) RCOOH + R’OH 

i 7 7 )  I v 
RCSOR’ 1- H20 R-C-OR‘ 

I 
OH 

‘ RCsGSH + R‘OH 

A systematic investigation of reaction (77) has been made by Smith and 
O’Leary”. Its particular interest lies in the transition complex 16 which 
gives different products dependent on the leaving group. Results are given 
in Table 13, where k l ,  kz and k3 have the same meanings as they have in 
equation (77). 

TABLE 13. Ratc and product distribution of the hydrolysis 
of ethyl thiono bcnzoate in  40% benzoate (k in I/mole sec) 

NaOIl (25 ‘ )  HCI (125’)  
- - - .- _- .- - . . 

I O’k , 57 3: 4 1 -0 :t 0.5 
I O ’ k ,  IG:? 1 5.3 5- 0.3 
: 04k, j 5 i  I 5.9 .t 0.9 
”/, Ethylbcnzoate -- 3 7  85 
”/, Thiobenzoic acid 7s 15  

Ethyl thionobenzoate is hydrolysed slightly faster than ethyl benzoate 
both in acid- and base-catalysed hydrolysis but the mode of decomposition 
o f  the intermediate 16 is greatly dependent o n  thc reaction conditions. 
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It is of interest to compare reaction (77) with the hydrolysis of thiolo 
esters since the intermediate complex is greatly similar (cf. equations 6 i 
and 62). The reaction with thiolo esters involves breakage of the C-S 
bond, i.e. a reaction given in the case of thionobenzoate by k2. 

In  the thiolo esterlester case this reaction proceeded about 8 times slow- 
er with the sulphur-containing esters in acid-catalysed, and about equally 
fast in base-catalysed, reactions. With thiono esters the C-S cleavage is 
about equally fast in acid and three times slower in alkaline medium. 
Apparently, notwithstanding the tetrahedral complexes being quite simi- 
lar, they behave totally differently. It seems as if the relation is much bet- 
ter when the relative rate constant (&/KO) for the hydrolysis of thiolo 
ester is compared with kl/k3 of Table 13. Unless this is accidental i t  would 
mean that not the heteroatom in the leaving group is important but 
rather the fact as to whether it is an  XR or XH substituent. 

In a study of ionization and ion-pair return Smith210 subjected benzhyd- 
ryl thionobenzoate to  ethanolysis a t  100". 17% of the ester was solvolyseli 
to thiobenzoic acid and benzhydryl ethyl ether so that apparently alkyl- 
oxygen fission occurs. 83% was found as  benzhydryl thiolobenzoate ori- 
ginating from recombination of the benzhydryl and thiobenzoate ions 
(reaction 78). 

(C,H,),CHOC,H, 17% 
+ C,H,COSH 

Similar rearrangements take place i n  a number of solvents with allyl 
and substituted allyl thionobenzoates. Kinetics have been measured"] at 
100" and correlation with solvent ionizing power212 is reasonable. The 
mechanism is described i n  terms of allylic rearrangements. When heated 
sufficiently long a t  temperatures well above 200". most thiono esters rear- 
range to thiolo esters, although ethyl thionobenzoate can be distilled at  
240" without rearrangement. The reaction is accelerated when the ester 
contains a tertiary amino function1g4. ? I 3 .  Anchimeric assistance has been 
proposed to be responsible for this increase in reactivity. 

Claisen-type condensations have been reported for thiono esters. Ethyl 
thionoacetate yields thiozcetothionoacetate which, like all thiocarbonyl 
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compounds has a strong tendency t o  e n ~ l i z e ~ ~ ~ .  

S 
2 CH,CSOC,H, --- CH,C( + .:- CH,C(SH)--- CHCSOC,H, (79) 

'CH,CSOC,H, 

U hlemann and Mii1ler"j obtained nionotliiodibenzoylmethane froin 
acetophenone and methyl thionobenzoate by the action of sodium amide. 

C,H,COCH, -- C,H,CSOCH, - -- C,H,CSCH,COC,H, (SO) 
NJNH, 

V l .  DITHIO ACIDS 
A. General 

Dithio acids are not very well known. They are often extrzmely un- 
pleasant t o  work with and their limited stability is another barrier to  
prospective students. Somewhat more is known from the esters but most 
of the knowledge in this field is derived from xanthic (ROCSRH) and di- 
thiocarbamic (R?NCS?H) acid derivatives which habe important appli- 
cations in several fields. The xanthates are used in flotation, and in viscosz 
industry, and dithiocarbamates as rubber vulcanizers and as pesticides. 
Both classes have been applied in  analysis of metals because of thsir strong 
coinplexing ability. The dithiocarbamates have bcen extensively reviewed 
by Thorn and Salts and esters of xanthic and dithiocarbamic 
acids may be expected to  bc more stable than those of dithiocarbosylic 
acids themselves because of extensivc coiijugation in the OCS and NCS 
parts of the niolecules. 

(19) 

Resonance structures 17 and 19 are expected to be more important 
than 18 and 20 (cf. section I .  B).  Experimentally this is verified i n  esters 
and salts. 

Free acids decompose i n  hydrosylic solvents as can be expected for 
carbonic and carbamic acid analogues (reactions 52 a n d  83). Ncvcrthe- 
less free H,NCS,H was recently prepared by Gatlow arid H a h n h a ~ n i t i ~ ~ ~  

ROCS,H - -- ROHsCS, 

R,NCS,H - -- R,NH +CS, 

( 8 2 )  

(83)  
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The carbodithio acids are red liquids or solids, whilst the xanthic acids 
are of  course yellow. 

B. Preparation 

By far the most important method of prcparation of dithio acids con- 
sists of the reaction between carbon disulphide and a n  appropriate nucleo- 

philic reagent. For dithiocarboxylic acids Grignard"9*2"'-220 or other 
organonietallic reagcnts2" may be used. Alternatively, if active hydrogen 
is present a strong base is able t o  create the nucleopliilic carbanion2". 
With nitroniethanc, for example, potassiiim hydroxide and carbon di- 
sulphide give potassium ~ i i t r o d i t h i o a c e t a t e ~ ~ ~ .  Sodium cyanide with car- 
bon disulpliide yields cyanodithiof~rrnates~~~. The yields arc in general poor 
for aliphatic dithio acids. 

RMgBr + CS, - - - RCS,MgBr (84) 

( 8 5 )  

(86) 

To obtain xan tha tcP5#  z'; and dithiocarbamates21G alcohols and amines are  
used in alkaline media. 

CH,COCHNaCO,C,H, -i- CS, - - -+ CH,COCH(CO,C,H,)CS,Na 

CH,NO,+ KOH + CS, - O,NCH,CS,K 

The reaction of carbon disulphide with sodium phenoxide is reported to 
yield sodium p-hydroxypheiiyl dithioacetate in analogy with the Kolbe 
synthesis--'* . I n  the presence of aluminium chloride carbon disulphide 
combines with less reactive aromatic (or heteroaromatic) systems with 
formation of dithioatesYL9. .4n  altermtive method used for preparing 
dithio acids consists of the sulphurization of aldchydes21'H (by H&) or 
trichloro compounds23u, 2 ~ u  (by K-S o r  KSH) .  Some spccial methods have 
been described but thcy were not tested for wider applications. They are 
rebiewed in Reid's book1. 

Rccently the preparation of dithioacctic acid in 4Sq(' yield from acetic 
acid and P2S; has been reported'". With thc newer methods it is possible 
to obtain 50--70:'.,:, of dithioacids in  ;t reasonably pure state. 

.).*- 2 . R  

C. Acidity 

All dithio acids are fairly strong acids, stronger than the corresponding 
carbosylic acids or  th io  acids (Table 14). Although free xanthic and  dithio- 
carbamic ilcids are unstable they have been obtained i n  the free state and 
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TABLE 14. Acid dissociation constants of dithio acids (in water). 

Temperature 
("C) Refcrence 

CH3CSZH 2s 2-55  37 
C2H,0CS,H '3 1.52 23 3 

'3 1-62 234 
23 I -70 235 

H,NCS,H 0 - 2.95 37 
20 2-95 217 

C,H,SCS2H (21) probably 0 1.55 37 
HSCSIH - 2.7 236, 237 

acid dissociations have been evaluated by extrapolating to zero time. Di- 
thiocarbamic acid decomposes faster than the xanthic acids so that the 
uncertainty of its dissociation constant is larger. The decomposition of 
ethyl trithiocarbonic acid (21) is rather slow. The variation of the acid 
dissociation constant is consistent with inductive and mesomeric effects. 

By the crystal-violet technique (section 11. B) protonation constants in 
benzene and chlorobenzene were derived by IoKe, Sheinker and Kabach- 
nik for dithio acids as well as for thio acids8" (Table 15). The discussion 
given earlier is also pertinent to these data. 

TABLE 15. Proton-transfer constants pKp of dithio acids and carboxylic acidsMo 
(reference base: crystal violet) 

pE, (in benzene) pK, (in cblorobcnzene) 
Compound ____ ._ 

x = s  x = . o  x = s  x = o  ____-__ - 

CH3CX,H - 1-15  - 1-24 - 3-23 - 1-96 
C,H,CX,H - 0.94 - 0.67 - 3.18 - 1-27 
p-BrC,H,CX,H -- 2-38 - 2.50 - 4.63 - 3.1 3 

Hydrogen bonding seems to be virtually absent in dithio acids. Although 
direct studies are not reported, the limited solubility of dithioacetic acid 
in water is significant. 

D. Salt Formation 

Dithioates of heavy metals are extremely useful in analysis. They are 
generally coloured and insoluble in water but may be extracted by a 
variety of organic solvents. Thus  metal ions can be detected and determin- 
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ed quantitatively by a simple colorimetric analysis after extraction. For 
trace anzlysis of copper, cobalt, iron, nickel and many more metals dithio- 

carbamates have been frequently used"e. 238-241 . By adjusting p H  or add- 
ing sequestering agents selectivity can be achieved. 

Because of the eas i  and quantitative formation of xanthates and dithio- 
carbamates, analysis of alcohols, amines or carbon disulphide can also 
be based on the formation of heavy metal xanthates or dithiocarbamates 
and subsequent colorimetric determination. 

Contrary t o  thio acids where heavy metal salts decompose easily to sul-  
phides, salts of dithio acids are  obtained as  such. Apparently the extra 
stabilization by chelate formation (22) is sufficient t o  prevent metal sul- 
phide formation. Even the silver and mercury dithiocarbamates are stable 
compounds (although not monomeric). X-ray studies have p r ~ v e d * " ~ ~ ~ ~  
that the carbon-sulphur distances in compounds like 22 are equal. 

Sometimes the salt obtained has the metal in a changed valency state. 
Thus from cobalt(l1) ions and sodium dialkyl dithiocarbamates, cobalt(II1) 
dialkyl dithiocarbamates are invariably obtained and copper(I1) is preci- 
pitated as copper(1) xanthates with simultaneous oxidation of another 
xanthate icn to  dixanthogen (equation 89)24G. Copper ( I  I) dithiocarba- 
mates can be obtained unless electron-attracting substituents are attached 
to the nitrogen atoms"47. 

(89) 
I 

CU'+ + 2  ROCS; --- ROCSZCU i- i. (ROCSZ), 

E. Organic Chemistry of Dithio Acids 

Many reactions resemble those of thio acids. With alkyl halides or  other 
agents liable to  nucleophilic substitution they give esters s r n ~ o t h l y ~ ~ ~ * ~ ~ ' * ' ~ ~  
like all thio acids. 

With ammonia carbodithio acids are aminolysed to give thio amides 
(equation 90)219.%?0. X ' J - ~ S I  . Hydrazines'jz and substituted hydrazines 

(alkyl and aryl hydrazines253- ?54 and sernicarbazidesz5j) react in  the same 
way. At higher temperatures reaction sometimes goes further with re- 
moval of both sulphur atoms255"' 255 and fornlation of the corresponding 

RCSZH -i- NH, --- RCSNHZ T HZS (90) 
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nitrogen derivativc of the aldehyde (equation 9 I). Hydroxylarnine yields 

RCS2H A HZNNHCONH, -- RCH .--NNHCONH, + H,S r S  (91) 

the thiol o x i ~ n e " ~ ~ . ' " ~  but here also reaction can proceed to formation of 

aldoximes and nitri1es'"j. 
Xanthates may be a r n i i ~ o l y s e d ~ ~ ~  but are more resistant than carbo- 

dithio acids. No t  the C-S but the C-0 bond is split (equation 92)"j". 

C,H,OCS,K 1- CbHSNH, - ----  --* C,H,NHCS,K+ C,H,OH (93) 

This may be caused by hydrolysis of the xanthate so that free carbon 
disulphide reacts with the ainine. With xan th ic  esters preferential C-S 
cleavage occurs (section VII. B). 

Aminolysis of dithiocarbamates seems to be most difficult of all and 
ammonium salts o r  salts of arnines can be recrystallized in t'airly high 
boiling solvents without decomposition. Only dithiocarbarnatcs derived 
from primary arnines yield the aminolysis product (thiourea) 011 heating 
with a n  amine. but this reaction apparently proceeds via isothiocyanates 
(equation 94 "'". 

RNHCS,Na -- RNCS 4- HSNa 

RCS,H -+ H,NOH -* RC(N0H)SH .-.. - RCH- NOH --- RCN (92) 

( 9 4 )  

Oxidation to disulphides is smooth and in particular the carbodithio 
acids must be guarded against oxidation by airzti1. The easiest way t o  
obtain the disulphides is by oxidation with iodine or chlorine. In contrast 
with thio acids, dithio acids a re  not easily titratcd iodometrically since 
the oxidation may proceed further so that end-points are unsharp. Re- 
cently it has bcen found that dithiobenzoic acid is susceptible to Clem- 
rnenscn reduction with formation of beiizylthio12ti2. 

Kinetics of reactions of carbodithio acids have not been reported. al- 
though qualitatively it is known that  they are liable to slow hydrolysis. 

Hydrolysis of xanthates and dithiocarbarnates in acid solution yields 
carbon disulphidc. The reactions have frequently bcen studied kineti- 
cally and all authors agree that it is a simple rnonomolecular reaction if 
corrcctions are made for the dissociation into ions. However, the mecha- 
nism has not been studied in detail and it is still unknown whether it is a 
decomposition of thc free acid (eqtiation 95) or  the attack of a liydronium 
ion on  the anion (equation 96), both reactions obeying the same kinetics. 

RNCS I HNR: -* RNHCSNR; 

Ka 
ROCS; :- Hi zd ROCS,H .s-'": R O H j  CS, (95) 
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For xanthic acids Lwasaki and  C o ~ k e ' ~ ~ * " ~  favour the first scheme 
wliereas Klein, Bosarge and  NormanZG4 together with earlier investiga- 

favour the latter. All autliors assume that the decrease in rate a t  
acidities above 0.5 M hydrochloric acid is due to  a protonation of the 
xanth ic  aCid263-zRG but this seems highly improbable in view of the very 

(97) 

low basicity of xanthic esterP' .  From the kinetics of the decomposition 
pK,, was found to be around -0.8. For xanthic esters, however, protona- 
tion does not occur in acid solutions weaker than 6 M?~'.  

For dithiocarbarnic acids (equations 95 and 96 with R O  = R2N) Zah- 
radnik and Zurnan'L68*"B" favour the second mechanism in  a series of 
equilibria. 

tors2GS. 266 

R 

Ka, H 
ROCS,H + H +  .=-?. >OCS,H 

KS 
R,NCS,H L .- R,N-CS; 

H +. 

(98) 

Scheme (98) has the advantage that it offers a simple explanation for 
the formation of dithiocarbaniates in alkaline solution where the ionization 
equilibrium of the amine is shifted to the left and that of the dithiocarba- 
mate towards the anion. 

Soni and Tri~edi'"~'. '''I reported two dissociation constants for diethyl- 
dithiocarbamic acid as shown in equation (99). Their latest values271 for. 
the dissociation constants are pK1 = 7.8 and pK2 = 8.0. However, in 

(99) 

their studies n o  attention was paid to decomposition and the two protons 
taken up by dithiocarbamatc ions must refer t o  the uptake of protons 
according to reaction (98). An estimate of the equilibrium constant KN 
bawd on the loss of resonance energy in the dithiocarbamate ion would 
lead t t j  an acid dissociation constant: pK, zz -2. That (99) is improbable 
is also confirmed by the fact that dithiocarbamic esters are  only proto- 
nated in 6 M sulphuric acid"'". 

I n  apolar solvents dithiocarbamic acids are reasoilably stable. Bode 
and N e ~ m a n n " ~  report half-lives of 25 minutes in carbon tetrachloride 
and 5 hours in chloroform when the solutions are shaken with 1 h' hydro- 
chloric acid. 

Alkaline decomposition of xanthates has been reported frequently but 
the course of the reaction was obscure until Tngram and Toms studied 
alcoholysis and hydrolysis ~ystematically"~. 

2 H T  
(C,H,),NH-CS,H -1- - C,H,NCS; 
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In alcoholysis the primary product is diethyl thionocarbonate (23) 
which points t o  the existence of the tetrahedral intermediate 24. 

C2HSOCS; +- CZHSOH T-2 C2HsO\ C/SH - - -- (C,H,O),C-=S (100) 
C,H,O/ \S - 

(21) (23) 

In water a similar intermediate 25 is postulated. I n  the presence of two 
equivalents of silver nitrate the salt Ag&C(OH)(OC2H5) is obtained. 
With hydrogen ions the intermediate is supposed to  take up a proton t o  
form 26 which is either converted t o  ethylxanthic acid or to  ethanol and 
carbon disulphide (equation 101). Thus (101) seems a more elaborate 
version of (95). I t  is important to realize that the kinetics are only obeyed 
if the rate-determining step is the breakdown of 26 without participation 
of another hydronium ion. Since the removal of an ethoxide ion is not 
very probable, proton transfer from sulphur to the alkoxide oxygen must 
be a preequilibrium. This of course brings the mechanism towards scheme 
96). The real difference between (95) and (96) is the question c f  whether 
he water molecule participates in the transition complex. N o  experiments 
have been performed t o  solve this question. 

C,HsO,c/SH ~7 CZHSO 
(LOI) c- -.. -* Ho>C<:: c . C,H,OCS,H+H,O 

C,H,OH + CS, i- H2O 
HO/ \S- 

(25) (26) 

VII. DITHIOCARBOXYLIC ESTERS 

A. Preparation 

The easiest and therefore almost exclusively applied method for the 
synthesis of dithio esters is the reaction of a dithio acid salt with an alkyl 
halide. 
CH,MgX $- CS, -+ CH,CS,MgX+ RBr - CH,CS,R 4- MgXBr 

( 219. 230.262. 275-377 

C,H,OH I NaOH + CS, ----- C,H,OCS,Na+ RCI --- C,H,OCS,R + NaCl 

(CH,),NH; CS,+ NaOH . --- (CH,)2NCS,Na+ RCI ----- (CH,),NCS,R+ NaCl 

(103)')'' 

(104)')'' 

Variations are possible-dimethyl sulphate may be used279 and reac- 
tions with other substrates instead of alkyl halides have been applied in 
isolated cases. A synthesis via a Friedel-Crafts dithiocarboxylation has 
been described giving 43% dithioester2": 

C,H, - CS, -+ CICH,Si(CH,), C,H,CS,CH,Si(CH,), (105) 
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A second general, although less used, synthesis proceeds via acid chlo- 
rides; for carbodithioic acids the difficulty of preparing the acid chlorides 
makes it unattractive but for xanthatesZo3 and d i th io~arbamates’~~-’~~ 
thiophosgene, which is readily accessible, may be used : 

CZHsOH i CIZCS --- C2HSOCSCIi CZHSSH - - CZHsOCS2C2H, (106) 

CZHSSH i- CIZCS --- CZHSSCSCI +- C2HsOH -.--- C2H,0CS,C2H, (107) 

CZHSSH i C!2CS --6 C2H5SCSCI i R2NH -- - RzNCS2C2H, (108) 

R2NH + CI2CS - RZNCSCI + CZHSSH -- R2NCS2CZH, (109) 

Reactions with thiophosgene are extremely versatile since the groups 
are attached stepwise. The first step occurs in general when the reagents 
are added together, the second needs the presence of alkali”8~2e2 . e  Th 

method can be used for the synthesis of any compound AC Y S  in which 
\B 

A and or  B are thiolo, amino (or alkylated amino) or alkoxy groups. Reac- 
tions can be carried out by adding the reagents in any sequence (see equa- 
tions 106-109) so that expensive chemicals can be used in the final stage 
of the reaction. With ammonia and primary amines route (109) gives 
thiocyanic acid or isothiocyanates in the first step which give the final 
product by addition of the second reagent (equation 110). 

RNH,+CI,CS - RN=C=S+Z HCI+C2HsSH - RHNCSICZH, (110) 

R = H. alkyl 

Parallel to the synthesis of thiono esters (section V) dithio esters may be 
obtained by reaction of iminothio etherss8’ lo4* 2e2* 276s 277* ‘85* and 
hydrogen sulphide or from thioamides and a thioP7.  Probably the same 
reaction scheme is involved. 

+ NH, 
/SH 

CbHSCSNH, i CZH,SH -::-= CbHS-C-NH2 ---= CbHs-C 

‘SC,H, 
\ 

\SC2H, 

I 

/ I  

+ H2S 
ANH 

CbHs-C 

‘SC2H, 

As the aminolysis of the dithio ester is a rapid reaction, acid must be 
added to  bind the ammonia in order t o  obtair, the dithio ester from a thio 
amide (the iminothio acid forms a hydrochloride as well, so when start- 
ing from this compound acid does not help). An extremely versatile reagent 
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has been found by Eilingsfeld, Seefelder and Weidinger2RR in immonium 
chlorides (27) .  The reactions are  similar to those in scheme ( 1  1 I )  but they 
have a wider scope and are better adapted for synthetic purposes. The 
routes to  relevant compounds are  shown in equation (1  12). 

S 0 
// 

\ \ 

SR' S 

RC 

RCNR; + COCI, -- RC CI' 1 GL RC - RC 

H1S 4 - R C  

NR; SR' 

1 H:5 4 
'h. \ ( 1  12) 

0 CI 
!I / 

\\. 
NR; N R; SR' 

OR' S 
R'OH / H 2 S  6 - Rr: -- RC \. \ 

NR; OR' 

Parallel t o  the preparation of thiolo esters dithio esters can be made by 
addition of the corresponding acids t o  unsaturated compounds but this 
method has seldom been put into practice"'* "O. 

R,NCS,Na + CH,=-CHCN - R,NCS,CH,CH,CN ( 1  13) 

8. Properties 

The influence of the dithiocarboxyl group as a substitilent has been 
determined by a study of the acid dissociation constants of acetic acids of 
the type RCSKHKOOH201 ( R  = alkyl,  CH30, CsH,S, (CH3)?N). The 
data are given in Table 16. Replacement of the group R = CH3 makes the 
acids weaker in the sequence R=CnH5S,  CH30,  (CH3)?N. Since the 
three last groups are all more electronegative (which would mean acid- 
strengthening) than the methyl group, the dissociation constants are clearly 
governed by the strong mesomeric electron release of these substituents R. 
The sequence of decreasing acid strength ( S .  0, N )  is the same as that of 
increasing resonance. Compared with thioglycolic acid (,p& = 3-68) the 
acids of Table 16 are all stronger. 

Dithiocarboxylic esters are hydrolysed in acid and basic solutions. 
Kinetics seem not to have been studied, but in competitive experiments i t  
has been s h o w ~ i ' ) ~ - ~ ~  that  a n  ester group is hydrolysed faster in alkaline 
solution than a dithiocarboxylic ester group (section 1. D. 2). According to 
old investigations on xanthic esters thc thiol group is split off when the 
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T A U L ~  16. Acid dissociation constant5 at ?So 
of sonic acids RCS,CH,COOH"J1. 

CH2CS,C H ,COOH 
CH30CS,CH,CO0 H 
C,H,SCS,Cl-I,COOH 
(CH3),NCS,CH,COOH 

2.90 
3-09 
2.9 I 
3-32 

0 Compare CH,COOH. p h ;  -- 4.76 

hydrolysis is stopped a t  the hdf-ester"g". 293. This is in accordance with 

C,HSOCS,C,Hs - - -  CTHSOCOS- i C,H,SH ( 1  14) 

the behaviour on aminolysis (see below). Dithiocarbamic esters a r e  extre- 
mely resistant towards acid hydrolysis2"". 

OH - 

HL 
R,NCS,CH,CH,CN - R,NCS,CH,CH,COOH 

( 1  15) 

Aminolysis of carbodithio esters runs (as can be expected) smoothly, 
yielding thio a m i d e P .  The reaction has been used to thioacylate amino 
acids and 

conc. 
R,N CS,CH,CH,CON H, 

C,H,CS,CH,COONat H,NCH,CO,CH, . -.- C,H,CSNHCH,CO,CH, ( 1  16) 

With Iiydrazine, csters of dithio acids react rapidly a t  0" provided the 
lower esters are used277'. The reactions of mono- and dialkylhydrazines 
have been studied as well29s. 

Xanthates are aniinolysed with splitting of thc C-S bond (equation 
117). The method is useful for the preparation of thionocarbamic esters20G. 
Dithiocarbamic estcrs are very difficult to arninolyse (equation 1 I Q)2g7. 

CTH50CS,ClH5 -i- NH, .-- C,H,OCSNH, 4- C,H,SH ( 1  17) 

( 1  18) 

With hydrazine ;it room temperature the carboxylic cster group in  28 is 
attacked and only in refluxing alcohol is thc dithiocarbamate group slowly 
hydrazi~iolysed"~* "'. 

Thiono and dithio esters as wcll as  their derivatives like thioureas have 
uucleophilic tliiono sulphur atoms. Becausc of incrcase of resonance in 
the series SCS -= OCS -: NCS, the thiourcas exhibit this property most 
pronouncedly. Thus with methyl iodide thiourea givcs methyl isothiourea 
(equation 1 19). 

CH,I + (NH,),C - S - - [(NH,),CSCH,]+I- (119) 

(CH,),NCS,CH,CO,CH, -:$ (CH,),NCS,CH,CONH, (67%) 

(28) 
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Analogous reactions have been described for xanthates (equation 
1 20)29g and thionocarbamates (equation 121 )300. 

r -1 + 

- RSCOSCH,COOH -t C,H,Br 

C,H,OCSNH, f CHSI -- CHSSCONH, + CZHSI (121) 

A number of reactions in the dithio ester field belong to the same class. 
With starting materials of suitable structure, heterocyclic cornpouods are 

302. 

RCS,CH, COR' 

The Schonberg rearrangement303 is supposed to follow the same mecha- 
nism304 involving the nucleophilic attack of sulphur on the alkyl group 
(equation 124). It  takes place when thionocarbonates are heated to 275- 
300". 

S 0 

(1  23) 
i / \ o j R  s., ROCSR ROCOR ---+ ROC 

By carrying out the reactions in the vapour phase Kwart and Evans 
obtained very high yields of thiolo esters305. With a thionocarbamate over 
80% of the corresponding thiolo esters were formed a t  a temperature of 
400°! The reaction has been used for :he synthesis of thiophenold and 
other aromatic thiols from phenols300. 

0 
I (125) 

(c,H,),NCOR - (CJ+,),NCSR 

The well-known Chugaev reaction of xanthates may be considered a 
1,6-cyclization related to the 1,4-cyclization in the Schonberg rearrange- 
ment. 

S 
I 
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The nucleophilic action of the thiono sulphur is particularly illustrated 
in the reaction of dithio esters under circumstances where carbanions 
can be formed in the a position to the ester group. Alkylation of the car- 
banion takes place at  the sulphur atom307. The analogous oxygen esters 
 re normally alkylated at  the carbon atom: 

The interesting implications of the Clemmensen reduction of dithio 
esters have been discussed by Mayer, Scheithauer and Kunz262. By reduc- 
tion of the thiocarbonyl group, thio ethers are formed in yields varying 
from 30-60%. Thiono esters are hydrolysed under Clemmensen condi- 
tions, thiolo esters and carboxylic esters are resistant against Ciemmensen 
reduction. A fair relation was found between the amount of thio ether 
formed and the polarographic half-wave potentialz6*. 

Oxidation of dithio carboxylic esters by peracetic acid leads to the 
thiono-S-oxide3O8; more than one equivalent gives further oxidation at  the 
thiolo sulphur atom30Y (equation 128). 

SO 
C,H,CS,C,H, -- C,H,-CJ ---. 

\SC,H, 

0 
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I .  INTRODUCTION 

This chapter considers the effect of the groups COzH, COzR and COT 011 

rates of chemical reactions, equilibrium constants, and on the composi- 
tion of the products; the inclusion of CO; groups in the discussion was 
thought desirable as inany reactions of CO2H compounds have been exa- 
mined in basic media. These substituents have received less attention than 
some other electron-attracting groups (e.g. NO?) but there aie sufficient 
results to provide valuable information about structure-reactivity rela- 
tions and about reaction mechanisms. In fact, too many studies have 
been reported to allow a comprehensive discussion of all the work but it is 
hoped that the examples chosen will indicate the general behaviour of 
these substituents. 

Differences between the behaviour of the different carboalkoxy groups 
(C02R)  are always very small and often undetectable. These groups gener- 
ally act in a similar manner to COsH and the effect of one can usually be 
predicted fairly reliably from the known influence of the other, but the 
order of their kinetic effects in electrophilic reactions is usually the reverse 
of that expected from polar considerations. 

The present discussion follows lines similar to those of an earlier ar- 
ticle in this series on the activating and orienting efects of alkoxy groups'. 
Details of many of the considerations which form the basis of some of the 
present conclusions have therefore been omitted from this chapter but 
they can be obtained by reference to the earlier work' and to the original 
sources there cited. 

A. The Polar Effects of Carboxyl Groups 

The polar character of a substituent is usually an iniportant factor in 
determining its effect o n  the stabilities (standard free enersies) of the ini- 
tial, transition, and final states of chemical reactions and therefore often 
largely controls its effect on rate coefficients and equilibrium constants. 
All the substituents of interest in this chapter represent various forms of 
the carboxyl group (1, X = OH, OR. 0-) where the electron displacements 
which occur within the group govern its overall polar properties. I t  is 

0 
-'/ 

\x 
(1 )  

therefore convenient 
the dilTerent carboxyl 

to consider these internal cfl'ects before discussing 
groups as a whole ((5 rcference 2). 
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1. Internal effects 

All the relevant groups X in  1 release electrons by the conjugative effect 
(+ T )  and attract then  by the inductive eR'ect (- I )  in the orders: 

-+T effect 0- =- OH O R  (OEt > OMe) H 

- I  effect 0- OH =- O R  (OMe 5 OEt) =- H 

The /and Teffects of H are conventionally taken as zero so that the sequ- 
ence for the -[effect shows the electron repulsion of 0- by this mech- 
anism. Differences between the various alkoxy groups are small and 
probably arise from the different capacities of Me,  Et, . . . for inductive 
and hyperconjugative electron repulsion which will affect the + T dona- 
tion and - I  attraction by the ethereal oxygen atom in different direc- 
tions3. Similar considerations explain the difference between the - I  effects 
of' OH and O R  but do not account for the greater t T effect of OH which 
has been ascribed to hyperconjugation" in H-0- and to differences 
between the solvation stabilization5 of H-O+-- and R-Oi=. 

The carbonyl oxygen atom attracts electroils powerfully by both the con- 
jugative and the inductive effect so that the electron distribution in 1 will 
be directly affected by conjugative displacements originating at X (as in 
2) and, to a smaller extent, by the inductive and conjugative relay3 of any 
inductive effect exerted by this group. Work on other systems has shown 

that O H  and OR always act as overall electron m n o r s  in the order of 
their + T effects when conjugated to an electron-demanding centre3, and 
electron release by X should therefore increase in  the order 

H -Z OR (OMe -= OEt) OH -= 0- (1) 

The same order will apply to the electron displacements shown in 2 and, 
therefore, to the importance of valence bond rortn 3 in the final structure. 

0- 
-C' 

\x+ 
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These considerations are supported by the exaltation of the optical 
refraction associated with the various forms of the carboxyl groupe, and 
by the frequencies and intensities of the C=O stretching vibration which 
are available for a la.rge number of carbonyl derivatives'-''. It is ge,rierally 
agreed that the frequency is reduced by electron release from X and vice 
versa, that the frequency also depends on the masses of groups attached to 
the central carbon atom, and that the intensities (or extinction coefficients) 
reflect the magnitude of the conjugative electron displacements to the 
cxbonyl oxygen atom (as shown in 2); however, different authors attach 
different weight to the importance of the 1 and T effects of X in determin- 
ing the frequency. Results for some relevant methyl and phenyl com- 
pounds are shown in Table 1. It can be seen that the intensityof thevibra- 

TABLE 1 .  The carbonyl strctching vibration of YC P7.g-'4 
'X 

Y =CH, Y = P h  

H 1729 2. I - 1706 2.6 - 
OMe 1750 3.6 - 1727 3-5 - 
OEt 1742 3.5 - I720 3.6 - 
OH 1717 4.1 41 1 1695 4.9 523 
0- 1560 - 745 -- - - 

tion (or the extinction coefficient) increases in the order (1) expected for 
resonance within the carboxyl group. The frequencies suggest the same 
sequence for overall electron release by X except for the inversion of the 
positions occupied by aldehydes and esters, presumably because the effect 
of 3-T donation by O R  is not sufficient to outweigh the enhancement 
of the frequency by its inductive electron attraction. The lower frequencies 
observed for the acids underline the different +T effects of OH and OR,  
and the small difference between the electron donation by OMe and OEt 
is clearly apparent; esters containing larger a!kyl groups however show 
virtually the same frequencies as ethyl esters'. A particularly striking 
example of the + I + T  effect of 0- is provided by the relatively small 
frequency of the carboxylate ions. 

Comparison of the results for the corresponding methyl and phenyl 
derivatives shows clearly that the properties associated with the carbonyl 
stretching vibpation do not depend solely on the nature of the group X. 
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Additional electron displacements towards the carbonyl oxygen aton1 can 
be initiated by inductive (4) and hyperconjugative (5)  donations in the 
aliphatic series. and by + T  release (6) in aromatic compounds and other 

conjugated systems. I f  these additional effects contribute substantially to  
the electron displacements, the relatively large difference between the pola- 
rizabilities of inethyl and phenyl with respect to electron demand should 
result in  considerable differences between the two series. contrary to the 
observations (see Table 1). Moreover, both series follow a similar se- 
quence as X is altered and it  therefore seems likely that the figures given in 
Table 1 give a good indication of the effect of X on the electron displace- 
ments within the various carboxyl groups. 

Other evidence supports this conclusion. Thus, H uckel calculations 
have shown the existence of a good correlation between the bond order 
and the carbonyl stretching frequency of various carboxyl groups17, 
studies of the carbonyl IZ -. x* transition have provided a further demon- 
stration for substantial electron donation when X =  OH18, and transj- 
tions in both the infrared and ultraviolet regions correlate well with the 
substituent constants gI and crR (see section I .  D.) which indicate the mag- 
nitude of inductive and conjugative displacements initiated by XI9. 

2. Overall polar effects 

The electron displacements shown i n  5 and 6 represent conjugative at- 
traction ( -TI by the carboxyl group as a whole. Similarly, the displace- 
ments in 4 correspond to inductive attraction, conveniently termed a 
- f, effect since other factors also contribute to the inductive effect exert- 
ed by the group as a whole (see below). 

Both the - IT and the - T effect of carboxyl groups arise from the same 
cause, conjugative electron attraction by the carbonyl oxygen atom. As 
the group X competes with the rest of the molecule in supplying electrons 
to this site, thc -IT and - T  effects should follow the converse of the 
sequence ( 1 )  for resonance within these groups; i .e.  sequence (2). These 

CHO =- CO,R (C0,Me =- C0,Et) > COaH > COT (2) 

considerations also suggest that neither of these two efrects will be large. 
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The sanie conclusions regarding the conjugative effect can be obtained 
by the alternative approach which regards the compound as the resonance 
hybrid of valence bond forms like 3, 7 and 8, significant contributions 
by 7 and 8 corresponding t o  - T attraction by the carboxyl group. Chang- 

es i n  the nature of X which stabilize 3 will automstically decrease the 
importance of 7 and 8 in the final structure, thus leading to sequence (2) 
for the - T en'ect, and the greater stability of 3 relative t o  7 or 8 when X= 
=OR, O H ,  0- also suggests that the -T attraction of these carboxyl 
groups is unlikely to be very large. Similar considerations have already 
been advanced to explain the relatively small sensitivity of the strength 
of benzoic acid to  the introduction of substituents i n  the aroniatic ri@. 

In addition to thc -/T cffect, a contribution to the inductivc eKcct of 
carboxyl groups will arise from the - I attraction of the carbonyl oxygen 
atom and the inductive attraction or repulsion of the siibstitiients X .  This 
effect ( I I )  is not expected to bs large and should result i n  attraction, decr- 
easing in the order (,3), with clectron donation by COT. 

CO,H =- CO,R (C0,Me > C0,Et) =- CHO Z- COT ( 3 )  

1 t can therefore be concliitled that. as a first apposiniation. the various 
carboxyl groups should act as ovcrall electron attractors ( - I-  T )  f01lo~-  
ing the seqiiencc (2) f o r  the - I T .  -T  effects when thcy ;ire :tttached to a 
system with a good c;ipacit>. for electroi~ release towards the substituent. 
Under the converse conditions, C02H should attract inore powerfully 
than C 0 2 R  while CO, repels electrons. These predictioils are am$y sup- 
ported by experiment: examples can be found tlirot~ghout this chapter. 
All the r?vailable evidence suzgests that the electron requirements ol' the 
carbonyl oxygen atom are  largely satisfied by displaccments wi th in  the 
carboxyl group so that t h e  group as a whole is not very stronglj. polale. 
Thus, the effect o fa  C 0 2 H  substittient t isunll~~ differs only ;t little rrom the 
effect of COaR, and COY invariably acts as a weak electron donor or 
attractor. Tile inflgcncc 01' CO-R is usually highly insensitive to thc na- 
ture of the alkyl group, R. although t!ie considerations advanced in the 
preceding pnragraphs suggest that C 0 2 M e  should attracr electrons more 
strong[!. than C0,Et. Ho\~:cvcr. ot!ier evidence3 suggcsls only ..;mull ditrer- 
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ences between the polar properties of OMe and OEt. and it must there 
fore be concluded that these differences are too  small to  affect the behav- 
iour of the carboxyl derivatives. 

B. Physical Properties 

Dipole moments of some relevant compounds are given in Table 2 
where the electron-attracting properties of COzH are clearly demonstrat- 
ed by the values Tor phenol (9) and 4-hydroxybenzoic acid (10). The same 
conclusion can be reached by noting that acetic acid has a g e a t e r  dipole 
moment than formic acid in the gaseous phasez0, though it must be point- 
ed out that this situation is reversed in solution21. Comparison of the 
dipole moment of 10 and 4-nitrophenol (ll), and nitrobenzene (12) and 
benzoic acid (13), shows that C 0 2 H  attracts electrons considerably less 
efficiently than NOz but differences between the various carboxyl groups 
cannot usually be recognized by these measurements, for example. 13 
and its ethyl ester (14) have the same dipole moment. 

TABLE 2. Dipole moments of relcvant compounds'l 

Compound Dipole rnonienl 

HOC,H, (9) 
4-HOC6H,C02H (10) 
4-HOC8H4N02 (1 1) 

CGHSCOZH (13) 
C,H,NO, (12) 

C,H,CO,Et (14) 

1.86 
2.76 
5.43 
4.00 
1-80 
I .80 

A more precise indication of the sequence of electron attraction by a 
series of sitbstituznts is given by their effect on  the maximum [or the prin- 
cipal absorption (ILA) of benzene a t  203.5 m p ;  increased resonancc in the 
phenyl group displaces the maximum to greater wavelengths and increas- 
es the extinction coefficientz2. The examples given in Table 3 again show 
that NO2 attracts electrons much more powerfully than the carboxyl 
groups and. also, that the changes of decrease in the order expected 
froin the sequence (2) predicted in section l .A .2  for decreasing electron 
withdrawal by the various carboxyl groups w h w  they are attached to an  
electron releasing system: the small difference between benzoic acid (13) 
and its ethyl ester (14) is porticiilarly noteworthy. Other transitions in 
substituted aromatic systems can be similarly interpreted":'. 
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TABLE 3. The displacement of the principal 
absorption maximum of benzene (203.5 m9) by 

substituents" 

Compound 32,,, (mr) 

C6H,N0, (12) 
C6HsCH0 (15) 
C,H5COzEt (14) 
C,H,CO?H (13) 
C6H,COz- (16) 

4-MeOC6H4C0,H (17) 
~ -McOC~H. ,CO, -  (18) 
3-MeOC6HdCOZH (19) 

65.0 
36.0 
27-0 
26.5 
20.5 

53.0 
43.5 
26.5 

~ ~ . Data for  meihoxy compounds from refcrencc 24. others from reference 23. 

Although the various carboxyl groups do not attract electrons parti- 
cularly strongly, they are nevertheless significantly polarizable with re- 
spect t o  electron donation by the rest of the molecule. Thus, the introduc- 
tion of 4 - M e 0  greatly enhances for benzoic acid and its conjugate 
base (see Table 3). The atomic refraction constant of the carbonyl oxygen 
atom in a phenyl compound is considerably greater than in the correspond- 
ing alkyl compoiind?j while the carbonyl stretching frequency is less in 
the aromatic system (see Table I ) ,  and the value of this frequency for a 
large number of substituted benzoic and toluic acids is linearly related t o  
the P A P  and to  the free energy of activation for esterification". 

The good correlation between acidity and the carbonyl stretching fre- 
quency of the acid shows that the polar effect of substituents on the 
strength of benzoicacid arises essentially from their e r ec t  on the stability of  
the initial state in the ionization and that they change the stability of the 
benzoate ion by only a small amount. This conclusion _greatly facilitates 
the discussion of the substituted acids (see section ll.B.4); other arguments 
in favour of this view have been given elsewhere3. The  strengths of sub- 
stituted beiizoic acids form the basis for assigning values to the Hammett u 
constants (see section [.D.) of substituents. N o  precise physical signific- 
ance can be attached to these constants but it is generally agreed that 
they reflect the overall electron donation or attraction of the substituent 
in  benzoic acid. Alternatively, coiild equally well be regarded as a nieas- 
ure of the overall electron attraction exerted by the carbouyl group on thc 
relevant substituted phenyl residue, tiiu; demonstrating the variation of 
this attraction (the polarizability) over a wide range of electron donation 
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towards the central carbon atom. It must however be stressed again that 
the polarizability of COBH (and other carboxyl groups) is not large and 
very much sma!ler than that of centres carrgiilg a partial positive charge, 
such as the incipient carboniuni ion i n  the transition state of S,1 solvo- 
lysis. For example, the introduction of a 4-methosy group alters the free 
energy of benzcic acid by 0.3 kcal at 25‘ 28 and the free energy of the 
transition state in the hydrolysis of 4’-nitrodiphenylmethyl chloride by 7.7 
kcaP9. 

It must be stressed that the spectral properties of molecules do not al- 
ways provide a clear indication of the polar character of substituent 
groups. For example, the introduction of 3-OMe in berizoic acid lowers the 
dissociation constant by about 30Zz8. This result is generally discussed in 
terms of the destabilization of’ the acid by the - I  methoxy group in a sys- 
tem where the conjugative electron release of this groiip cannot be relayed 
to the reaction centre except by a highly inefficient second order effect3, 
but it can equally validly be taken to show the reduction in the electron 
attraction by C02H when iittached to an electron-demanding residue. On 
the other hand. the niasimum wavelength (;.ma,.) for the principal absorp- 
tion (lLa) is hardly altered by this substitution in benzoic acid (see Table 
3) or in nitrobenzene30. Similarly, a 4-OMe substituent substantially in- 
creases >,,,, of the benzoate ion (see Table 3), contrary to the conclusion 
that the polar properties of COT are relatively insensitive to tlie nature 
of other substituents present in the niolccule (see previous paragraph). 
As this conclusion was based on properties directly associated with the 
(arboxyl group, it seenis that the extent of resonance in the phenyl groups 
cas indicated by ;.,,,) does not entirely reflect the electron attraction of a 
carbosyl substituent. 

C. Proximity Effects 

The properties of tlie various carboxyl groups are often modified, 
sometimes substantially. by their immediate surroundings. Studies of the 
dissociation constants of carboxylic acids have provided much relevant 
information about COsH and CO;. and are therefore discussed below; 
COzR can be re_gardecl as analogous to C0.H.  as a first approsimation. 

1. Steric inhibition of resonance 

So far the dircus~io11 has concentrated essentially on the overall elec- 
tro n-attracting properties of the various carbosyl groups without dis- 
tinguishing between the separate contributions made by their - I and 
- T effccts. The iinportancc of the conjugative attraction ( - T )  is how- 
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ever demonstrated by systems where steric factors inhibit resonance so 
that the capacity of these groups for overall electron attraction is de- 
creased, though some authors have doubted whether the magnitude of the 
steric effects is always as large as has been claimed (see section 1.C.3). 

The strength of benzoic acid is almost invariably increased by the intro- 
duction of or'tlfo substituents, irrespective of their polar character, nl- 
though the acidity is reduced by electron-donatirig para substituents. This 
is illustrated in Table 4 for the methyl compounds. It is generally consider- 
ed that the carboxy group is twisted out of the plane of the aromatic ring 
by adjacent substituents and that the resulting loss of coplanarity reduces 
its resonance interactions with the phenyl system by increasing the energy 
of structures like 8 J 1 e 3 2 .  The substituted acid should therefore have a 
smaller stability than the parent compound where steric inhibition of 
resonance does not occur. Similar considerations will. of course, apply to 

TABLE 4. The effect of methyl 
substituents on the dissociation 

constant of benzoic acid in water 

Substitucnts KX!KE 

- (13)" 1 .O@ 
2-Me (20)zs 1.96 
3-Me (21)28 0.85 
4-Me (22)28 0.67 
2,6-Me2 (23)33 9.09 K ( 2 3 ) / K ( 2 0 )  = 4.63 
2.4-Me, (24)33 1.05 K ( 2 4 ) / K ( 2 0 )  = 0.53  
2.4.G-Me3 (25)33 5.86 K(25) /K(23)  = 0.64 

the benzoate ions but the relatively small - T effect of the carboxylate ion 
group ensures that the destabilizing steric effect of ortho substitution is 
much less for the anion than for the undissociated acid. Acid strengthening 
is therefore to be expected, ar.d the opposing en'ect of the relay of induc- 
tive and hyperconjugative repulsion by o-methyl groups in the acid (see 
26) is apparently not large enough to counterbalance the consequences of 

the loss of resonance. 
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Analogous arguments account for the fact that cis unsaturated car- 
boxylic acids are usually stronger than their trans stereo isomer^^'. :?, and 
steric inhibition of resonance in various orfho-substituted benzoic acids 
has also been deduced from considerations of their ultra~iolet?~. 34. 35 

and infrared3j spectra. Similarly, the relatively large increase in the aci- 
dity of o-toluic acid on the introduction of an additional o-methyl group 
(Table 4, 20, 23) appears to be consistent with the view that resonance 
interactions generally decrease rapidly when the angle between the two 
planes of the relevant groups is increased to substantial values3G. 

These considerations demand a marked decrease in the overall electron 
attraction of the carboxy group (or its esters) when other substituents 
occupy adjacent sites in the molecule. As a result the strengths of orrko- 
substituted benzoic acids should be less sensitive to the introduction of 
other substituents than the parent compound*, but this requirement is not 
always obeyed ; for example, 4-methylation decreases the dissociation COII- 

stants of benzoic acids in the order 2-Me=-2,6-Me2>H (see Table 4). 
It  is therefore necessary to consider the other modifications in the polar 
properties of carboxyl groups which may be caused by their immediate 
environment. 

2. Hydrogen bonding 

The carbonyl oxygen atom of carboxyl groups can be considered to be 
associated with a small partial negztive charge and should thereforc form 
hydrogen bonds with suitable acceptors in its vicinity, as in 27; the dimeri- 
zation of carboxylic acids in solution is an example of this type of inter- 
action. In carboxylate ions, internal resonance distributes the unit of 

negative charge equally between the two oxygen atoms and each of these 
centres can therefore form a hydrogen bond (28) which will be much strong- 

C z O t -  
t - 0 .... 

( 28) 

er than that i n  27 under otiierwise identical conditions. The formation of 
a sing!e hydrogen bond, as in 28, may change the charge distribution of 

Alternatively this conclusion can be expressed by notiag that the reaction para- 
meter p (see section 1.D) should be less for an orrho-substituted series than for ben- 
zoic acid3’. 

> 
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the ionic group slightly but this will not alter the basic fact that 28 repre- 
sents a much more stable structure than 27. 

The properties of carboxyl groups may therefore be modified by intra- 
molecular hydrogen bonding when a suitable group occupies an adjacent 
site in the same molecule. Thus, x-ray diffraction measurements on solid 
maleic acid suggest38 that one of the hydrogen atoms (H(lJ is linked to  
an oxygen atom of the neighbouring carboxy group while the other (Hc2J 
forins a similar bond with a neighbouring molecule, as in 29. Much strong- 
er internal hydrogen bonding occurs in the hydrogen maleate ion (30)3g. 

/ 

H 

‘C C 
/ \ 

H 

/ 
‘C C 

H 
/ \ 

H 

It has been strongly argued that the greater stability of 30, relative to 

\ 
HI,, - 0 o.,.... 

f-- ./ 

\ 7-o 0--c 

C i \ 

29, is largely responsible for the substantial decrease in the first acid dis- 
sociation constant when maleic acid is replaced by its trans stereoisomer, 
fumaric acid32. On this interpretation. steric inhibition of resonance has 
only a small effect on the stability of cis olefinic dicarboxylic acids but it is 
convenient to defer a more detailed examination of this problem until the 
general discussion of the effect of carboxyl substituents on the ionization of 
carboxylic acids (section 1I.B). 

Intramolecular hydrogen bonding in o-hydroxybenzoic acids was first 
postulated over 30 years ago409 41. The original arguments were based on 
kinetic considerations which havz been ~ r i t i c i z e d ~ ~ ,  but the objections van- 
ish if the stabilities of the various structures are considered instead, as 

Thc hydrogen-bonded complexes (29 and 30) will be three-dimensional structures. 
Thc planar representation now adopted for the sake of clarity does not, therefore, 
indicate the relative bond Icngths. 
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now. Relative to benzoic acid, the dissociation constant of the 2-hydrosy 
derivative* is considerably greater than that of compounds containing 
much bulkier 2-substituents, arguing strongly against steric inhibition of 
resonance as the principal acid-strengthening factor in salicylic acid4:. On 
the other hand, internal hydrogen bonding would stabilize the anion (32) 
much more than the undissociated acid (31), and the large increase in 
acidity on the introduction of a second o-OH is consistent with the greater 
stability of 33, relative to 3244. For similar reasons analogous structures 
involving C--H hydrogen bonding were assumed to account for the acid- 

strengthening effect of o-Meq5 but this suggestion was later abandoned"~ 46, 

and it is noteworthy that no evidence for this type of interaction in 
o-toluate ions could be found in a recent study of the proton magnetic 
resonance spectrum4'. 

Internal hydrogen bonding in ortho-substituted benzoic acids (e.g. 31) 
will be facilitated by electron release towards the central atom but the 
overall capacity of the carboxy group for electron attraction will be vir- 
tually unaffected if, as seems likely, this type of interaction does not greatly 
alter the stability of the acid. Consistent with this view, the introduction 
of 4-OH reduces the dissociation constants of benzoic and salic)*lic acids 
by almost the same ainounts. 

3. Solvation effects 

There is much evidence that the eflect of rwla- and para-substituents on 
the strength of benzoic acid usually increases as the water content of an 
aqueous organic solvent is reduced48, resulting in a larger value of the rcac- 
tion parameter Q (see section 1.D) in the poorer ionizing mcdium. Solva- 
tion of the carboxglate ion group (34) will be aided by electron accession 

(34) 

* Where n o  specific refercncc is given, values of acid dissociation constants can bc 
found in the compilation by Kortiim, Vogel and AndrussowwL. 
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to the osyzeii atoms so that the cverall capacity of this group for attract- 
ing electrons from the rest of the molecule can be expected to decrease as 
the water content of the medium is reduced. As a result, an electron- 
releasing substituent will  destabilize the substituted benzoate ion (relative 
to the parent ion) more in an aqueous organic solvent than in water, thus 
tending to  give a lower relative acidity in the less aqueous solvent; the con- 
verse applies to an electron-attracting substituent. The effect of solvent 
changes on the stability of tile carboxy compound can be neglected in this 
context as the neutral acid wiiI be n;uch less heavily solvated than its ne- 
gatively charged conjugate base. 

These considerations have also been applied to the discussion of the 
importance of steric inhibition of resoiiaiice by o-Me, a topic which has 
received much attention in the past since many authors regard the acid 
strengthening effcct of' this group as too large to arise solely from steric 
factors. The introdtiction of 4-substituents alters the acidity of 2-methyl- 
and 2.6-di1nethylbeiizoic acids D little more than the acidity of benzoic 
acid, in water and in 50 % ethanol (see Table 4 and reference 37); the coil- 
verse behaviour shodd have been observed if resonance between COzH 
and the zronxitic ring were substantially less in the o-methyl derivatives. 
It was thcrefcre concluded37 that o-Me causes some steric hindrance to 
solvation of the anions but that steric inhibition of resonance in the acid 
is only significant wlien two such groups are present. in agreement with 
other evidence from quite ditrerent studies that small deviations from co- 
planarity have little effect on resonance3* OG. Similarly, a reduction in the 
electron attraction of CO; (or an increase in electron repulsion) can be 
expected to  result from steric hindrance to the solvation when other proups 
occupy an adjacent site i n  the ~nolecule, though this point has not been 
discussed esplicitly in the literature. 

The acid-strengthening effect shown by nearly all orfho-substituents 
also depends lxarkedly o n  the nature of the solvent". I t  usually decreases 
as the water- content is reduced. in  contrast to the beliaviour of electron- 
attracting w ' f u  and para substituents, and even acid-weakening has been 
reported for some systems; :'.g. for o r i h  methylation (benzene as solvent)49 
and orrho mcthox>*larion (aqueous acetone)46. These observations have 
been interpreted in terms of the reduction i n  the effective size of the solv- 
ttted carbos!. group catised by the decreased solvation in the less aqueous 
s o l v e ~ ~ t ~ ~ :  the resulting smallcr deviations from coplanarity in the ortho 
conipou~lds are considered to permit enhanced rcso~~ance between CO2H 
and the riroiiintic ring. Alternativel!. the findings could be explailled by 
assuming t!i:!t the orrho substituent causes mow steric hindrance to the 
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solvation of the carboxylic acid than to the solvation of its conjugate base 
but this seems unlikely. In any case, neither suggestion can account for 
the effect of 4-substituents on the strengths of ortlio substituted acids. 
Each of the two sets of observations can be rationalized separately, but no 
single hypothesis which embraces both has so far been produced. 

In the present chapter, interest in this problem is mainly centred on the 
effect of adjacent groups on the polar properties of the various carboxy 
substituents, and the experimental evidence already mentioned suggests 
strongly that this effect is small, though electron attraction by CO, is 
probably reduced a little under these conditions. Other results, discussed 
in section I1.B. and the many examples of the validity of the additivity 
principle3 in predicting thz strengths of 2,4-substituted acids support this 
conclusion. 

4. General considerations 

Any discussion of the effect of substituents on reactivity in terms of 
their polar-properties can of course only be qualitative, particularly in the 
present section where relatively small changes have been considered. I t  is 
noteworthy that generally, but not invariably, mera and para substituents 
affect the strength of benzoic acid mainly by altering the standard enthalpy 
change if they behave as electron donors and by altering the entropy change 
if they attract electrons, while the converse applies to ortlto substituentsjO. 
Any rationalization of these observations in terms of polar effects is dif- 
ficult but the practical success and the simplicity of basing qualitative dis- 
cussions of reactivity on the polar properties of substituents seems to be 
sufficient to outweigh the disadvantages of such a procedure. Completely 
analogous considerations apply to the use of the Harnmett and other sub- 
stituent constants (see section l.D). 

Other proximity effects (e.g. field effects, neighbouring group partici- 
pation) which can be considered to modify the behaviour of the various 
carboxylate groups are considered in those sections which deal with the 
systems where these effects plsy an important role. 

D. Substituent Constants 

The effects of substituents (X) on the rate coefficients or equilibrium 
constants (k) of a wide variety of reactions are correlated remarkably 
\\.ell by the Hammett (equation 4) which has stimulated an  

log(k,lk,) = OP (4) 

immense amount of work i n  this general field. The reaction parameter, 0, 
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reflects the general sensitivity of the velocity or  equilibrium to the intro- 
duction of substituents, is independent of the nature of X, and has often 
been taken as a combined measure of the polar requirements at the reac- 
tion centre and of the facility of the system for meeting these requirements 
by the relay of polar effects initiated by substituents. This interpretation 
must be regarded as a n  oversimplification as  it is strongly opposed by some 
observations3. On this simple view, the substituent constant a reflects the 
overall polar character of the substituent and should therefore be inde- 
pendent of the nature of the process under consideration. I t  was, however, 
soon realized that no single set of a's could account for all reactions and 
several sets have now been proposed, each particularly suitable to  a given 
type of reaction. 

The Hammctt constants, a, are based on the ionization of benzoic 
acids48a. 51  , although some of the original values have now been revised. 
It is generally agreed that these constants represent a combincd measure 
of the I and T effects of para substituents (and mainly the I effcct of nieza 
substituents) since the carboxy group does not attract electrons very stron- 
gly. A significant capacity for - T attraction by a substituent should how- 
ever be enhanced, relative to its inductive effect, when the group is con- 
jugated to  a strongly electron-releasing centre, and a different scale (a-) 
was therefore proposed for such 'l. Similarly, a third scale 
(a+) is considered to  apply when the substituent can conjugate with a 
powerfully attracting site". Values which are believed to include no reso- 
nance contributions (ans3: aoS4) have been derived from studies in which 
the substituent is insulated from the reaction centre, althoagh it has been 
claimed that yet another set (aG) provides a more valid reflcction of these 
conditionssi. I n  addition, substituent constants which contain only con- 
tributions arising from the inductive cffect (aI) have been obtained from 
chzmical properties of alicyclicSG, aliphatics7, and aromatic compounds54i s8, 

and from nuclcar magnetic resonance studies, but it has not been pos- 
sible to  establish a single set (cR) indicating the magnitude of resonance 
effects. A more precise scale for these eflects (a:) could however be ob- 
tained for systems in which direct resonance with the reaction centre is 
prohibited and can be considered to indicate the ability of the substitu- 
ents to  conjugate with a benzene ring5'"* ". 

The discussion of substituent effects in terms of linear free energy rela- 
tions like equation (4) and its extensions has been reviewed several times 
recently'*'3. and thc present authors' interpretation has also been sum- 
marizedl; details can bc obtained from these sources. It is recognized that 
equation (4) does not usually predict k,/k,  within the limits of the experi- 



782 G .  Kohnstam and D. L. H. Williams 

mental error and cannot therefore be regarded as completely quantitative. 
as expected for a simple expression. Substantial deviations can arise when 
highly polarizable substituents are employed but this does not apply to 
the various carboxyl groups now being considered. However, these sub- 
stituents are relatively heavily solvated in hydroxylic media and may there- 
fore show apparently abnormal effects when the solvent differs from that 
in  which the substituent constants were determined. 

Substituent constants for a large number of groups haw been compiled 
by Ritchie and SagerG3; those re!evant to the presect discussion are _. given 
in Table 5. Other authors have reported slightly different mean values but 
this does not affect the qualitative conclusions which can be drawn as the 
figures are usually only  reliable to  k0*05-0-1 unitsG1. A very \teak]?; polar 

TABLE 5. Substititent constants for carboxyl groups 

0.30 
0.34 
0.2 I 
0.37 
0.36 

0.08 
0.37 

0.45 
0.46 
0.38 
0.47 

0.48 
0.68 

0.32 
- 

-.  - 0.14 
0.05 - 

- 0.10 0.00 

character for CO; is indicated by the fact that the substituent constants 
differ only slightly from zero, while COzH and COpR seem to attract elec- 
trons to nearly the same extent and less powerfully than N02[a(p-C02H)  
=0.45, ~ ( p - N 0 ~ ) = 0 - 8 2 ] ~ ~ ,  differences bctwcen C02Me and C02Et  (not 
shown) are usually negligibly small. The small differences between the 
constants for metu and para substituents, the small value of a:. arid the 
similarity of the figures associated with the various scales (except c- and 
a:) all suggest a relatively small - T e i t c t  for these groups. As expected, 
COIR and C02H are o d y  significantly polarized when they are conjugat- 
ed to an electron-demanding centre (0- =- 0) but even under these condi- 
tions the presence of OR, or OH, reduces the ovcl-all electron attraction 
below that found for other proups containing C- 0 ( p - C 0 2 R ,  u-  
= 0.68; p-CHO, 0-  = 1 .13G3). Howcver. CJ- incresses in the order C02k1e 
<C02Et  -C C@2H46a i.e. the converse of the sequence (2) predicted for the 
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variation of the -7'effects (section I.A.2). On the other hand, the figures 
do not represent recent data arid errors of 0.05 units in CT- for COzH and 
COZMe would make all the values virtually identical. 

Rate coefficients and equilibrium constants calculated for the various 
carboxyl derivatives from equation (4) are usually i n  good agreement with 
those observed but some exceptions have been noteds3. Moreover. proxi- 
mity effects often complicate the chemical behaviour of the present sub- 
stituents and it is therefore convenient not to base the subsequent discus- 
sion solely o n  the Hammett relation. 

II. EQUILIBRIA 
A. General Considerations 

Apart from the polar properties of the various carboxyl groups and the 
proximity effects which have already been mentioned (sections 1.A. and 
l.C.). two additional factors can also modify the influence of the substi- 
tuents on chemical processes. These factors are often of particular impor- 
tance in  determining the equilibrium state and are therefore discussed 
below, before the available results are considered. 

1. Statistical factors 

Consider the ionization of the carboxylic acid (35, dissociation con- 
stant KH) and its monocarboxy derivative (36, dissociation constants 
K1, Kp). Two equivalent acidic centres are located in  36 but its conjugate 
base (37) contains only one site for proton acceptance. The effect of  C 0 2 H  

H(CHZ)n COZH (35) CO,H(CH,), COZH (36) 

COT (CH& COZH (37) CO,(CH,)n COT (38) 

on the strength of 35 therefore involves the statistically corrected first dis- 
sociation constant of 36, and is given by equation ( 5 ) .  similarly, the effect 
o f  CO; on the strength of 35 is obtained from the dissociation constant of 

G O ! H I K H  = Kl/2K* ( 5 )  

37 ( K 2  of 36) by eqiiation ( 6 )  which allows for the fact that the acid (37) 
contains only one dissociable proton while its ionization product (38) has 

two  equivalent basic centres. A more rigorous discussion i n  terms of thc 
symmetries of36-38 leads to th:: same conclusion. 
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In general, the statistically corrected equilibrium constant for the trans- 
fer of one proton to the solvent (K')  is related to the observed acidity 
(KI) by equation (7) when the compound contains p equivalent acidic 

K' = 9lPK, (7) 

centres and its conjugate base q equivalent sites where a proton can be 
attached. The difficulties which arise when the equivalent sites are associ- 
ated with the same atom (e.g. a carbon acid, XCH3) have been discussed 
by Belle4b and the present chapter therefore follows the common procedure 
of regarding y and q as the number of equivalent sites associated with 
different atoms in the molecule. 

Statistically corrected equilibrium constants, K', are quoted throcghout 
this section, where relevant. The necessity of these parameters has long been 
appreciated and, for example, the (T constants of C02H and CO; (which 
are derived from the ionization constants of the benzoic acids) have been 
obtained on this basis. I t  must however be stressed that while the use of K* 
facilitates the interpretation of results, care must be exercised in applying 
these interpretations t o  the prediction of experimental observations. For 
example, the very weakly polar character of CO; should ensure that the 
introduction of this group at  some distance from the reaction centre will 
have only a small effect o n  the acidity, but statistical factors lead to the 
observation that the second dissociation constant (Kz )  of terephthalic acid 
has only half the value of the dissociation constant of benzoic acid. 

2. Direct field effects 

A polar group can affect the stability of the system in which it is situ- 
ated by direct electrostatic interaction through space with another polar 
centre, i.e. independently of inductive or conjugative relay through the 
intervening bonds. This was first recognized by Bjerruma5 who employed 
a simple electrostatic model to calculate the equilibrium constants for the 
double ionization (8) of aliphatic dicarboxylic acids on  the assumption 
that the magnitude of this direct field effect in the anion is entirely respon- 

H,A e 2H+ f A'- (8) 

sible for the difTerence between its standard free energy and that of the 
neutral acid. Several modifications of the original expression have been 
proposed (for summaries see references 44, 64a and 66) but the impor- 
tance of direct electrostatic interactions in these systems is generally ac- 
cepted. 
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In the present discussion it is sufficient to note that the direct fieldeffect 
decreases with increasing distance between the polar centres, stabilizing 
a zwitterion (e.g. NHZCH,CO;) and destabilizing a doubly-charged spe- 
cies (e.g. CO;CH,CO;). The smaller effects arising from direct charge- 
dipole interactions (e .g .  in CO,HCH,CO,) also decrease more rapidly 
with increasing separation44* ", and the assumption of a spatial relay of 
inductive eflectsS0 represents either the same phenomenon or the even 
smaller direct dipole-dipole interactions. It must however be recognized 
that the close proximity of polar groups, leading to large direct field effects, 
also causes steric hindrance to solvation which will be greater for ionic 
than for dipolar groups and will be particularly marked when other bulky 
substituents are present (see section I.C.3, references 50, 67 and sources 
there cited). 

B. The Ionization of Corboxylic Acids 

It has already been pointed out that the polar effects of substituents should 
alter the strengths of carboxylic acids mainly by changing the stability 
of the acid, rather than its conjugate base, but recent determinations of 
the changes of the standard thermodynamic functions for the ionization of 
non-aromatic compounds have led to the conclusion that the acidity is 
often largely controlled by direct field effects and the solvation changes 
accompanying dissociations0* '". The various features which can alter 
reactivities on the introduction of COaH. COaR and COT groups are par- 
ticularly well illustrated by the ionization of catboxylic acids, and results 
for a number of different acid types are therefore discussed. I n  allcases 
dissociation constants refer to the statistically corrected values, K*,  ob- 
tained from the observed values via equation (7). Much of the information 
has been quoted from two compilations", 44. Neither is entirely free fron; 
errors and all the figures employed were therefore takcn from the original 
sources cited in these summaries. 

In some instances the dissociatioil constants of a dicarboxylic acid 
(39, X = C02H) are known but no figures are available for the compound 
from which it has been derived (39, X = H). If the dibasic acid is symmet- 

X . .  . . . . . . CO,H 

(39) 

rical (e .g .  compound 36), the ratio KGo.H/KGo; represents the effect of 
COzH relative to CO; on the strength of the parent compound, and is 
therefore useful in the present discussion. However, the first dissociation 
constant (K1) of the unsymmetrical acid (40, R = Alk, X = Y = C02H) 
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can only give the effect of X = C 0 2 H  on the acidity of 40 (X = H, Y =C02H)  

X C R H  . . . . . .  CH,Y 

(40) 

while the second dissociation constant ( K z )  shows the change in the strength 
of 40 ( X = C 0 2 H ,  Y = H )  on the substitution, Y =COG. No informa- 
tion about substituent effects can then be obtained from a considera- 
tion of K l / K 2 .  although a knowledge of this ratio is useful in discussing 
any stabilizing contribution arising from internal hydrogen bonding in 
40 (X = COzH, Y = CO,). 

1. Intramolecular hydrogen bonding 

Hydrogen bonding between carboxy and carboxylate ion groups attach- 
ed to the sanie molecule. as in the hydrogen maleate ion (30), will obvi- 
ously stabilize the acid anion and may therefore be important in determin- 
ing the influence of substituents (X=CO,.H. CO;) on the strength of 
carboxyiic acids (39, X = H). The general methods which have been em- 
ployed for the recognition of these interactions are outlined below, to- 
gether with some examples. Others are considered in connection with the 
relevant parent acids in later subsections, but the renewed interest shown 
during the last few years makes it impossible to discuss all the results in 
detail. Further information can be obtained from recent sourcesso’ ”* ea 
and the references there cited. 

Direct evidence (i.r. and n.1n.r.) for internal hydrogen bonding of some 
acid anions in aqueous solution is available69, though it has been pointed 
out that  the magnitude of the chemical shift may not always reflect the 
strength of this linkagee7. I n  most cases. however. the existence of these 
interactions is inferred from the effect of substituents (X=CO,H. CO,Et, 
COG) on the strength of the parent acid (39, X = H). and some authors 
have concentrated solely on the substituted derivatives. 

Arguments have been based on the changes in thermodynamic proper- 
ties arising from the loss of a proton. Internal hydrogen bonding in an 
acid anion should decrease the entropy of the system less than the fornia- 
tion of similar linkages between the substrate and the solvent. thus increas- 
ing ASo for the first ionization of 40 (X = C0,tl)7nJ, and abiiorinal values 
of AHo, ASo aiid 4Cp” have been interpreted in terms of these interactions. 
Similar conclusions have been based on deviations from the linear relation 
between AGO aiid ASo which is shown by many carboxylic acidss0* e7, but 
there semis to be no agreement about the size of the deviation which can be 
considered significant. For example. internal hydrogen bonding is not 
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envisaged for the hydrogen inalonate ion by some6’, while otherss0* ’O 

take the opposite view in spite of the fact that spectral measurements71 
do not support this conclusion. Similarly. it has been argued6’ that these 
interactions occur to a smaller extent in the hydrogen illaleate ion than is 
generally believed (cj: reference 50). 

Comparisons of ionization constants have provided most of the evi- 
dence. The acid anion of a dicarboxylic acid can be regarded as the coriju- 
gate base of 39 (X = C0,H) or as the acid (39, X = CO;), so that any unu- 
sual stabilization of this species should result in iinexpectedly large acid 
strengthening or weakening on  thc introduction of CO,H or  CO; in the 
parent compound (39, X = H).  Data for  both substituents must, however, 
be available bcfore any  valid conclusions can be reached. T h e  formation 
of internal hydrogen bonds requires that the two carboxyl _croups be near 
cach other, conditions which may lead t o  abnormal solvation changes on 
ionization and to large direct field etyects i n  !he dicarboxylate anion. Both 
factors will tiecrease K : ~ ;  /r<;, often substantiaJIj. (see section ~I.A.?). 

TABLE 6 .  Thc effect of substituents on the acidity of’ acrylic acid (K</KC)a 

Substitucnt cis trans Rcfercncc 
.- - _  ... .- ___ 

Water at 25‘ CO,H 108.5 7.10 72 
C0,Ei  14.8 7.10 7’ 
co; 0.08 164 0.883 72 

507; EtOH at 35 C0,ti I000 7.24 73 
co, 0.001 0.457 73 

0 K H  in SO% EtOH was calculated fronl the data in water .I2 by assurnin& that the effect of the solvent 
change OD K was the same as for othfr  similar compounds. 

The application of these considcrations is illustrated in Table 6 for deri- 
vatives of acrylic acid (41. X=H). Internal hydrogen bonding in the hydr- 

X CH--CHCO,H 

(41 

ogen maleate ion (31, X = cis CO;) is indicated bJ other cvidence which 
has already been discussed, but is not envisaged for the hydrogcn fumarate 
ion (41, X = friws COT).  This conslusion is greatly strengthened by the 
fact that the effect of‘ cis CO,H and cis CO, on the acidity is very much 
greater than when these groups arc introduced in the trans position, in  
\\rater and in 50% ethanol. A mvrc deta.iled discussion o f  the acrylic sys- 
tem is deferred t i l l  section II.B.5. but it  can be stated now that the / ram 
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substituents show a ‘normal’ effect and that only a small part of the acid 
strengthening by cis C02H can arise from steric inhibition of resonance. 

The ratio K&H/K:o;  which represents the statistically corrected 
equilibrium constant for process (9) shauld also be large if intramolecular 

,-.2HA- (9) 

hydrogen bonding occurs in the acid anion. This approach is inevitable 
when the dissociation constant of the parent acid is not  known, but it has 
almost invariably been employzd in discussions of the problenit in spite of 
the fact that a substantial destabilization of the dicarboxylate anion by 
direct field o r  solvation effects will also increase the ratio. Helpful further 
information can usually be obtained from the equilibriuni constant for 
double ionization (8), K z O I H K ~ O c  = KlK2,  which does not dependon 
any special features of the acid anion3?, but this additional criterion has 
only rarely been employed. 

Table 7 illustrates the application of this approach to the introduction 
of CO,H and CO; in cyclopropane I-carboxylic acids. The substantial 
changes in acidity on I-substitution, and the accompanying large 
K&H!Kco;  and ‘normal’ K&HKCO;  all arguc strongly that the two 
substituents alter the dissociation constant mainly by stabilizing the acid 
anion (42, X = CO;) through the formation of an  internal hydrogen bond. 
I n  the 2-derivatives (43-48) K & , H K ~ O ;  (or K I K P  for the unsymmetrical 
compounds) is 10-50 times greater for the cis systems than for its trans iso- 
mer, probably because the direct field effect and steric hindrance to solvation 
(in some of the compounds) are more pronounced for the dicarboxylate 
anion involving the smaller distance between the charged centres. A sub- 
stantially larger factor should therefore separate K&/K&; (or K1/K2)  
for the two isomers i T  internal hydrogen bonding is significant in the cis 
acid anion. On this vieiv, such interactioiis appcars to be negligibly small 
in 43, 44, 46 and 47 ( X = c i s  COT), and  also in the acid aiiions of other 
1- and 1,2 der iva t i~es’~  of 43 (X=COsH) which are not shown in Table 7. 
The same conclusion is demonstrated niore simply by compound 43 (X 
= H) where the effects of cis and frriirs substituents on the acidity differ 
by a much greater factor when X=CO; than when X-C0,H.  O n  the 
other hand, a strong stabilization of the acid anions 45 and 48 (X=cis  
CO,) is clearly indicated (see also reference 75). 

These results have been interpreted74 as indicating that thc facility for 
internal hydrogen bonding in the acid anions of dicarboxylic acids is a t  a 

t Most authors consider K , / K , ,  the ratio of the first dissociation constant of the 
dicarboxylic acid to the second. For a symmetrical acid like 36, K,IK,  = 4K&,+;:::,, -. 

H,A+ Aa- -+ 
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TABLE 7. The effect of substituents (X) on the strength of cyclopropane I-carboxylic 
acids in water at  25" 42.74. (Compounds 43-48 are shown with the 2-substituent (X or 
CO&) cis to the 1-carboxy group. Data for the trujrs isomers refer to the position of 

(a) Symmetrical derivatives 

these two groups). 

K;IK;  

cozn COF 
K,+o,alK,'o, IIKc*o,IiK$; 

(42) 503 0.005 lo5 1d32X loB 

(43) cis 9.26 0.030 308 16.2 
trans 5-03 1.11 4.8 0.76 

- 78 41.7 (44) cis - 

8.6 0.73 trans - - 

2.3X los 45.4 (45) cis - - 

- 8.0 1-31 - trans 

(b) Unsymmetrical derivatives 

(46) (47) (48) 

cis t r a n s  cis : r a m  cis tiam 

Ki I K ,  638 23.4 1345 38.2 6.7x1O0 26.1 

IIKIK,  13.9 1.70 36.3 2.75 1 0 0  7.41 

maximum for some critical separation (dmaXj between the two interacting 
groups and is progressively reduced as the actual distance ( d )  differs 
increasingly from d,nax. I t  was assumed that d was close to d,,,, in corn- 
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pound 42. An examination of molecular models showed that this distance 
was considerably smaller in the cis 1,2-diacid (43), and smaller still i n  
the preseme of methyl g o u p s  at  the I -  and 2-positions (compounds 44, 
46); a fratis 3-metIi~-l group (compound 47) had little efiect on d. The expe- 
rimental evidence suggests that there is Jittle if any internal hydrogen bond- 
ing in the acid anions of 43, 44, 46 o r  47, consistent with the view that 
steric crowding prevents these interactjoiis. O n  the other hand, a ci.r 3- 
methyl group (compounds 45. 48) appears to force the two carbosy groups 
apart  so that d now has a value closc to that found for 42 and favours 
the intramolecular stabilization of the acid anion, as observed. 

Other information supports the existence of a n  optimum geometry for 
these interactions. Hydrogen bonding bccomes significant in the acid 
anion of malonic and succinic acids when the distance between the two 
carboxyl groups is reduced by the introduction of substituents (see Tables 
9 and 10) but a reduction of the separation has the converse effect ii1 the 
first ionization product of unsaturated cis 1,2-dicarboxylic acids (see 
section II.B.5), and it has recently been su~gested'* that a linear configur- 
ation 0 ... H ... 0 of length 2.45 A will lead to the strongest internal hydro- 
- Zen bonds. 

The considerations advanced i n  t tic previous paragraph show that the 
- oeometry of an acid can play a very important role in  determinii;g the 
influence of COzH and CO, siibstitueiits o i i  its strength. Similarly. the 
solvent in which the system is examined can govern the m a p i t u d e  of the 
present substituent effccts to an unusually large extent. Internal hydrogen 
bonding must inevitably compete with the formation of similar linkagcs 
b e t w e n  the carbosyl groups and thc solvent, and should there:'.JI-e be 
enhanced or reduced by changing the facility of the medium for inter- 
action \+it11 the polar groups. Thus. internal hvdrogen bonding of hydrogen 
maleate ions can be detected in water, but not in dioxa!i69a. and appears 
to  be particularly strong in 50% iiqvcOL1S ethanol whcre the eKccts of 
cis CO,H arid cis CO, on the acidity of acrylic acid are 10- 15 times great- 
e r  than in water, while acid strengthening by / rum COaH is nexrly the 
same in both sol\;ents m d  acid \\uikcning by / ram COT only twice as Ixge 
in the ethanolic medium (see Table 6 ) .  Similar results for some other sys- 
tems73, 76 also demonstrate the superioi-it\; of thc less aqticous solvsnt for 
promoting these interactions. Again, care i s  necessary whcn iiiterprc'tations 
are based solelyon I Y & , ~ . , / K ~ ~ ;  since tiit: change to 5 O O . A  ethanol ivi l ;  also 
increase this ratio by thc loss of solvation stabilization which incre:rsc.s in 
the order (6) and is grcatest for the dicarbosylate anion. The effect of the 
solvent change on KGo;/K;l for / r l i / / . v  zul>stitutioii i n  x r y l i c  acid (Table 
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6) probably arises from this muse,  and other more striking cxamples are 
known (sce section I.C.3). 

The similar polar properties of C 0 2 H  and COBR suggest that the two 
groups should have very similar clt'ects 011 tlie strength of an  acid, i.e. 
K ~ o z H / K & m R  2 1. While this is iisually observed", a larger value of this 
ratio can be expected when the acid anion of the dicarboxylic acid is 
stiibilized by internal hydrogen bonding, since such interactions cannot 
occur in the ionization product of the monoester. This criterion has been 
successfully employed on a number of occasions and fully supports the 
other evidence when it is applied to  the effects of substitution in acrylic 
acid (Table 6); I i ~ O t H / K ~ O z E t  = 15.3 (cis), 1.0 ( i / *ms) .  On the other 
hand, values significantly greater than unity (up to  4 )  have been reported 
when other observations argue strongly against intramolecular hydrogen 
bonding in the acid anion. Here, the different eKects of C 0 2 H  and COIR 
on the acidity probably arise from the further steric hindrance to the solv- 
atioii of the ionization product. caused by the presence of an alkyl group 
in the vicinity of  a sterically crowded reaction centrc (sec section 11.B.3). 

2. Aliphatic acids 

The effect of OJ siibstitueiits (X = CO,H, CO,R, CO;) 011 thc strellgth 
of the aliphatic acids (49, X = H) is shown in Table 8. Resonance between 

X(CH,)n COZH 

(49) 

X and the reaction centre cannot occur in these systems, and the decrease 
of h'&.,2H/K;i with increasing chain lel?gth is qualitntivelj. consistent with 
inductive attraction by COsH as the principal factor responsible for acid 
strengthening. I n  agreement with this interpretation, an iodo group which 
has a similar - I  elTcctt also alters the dissociation constant4" of 49 (X = H, 
11 = 1, 2. 3) b), nearly tlie same amount as  COrH. 0 1 1  tile other hand, a 
closer examination of tlie fisures sliows that the consequeiiccs expected for 
inductive relay are not always met. Thus, I Y & ~ / K G  decreases by a small- 
er factor on passing from formic to  acetic acid than when the acetic and 
propionic svstcms are compared. slid tlie ratio is greater than unity even 
when the substituent is far removctl I'rom thc reaction centre. A sniall 
stabilizing direct field efYect in tlie acid anion could be responsible for 
this observation but a ii iucli  larger contribution should then occur in the 
lower members of tlie series. Recent determinations of the changes in  

t The substitucnt constant, b,, is almost the  same for iodo and carboxy groups63. 
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TABLE 8. K:/Kafor X(CH2),C0,H in water 
at 2So42e44. 

n X =COtH COtR co; 

0.584 0 151.2 - 

1 39.8 25.7" 0.230 
2 2.32 2 . 2 9  0.346 
3 1.51 - 0.513 
4 1.29 - 0.538 
5 1.19 - 0.586 
7 1.17 - 0.632 

0 R = Et. 
b R = Me. 

thermodynamic properties resulting from ionization have, in fact, led to 
the conclusion that the strength of these acids is usually controlled rnain- 
ly by these direct electrostatic  interaction^^^. 13' though the behaviour of 
malonic acid remains anomalous50* 

The acid-strengthening effect of o-COzR in propionic acid (49, n = 2) is 
similar t o  that found for o-COzH, as expected. A larger difference is found 
when these groups are introduced into acetic acid, but this observation 
could be fortuitous since the results were obtained in the last century and 
may be subject to error. 

Acid weakening invariably results from the introduction of CO; in 
49 (X = H). This group can exert a small + I effect, but the destabilization 
of the dicarboxylate anion by the direct field effect appears to be the. pre- 
dominant factor controlling the acidity of 49 (X = CO;). The values of 
Kco;/'KG generally increase with increasing chain length, in agreement 
with the expected diminution of direct charge-charge interactions as the 
separation is increaseda4a* 'I3. The unexpectedly small acid-weakening effect 
of CO; substitution in formic acid probably arises from the geometry of the 
oxalate ion. Direct electrostatic interaction between the charged centres 
should only lead to a moderate destabilization since the two polar groups 
point in opposite directions, and the ion also appears to be more favour- 
able to solvation by water than the malonate ion. 

3. Alkyl-substituted aliphatic acids 

The presence of alkyl groups (R) in an aliphatic acid can have a pro- 
found influence on the changes in its strength caused by the introduction 
of substituents (X=CO,H, CO,R, CO,) when the steric requirements of 
R force X close to the reaction centre. Abnormal effects of X on the acid- 
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ity become more marked as the compression of the two carboxyl groups 
in the substiruted derivative is progressively enhanced by increasing the 
size of R, or the number of such groups. The first signs are a decrease in 
the stability of the dicarboxylate anion which results from increases in the 
direct field and solvation effects, and is characterized by an unusually 
small KCoJKA with 'normal' values for K&/KG and Kgop, /KA.  At 
a later stage, the two carboxyl groups are sufficiently close together to 
permit internal hydrogen bonding in the acid anion (increased K&2H/K& 
further reductions in KCo;/KA, normal h'GOZR /KA), and finally additional 
steric hindrance to the solvation of the ionization product of the monoester 
becomes noticeable (reductions in KGozR/KA). 

TABLE 9. KX+/KH for XCR1R2C02H in water at 25O42-44. 

R' R= X = C02H X = COzEt X = CO- 

H 
Me 
Et 
n-Pr 
i-Pr 
I-Bu 
Me 
Et 
Et 
n-Pr 
n-Pr 

H 
H 
H 
H 
H 
H 
Me 
M e  
Et 
Et 
n-Pr 

39.8 
31.6 
35.1 
35.8 
34.8 
34.776 
25.4 
46.7 

178 
192 
209 

25-7 
28.7 
21.8 
- 

0.230 
0.225 
0.194 
0.200 
0.160 

0.127 
0.049 
0.0055 
0.0038 
0.0030 

0.01 176  

Table 9 shows that the presence of a single alkyl group in acetic acid 
(50, R2=H)  has little effect on K k / K A  until the 2-butyl derivative when 
subtantial acid weakening by CO; is found. Similarly, the difference be- 
tween the steric requirements of the dimethyl and methylethyl acetic acids 
is merely reflected in a decrease of KCor/KL,  but the acids containing two 

XCR' RaCO,H 

(50) 

larger alkyl groups also show the enhanced acid strengthening by C02H 
and the relatively large KC02H/KZ0, indicative of internal hydrogen bond- 
ing in the acid anion. It is also noteworthy that Kg02Et/K& has only half 
its nbrmal value in the diethyl compound and that no additional consider- 
ations are required to account for the results observedi7 when other bulky  
alkyl groups are present. 
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Similarly, one P-alkyl group in butyric acid (51, R2=H)  has little in- 
fluence on the acid-strengthening and -weakening effects of y-C02H 

(51) 

and y-CO;.+ but the results42, 44 for the dialkyl compounds suggest 
strongly that the substituent X is now sufficiently close t o  the reaction 
centre t o  allow internal hydrogen bonding when X=CO;. On the other 
hand, the bulky r-butyl groups in 52 do not appear to cause similar com- 

XCHButCH,CHButCO,H 

(52) 

XCH,CR'R'CH,CO,H 

pressions since normal values of KG/KA are ob~erved '~ .  

TABLE 10. K;/K, for XCHRCHRC0,H in 50:d 
aqueous ethanol at 25"':; 

R X=CO.H ?i=CO:Et X = C O -  

H 1.74 - 0.085 
Me  racernic 3.80 0.87 0.016 

meso 4.47 0.97 0.056 

Et racernic 6.16 0.69 3 . 5 x  10-3 
meso 1-51 - 0.053 

i-Pr racemic 347 0.75 2.1 x 10-5 
meso 1.66 1.28 0.020 

f-Bu racemic 661 0.2 1 7.5 x 1 O - :  
meso 1.18 0.94 0.020 

Me," 
Et," 

93.3 2.05 1.9x 10-3 
105 0.57 9.5 x 10-5 

~~ ~ ~~ 

a For XCR:CR2C0.H. 

T h e  /3-carboxy! derivatives of ./..@-dialkylpropionic acids can exist in 
two conformations, 53a and 53b. Steric factors can be envisaged to influ- 

t From the corrected dissociation constantsy8, quotcd in reference 42. 
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ence the eKect of substituents ( X )  on the acidity when the substituted deri- 
vative is in the racemic form (53a) but much less marked abnormalities 
should be observed for the meso acids (53b). The results in Table 10 show 
that KG/KL is, in fact, virtually independent of the nature of the alkyl 
group in the )lieso compoundst. However, when the substituted derivative 
corresponds to the racemic form (53a), K:oa-/K& is already smaller than 
usual when R = Me, while increases in the size of the alkyl group progres- 
sively enhance K&,2H/Ki (and K ~ O . H / K & E 1 )  and decrease KGo;/KG. 
The very large acid-strengthening an> -weakening effects of C 0 2 H  and 
CO; in 53a ( R  = t-Bu) are particularly striking as is the five-fold decrease 
i n  acidity on introducing COZEt. Tetraalkyl propionic acids (54) also 

XCR,CR,CO,H 

(54) 

show the abnormal values of K Z / K L  expected when the substituent lies 
close to the reaction centre, and the anticipated chanses in these ratios 
when the size of the a k y l  group is increased (see Table 10). 

Similar, though less extensive, results are available for the effects of the 
substituents on the ionization of alkylpropionic acids in water4?. 44, and 
it is worth noting that all the observations on these compounds are fully 
consistent with the considerations advanced at the beginning of this sub- 
sect ion. 

4. Alicyclic acids 

The influence of 1-CO,H and 1-CO; on the strengths of some alicqclic 
carboxylic acids is shown in Table 1 1 .  I t  has already been pointed out 
in section 1I.B.l  that the very large substituent effects in the ionization of 
cyclopropane carboxylic acid probably arise from internal hydrogen bond- 
ing in the acid anion (42, >(: = CO;),  but it is also interesting to find that the 
three-membered ring system apparently leads to a similar separation 
between the two carboxyl groups in 42 as the presence of bulky alkyl 
groups in its aliphatic analogue; 42 and 5877 show nearly the same value 

t Dissociation constants were not available for all thc parent compounds (53a or 
53h X = H) in 50: A ethanol, and the values employed werc therefore calculated from 
the publishcd figurcs for water" and 50'4, n ~ e t h a n o l ~ '  on the basis of reasonable as- 
sumptions. Thc error should certainly be less than two-fold but it might account for 
some o f  the variations observed in the meso series, and also for the Fact that C02Et 
almost invariably appears to weaken the propionic acid (Table 10). I t  inust however be 
stressed that comparisons betwecn the tncso and racernic derivatives of any one acid are 
not affected by any errors in thc value assumed for KG. 
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TABLE 1 1 .  K:/KS for alicyclic acids in water 
at 25” 4 ?  

Acid X = C0:H x =co; 

503 DC,” (42) 
0.005 

of KZozH/KGo;. The steric requirements of alicyclic rings decrease rapidly 

1-Bu X 

(58) 

with increasing size, and it is therefore not surprising to  find that KG/Ki 
for 55-57 is similar to the values for the substituted derivatives of dimethy- 
lacetic acid (see Table 9). 

Other substituted cyclopropane carboxylic acids (see Table 7) have al- 
ready been discussed in section 1 I . R .  l .  Data are also available for the effects 
of cis and lrans substitution by CO,H and COT in the various ring positions 
of 55-57 (X=H), and a ful l  discussion of the results is available32t. No 
startling new features emerge. The acid-strengthening effect of cis 2-COnH 
is appreciable greater in cyclopropaiie carboxylic acid than in the com- 
pounds containing larger alicyclic rings but it is unlikely that this obser- 
vation arises from internal hydrogen bonding in the acid anion (43, 
X = CO,). Direct electrostatic interaction between CO,H and CO; some- 
times has a significant effect on the acidity, and acid-weakening by COT 

Values originally reported for somc of the derivatives of cyclobutanc carboxylic 
acid, however, probably refer to quite different compounds7s. 
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in 55, 56 (X = H) is always greater for cis than for frarrs substitution since 
the charged centres of the dicarboxylate ion are nearer to each other in 
the cis isomer. The contrary observation in the cyclohexane system has 
been interpreted i n  terms of the conformations of the various species 
involved32. 

5. Unsaturated acids 

The effects of cis and trcrns substitution on the dissociation constant of 
acrylic acid (41, X = H )  were shown in Table 6 to demonstrate the con- 
s:qiiences of internal hydrogen bonding in the hydrogen maleate ion (41, 
X = cis CO;), but the results also provide other information. 

Acid-strengthening by t rans COzH is greater than when the sanie sub- 
stituent is introduced in propionic acid (see Table 8) where the two car- 
boxyl groups are also separated by two carbon atoms. possibly because 
the substituent can now undergo attractive conjugative interaction with 
the n electrons of the olefinic linkage. As a result, these electrons will be 
less free to conjugate with the electron-demanding reaction centre, and 
the presence of the -T carboxy group in fumaric acid should therefore 
destabilize this acid more than its conjugate base (the hydrogen fumarate 
ion), since CO,H attracts electrons more powerfully than CO;. Alternat- 
ively, the additional acid-strengthening effect of truns C 0 2 H  (relative to 
the effect of carboxy substitution in propionic acid) could be held to arise 
from a smaller stabilization of the acid anion by direct electrostatic inter- 
action, since a greater distance now separates the two polar groups. The 
identical effect of trans COZEt on the acidity can be esplained in similar 
terms, but it is a little surprising that even the small difference between the 
polar properties of COzH and COZEt is not refiected in the dissociation 
constants of a system containing the substituents close to the reaction 
centre (cf. substitution in  benzoic acid, Table 13). 

Analogous considerations suggest that the introduction of t rans CO; 
should result in  a small acid-strengthening contribution, arising either 
from the -7 effect of this group or from stabilization of the acid (41, 
X = CO;) ” by direct electrostatic interactions, but this will be opposed by 
the acid-weakening consequences of the + I effect and the interaction be- 
tween the charged centres in the fumarate ion. As K&/KL = 0.88 for 
/ runs substitiitio:~ (Table 6 ) ,  the direct field efTect is clearly not large in the 
dicarboxylate ion. 

It is also noteworthy that trails 2-C02H and 2-CO; alter the dissociation 
constant of cyclopropane carboxylic acid by amounts very simil- ‘Ir to 
those found for frulls subtitution in acrylic acid (see Tables 6 and 7). N o  
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resonaiice interactions can occur in the cyclopropane system i:nd i t  would 
therefore seem that sucli interactions are also of little importance in deter- 
mining the acidities of fumaric acid and its coiljugate base. However, the 
agreement between the behaviour of the two systems could be fortu- 
itous. 

Arguments have already been advanced in section I1.B.I to show that 
the effects of cis CO,H, COT,  and CO,Et on the acidity of acrylic acid, 
strongly suggest the formation of stabilizing internal hydrogen bonds in 
the hydrogen maleate ion. as originally suggested by H unter6". The two- 
fold difference between Kf70zEr/Kh for cis and trans substitution is of the 
same order as that found for KL,IKZ and A'* Ph /K;:". and probably arises 
from steric inhibition of resonance in the cis derivatives. This effect can 
therefore only account for a small fraction of the 100-fold acid strengthen- 
ing by cis COzH, a coiiclusion which is supported by other considerations. 
Dicarboxylic acids occupy a special position with respect to  the conse- 
quences of the suppression of resonance which req tiire the destabilisation 
of both the acid and its first ionization product. An improbably large 
effect of this type would therefore have to be assumed in order to account 
for the observed K:o:. , /K;I.  Other arguments have been given by Ham- 
mond3'. 

The effect of I-substituents on the strengths of' some 1,2-unsaturated 
acids is shown i n  Table 12; benzoic acid (60) has been included to facili- 
tate the comparisons. Unfortunately the ionization constants, Ki, for 
61-63 are not known but i t  is thought very likely that the estimated value 
which was employed (KG = 3-16 x lo-') is correct to within a factor of 
two. Errors of this magnitude would not affect the general conclusion that 
the acid-stl-engtliening and -weakening erects of CO,H and CO; are at a 
niaximuin when the O... H ... 0 length lies between 2.1 and 2.6A. The values 
of K & 2 , / h ' ~  confirm that the abnormally large influence of C0,H and 
CO; on the acidity of 61-63 (X = H )  arises from internal hydrogen bond- 
ing in  the acid anions. Normal substituent effects are found for the ioniz- 
ation of the cyclohexene and benzoic acids (59, 60) where X is closer to 
the reaction centre than in the other compounds, strongly suggesting that 
stabilizing internal interactions between CO, and CO,H will only occur 
if thc separation between these groups exceeds a minimum value6'* 74. 

The O...H ... 0 distance in the hydrogen maleate ion (41, X=CO;) is 
not greatly in exccss of the minimum required for internal hydrogen bond- 
iny. and any reduction of this distance caused by the introduction of alkyl 
groups should therefore reduce acid strengthening and weakenin2 by 
CO,H and COT because the conditions for internal interactions have be- 
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TABLE 12. KzIKG for I-substitution in 1,2 unsaturated acids in  water at 25"". 6 8  

Acid do X=COZH X=CO-R X=CO, 

(60) 1.60 8.92 10.5 0.124 

cis XCH-CHC0,H (41) 1.68 108-5 14.8 0.0 16 

20.4 0.0006 758.6 ax (62)' 2.1 1 
COiH 

0 O...H...O length in the acid anion, in .i units. 
b Estimated values of Kg employed for these compounds. 

come less favourable. Combination of the ionization constants of sub- 
stituted acrylic42 and rnaleic" acids confirms these predictions : K&+JK& 
is decreased by the introduction of one methyl group, and further diminish- 
ed in the diniethyl compoiind, while the converse applies to Kgo:/KG. 

6. Aromatic acids 

The values of K;,'KG for substitution in benzoic acid (64, X = H )  are 
given in Table 13 and show that the acid-strengthening effect of C02R 

X 

(64) 

is a little greater than that of C 0 2 H  at all three sites, consistent with the 
slightly better facility of the extra group for overall electron attraction. 
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Too much significance should, however, not be attached to this obser- 
vation (or to  any other small differences between values of K G / K A )  since 
different sets of workers have not always reported precisely the same disso- 
ciation constants for the same acids. 

TABLE 13. KZIKZ for substituted bcnzoic acids in water 
at 25"" 

X 0 I l l  P 

CO,H 8.92a3 1.9Is4 2.308' 
CO,R 1 0.4980 2.24b 2.696 
co; 0.1 24n2 0.794n4 1 . 1 1 8 4  

. Dissociation constant o f  bcnzoic acid from reference 82. 
b From values for benzoic acid8' and i t s  dcrivdvcs" in SOoStthanol. takiug e = 137OSJ. 

As expected, orrlio substituents have the greatest influence on  the dis- 
sociation constants, but the effects are not exceptionally large and d c  not 
suggest any stabilization of the acid anion (64, X=o-CO;) by internal 
hydrogen bonding. The separation between the substituent and the reac- 
tion centre is a little less in the aromatic ester (64, X=O-CO.LR) than in 
the corresponding cis derivative of acrylic acid, and greater steric hin- 
drance to the solvation of the ionization product of the phenyl compound 
probably accounts for the smaller value of K & , J K A  (see Tables 6 and 
13). This observation also supports the view (see section II.B.5) that steric 
inhibition of resonance. though significant, is not the major factor re- 
sponsible for the change in the strength of a carboxylic acid when another 
carboxyl group is introduced in the immediate vicinity of the reaction 
centre. The eight-fold acid-weakening effect of o-CO; is fully consistent 
with the operation of a destabilizing direct field effect in  the phthalate ion. 

The acid-strengthening effect of para substituents is a little greater than 
when the additional carboxyl group is introduced in the /?zeta position 
(see Table 13). If these differences are genuine, they could be considered to 
arise from the more efficient relay of the -T effect of a substituent conju- 
gated to the reaction centre, but the reduced importance of the direct 
field effect in the para dicarboxylate ion will also contribute to the diKe- 
rence between the effects of nz- and p-COT. It must however be stressed 
that the direct electrostatic interactions clearly do not greatly affect the 
stabilities of the rneta and para derivatives. 

The ionization sequence of benzene polycarboxylic acids can be obtain- 
ed from the observeds7 dissociation constants ( K , ,  Ka, ...) by noting that 
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K I ,  K2, ..- represent proton exchange by the CO2H groups in the order of 
their acidity in the species under considerationt. 
Corrected equilibrium constants then allow ail estimation of the effect 
of a single substituent (X =C02H,  CO;). on the ionization of the 1-C02H 
group in a n  aromatic acid (68) which also contains other carboxyl sub- 

stituents (Y). Table 14 summarizes the findings of this analysis when 
X =Y = C02H. 

TABLE 14. The effects of 2-, 3-, and 4-CO,H on the ionization of the I-carboxy group in 
benzene polycarboxylic acids in water at 25"" 

Other groups - 
- 

4-C02H 
5-C02H 

6-C02H 
3,6-( COZH), 
4,6-(CO,H), 

8.92 
10.35 
12-47 

2-85 
2.80 
2.94 

- 1-91 
5-C02H 2.09 
6-CO2H 2.67 
2,6-(CO,H), 2.75 
4,6-(COzH)2 2.00 
2,4,5-(COzH), 1.21 
2,4,5,6-(CO,H)d 1.30 

~~ ~~ 

,I From the dissociation constants8' (dicarboxylic acidsa3* 8') via equation (7). the 1.2,4- and 
1.2.3.4.5- acids were assumed to contain two and three equivalent dissociabb protons, respectively. 

The effect of 2-C02H on the acidity is virtually independent of the number 
and positions of other carboxy substituents, except that the presence of 
6-COzHinvariably decreasesacid-strengthening by a factor of 3.t Apparently 

t For example, K ,  reflects the proton exchange by 1- or 2-C02H in 65, and by 
1-CO,H in 66, since orrho substituents strengthen the acid more than metu or pora 
groups. Similarly the destabilization of dicarboxylate ions by direct field effect ensures 
that K ,  for 66 represents the ionization of 4-CO,H in 67. 

(65) (66) (67) 

$ The converse of this behaviour is found4P for 2- and 2,6-methylation. 
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any steric suppression of resonance is already complete in the ortho dicar- 
boxylic acid so that K.&2H/KA for a system ccntaining 6-C02H re- 
presents the influence of the polar and solvation effects invoked by 2-sub- 
stitution. The approximately ten-fold increase in the acidity of the 6-H 
compounds on the introduction of 2-COzH therefore suggests that, a t  
best, steric inhibition of resonance can only cause three-fold acid-strength- 
ening in this system. 
In general, changes in the acidity of 1-CO2H resulting from the intro- 

duction of 3- or 4-CO2H are also virtually independent of the presence of 
other carboxy substituentst. As K ~ - , 0 2 , / K ~  is not affected in any speci- 
fic manner by the steric situation at  the reaction centre it seems very likely 
that the --T'effect of 4-CO2H plays only a minor part in determining the 
acidity a t  the I-position. 

The effect of a CO; substituent on the strength of 68 can be obtained 
from the second dissociation constants, and reveals no unexpected feat- 
ures. Approximately three-fold acid weakening is observed on the intro- 
duction of 2-CO;S, probably because the substitucnt causes steric inhi- 
bition of resonance, while 3- and 4-CO; hardly alter the acidity at the 
reaction centre. Higher dissociation constants provide information about 
the effect of C02H or COG on the ionization of 1-CO2H in moleculescon- 
taining other carboxy and carboxylate ion substituents, but the interpre- 
tation is now complicated by the consequences of direct field effects in- 
volving several charged centres, and is therefore not attempted. 

C. Nitrogen and Oxygen Acids 

1. Alkylammonium ions 

The effect of substituents (X=CO;, CO,R) on the equilibrium con- 
stant for the ionization (10) of some alkylammonium ions (69) is illustrated 

in Table 15. No figures can be presented for X=C02H since the first 
ionization of 69 (X = C02H) produces the zwitterioil(69, X =CO;). 

Acid strengthening by C 0 2 R  decreases with increasing chain length, 
suggesting that the introduction of a - I  substituent stabilizes the conju- 

t The anomalous behaviour observed when thc substituted derivative contains five 
or six bulky groups probably arises from additional destabilization by steric factors 
when the substituent (X) is introduced into a highly crowded molecule. 

$ This applies to the 6-H compound; KZco; /K;  for systems containing 6-C02H 
cannot bc obtained from the observed dissociation constants. 
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TABLE 15. Kx/Kn for X(CH,),NH: 
in water at 25°h2. M* ee  

n x=co; X=C02Me 

803 

1 5.75 912 
1" 4.47 - 
2 1.86 31.6* 
3 0.93 - 
4 0.68 - 

For XCHMeNH:. 
For COzEt. 

gate base (70) relative to the acid (69) by invoking interactions like those in 
structure 71 with the polarizable NH2 group. On this view, the relatively 

I 

large values of KCOZR/KH show that the stability of the amino compound 
(70) is fairly sensitive to the presence of electron-attracting substituents 
(see also Table 16) but the possibility of substantial contributions from 
direct field effects and steric hindrance to the solvation of the acid (69) is 
not entirely excluded by the results in Table 15. 

The variation of K g O F / K A  with changing n is surprising. No resonance 
can occur between the substituent and the reaction centre so that the acid 
(69, X=CO;) should be stabilized relative to the parent compound by the 
relay of the - t I  effect of the substituent and by direct electrostatic inter- 
action between the two oppositely charged centres?. Both effects should 
result in acid-weakening which decreases with increasing chain length, 
contrary to the figures in Table 15, and it can only be assumed that stabi- 
lizing direct interactions between CO; and the polarizable NHZ group 
in the ionization product (70) are sufficiently strong to counterbalance the 
factors which stabilize the acid (69, X = CO;). 

f This interaction is usually considered to explain the relatively large equilibrium 
constant for process ( 1  1) when I I  = 1, 2. 

CO,H(CH,), NH: e CO,-(CH,), NH; f H+ (11) 



804 G .  Kohnstam and D. L. H. Williams 

2. Anilinium ions 

T A n u  16. Kx/K11 for XC,H,NH$, XC,H,NH * ,  and XC,H,OH 
in water at 25°42* 44- 

Substrate X = C0.H X = CO, hlc x=co; 

2- 295 240" - 

(72) 4- 148 159" - 
- XCcHdNH' 3- 28.8 8.7 1 

2- 15,000 - - 
912 - - 

4- 4,600 - - x 

$?-& 3- 

(73) 

(74) 
XC,H40H 2- - - (0.001) 

1.02 
- 30.2b 3.63 
- - 3- 

4- 

' Similar values have been reported for C02Et". 
b Similar valucs have been reported for COtEt. C02Pr--n, and CO,CH2Ph". 

The relatively large and similar effects of COzH and CO2RZ on the 
acidity of the anilinium ion (Table 16) probably arise from a substantial 
stabilization of the ionization product (75) by conjugative displacements. 
Thus, structures like 76 and 77 (Y =NH?) can make a considerable contri- 

bution to 75 0<=4-C02H, 4-C02R), but the juxtaposition of two posi- 
tive charges in the ariilinium ion (Y = NHZ) will make 76 highly unstable 
while 77 (Y = N1-I;) cannot exist. The smallest acid strengthening is shown 
by the 3-substituents, consistent with stabilization of the aniline compound 
(75)  by structures like 78 and by second-order conjugative interaction3 

(78) 

$ The three-fold dift'erence bctwcen the effccts of 3-C02H and 3-C02Me could arisc 
from crrors in KCO,lc; this constant  was dcterrnined in 1907. 
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between the NHz and C02H (or CO2R) groups. No additional effects need 
to be invoked to account for the consequences of 2-substitution. In parti- 
cular, internal hydrogen bonding in 75 (X=2-C02H) is ruled out by the 
observation that KCOnH - KcO,Me but  the dissociztion constants of the 
corresponding N-alkyianilinium ions show that such interactions become 
increasingly more important as the number of alkyl groups is increased. 

The assumption, made in the previous paragraph, that 4-aminoben- 
zoic acid is subject to considerable resonance stabilization appears, 
at  first sight, to be contradicted by the relatively small decrease in the 
dissociation constant of benzoic acid on the introduction of 4-NH2. I t  
must however be remembered t.hat now the parent compound is also stabi- 
lized by a contribution from structure 76 (Y = H) so that, as a first approxi- 
mation, only 77 (Y =NH2)  is responsible for the difference between the 
stabilities of the parent compound and its substituted derivative. This 
conclusion can be expressed in a n  alternative manner by noting that the 
resonance between COzH and the aromatic ring in benzoic acid will be 
greatly hindered by the presence of the positive charge in the 4-aniIinium 
ion. 

3. Pyridinium ions 

Table 16 shows that K c o 2 H / K H  for pyridinium ions (73) follows the 
same pattern as for the anilinium system (72) but the values are now consi- 
derably larger, presumably because structures like 79 and 80 are of great- 
er importance in the conjugate base of 73 than 76 and 77 (Y =NH1) in the 

aniline compounds. There is little other evidence to suggest that pyridine 
is particularly efficient a t  responding to the requirements of a suitably 
situated electron-demanding centre, though the large values of KF/KH 
and KC,/KHQ4 certainly point t o  the same conclusion. 

4. Phenols 

The approximately 30-fold acid-strengthening of phenol (74, X = H) by 
tne introduction of 4-C02R (see Table 16) is probably a direct consequence 
of the different capacities of 0- and HO for conjugative electron release. 
As a result the stabilization of the phenate ion (81) by structure 82 will 
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be greatei than the stabilization of the phenol derivative (74) by 83. Simi- 

larly, the substantial electron-donating power of 0- allows a significant 
increase in the dissociation constant by 4-CO; and represents one of the 
few unambiguous examples of the operation of the -T effect of this group. 
Internal hydrogen bonding ic the salicylate ion (see structure 32, section 
I.C.2) and a destabilizing direct field effect in its conjugate base account 
for the very small acidity of the 2-CO; derivative, while the absence of 
any significant effect on the introduction of 3-CO; has also been observed 
in other acids (cf. Table 13) and requires no further comment. 

D. Carbon Acids 

Proton transfer from a carbon atom (12) is greatly facilitated by the 

I kz I 

! I 
X-C-H X-C- + H+ 

I 

presence of carboxyl groups (X) since structure 84 is much more stable 
than the carbanion (85). The structure of the ionization product will 

therefore always contain a large contribution from 84 and will be identical 
with it when no other groups are attached to the central carbon atom. 
Substituents (X) will generally not affect the free energy of the carbon 
acid to  any significant extent so that the equilibrium constant for the ioni- 
zation (12) should reflect the ability of X to stabilize the anion by  conju- 
gative electron attraction. The acid-strengthening effect of X should there- 
fore follow the same sequence as the --T effect, i.e. MeCO > COzEt =- 
C02Me =- C02H (see section I.A.2). Two carboxyl substituents can be 
expected to  increase the acidity more than one such group since the anion 
will be further stabilized by contributions from several structures like 84 
and also by the spreading of the negative chargee4*. 

Results relevant to the present discussion are summarized in Table 17 
(from the compilation by Bellsdb). Statistically corrected rate coefficients 
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for the ionization ( k l )  are also shown as the transition state for this pro- 
cess is stabilized by the same fzetors as the anion. Findings for acetyl 
substituents have been included for comparison. 

The figures in Table 17 confirm almost all the predictions made earlier 
in this subsection and represent one of the clearest examples of the -T 
effect of carboxyl groups. Thus, KG and k,' for a given system decrease in 
the expected order as X is variedt, two carboxyl substituents lead to a 
stronger acid than one (cf. 86 and 88 or 91), and the acid-strengthening 
and rate enhancement shown by bromo groups (cf. 88 and 89, 91 and 92) 
are consistent with an additional stabilization of the anion or transition 
state by inductive electron attraction. The acid-weakening and retarding 
effects of alkyl groups (cfi 88 and 87, 90 and 91) could arise from steric 
hindrance to the solvation of the anion or, possibly from C-C hyper- 
conjugation (as in 94) with the carboxyl group in the acid and in its anion; 
the resulting acid-weakening contribution arising from the stabilization of 
the acid would be further enhanced in the anion where the existence of 

similar interactions would reduce its stabilization by structures like 84. 
The present systems would be particularly favourable to the operation 
of C-C hyperconjugation, an effect which is by no means universally 
accepted. 

Further evidence for the importance of the -T  effect of carboxyl sub- 
stituents (X) is provided by results for keto-en01 equilibria. An enol (95) 
will be stabilized by conjugation with X in the order MeCO =- C02Et, but 
no such interactions occur in its keto isomer (96). In agreement with this 

view, the enolization constant of acetylacetone (91, X = MeCO) exceeds 
that of ethyl acetoacetate (91, X=C02Et)  by a factor of 10 in the vapour 
phasesoand by a factor of 40 in watere0. The larger difference between the 

t However, k, for the ionization of 91 (X=CO,H) is anomalous. 
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ionization constants of these two compounds (see Table 17) can be consid- 
ered to result from the different capacities of 0- and HO for conjugative 
electron release. 

111. NUCLEOPHILIC SUBSTITUTION 

A. Aliphatic Compounds 

1. General considerations 

Nucleophilic substitution at  a saturated carbon atom (process 13) can 
occur by one of two general mechanisms. These reactions have been dis- 
cussed on innumerable occasions and only the special features which 

Bf-C-A-+B- \ .= - + A A -  (13) / 
(97) 

are  particularly relevant to the present problem will therefore be consider- 
ed in this section. Further details can be obtained from standard works 
and from the sources cited in references 2 and 91. 

I t  is convenient to adopt Ingold’s approache2 which distinguishes 
between a bimolecular process (S,2) when covalent participation by the 
reagent (B) is an  essential feature of the rate-determining step, and a uni- 
molecular process (S,1) where this step only requires covalency change by 
the substrate (97). This simple classification includes reactions via car- 
bonium ion, ion pair, and cyclic intermediates which may undergo further 
rapid reactions. 

In reaction by mechanism S,l, the rate-determining heterolysis of the 
C-A linkage should obviously be facilitated by the presence of substituents 
(X) which can release electrons towards the reaction centre, as in 98; elec- 
tron attraction by X can be expected to show the converse effect. Thus, 

the introduction 
mechanism while 

X-C-A -4, 
1 

(98) 

of C 0 2 H  and C 0 2 R  should retard reaction by this 
CO; should give a small  acceleration or  retardation, 

depending on whether the + I  or -T  effect predominates in the system 
under consideration. Some suitably situated substituents may also act as 
internal nucleophiles and thus facilitate C-A fission (i .e.  S,1 reaction*) 

* Alternatively, the rcaction can be regarded as involving an internal bimolecular 
process (see reference 92). 
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by direct bonding with the central carbon atom (as in 99), resulting in the 
formation of a cyclic intermediate (100). This effect, which is termed neigh- 

X' 
/ \  -c-c- 

X 
-c-cr!  I \,I 

I I  I I  

bouring-group participation or anchimeric assistance, is usually respons- 
ible for the relatively large acceleration of some reactions by the introduc- 
tion of CO;. Many other examples are known and a general review is 
availableg3. 

The effect of substituents on the rates of S,2 reactions cannot usually 
be predicted as the polar requirements of the transition state are ambigu- 
0usg2. Electron release towards the reaction centre will hinder the approach 
of the nucleophile (B) but will also facilitate C-A fission (see 101) while 
electron withdrawal reverses this situation. As a result, a reaction can be 

accelerated by both electron-attracting and electron-donating substituents 
if the relative importance of the bond-making and bond-breaking processes 
in the transition state depends markedly on the polar properties of the 
substituent employed; e.g. in the reaction between benzyl bromides and 
bromide ionsg4. Similarly, it might be expected that SN2 reaction with an 
anion would be facilitated more by C02H and C02R than reaction with a 
neutral molecule since bond formation will be favoured when the nucleo- 
phile is negatively charged. 

2. Alkyl halides 

The effect of C 0 2 R ,  C02H and COG on the rates of SN2 reactions has 
only rarely been studied, and several of the reported results are not reliable. 
Some of the moIe accurate data are summarized in Table 18 but the fig- 
ures are subject to some error since each parent compound and its sub- 
stituted derivative were studied by different workers under different condi- 
tions, so that k,/k, had to be obtained by interpolation or extrapolation 
of experimental results. However, the figures show clearly that COzR 
accelerates the reaction of the halides with anions while the equally power- 
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TABLE 18. Relative rates ( k x / k = )  for &2 reactions of alkyl halides. Data for reaction 
in water at 25". except where indicated. [The second reference for each system re" rers to 

the parent compound (X = H)] 

Renction X = COrR X = C02H X =COT Reference 

XCH,Br + S,Oi- 
XCH$l+ I-' 
XCH,Br + OH - 
XCH,Cl+ OH-* 
XCH2Br+ H,O 
XCHMeBr+ H,O 

0.29 95, 96 
- 97, 98 

3.87 - 
8.83 - 

- 0.48 99, 100 
0.15 101, 100 

- 
- - 
- 0.10 0,15 102, 103 

0.18 ( I  -83)e 104, 103 - 

0 In  acetone. 

b At 60". 

C Mechanism S N ~  for the derivative. 

ful electron attraction by COzH retards the reaction with water, as 
expected (see section III.A.1). All the SN2 reactions listed are retarded by 
CO; but it is noteworthy that the retardation is less than that shown by 
COzH when water is the nucleophile, consistent with the view that the 
bond-breaking process is the major factor controlling the rate of reaction 
of the substituted derivative with water. 

The introduction of a Cog group into alkyl halides other than the 
methyl compounds almost invariably accelerates their solvolysis, and there 
is much evidence that the reaction of the substituted derivative then occurs 
unim~lecularly"~ lo'. It was originally proposed that the rate-determining 
step in the hydrolysis of these carboxylate ions involves the formation of 
a carbonium ion (102) which is stabilized by direct electrostatic interaction 
between the oppositely charged centreslo5, but anchimeric assistance by 
the substituent leading to an intermediate lactone (103) has also been pro- 

+ 
(CH,)n-C (CH,)n--c< 

1 
0 

I I 

0 iC - 0- of- 
(102) (103  

posedloB. Although /3-, y-, and d-lactones (103, n = 1, 2, 3) have been 
obtained from the corresponding halogenocarboxylate ions, these lacto- 
nes are rapidly hydrolysed under most conditions by nucleophilic attack 
on the carbonyl carbon atom. No a-lactone (103, n = 0) has yet been 
prepared. 

Both explanations account for the retention of optical configuration in 
the hydrolysis product of the cr-bromopropionate ion (104)'05* lo' and 
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for the fact'05* 'O'. lo' that the accelerating effect of the introduction of 

BrCHMeC0,- 

(104) 

CO, in alkyl halides arises from an increase in the entropy of activation, 
ASS. In many cases, the parent compound undergoes SN2 solvolysis and 
a n  algebraically greater ASS might therefore be expected for the substi- 
tuted derivative which reacts by a unimolecular mechanism (cJ references 
103 and 109). However-, the increase in the rate of S,1 solvolysis of neo- 
pentyl bromide (105, X = H )  on making X=CO; also arises from an 
increase in ASS lo7. This has been explained in terms of reaction via the car- 

Me,CCHXBr 

(105) 

bonium ion (102) by assuming that some of the solvent molecules requ- 
ired for the solvation of the cationic centre in the transition state are already 
attached to the substrate in the initial state as part of the solvation shell 
of the CO; group"'. Alternatively, the halogenocarboxylate ion may form 
the lactone (103) in the rate-determining step. The different views about the 
factors controllings AS: i n  solvolysis'03~ lo' then both predict that the for- 
mation of the transition state (106) from a negatively charged substrate 

I I 

(106) 

will show a larger ASS than the S ,  i solvolysis of a structurally similar neut- 
ral halide. 

Similarly, the reduction in the solvation requirements of the transition 
state on the introduction of CO; should ensure that the rate of hydrolysis 
of the derivative is less sensitive to  solvent variations than the parent com- 

as observed. As a result the accelerating effect of a COT sub- 
stituent is substantially increased as the ionizing power of the solvent is 
reduced. This is illustrated below for a substitution in isopropyl bromide 
(for other examples, see Table 20); rate coefficients for the parent com- 

O=C-(CHJ, 

* The accompanying change in the activation energy often tends to retard the hyd- 
rolysis of the substituted derivative (Eco; Z- ,Fa). As a result kco;/ku increases as the 
temperature is raiscd. Thus, for the hydrolysis of 104 in water (data for ethyl bromide 
from reference 103): 

Tempcrature ("c) 25 50 61 

kcoi lk ,  - 1.0910~ 1 .g310' 2 . 7 4 1 U . i b .  1Olib 
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pound were obtained from the data for reaction in waterlo3 and the appro- 
priate parameters in the Swain equation for the effect of solvent changes 
on the ratello: 

Solvent H 2 0 ,  25" 60% aq. EtOH, 25" MeOH, 44" 
kco; IkH 3 1 *61°3 329"' 1 1 OOlodb 

Values of k,/k,  (X = CO;) for the hydrolysis of the derivatives of pri- 
mary alkyl bromides 107, (X= H) are summarized in Table 19. Some care 

X(CH,),,CH,Br 

(107) 

is necessary when comparing the results since the parent bromides do not 
react by the same mechanism as the carboxylate ions, but it is reasonable t o  
assume that the (hypothetical) S,1 reactivities of the ethyl and higher hali- 
des (107; X = H, n == 1) do not differ greatly from each other so that the 
values of kc,;/k, can be taken as a measure of the facilitationof C-Br 
Iieterolysis by a o-CO, substituent. 

TABLE 19. The effect of o-CO; 
on the rates of hydrolysis of n-alkyl 
bromides X(CH,),CH,Br in water 
at 25". (Carboxylate ion from refe- 
rence 108, except where indicated. 
Data for the parent halides from 

referencc 103) 

0 0.1 39105 
1 9.14 
2 272.1' 
3 226.Sb 
4 6.23 
5 1.62 

For the chloride at 37.Soo3. 
b For the chloride at 50"03. 

The values of kcO;/k,  attain a large maximum (ca. 270) when n = 2 and 
the sequenceof the figures argues strongly in favour of anchimeric assis- 
tance by the CO; group to the hydrolysis of the carboxylate ion when 
I I  = 1, 2, 3, 4; i.e. reaction via the lactones (103). As in the reactions of 
other compounds which are facilitated by the formation of a ring system 
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containing an  oxygen atom (for sources see reference 93), neighbouring 
group participation in the o-halogenocarboxylate ions appears to be most 
e5cient when it leads to five-membered ring but the formation of a six- 
membered ring appears to be only slightly less favourable in the present 
systems, unlike others (cf. reference 93). 

TABLE 20. Relative rates of solvolysis (ks/kn, X=w -CO;) for X(CH,),CRIRZBr. 
(Data for carboxylate ions at 25" are from reference 108, except where indicated. Data  
for alkyl bromides are from reference 103 for reaction in water, corrected for other 

solvents via the appropriate parameters in Swain's equationllO) 

n Solvent R1 RZ k X / k E  Reference 

5 0 %  EtOH 

5 0 %  EtOH 
60% EtOH 

MeOH 

MeOH 

1 H,O 

2 

H 
Me 
n-Bu 

CH,CO; 
Me 

co, 

co; 
t-BU 
Me 
t-BU 
Me 
Me 
H 
Me 
n-Pr 
co; 
H 
Me 
Et 

H 
H 
H 
H 
H 
Me 
Me 
H 
H 

Me 
Me 
H 
H 
H 
H 
H 
H 
H 

co; 

0.139 
1.09 
1.92 
0.64 

13.2 
31.6 
30.4 (64") 

1370 
233 (64") 

2300 
329 

I 100 (44.3") 
9.14 
7.64 (45") 
9.21 

111 
272 (37.5")" 

93.4 
125.4 

105 
- 

- 
106b 
103 
105 
107 
106b 
107 
107 
106b 

106b 
- 

a For the chloride at 37.SDo5. 

The acceleration of solvolysis caused by the change X = H to X = CO; 
in 108 often depends markedly on the nature of the other a groups (R1, 

X(CH2) .CR'R2Br 

( 108) 

Rz). Table 20 shows that k,/k,  for a substitution by CO; follows the 
sequence (14) which also represents the order of increasing electron release 

R', R 2 = H  R'=Alk, R2=H -Z R',R'=Alk (14) 

towards the reaction centre. This observation has been considered to  
show the enhancement of anchimeric assistance by CO; as the driving 
force for heterolysis is increased'06b, a view which implies that the uni- 
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molecular solvolysis of a-halogenocarboxylate ions (108, n = 0)” OCCUTS 

via the a-lactone (103, n = 0). On the other hand, it can also be seen in 
Table 20 that a-alkylation does not increase k, /k ,  for the introduction 
of p- and y- CO; groups (108; n = 1,2) although there is strong evidence 
for believing that the carboxylate ion derivatives form the corresponding 
Iactones in the rate-determining step. Similar solvolytic behaviou 
has been found for systems involving the analogous methoxy-5 parti- 
cipationlll but the proposed explanation1 requires that kco- /kH for 
108 (n = 0, R1=R2=Me) should not be larger than for 108 (n = 0, 
R1 = Me, R2 = H), contrary to the observations (Table 20). No a-lactone 
has yet been isolated and it is noteworthy that the observed variations 
of k,;/k, with increasing electron donation towards the reaction centre 
are consistent with the rate-determining formation of a carbonium ion (102, 
n = 0) in the unimolecular reactions of the a-halogenocarboxylate ions 
while the solvolysis of the and y derivatives proceeds via the lactone. 
The alternative view requires the assumption that the formation of a- 

lactones (but not the formation of p- and y- lactones) is facilitated by the 
presence of electron-releasing a groups (Rl, R2). 

The abnormally large values of k,/k,  for 108 (n = 0, R1=CH2C0,) 
and  108 (n = 1, Rl=CO;) probably arise from the fact that both a- 
and P-CO; groups are available to facilitate the rate-determining hetero- 
lysis of the substituted derivatives (X = C o g ) ,  while the two parent com- 
pounds undergo reaction by mechanisms which differ from those operat- 
ing for the other unsubstituted members (X=H) of the present series. 

3. Arylalkyl compounds 

Changes in  the S,1 reactivity of phenylmethyl halides (109) caused by 

the introduction of m- or p-C02R,  C02H,  and CO; can be expected to 
reflect the polar properties of the substituent. This is illustrated in Table 
21 for the hydrolysis of a,a-dimethylbenzyl chloride (109, R1 = R2 = Me). 
The small accelerating effect of COT shows that the -T attraction is not 
quite sufficient to counterbalance the relay of the fl effect and any direct 
electrostatic interaction (see section II.A.2) between the substituent and 

These ions react unimolecularly if X = CO; ; R1= Alk, CO; ; Rz = H, Alk, CO; . 
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the strongly electron-demanding reaction centre in the transition state. 
Retardation of hydrolysis is greater for CO2R than for C02H, as expected 
from the greater capacity of CO2R for -T and - I - T  electron attrac- 

TABLE 21. Relative rates (k,/k,) for the Ssl sol- 
volysis of XC,H,CMe,CI in 90% acetone at 2S0112 

X mcra para 

C0,Me 0.02 I2 0,006 1 
C0,Et 0.02 1 7 0.0065 
CO,H 0,0345 0.01 24 
CO," 1.35 1.28 

a In EtOH; the solvent changehas virtually no effect OD 

kco,alkul'=* 

tion (see section I.A.2), and the observation that both substituents show 
more deceleration in the para than in the mefa position merely reflects 
the well-known difference in the efficiency of conjugative relay from these 
two sites. The extremely small difference between the kinetic effects of 
C02Me and C02Et  fully confirms the prediction of almost identical polar 
properties for the two groups. 

In the absence of complicating features, the present substituents should 
affect the rates of the S,1 reactions of 109 in much the same way if they 
are introduced in the orfho or para positions. Steric inhibition of resonance 
between the substituent and the phenyl ring could however occur in the 
orrho derivatives, diminishing the relay of the - T  effect to the reaction 
centre and therefore enhancing the rate relative to the para compound. 
In addition, the present orlho substituents may well provide anchimeric 
assistance to the heterolysis of C-Hal in compounds like 109. It has alre- 
ady been pointed out (section III.A.2) that neighbouring group parti- 
cipation by CO; is a n  energetically favourable process when it leads to a 
five-membered ring (y-lactone), and it is therefore possible, that the S,1 
reaction of 109 (X=o-C0.J may proceed via the phthalide (110). This 
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view is supported by the experimental evidence and it is noteworthy that 
o-CO2H and o-COzR can also facilitate nucleophilic substitution in 109 
by participating in the formation of a five-membered ring (see below). 

Unfortunately there is very little information about the effect of the 
present ortho substituents on the S,  1 reactions of phenylmethyl compounds 
(109). The introduction of o-COzPh hardly affects the rate of ~olvolysis ' '~~ 
of diphenylmethyl bromide (k,/k, = 0-SS), but the substantial retarda- 
tion for the same substitution in the para position (k,/k, = 0.01) is of 
the magnitude found in other S ,  1 reactions. Moreover, the ortho deriva- 
tive does not form the expected alcohol but 3-phenylphthalide (110, 
R1=Ph, R2= H), probably via the rate-determining production of lllUb. 

(111) 

The suggested mechanism requires participation of the carbonyl oxygen 
atom of C02Ph in the formation of the ring system (CO-5 participation) 
and there is evidence that a keto group can facilitate nucleophilic sub- 
~ti tution"~'  '" and also other reactions (see section VI.B.2) by similar 
interactions. The same explanation could account for the fact that a maxi- 
mum is observed"' in the rates of hydrolysis of the carboethoxyalkyl chlo- 
rides (112) when n = 2 but anchimeric assistance by the ethereal oxygen 

CO,Et(CH,),CH,CI 

(112) 

atom (see structure 114) is not excluded by the availabl,: information. 
Substituent effects in the solvolysis of benzyl and diphenylmethyl bro- 

mides are shown in Table 22. Benzyl bromide reacts by mechanism S,2 
under these conditions'0g. "' though bond breaking is probably of great- 
er importance in the transition state than bond formation with the nucleo- 
phile. The rate can therefore be expected to be much less sensitive to elec- 
tron displacements caused by the introduction of substituents than when 
mechanism S,1 is operating (see section III.A.l), and it is not surprising 
to find that p-C02R and p-C02H retard solvolysis by a much smaller 
factor than when the same substitution is carried out in diphenylmethyl 
bromide. 

Introduction of the ortho substituents accelerates the solvolysis of 
benzyl bromide in the order (15) and it is noteworthy that the hydrolysis 

(15) H -= CO,R -= COaH -= CO; 
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TABLE 22. Relative rates ( k x / k n )  for the reactions of diphenylmethyl, benzyl, and 
methylbenzyl bromides with aqueous organic solvents. (The figures below were obtained 
from the available resultsllaa*c by making reasonable assumptions about the effect of 
solvent changes on k for those derivatives which were studied in different media from 
the parent compound. The experimental values for CO; derivatives refer to alkaline 
solutions and the figures now quoted were obtained by assuming kco-/ku = 1 for 
p-CO; and the same rate constant for the bimolecular reactions o f  the orrho andporo 

compounds with OH-.) 

o-C0,Me 0.878' 
p-C0,Me 0.0 I 0' 
o-COZH - 
p-CO,H - 
0-co; - 
P-COT - 

I .42 
0.393 

0.414 
36.2 

=- 300 
- 1  

0.322 
0.394 
2-24 
0.722 - 15  

- 1  

a Thc mechanism rcfcrs to  the hydrolysis of thc parent compound. 
For these compounds, k x / k a  indicatcs thc effcct of X on the reactivity of 0- or p-rnethylbenzyl bro- 

midc. 
c For COIPh. 

of the o-C02H derivative produces phthalide (110, R'= R2= H)114c, thus 
strongly suggesting some form of anchimeric assistance by the substitu- 
ent. Neighbouring group participation by the carbonyl or ethereal oxygen 
atom would involve reaction via structures 113 or 114 (R = H, Alk) for the 
o-C02R and o-C02H compounds, and reaction via 110 for the o-carboxyl- 

(113) (114) 

ate ion. Arguments against this type of anchimeric assistance in the hydro- 
lysis of benzyl bromides have been based on the fact that the ratio kJk, 
for COzMe is much smaller than this ratio for COzPh in the S,1 hydro- 
lysis of the diphenylrnethyl brornide~"~~.  However, the difference between 
these ratios arises entirely from the large difference between the retarding 
effects of p-CO2R (see Table 22) which is by no means unexpected when 
benzyl bromide and its p-CO2Me derivative undergo S,2 hydrolysis, 
and it is therefore doubtful whether a comparison of ko/kp provides any 
useful information about the mechanism operating in the hydrolysis of 
the o-C02Me compound. The substantial increase in AS$ for hydrolysis 
(ca. 5-6 cal/deg.) resulting from the introduction of o-CO2R and o-CO2H 
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in benzyl bromide114a (but not from the corresponding para substitutions) 
suggests, a t  least, a greater tendency for unimolecular reaction in the ortho 
derivatives (cf. references 109 and 118). Similar observations for the effect 
of CO; on the hydrolysis of alkyl bromides have a!ready been interpreted 
in  terms of anchimeric assistance by the substituent (section III.A.2), 
and  it is therefore considered likely that the ortho substituted benzyl bro- 
mides undergo solvolysis via transition states which are stabilized by con- 
tributions from structures like 110, 113, or  114. This view is supported by 
the fact that the order of reactivities (15) is also the order expected for 
increasing neighbouring group participation by the substituents. 

Table 22 also shows the effect of substitution in the methyl group of 
methylbenzyl bromides (115) on the rate of solvolysis. In the para com- 
pounds, the introduction of C02R retards the reaction more than the 
introduction of C02H, probably because the greater electron attraction by 
COzR has the greater effect on the overall electron release by the substitut- 
ed methyl groups towards the reaction centre. The sequence (16) of 

CO,R -= H -= CO,H -= CO; ( 16 

reactivities for the ortho compounds is similar to that found for ortho 
substitution in benzyl bromide (sequence 15) apart from the inversion of 
the positions of COzR and H. I t  is therefore tempting to suggest that C 0 2 H  
and CO; substituents facilitate the hydrolysis of the ortho compounds 
(115) by participating in the formation of a six-membered ring system, 
analogous to 113 or 114. This type of anchimeric assistance has already 
been recognized in other reactions (see section III.A.2) and generally 
occurs less readily than the formation of the five-membered rings. In agree- 
ment with these observations, the results in Table 22 show that the rela- 
tive rates (k,/k,) for ortho substitution in benzyl bromide are larger than 
those for substitution in the orrho compounds (115). On the other hand, 
the hydrolysis of the COzH derivative is known to produce the ‘normal’ 
hydroxy compound114c but it may well be that the cyclic intermediate 
undergoes ring opening under the prevailing reaction conditions. 

The introduction of l-substituents in  9-bromofluorene (116, X = H) 



820 G .  Kohnstam and D. L. H. Williams 

is generally considered as analogous to ortho substitution in diphenyl- 
methyl halides. However, the 4-derivatives undergo solvolysis about three 
or four times more rapidly than the 1-substituted compmnds when X 
= CO&le, COsH and about 50 % more rapidly when X = CO;114b. =. These 
observations argue strongly against a n y  anchimeric assistance even by 
1 - CO; ; unfavourablc steric factors are probably re~pons ib le"~~.  '. The 
introduction of 1-and 4-C02Me retards solvolysis by a much smaller fac- 
tor than expected for S ,  1 solvolysis (k,/k, = 0.08 and 0.5, respectively) 
and is accompanied by a decrease in E and a proportionally even larger 
decrease in ASS. It therefore seems very likely that the two carbomethoxy 
derivatives undergo S,2 solvolysis, though the parent compound pro- 
bably reacts unimolecularly (cJ reference 109 and 1 18). 

B. Nucleophilic Aromatic Substitution 

Most of the Iiucleophilic aromatic substitutions which have been stud- 
ied involve the bimolecular attack of a base (B) on a carbon-halogen 
bond. There is ample evidence that bond breaking is of little importance 
in the rate-determining step, and structures like 117 can therefore be ex- 
pected to contribute significantly to the transition state. However, the 
reactions rarely proceed at measurable rates unless a t  least one electron- 
attracting substituent ( Y )  is present, presumably because the substantial 
contributions from structures like 118 and 119 are essential to reduce the 
free energy of the activated complex to accessible values. The rates are 
highly sensitive to the presence of further electron-attracting groups which 

Y- 

(117) (118) (119) 

can stabilize the transition state by additional contributions from struc- 
tures analogous to 118 or 119*. I t  is therefore not surprising to find that 
the present substituents have a substantial effect on  the reactivities of 
I-chloro-2-nitrobenzenes (120) and other halogenonitrobenzenes (see 

(120) 

For example, kO--SO,/kiiw lo6 for the reaction of 120 with PhS- in methano1118. 



Directive and activating effects of CO,H and CO,R groups 82 1 

Table 23), a n d  that even the weak conjugative attraction by 4-CO; is 
sufficient t o  stabilize the strongly electron-repelling reaction centre in the 
transition state. The substituents usually alter the rates mainly by chang- 
ing the activation energyt and it must therefore be recognized that the 
values of k, /k ,  may depend markedly o n  the temperature. 

TABLE 23. Relative rates (ks /ka )  for reactions of I-CI-2-NC20,H,X with bases 

Reactions: I, with MeO- in MeOH at SOo12o 
11, with PhS- in McOH at 35°1'9 

111, with C,H,,N.in C,H, at 45'12' 

Subs!ituent I I1 111 

4-CO; 
4-COZH 
4-CO,Me 

S-CO,Me 
5-C02tl 

640;  
6-COZH 
6-COZMc 

7.12, 4.45", 15.4* 

1990, 345" 
- 

- 
- 

0.373d, 0.026' 
- 

174d. 5.4' 

- 
3600 
- 
65 
- 
- 

83 

2.56' 
14.3 

923 
0.54 
5.26 
- 

15.1' 
55.3' 

" For I-CI-2,6-(N0,)1C,H,X. b For I-F-2-N02C,HJX at 2 5 O 1 1 2 .  

d For I-CI-4-N02C,HjX. For l-Br-2-NO2C,H*X PI 3 P 3 .  
For I-CI-2.4-(NO*)rC~H.X. At 60'"a. 

The nature of the alkyl group (R) has virtually no effect on kI-CO,R /kH119. 
but the presence of two nitro groups in the substrate leads to m a l l -  
er accelerations by 4-C02Me and 4-CO; than the same substitutions in 
the mononitro compounds, 120 (see Table 23). Other systems also show 
a decreasing sensitivity to  the introduction of accelerating substituents as 
the reactivity of the parent compound is increased3 and the present obser- 
vations are fully consistent with the explanation which has ben proposed'. 

Although polar considerations suggest that COZH should accelerate 
reaction less than C02Me,  the observed differences between the effects 
of these two substituents are larger than would have been expected. The 
retarding action of 5-COzH is particularly striking, and it has been sug- 
gested that a substantial fraction of each COBH compound is present in 
the form of its conjugate base in the reaction mixturelZ1. Direct electro- 
static interaction between the 5-CO; group and the nucleophile (piperi- 
dine:! would hinder reaction but  such an interpretation would require an  

t Exceptions are found for some 6-substituted compounds. 
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even greater retardation by 6-C02H, contrary to the observations (see 
Table 23). On the other hand. hydrogen bonding between 6-COG and the 
amine may be responsible (cf. reference 125). 

The introduction of 6-C02Me o r  6-CO; facilitates the reaction of 121 
with methoxide ions more than the same substitutions in 122 (see Table 
23). presumably because of the greater steric hindrance to the approach of 

X X 

(121) 

the nucleophile to that reaction centre in 122. Retardation by 6-CO; ha 
been discussed in terms of electrostatic repulsion between the substituent 
and the methoxide ion'", but this explanation suffers from the difficulty 
that the observed values of k, /k ,  arise from large increases in both energy 
and entropy of activation'. Normally such observations would be taken 
to show a change of mechanism on substitution and it is attractive to con- 
sider that  121 (X = 6-CO;) reacts via a cyclic intermediate like 123. How- 

. co 

(123) 

ever, the literature does not mention that the required first-order kinetics 
are observed and it  is also noteworthy that the reaction product is that 
expected from bimolecular attack by methoxide ionsl'O. Further work on 
this system is clearly necessary before the difficulty can be resolved. 

All the results in Table 23 show that reaction with bases is accelerated 
much more by 4-C02Me than by 6-C02Me substituents. Steric inhibition 
of resonance between the 6-substituent and the phenyl ring has been sug- 
gested to  account Tor these observations but other factors may also contri- 
bute since the changes in the activation parameters show no regular fea- 
tures (see Table 24). 6-Substitution may decrease AS3 substantially (121 + 
iMeO-. 12O+PliS-), leave its value unaltered (120+C,H,,N), o r  even 
cause an increase (122+ MeO-). Any explanation of these observations 

* For 121, X=6-C0;, Ex-EIr=4.7  kcal and AS:-AS<=12.8 cal/deg. As a 
result, accelcration by the substituent i s  observed at temperatu res greater than1OO"c. 

.t + 
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must inevitably be highly speculative and is therefore beyond the scope 
of this article. 

TABLE 24. The effect of 6-C02Mc on the activation parameters in nucleophilic aro- 
matic substitution (X= 6-C02Me) 

Substrate Nuclcophilc Ex -Eli 
2.3 RT Reference 

120 McO- 4.73 - 2.32 

MeO- 0.09 0.62 120 

The products of nucleophilic aromatic substitution in the pentafluoro- 
benzoate ion (124, B=F)12j differ a little from those which would have 

C6F,BC01- 

(124) 

been expected on the basis of the effect of CO; on the reactivities of nitro- 
halogenobenzenes. Reaction with methoxide ions gives only the para 
product (124, B = 4-Me0), probably because electrostatic repulsion hin- 
ders attack at the orrho On the other hand, attack by amines 
gives ortho and para products in roughly similar amounts, though para 
substitution appears to  require the smaller activation energy. Hydrogen 
bonding between the base and the COT group has been postulated to ao- 
count for the formation of the ortho product125. 

The decomposition of aryldiazonium ions (125) represents an  example 
of aromatic S ,  1 reaction. The process requires the electron displacement 
shown in 125 in the rate-determining step and should therefore be retar- 
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ded by electron-attracting substituents (X) in the order k ,  =- k,,-x =- 
h-p-x = k,-x,  as observed"' for reaction in water when X = COzH : 

X o - C O ~ H  ~ I - C O ~ H  p-COzH 

k x l k ,  0.12 0.55 0.19 

It  is noteworthy that the values of k,/k, are  rather larger than might 
have been expected in a strongly electron-demanding system (cf: section 
111. A. 2). 

IV. REACTIONS AT T H E  CARBONYL GROUP 

A. General Considerotions 

Almost all studies of the effect of the present substituents on reactivity 
at carbonyl carbon atoms have involved the solvolysis of carboxylic es- 
ters (126). The reactions are usuzlly catalysed by bases and by hydrogen 

ions, and may either involve r.upture of the R'-0 linkage (alkyl-oxygen 
fission, AL) o r  fission of the C,,,-0 bond (acyl-oxygen fission, AC). Most 
of the esamples relevant to this section involve the bimolecular mecha- 
nism associated with acyl-oxypxl fission; BAc2 for base-catalysed and 
neutral hydrolysis, A,,2 for the acid-catalysed reaction. 

T h e  rate-determining step for B,,2 solvolysis is illustrated below (equa- 
tion 17), and it can be seen that the activation process has ambiguous polar 

0 0- 

R'O-C OH - R'O---OH 
11 c I 

I I 

R R 

requirements, as in the S,2 reactions of halides (see section III.A.2). 
Elcctron-attractii?Q substituents in R will hinder electron accession to the 
carbonyl oxygen atom but will, a t  the same time, tend to facilitate bond 
formation with the base. In addition, such substituents in R will destabi- 
lize the ester (126) by raising the energy of the valence bond form (127), 
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thus reducing its contribution to the structure of 126. It can therefore be 

(127) 

concluded that C02H and COzR substituents in R will accelerate BAc2 
hydrolysis, but their effect will probably be relatively small. However, 
a CO; group should retard reaction with a negatively charged base b y  
direct electrostatic interaction through space. 

In  the acid-catalysed process (A,,2) the protonated ester (128) is ’ in 
rapid equilibrium with its conjugate base and reacts with the solvent in 
the rate-determining step, as shown in equation (1 8) for hydrolysis. The 
polar requirements are again ambiguous, and the proportion of the ester 

present in the protonated form (128) appears to be the most important fac- 
tor controlling the rates of structurally similar esters. Electron-attracting 
substituents in R should therefore retard AAC2 solvolysis but their effect 
will clearly be small unless they are situated close to the ethereal oxygen 
atom. 

Further details about the ‘normal’ mechanisms of ester hydrolysis can 
be obtained from standard works1”, but C02H and CO; groups in R may 
also facilitate neutral solvolysis by intramolecular catalysis, which results 
in the formation of the acid anhydride‘”. This aspect is considered further 
in later pages of this section but it must be pointed out now that, in gene- 
ral, the acid- and base-catalysed processes appear to be energetically more 
favourable than intraniolecular catalysis. 

B. Bimolecular Hydrolysis 

The effects of the present substituents on the rates of AAc2 and BAc2 
hydrolysis are in complete agrement with those expected from the polar 
considerations outlined in the preceding paragraphs. Thus the introduc- 
iton of w-COzMe in the primary aliphatic esters (129, X = H) retards AAc2 
hydrolys i~’~~,  the magnitude of the effect diminishing with increasing 

X(CH,),CO,Me (129) 
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distance of the substituent from the reaction centre: 

n 0 2 3 4 

kCO*MclkH 0.066 0.197 0.820 0.91 I 

The relatively large effect of the substituent on the reactivity of methyl 
propionate (129, n = 2) is a little surprising in view of the poor relay of 
polar effects through a saturated carbon chain. However, analogous beha- 
viour has also been found in the effect of o-CO2H on the strengths of 
primary carboxylic acids (see section II.B.2) and it m?.y well be that 
the substituents exert their effect at least partly by direct electrostatic 
interaction through space. I t  is also noteworthy that 129 (X =C02H) reacts 
at almost the same rate as 129 (X= C02Me) when n>2"', although the 
two substituents do not attract electrons to  the same extent. Differences 
between X = COzMe and X = COzEt are also negligibly small12g. 

The BAC2 reaction of ethyl formate (130, n = 0, X = H) with hydroxide 

X(CH,),CO,ET 

(130) 

ions is accelerated about 150 times by the introduction of C02Et130, as 
expected for an electron-attracting substituent near the reaction centre. 
Similarly, the approximately eight-fold retarding effect131 of a CO, group 
in ethyl acetate (130, n = 1, X=H)  is fully consistent with electrostatic 
repulsion between the substituent and the reagent in the transition state 
of the rate-determining step (equation 17). 

The effect of these two groups on  the rate of alkaline hydrolysis of ethyl 

(131) 

benzoate (131, X=H)  is shown below for reaction at  25°132; the experi- 
mental rate constants for the dicarboethoxy compounds (131, X = C02Et) 
have been statistically corrected : 

orrlio nieta para 

kC02Et/kH 0*23 1-61 3.55 

k C O L / k H  0.11 0.94 1.0 

The  mela and para compounds show the value of k x / k H  which would have 
been expected for BAc2 reaction from the polar properties of the substi- 
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tuents, and the retarding effect of o-CO; arises mainly from an increase in 
the activation energy, consistent with electrostatic interaction between the 
negative reagent and a negative charge located near the reaction centre. 
At first sight, the decelerating effect of o-COeEt might be held to reflect 
steric inhibition of resonance between the substituent and the aromatic 
ring, but the smaller reactivity of this compound arises entirely from a 
decreased entropy of activation. I t  is therefore more likely that k, /k ,  
reflects the smaller probability for the approach of the reagent to the steri- 
cally more crowded reaction centre. 

C. Intramolecular Catalysis 

There is now much evidence that the hydrolysis of carboxyl derivatives 
can be greatly accelerated by the presence of suitably situated COG and 
COtH groups in the reacting molecule. The substituents act as intramol- 
ecular catalysts for the formation of the acid anhydride (see reactions 
19 and 20)' which usually undergoes rapid hydrolysis to the dicarboxylic 
acid or its conjugate base. In some cases, however, the production of the 
anhydride occurs rapidly, and it is the hydrolysis of the intermediate which 
determines the rate; anhydrides which are stable under hydrolytic condi- 
tions are also known. 

0 

I' yc - C-0-R 

{ - c? 
I1 
0 

-+ 

0 
II 

-OR r:, 
I1 
0 

Evidence for abnormal acceleration by CO; or CO,H substituents is 
usually obtained from the pH-rate profile for hydrolysis over that range 
of pH where the acid- and base-catalysed reactions make no significant 

* Alternatively, the reactions can be regarded as examples of anchimeric assistance 
by substituents. 
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contribution to the rate; it is for this reason that the term 'neutral' hydro- 
lysis has been adopted in the present discussion. Thc available results show 
that the rate of anhydride formation depends very markedly on the steric 
and conformational properties of the reactant, and it is therefore not sur- 
prising to find that intramolecular catalysis by both CO; and CO,H has 
never been observed in the same system. In addition, anhydride formation 
with CO; can be expected to be favoured if the departing anion (RO- in 
reaction 19) is stabilized by resonance (e.g.  R = 4-BrC,H4) and it is interest- 
ing to find that most of the examples of internal CO; catalysis require the 
separation of relatively stable anions (see Table 26). Other compounds 
where this process involves the less stable alkoxide or aniide ions only show 
intramolecular catalysis by COzH (see Table 25) but no systematic studies 
on the effect of varying the departing group under otherwise constant 
conditions have yet been reported. 

TABLE 25. Relative rates ( k c o , ~ / k H )  for the effect of CO,H 
groups on the neutral hydrolysis of esters and amides - 

Substrate kcO1 H ~ k H  Refcrence 

~ c o N H ~  (132) 

x 

105 

~ c o ~ E '  (133) - 200 

x 

133 

134 

0 This factor cxprerscs thc rate of the dcrivatibe. relative to methyl 
benzoate; a larger value can therefore be expected for k c G , E / k K .  

Table 25 sives same examples of intramolecular catalysis by C02H; in 
all cases the rates are very much larger when the substituent (X) is C 0 2 H  
than when it  is C o g .  The large acceleration of the hydrolysis of benza- 
mide (132, X = H )  on the introduction of o-COzH is replaced by retard- 
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ation when the same substituent is in thepara position, and the reaction of 
132 (X = C02H) containing 13C with H P 0  provides indirect evidence for 
hydrolysis via the anhydride133. Similarly, succinanilic acid (135, X = COZH) 
reacts very much more rapidly thac the parent compound (135, X =  H)'". 

XC H ,CH ,CON H P h 

(135) 

The large difference between the accelerating effect of the C02H group 
in an  alkyl benzoate (133, X=H) and its 3,6-dimethyl derivative (134, 
X = H) underlines the great sensitivity of the free energy of activation for 
cyclization to small changes in the separation between the C02R and COzH 
groups, though a small part of this difference may result from the use of 
different alkyl groups in the two esters. An earlier study had reported 
intramolecular catalysis by CO;, and not by COU2H, in the hydrolysis of 
methyl hydr~gen-phthalate '~~, but the relatively small acceleration (ca. 
ten-fold) on the introduction of the substituent and the later results (see 
Table 25) have led to the suggestion135 that catalysis by a component of the 
buffer employed could be responsible for the earlier observation. 

The carboxylate ions listed in  Table 26 all undergo hydrolysis much 
more rapidly than their conjugate acids, the p-bromophenyl glutarate ion 
(136) being the least reactive. It i s  therefore very likely that compounds 
137-143 all react via the anhydride by scheme (19). This has been partic- 
ularly convincingly demonstrated for the exo-3,6,-endoxotetrahydro- 
phthalate system (143) where the rate of hydrolysis of the anhydride actu- 
ally controls the overall rate of s o l v ~ l y s i s . ~ ~ ~  The results for the glutarates 
(136-139) and succinates (140 and 141) have been discussed in terms of 
the effective distance between the two reactive groups (C02R and CO;)138, 
but the much greater reactivity of the succinates relative to the glutarates 
could also arise partly from different stabilities of the five- and six-membered 
cyclic anhydrides. Any such difference would inevitably be reflected in 
the free energy of the transition state of the intramolecular process. 

that the sequence of increasing values of 
krc, (Table 26) also reflects the order of the ratios of the first to the second 
dissociation constants of the corresponding dicarboxylic acids (KiIK2). 
As the abnormally large values of K1/K2 of these compounds are consid- 
ered to indicate internal hydrogen bonding in the first ionization product 
(see section Il.B.l), it would appear that similar factors favour this pro- 
cess and the rather different intramolecular catalysis of ester hydrolysis 
by CO;. This slightly surprising conclusion derives support from the fact 
iha t  some of the acids now considered are partly in the form of their an- 

Eberson has pointed 
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TABLE 26. Relative rates for cster hydrolysis 
subjcct to intramolecular catalysis by COc138. 

(R=4-BrC6H,, except when indicated; krel = 1 for 
the derivative of glutaric acid (136)) 

Substrate &I 

CH2-CO,R 
/ 

CH2 
\ 

/ 

\ 

i 

CHZ-COF 

CHZ-COZR 

PhCH 

CHZ-CO; 

CHZ-COZR 

CH* 
\ 
c-COT 
A 

Me Me 

/ 
MeCH 

\ 
CHZ-COI 

Me CH2-C0,R 
\ /  

/ \  

I 

C 

Me CH,-CO< 

CHZ-COZR 

CHZ-COT 

CH,-CO,R 

Me Mey-co, 
HC-CO2R 

HC-CO; 
il 

& y 2 R  

coz 

(136) 1 

(139) 

3.38 

3.64 

(140) 

(141a) 232 

(141b) 728 

(142>0 104 

(143)O 5x lo5 

441 

19.3 

R=4-hleOC0H,; krel calculated from the rate of the 
corrcspooding derivative of succinic acid. 
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hydrides in aqueous solutiong1. Further support arises from the behaviour 
of the derivatives of phthalic acid; there is no evidence for internal hy- 
drogen bonding in the first ionization product (see section II.B.S), and the 
hydrolysis of the half-ester is subject to intramolecular catalysis by COIH 
but not by CO;134. 

The methyl ester, 144, forms the substituted succinic anhydride relati- 

X(CHBu-t),CO,Me 

(144) 

vely easily in aqueous solution when X = C02H but not when X= CO;13g0. 
This complete reversal of the behaviour of other 4-bromophenyl succina- 
tes (see Table 26, compounds 141a and 141b) could be connected with the 
greater stability of 4-BrCeHaO-, relative to MeO-, but the different 
steric situation resulting from the presence of the two bulky t-butyl groups 
in 144 could equally well be responsible. 

V. ELECTROPHILIC AROMATIC SLOBSTITUTION 

A. General Considerations 

Electrophilic substitution in aromatic systems has been widely studied. 
Early work in this field concentrated on the nitration of hydrocarbons and 
their derivatives but other reactions such as halogenation, acylation and 
mercuration have now been investigated, and the isotopic replacement of 
hydrogen as well as the rupture of carbon-metalloid and carbon-metal 
bonds have attracted much attention. The reactions have been particularly 
powjar  for the assessment of the effects of polar groups on the rates, since 
the infiuence of a particular substituent varies widely from one system to 
another. However, the present substituents have received relatively little 
attention, possibly because they do not show extreme polar properties. 
Moreover, most of the reactions involve the use of acid solutions so that 
virtually no information is available about the behaviour of COG; in- 
deed, there must be some doubt about the extent to which the results ob- 
served for C02H and C02R substituents in strongly acid media reflect the 
behaviour of compounds which are partly present in the form of their con- 
jugate acids. 

Only some of the features of electrophilic aromatic substitution which 
are relevant to the present discussion are outlined below; details can be 
obtained from several of the excellent reviews which are available6’* 14’. 
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1. Mechanism 

It seems very likely that the replacement of a group A attached to an 
aromatic system by an  electrophilic reagent E involves the rate-determin- 
ing formation of an intermediate (145) which decomposes rapidly to 
give the products (cf. references21 and 14i). Structures like 146 and 147, 

which can therefore be expected to  contribute substantially to  the transi- 
tion state, will be destabilized by the presence of electron-attracting sub- 
stituents, so that the introduction of C02H or COzR groups in the phenyl 
ring should retard the reaction in the order ortfio - para =- meta, while the 
converse should apply to the proportion of substitution products obtained 
when A = H .  This simple conclusion is based solely on polar considera- 
tions and often requires minor modification since steric and other factors 
may result in different reactivities at sites orrho and para with respect to 
the substituent3. It is also noteworthy that the electron-attracting powers 
of COzH and C02R suggest a reduced reactivity and a greater proportion 
of meta substitution products for the C02R derivative, but this is not usu- 
ally observed in electrophilic substitution (see section V. B.). 

Not all electrophilic aromatic substitutiuris necessarily occur in the 
manner outlined above. Thus, the large rate of rupture of C-Sn and 
C-Pb bonds has led to  arguments for a rate-determining nucleophilic 
attack on  an intermediate142, and the effect of substituents on the rate 
could then well be different from that observed in reaction by the more 
common mechanism. However, the introduction of C02H also retards 
these processes (see Table 28). 

1. Partial rate factors 

The effect of substituents (X) on the rate of electrophilic attack on ben- 
zene is conveniently discussed in terms of the partial rate factors ( j x )  
which compare the reactivities of the various positions in the substituted 
derivative with that of one of the six possible reaction sites in benzene. 
The partial rate factors are obtained from the overall rate relative to ben- 
zene (k,/k,) and the isomer proportions via equations (21)-(23). Once 



Directive and activating effects ol' CO,H and CO,R groups 83' 

61ix %para 
ktl 100 

f" = . .. ( 1 3 )  

the partial rate factors are known, the reactivity of sites in  polysubstittited 
compounds can be calculated from the additivity principle, which assumes 
that the free energy of activation is the sum of the free energies of activa- 
tion a t  the corresponding sites in the monosubstituted compounds. For 
exainple, the partial rate factor for the replacement of one of the four 
equivalent hydrogen atoms in 148 is ,f:,f;. I t  most however be pointed 
out that  t h e  additivity principle does not always apply with complete 
accuracy. 

,*, 
(148) 

When a group other than hydrogen is replaced, the partial rate factor 
for the substitiient ( j :  for the reaction of p-XCsH4A) is identical with 
the observed relative rate. k,/k,. The results are however often reported 
as partial rate factors for such compotinds i n  order to facilitate compar- 
ison with the effect of the same substituent on the rate of replacement of 
hydrogen in other reactions. 

3. Selectivity 

The effect of substituents on the rate of electrophilic substitution reac- 
tions is often correlated satisfactorily by rhe Hammett relation (equation 
4) if the substitucnt constants cr'. are employed (see section 1.D). Although 
highly polar substituents have given anomalous results in  some systems:', 
the intermediate reactivities of COnR and C02H derivatives generally lie 
close t o  the best straight line log X-, against 0: when more extreme groups 
have also been studied. 

discusses the reactions 01' monosubsti- 
tuted benzenes in terms of the selectivity of the electropliilic reagent 

which is defined by the selectivity factor. S,. (equation 24). Comparison 
of equations (4) and (24) shows that S, is a direct measure of the reaction 

An equivalent approach6*. 

s, = log ( j F e / p )  (24) 



834 G: Kohnstam and D. L. H .  Williams 

parameter, 0, so that an increase i n  selectivity should increase the retard- 
ing efTect of COzH and COzR groups, and  also the proportion of riiera 
substitution in benzene derivatives. Partial rate factors can be calculated 
to a reasonable degree of approximation from the selectivity relation (S,) 
o r  from the extended selectivity relation (c). 

B. Monosubstituted Benzenes 

Isomer proportions for electrophilic substitution in carboxy- a i d  car- 
boethoxypheiiyl compounds arc given in Table 27. Figures for the dis- 
placement of groups other than hydrogen (reactions 2 and 6 )  were calculat- 
ed from the published rates and have been included in order to provide a 
wider range for comparison; the values are of course hypothetical. It 
must also be pointed o u t  that only the iiieia and para compounds were 
studied in reactions (2) and (6)  so that a n  assumed rate for the o r / h  
compound had to be used in the calculations. The iiiela:para ratios for 
these compounds are. however, accurate. 

TABLE 27. lsomcr proportions (%) for substitution in carboxy derivstivcs 
~~ 

Reaction llleru I 'ulo 

(a) Chlorination (HO,CPh, CI,)144 0 
(b) Deboronation (Et0,CC,H4B(OH),. Br2)l"; " 

(d) Bromination (H0,CPh. Br +)'OR 

(c) Iodination (HO,CPh, I +)I4!' 

( f )  Dcgcrmylation ( HO,CC,HcGeEt:I. H +)'""'' 

38.0 
18.5 

(ii) (EtO,CPh, HNOJ'4'' 98.3 
0 
0 

33.7 

(c) Nitration: (i) (HO,CPh, tlNO:,)14"* 

100 
55-7 
80.2 
68.4 

100 
I00 
57.7 

0 Calculated I'roln rates I'nr i ix*tu and paru derivatives. assuminp h.Jk,, = 6. 

b Calculated from rates for i i i c m  and puro derivatives. assuming .k.,/k,, = 4. 

Thc reactions i n  Table 27 have been arranged in the order of their de- 
creasing sele~tivit! .~~ biit the differences between reactions (b)-(e) are  ex- 
tremely small. I t  is therefore a little surprising to find that the proportion 
of rwra products does not decrease with decreasing selectivity, as cxpect- 
ed (see section I V.A.3), and that reactions ol'similar selectivity can show 
eit!ier entirely iiielu substitution (reactions d and e )  or about 20% orllro 

and pcirn substitution (rcaction ci). This observation illustratcs yet again 
the limitations i n  the application of linear frce energy relations to the corn- 
parison of highly similar reactions. In the present example, the fact that 
selectivity factors deduced from results with accelerating substituents 
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(usually Me) have bcen applictl to  the findings for retarding groups muy 
also be partly responsible. 

I n  nitration (reaction c)  ethyl bcnzoate gives ;i smaller proportion of 
ti lefa product than benzoic acid, and the mefu : parn ratio for deboronation 
(reaction I>) of i i  C02Et derivative is less than for CO-H compounds in 
other  reactions of similar selectivity. The required reactivity scquetice 
(COzEt =-COzH) is the converse of that expccted from polar consitlera- 
tions (see section 1.A.2) b u t  has often been observed in electrophilic 
substitution (see Tablc 28). N o  explanation has yct been otyercd. 

The proportion of weto substitution on the nitration of cthyl benzoate 
is increased ovcr that  reported i n  Table 27 when a mixture 01' nitric and 
sulphuric x i d s  is ernployctl. and reduced when the reagent is acetyl ni- 
trate'j'. contrary t o  expcctation sincc work with clcctron-donating groups 
suggests that acetxl nitrate is the more selective reagent:'. However. all 
the nitration studies involving the present substituents (and other elec- 
tron-attracting groups) show that reactivity is greater i.it the site acljxetit 
to the substituent than i n  the pnru position. the convcrse o!' the situation 
found when electron-relea.iing groups itre en ip lo>d3 .  1 t is widely believed 
that this 'orrho cKect' is prmiarily steric in origin.':' possibl). bccausc the 
stability o f  the p-phenoniuni ion (149) is more sensitive to  the polar char- 
acter o f a  substituent (X)  than the o-plicnonium i o n  (150). 

The CO; group docs not appear t o  1.iivoitr sub5titt;tion at anj' one par- 
ticular position. The statistical distribution of  products ( o r f h o  : t w f u  : 
pnra : = 40 : 40 : 20) found for the chlorination o f  benzoate ions by hypo- 
chlorous acid'j3 may reflect ; i n  even spread of the activation arising from 
the negative charge over the threc available positions but ;I virtual can- 
cellation of .- / and  + 'I'cllccts may equall>. wcll be responsible. 

Partial ratc f:ictors have only  rarel!. brcn determined for systems of 
interest in the prescnt discussion: results are shown i n  Table 25 where 

the  compounds have been arranged i n  the order of decreasing selectivity. 
I t  can bc seen that the rates tenti to increase a s  S, ,  decreases but several 
exceptions can I x  found; the anomalous behaviour of cthyl benzoate o n  
nitration (reaction c) is p:irticuIarI! striking. Some uncrrzainty arises i n  
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TABLE 28. Partial rate factors for aromatic substitution 

C 0 2 H  CO-Et 
Reaction- - ___ 

- f m  fP f" /,#, Ji -- ~ ______ 

0.0008 - - 0.00 I 9 (a) C h lori nation (X Ph , CI 

(c) Nitration (XPh, A C N O ~ ) " ~  __ 
(d) Broniination (XPh. Br+)Is6 0.0225 

__ 
(b) Deboronation 

(XC,H-,,B(OH),, Br,)14' .- - - 0.044 0.010 
- 0.0026 0.0079 0.0009 
- - - - 

(I) Desilylation 

(f)  Degermylation 

(h) Destannylation 

- -. _. (XC,H4SiMe3. H+)'"' - oao I5 

(XC,H&eEt2. H+)150 0.0177 0,0052 .- - - 

- - - (XCcH4Sn(C,H,,):,. H +)Isn _- 0.030 

Reactions having the s m i e  nurnbcr .I\ in Table 27 refer to the same proccxr. 
* Estimated from other observations via the additivity principle. 

the values for reaction (a) which were calculated from other results via 
the additivity principle. since other evidence suggests that this principle 
may not be valid for electrophilic substitution in the presence of deacti- 
vating groupsljG. All the other features of Tahle 28 have. i n  effect. already 
been discussed in  this subsection. 

C. Oisubstituted Benzenes 

The electrophilic substitution reactions of carboxyphenyl compounds 
containing additional groups argue strongly against the validity of thc addi- 
tivitj' principle for these systems. This has been strikingly demonstrated 

= 4.9 x Comparison with the rate of reaction of benzoic acid under 
the same conditions shows that this observation is only consistent with 
the additivity principle i f  benzoic acid gives 3 0 %  orthoand para substi- 
tutionljG; quantitative meta bromination is however observed (see Table 
27, and reference 156). Similarly. the  large difference in the reactivity of 

for  the bromination of phthalic acid (151) by B r f ,  when k/kben,cne - - 

C02H COzH 
I I 

benzoic acid with respect to  ortho and para nitration (see Table 27) would 
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not lead to the observed isomer proportions which are shown i n  151 and 
152 for ~ i i t r a t i o n ' ~ ~  if  the additivity principle applied. 

Positive broniination of the substituted ani?oles (153) occurs essentially 
in the position adjacent to MeO, and the relative rate is decreased by a 

(153) 

factor of six when the substitucnt X is altered from Br to COaEtlGo. How- 
ever the partial rate factors for rn-Br and m-COsH are almost the same in 
deger rn~la t ion~~,  and the large difference between the rates in a reaction of 
larger selectivity remains surprising especially when it is remembered that 
C02Et is usually more reactive in electrophilic substitution than COaH. 
On the other hand, the isomer proportions for the nitration15g of chloro- 
benzoicacids (shown in 154 and 155) are roughly consistent with the require- 

CI CI 
I 

ments of the additivity principle i n  tlie light of the results observed in 
the reactions ofchlorobenzene and benzoic acid. 

0. Side-chain Substituents 

Thc introduction of C02Et in  tlie side-chain o f  toluene reduces the rate 
of nitration, as expected for an electron-attracting substituent, but the 
reaction still occurs more rapidly than when benzene is tlie substrate. 
The partial rate factors (see below) are virtually the same for rcaction 
with nitric acid'"* "' and acetyl nitratelg3, and provide a clear example of 
thc erect of changing polar propertics i n  the substituent; the small change 
in the reactivity at the irw/a position is particularly striking: 

.. 
I, I;,, 

PhCH3'" 42 2.5  58 
PhCHZCO2EtlGZ 4.6 1.2 10.4 

Similarly, the phenylacetic ester gives a larger proportion of metn product 
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than toluene on cliloromethylation, though tlie reaction remains predom- 
inantly ortho- and para- directing1GJ. For nitration. the successive replace- 
ment of the alkyl hydrogen in toluene by C 0 2 E t  increases the fractioti 
of inera substitution'"* . However. the iireiu compnurld only becomes 
the major product when three COsEt groups are present and it  can there- 
fore be concluded that only at  this stage docs the group attached to the 
aromatic system behave as an overall electron attractor relative to liydro- 
gen. 

The nitration ofcinnamic acid (156) occurs almost entirely at the ortho 
and para positions'6', although the rate is only onc-tenth the rate of nit- 
ration of benzene'". This suggests that the group CH=CHCOsH be- 
haves as a --/+ T substituentI6*, like the halogens, and it is noteworthy that 
structures like 157 apparently make a significant contribution to the strut- 

ture of the transition state i n  spite of the presence of the clectron-attract- 
ing ( - I - T )  COzH group. Similarly, the nitration of phenylpropiolic 
acid and its ethyl ester is mainly orilio, para-directing'gg; here too the iso- 
mer proportions suggest that C 0 2 E t  attracts electrons less strongly than 
COzH: 

ortl1o riieta paru 

PhC i CCO2H 27 8 65 
PhC i CCOZEt 35 6 58 

VI. ADDITION TO UNSATURATED SYSTEMS 

A. General Considerations 

Addition to olefins has been examined on innumerable occasions; 
but acetylenes have been less frequcntly studied. The initial attacking 
agent may be a radical. nucleophile or  electrophile but there is very little 
information about the effect of tlie present substituents on radical ac!di- 
tion. Similarly, though many tiucleophilic additions are  known for com- 

pounds containing carboxy o r  carboalkoxy groups ( e . g .  tlie Michael reac- 
tion. acid-catalyseti halogenation), the presence of these groups or  otlirr 
powerful clectron attractors is often an essential prerequisite for reaction, 
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so that the vast niajority of the available results cannot bc discussed in 
terms of the activating effects of COzH and COaR. This section therefore 
concentrates mainly on electrophilic addition. but even here most re- 
sults of interest i n  the present discussion refer to a single process (halo- 
genation), and the amount of relevant information is rather limited. 

The detailed nature of the processcs involved i n  electrophilic addition 
has been the subject of much discussion and disagreement. The nature of 
the attacking reagent. the reaction conditions. and thc structure of the 
substrate can ail exert a profound influence 011 the reaction path, but com- 
m o n  basic principles apply to all the additions. These are briefly outlined 
below: details can be obtained froin standard works"". 

For brevity's sake, the term electropliilic addition has been omitted 
froin section headings but the consideration of nuclcophilic addition is 
always indicated by a specific statement. 

1. Mechanism 

The initial and (generally) rate-determining step i i i  electrophilic addi- 
tion can be regarded as icvolving the attack of a cation ( E + )  or the posi- 
tive site of a dipolar molecule (E-Y) to form a carbonium ion (see 
schemes 25 and 26); halogen molecules act a s  though they were dipolar 

E' I 

E 

l I. -- - c - C -  
I I  

-c=c-  

' r  E--Y E + Y -  

species. It must be stressed that schemes (25) and (26)  represent oversimpli- 
fications. Thus. there is good reason to believe that bond fission of a molec- 
ular electrophile (E-Y) sornetirncs occurs after the rate-determining step 
and that the carbonium ion i b  often more accurately described a s  a reso- 
nance hybrid of the classical structures (158-160). In  eeneral, these three 

structiires do not make equal contributions and thc avatlable cvidence 
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suggests that  160 frequently represents tlie intermediate to  a good approx- 
imation. A similar conclusion arises from the assumption that the rate- 
determining step requires the formation of a n complex between the sub- 
strate and the electrophile, but the merits or demerits of the rival views 
which have been expressed are beyond the scope of this discussion. For 
the present purposes, the simplified schemes (25) and (26) form a sufficient 
basis for interpretation, subject t o  the various relatively minor modifi- 
cations which will be indicated as they arise. 

?-Reaction order 

Reaction by schemes (25) and (26) requires second-order kinetics, as 
usually observed. A third-order rate law (second-order with respect t o  
the electrophile) is however found on occasions, the principal examples of 
present interest being the reaction with hydrochloric acid in aprotic sol- 
vents and molecular halogenation in acetic acid (under some conditions) 
if the halogen contains a t  least one bromine or iodine atom. However, the 
effects of structural changes in  the olefin on the rate of the third-order 
process are strikingly similar to  their effects on similar second-order reac- 
tions* and i t  therefore seems likely that the higher order does not indicate 
a fundamental change of mechanism. It is believed that a halogen adds re- 
versibly to  the olefin by octet expansion of one of its atoms t o  form an 
adduct (e .g .  scheme 27) which only ejects the second halogen atom when 
another molecule arrives t o  complete the addition. A similar adduct with 

i 
B r  Br 

8 molecule of HCI is considered to be Tormed reversibly in  hydrochlorina- 
tion in aprotic solvents and to require the removal of the chlorine atom as 
HCI; by another molecule of HCI in the rate-determining step. In both 
cases, t h e  observed rate is controlled by the small stationary concentra- 
tion of the initial adduct but this concentration depends on the same fac- 
tors as the rate of direct electrophilic attack in the more normal mode of 
reaction (scheme 26). 

* This applies particularly to third-order bromination and second-order chlorina- 
tion. 
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3. Kinetic subrtituent effects 

Electrophilic attack will obviously be aided by electron accession to 
the reaction centre in the substrate, and substituents containing carbonyl 
groups should therefore retard electrophilic addition in the order of their 
increasing capacity for electron attraction (sequence 28). In practice, 
the decelerating effects of CO,H and CO,R are usually substantial and 
an abnormal reactivity of the CHO derivative (CHO=-C0,H) is generally 

cog -= CO,R < CO,H -= CHO (28) 

accepted a s  a strong indication of nucleophilic addition, as opposed to 
the electrophilic process. 

On the other hand, the reactivities of t h e  C0,H and C0,R derivatives 
almost invariably contradict the predictions of the ,sequence (28), as in 
electrophilic aromatic substitution. I t  is. of course, recognized that a simple 
polar approach t o  problems of reaction rates only represents an approx- 
imation a n d  will therefore not necessarily allow the quantitativz prediction 
of results fo r  similar substituents. Other examples of behaviour not expect- 
ed from polar considerations are frequently found in electrophilic addi- 
tion. Thus, the introduction of COPh retards addition less than the intro- 
duction of CO,H (though the converse would havz been predicted from the 
electron-releasing properties of PI1 and OH) and other electron-attract- 
ing groups often have a smaller effect o n  the rate than would have been 
suggested by a comparison of their polar properties (or the substituent 
constants a+) with those of CO,H. 

The kinetic effect of electron-withdrawing substituents is illustrated 
below for the molecular chlorination of PhCH=CHX in acetic acid171; 
k, in 1 mole-' rnin-': 

X H COPli C0,Et CO,H CHO NO2 
- 1 0 7  61 10 4.9 1.8 0.02 k2 

4. Products 

The subsequent fate of the carbonium ion formed in the rate-determin- 
ing step (schemes 25 and 26)  depends on its structure and environment. 
I n  the present discussion, the principal relevant processes are the direct 
reactions of the carbonium ion  with the nucleophiles present and cycliza- 
tion leading to lactone formation, though there is evidence that the for- 
mation of  lactones does no t  proceed via this intermediate but involves 
anchimeric assistance by COT (or C 0 4 R )  to the rate-determining addition. 
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Details of these processes and of the orientation of tlie products are more 
conveniently considered in connection with specific examples i n  later 
subsections. 

The stereocIiemical configuration of the products normally corresponds 
to  trans addition. This could arise from steric hindrance to cis attack by 
the nucleophile on carbonium ions with structures l ike 158. while a signi- 
ficant contribution from structure 360 would completely exclude this 
type of addition. I t  has also been considered possible that bonding with 
the nucleophile follows the attainnicnt of the transition state for addition 
of the electropliile so rapidly that thc site for cis attack by the nucleo- 
phile is sterically shielded to a greater extent than in the carboniurn ion 
158L72. 

On the other hand, cis addition is certainly not u n k n o w n .  Rotation i n  
the carbonium ion 158 about the axis of the former double bond. fol- 
lowed by trans addition, would lead to a cis product and has been proposed 
for special cases. Cyclic and even four-centre transition states like 161 
have been consideredli2 but would appear to  be rare. Several sets of wor- 

E....Y 
. .  . .  . .  

-c.-c- 

(161) 

kers have suggested that tlie rate-determining step can give a classical 
carbonium ion in the form of an ion pair (162) where the nucleophile 
( Y - )  is held on the same side of the origiiial doublc bond as the entering 
electrophile"2*"3. This ion pair can collapse to give the cis adduci or 
rearrange to the isomeric ion pair (163) which gives the rrans adduct.On 

I N  I 

E Y- E 

this view. cis addition should noriiinllg occur in  addition through a classi- 
cal carboniuix ion, and the more usual predominance of ~rcois addition 
can be ascribed t o  steric hindrance to tlie collapse of'thc o r i ~ i n a l  ion pair 
(1 62)li3" 

5. Nucleophilic addition 

Experiniental evidence is now available i n  support of thc prcdictionti4 
that even electrophilic rcagcnts like molecular Iirilopi can allow tlie reali- 
zation of nucleophilic addition if the olefinic bond is sufficiently polar- 
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TABI.E 29. Second-order ratc cocficicnts for the rcaction of frans RCH ==CI-IX \ v i ~ I 1  

brominc in accric acid at 24"17s  

- 
C2talyst 

S o n c o  u.0175 \I  I4,SO.b (1. I \$ H R r  
R S - .. - . ... .- . . . ..- 

.- . - -. . . . . _. . - ... -.  . - . -  -. - --.. - . - . 

PI1 COPh 0 .33  32 '_s 10.; 
C0,Et  0,033 -=0.15 
CHO 0,006 27 i 10:' 
NO2 7x10-j o w 5  1.0 

CHO 0.00 14 =- 10s -- 1 0 4  
Me C0,I-I 04021 0.009 0.05 I 

~ ~~ ~~ ~- 

a For ScvcrJl compounds. ligurcs were obt:iincd I'rom the ratc i  of chlorinirtion .inJ thc .ipproxi:uately 
300-fold dilfcrence between thc rates ol'chlorination a n d  broniiniition"5. 

Cnrrccted for thc uncnralyscd reaction. 

ized by an electron -dem ;ii: d i n fi 2 r o up. .4 c i d -ca ta 1 y scd add it  io 11 iqreseii t s 
the most i-clev;int esamp!c i n  thc pl-csci1t di\cussion. a n d  i s  illustixted in 

RCH- CHX 

(164) 

Table 29 I'or the 'molcciriar' broniination of substituted d i y l w c s  (164). 
It can be seen that the catalyscd reaction occurs vcry mucli more rapidly 
for 164 (X = CHO) than <or 164 (X = C02Et, C3?H),  in complete contrast 
to tile behaviour when no strong acid is prcsent. The polar properties of 
The substituenl X arc, however. not the only (actor controlling the rate 
of thc catlilysed proccss (the rate is xlcttively s!iiall v;lien X = N O 2 )  and 
i t  is L I S L I ; ~ ~ ~ ~ ~  beiievcd that the slov,~ step involves 11 ucleophilic xddition to 
3nc or !hc rncjomei-ic Coi-ins (165) o f  ~ ! i e  protoii;:trtl substrate (166) which 

* 

+ OH /OH 

\ 
R . CH ---CH - -  C/ \ R - -CH--CH -C' 

(165) (166) 

is i i ?  rapid eqllilibriuni w i t h  its corijugatc: Imse (164. X = C("). This 

vicu is supported by the i.:Ict that H B r  and HCI  arc ii1c)rc eficiciit catalysts 
than stronger acids l i k e  l-I~SOr (see Table 2 0 ) .  consistent wi th  t ! i c  

formation of' Br, or  Br,CI- i n  111s p!-csci1cc cf halogen acids: these 
.;pccies c ; ~ i i  be expectcd t c  be stronger iiticlcophilei th:tll B I . ~ .  

This ditTerciicc' between the catal>.tic eficic:icy of 1-i HI- aild H,SO, forms 
the priiicipal basis for believing tlint the .;Io\c. acid-c:ir:ilyscd reactions of 
t ile ca j- bc> s y a 11 (1 ~ ; 1  rboc t 11 (> s\: coin 130 : ~ n  cis a iso i 11 \!o Ive 11 uc leu p h i I ic addi- 
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tion. Comparisons between the reactivities of 164 ( X = H )  and 164 
(X = C 0 2 H ,  C02Et) by this mechanism are obviously not possible. 

B. Reuction Paths and Products 

1. 1,2-Addition 

It  has already been pointed out (section V1.A. 1) that electrophilic addi- 
tion to  a substituted olefin (167) gives an  adduct which can be regarded as 
the hybrid of three classical structures (168-170). Electron-attracting 

substituents (X) can be expected to destabilize 168 more than 169 while 
electron donation by X will stabilize both structures, the effect being great- 
er in 168. If 170 makes a negligibly small contribution to the structure 
of the intermediate carbonium ion, the initial adduct should therefore 
correspond to electrophilic attack at C(z) if X is a carboxyl derivative and 
at CC1) if an electron-repelling substituent like Me is employed. An over- 
whelming contribution by 170 will give the products expected frcim equal 
rates of electrophilic attack a t  C(l) and CC2), and intermediate cases will 
also give both products, but in different proportions. 

Under otherwise constant conditions, the stability of the cyclic structure 
(170) increases in the order (29) so that the addition of hydrogen halides 

E = H <c CI -= Br -= I (29) 

(HY)  should give a single product, determined by the polarization of the 
olefin. This prediction is usually obeyed in practice. Thus, propenoic acid 
(171) gives the 3-halogenoaliphatic acid (172) while isopropyl halides are 

C H H CO,H YCH,CH,CO,H 

(171) (172) 

formed in the addition to p r~pene"~ .  Similarly, the reaction of 171 with 
hypochlorous acid (where the electrophile can be regarded as CI') gives a 
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mixture 01' the two possible productsi7'. consistent with structure 170 as an 
important coniponent oi' the initial adduct. On the other hand, the iodo- 
chlorination of 2-butenoic acid (173) gives only the 2-iodo compound 
( 174)178, corresponding to  purely polar control of the structure of the car- 

CH,CH- -CHCO,H 

(1  73) 
CH,CHCICHICO,H 

(174 

bonium ion. Presumably tlie extra stabilization of  169 by the methyl 
group is suficient to ensure that the adduct is mainly in this form, irre- 
spective of any stabilizatioii of 170 when E = 1. 

A carbosy substituent insulated from the olefinic centre (167, 
X = CH2C02H) behaves as an electron-donatine group. Thus the reac- 
tion of 3-butenoic acid (175a) with H Y  gives only 3-halogenobutyric acid 
(175b) and similar results have been reported for4-pentenoicand 5-hexenoic 

CH,-CHCH,CO,H 

(175a) 

C H,C H YCH,CO, H 

(1 75b) 

acid'73. These observations confirm thc findings in electrophilic k o m a t i c  
substitution (see sectioii\'.D) that ihe introduction of CORH or  C 0 2 E t  into 
CHB does not reverse the overail polar properties of the alkyl group. 
Another factor may, ho\vever, contribute in addition reactions. The two 
classical carbonium ions 168 and 169 will be stabilized by hyperconjuga- 
tion involving the C{?)-H and C(ll-H bonds, respectively, and the poor 
relay of the polar properties of COzH through a saturated carbon chain 
(as in 175) may well have a m u c h  sinaller effect on the stability of 168 
than the hypercoiljugation interaction with four suitably placed C-Ii 
bonds so that the energy of 168 could easily be less than that of tlie alterna- 
tive classical structure (169) where such interactions can only occur with 
one C-H linkage. 

When CH:, and (CH2),,C02H groups are located on opposite sides of 
an olefinic linkage, as i:i acid5 like 176a, each of the two possible clas- 
sical carbonium ions which may result from electrophilic addition can be 
stabilized b) hj,pcrcnnjugation with three C-H bonds. The greater elec- 
tron repiilsiori by CH:t. relative to  (CM~),CO-H, then controls the orien- 
tation of the initial addition which forms the ion 176b (for examples see 
xc t ion  V I . R . 2 ) .  - 

CH,CH --.CH(CH,),CO,H CH,CH--- CHE(CH,),CO,H 

(176a) f 176b) 

I t  h a s  already been pointed out that thc stereochemical configuration of 
the prodticts llsually corresponds to t m i i . s  addition (see section VI.A.4).  
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In  halogenation, this observation has been ascribed to a significant contri- 
bution of the cyclic halonium ion (170, E =  Hal) to the structure of :he ini- 
tial adduct'*". a n  explanation which is still widely accepted thouph others 
have also been proposed. In any case, even cis halogenation is well-known 
(see section VI.A.4). 

The reaction of tiglic acid (177) with HI in chloroform gives the /ratis 
product (178) in a stereochemically piire form. but cis and /runs addition 
appear to occur at roughly the same rate when the geometrical isomer, 
angelic acid (179), is employed since the two diastereoisomers (178 and 
180) are formed in about equal amounts"'. No satisfactory explanation 

Me 
I 

Me--C -H H -C--I 

Me--C --CO,H Me--C--H 

CO,H 

Me 

I (177) I (178) 

I 

I 
H--C-- Me I --C -H 

Me-C - CO,H Me- -C-H 
I 
I (17% I (180) 

I 
CO,H 

has yet been proposed to the exclusion of others. There is still some uncer- 
tainty about the mechanism of the reaction between unsaturated carbox- 
ylic acids and hydrogen halides (see also section VI.C.2); the rearrange- 
ment of 180 into 178 has been suggested, and the partial conversion of 
179 into its more stable isomer (177) before addition has also been consid- 
eredle2. Similarly. the products of both cis and trans addition have re- 
cently been identified for the chlorination of methyl fratis cinnamate. and 
the results have been discussed in terms of the ion pair believed t o  be the 
initial a d d u ~ t ' ' ~ ~ .  

On the other hand, the addition of HCI to cycloliexene- 1-carboxylic 
acid (181) has been found to  give 182, the product of 'normal' tram addi- 
tion'-. There must however be some doubt about the mechanism of reac- 

ocozn 
(181) (182) 

tions involving the addition of protons (see section VI.A.S), and the ori- 
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entation of tlic product allows no distinction betwcen the two possibilities; 
elcctrophilic o r  niicleophilic processes. 

Most of thc other rclevant information concerning the configuration 
of the addition products is more coiiveniciitly discussed in the succeeding 
subsection. 

2. Participation by  neighbouring groups 

I t  has already been pointed out during the discussion of nucleophilic 
substitution that 3 suitably situated carboxylate ion group can stabilize 
i i  cai-bonium ion by formin_e the appropriate lactone (section l lf .A.2).  
As t h e  initial adduct of electrophilic addition can also be regarded as a 
carbonium ion, i t  is therefore riot surprising to find that lactones have often 
been isolated frorii such reactions when the conditions iirc  inf favour able to 
their fur t her deco in posi t i o n . 

Most of the relevant observations again refer to halogenation. and sev- 
eral authors havc considered that a carboxylate ion (183, say) initially 
forms a halonium ion which is then completely converted into the lactone 
(184) by internal iiucleophilic attack of the COP group (see scheme 30, 

oc - 0- 

route a ) .  Such an intcrprctation requires that the interaction of CO; with 
a carboniuni ion ccntre is more powerful than that of it halogen. as has 
often been stated. but it  is difficult to see why the CO; group should not 
then provide anchimeric assistarlce to the rate-determining addition of the 
electrophile at  the site most favourable for this attack on polar grounds 
(sce scheme 30. route 6). There is much evidence in support of this view 
(see succeeding paragraph. and section V1.C. 1) and it is therefore pos- 
sible that a number of additions to unsaturated carboxylate ions may pro- 
ceed via the lactonc even when the intermediate has not been isolated. 
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For this reason systems where this possibility cannot be discounted have 
been included in the present rather than the previous subsection. 

The y- and 6-lactones obtained as the  products of the aqueous molecu- 
lar iodination of olefinic carboxylate ions"' show the unique orientation 
which is predicted for attack of the electrophile a t  the site most favoured 
by polar considerations. Thus, the 4-pentenoate ion (183, ti = 2) gives 
the 6-iodo-y-lactone (184, n = 2), 5-hexenoate ions (183, ) I  = 3) form the 
E-iodo-d-lactone (184, ti = 3), while the different polarization of the olefiu 
in the 3-pentenoate ion (176a, n = I )  yields the p-iodo-y-lactone (185). 
Similarly the reactions of the styrene-2-carboxylate ion (186) and its me- 
thyl derivative (187) fo rm the  phthalide (110, R 1 = H ,  R2=CH21 and 
CHICH3, respectively). Salts of cyclohexene-44s- 1 ,Zdicarboxylic acid 

(188) also form a y-lactone on b r o m i n a t i ~ n ' ~ ~ ,  and b-iodo-y-lactones analo- 
gous to  184 ( n  = 2) have been prepared from the reactions between ICN and 
4-pentenoic acid, its 2,2-diphenyl derivative, and 9-allyl-9-fluorenecarbox- 
ylic acid (189) in chloroform'*o. There must however be some uncertainty 

.vhether these reactions involve the participation by COzH, which has been 
observed in other systems (see section IIl .A.3) ,  or  whether the anion is 
responsible for lactone formation ; any chloride ions present in the reaction 
mixture could presumably act as proton acceptors. 
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The formation of the p-lactones (190) appears to be more difficult than 
I ,  
, !  

- C- --C-- Ha l  
: I  

0-to 
190) 

the production of larger ring systems in  halogenation, as  in  other reactions. 
Thus, the derivatives of 190 which might have been expected from the 
iodination of 3- and 2-butenoate ions (see structures 175 and 173) were 
not in fact ~ b t a i n e d " ~ ,  though their existence as unstable intermediates in 
the reaction cannot be excluded. However, the introduction of bulky sub- 
stituents in acrylic acid appears to stabilize 190 as the initial adduct of 
electrophilic addition to the anion, and such intermediates have been iso- 
lated in the molecular halogenation of stilbene-a-carboxylate ions (191)lai, 
dimethylfumarate (192), and dimethylmaleate ions (193)'". 

While 192 and 193 give two different lactones, the subsequent hydro- 

Ph-C-CO; Me-- -C--CO; Me --C -CO; 

H-C-- -Ph - 0,C-C---Me Me--C--CO; 

(191) (192) (193) 

lysis in neutral or slightly acid media gives the samc final product, corre- 
sponding to cis addition of ClOH or BrOH to one isomer and rratzs addi- 
tion to  the other. The reactions of fumaric and maleic acids with chlorine 
water give mainly, but not exclusively, the products of [runs addi t i~n '~ ' ,  
and  conditions for addition t o  the anions can be so arranged that both 
isomers show stereospecific cis additionlgO. Other studies of the chlorin- 
ation and bromination of fumarate and maleate ions have, Iiowever, _eiven 
the same product for both isomers, t r a m  addition to the fumarate and cis 
addition to the maleate'sO* '01, and similar observations have recently been 
reported for the reactions of the diethyl esters with bromine in 1 M aqueous 
sodium brornidel9'. 

No valid explanation o f  these observations has yet been rcported (see 
however reference 173b). Some of the reactions of the unsubstitutcd 
dicarboxylate anions probably occur via p-lactone intermediates which 
may undergo ring opening by diff'erent paths under different conditions 
but  further work is needed before the problem can be solved. 

A different k ind  of neighbouring groiip participation by CO, has beet1 
postulated for the hydration of fumaric acidlg3. The pH-rate profile show- 
ed that the monoanion was the most reactive species and  that the transi- 
tion state did not require the incorporation of an external proton. A reac- 
tive path involving the ring-chain tautomeric shift shown in scheme (31) 

I 
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CH2COzH 

-* 
(31) 

I OC -- CH2 

CH(OH) 

I 

O C - Y  I It I )  --- i I 
0 - C H  0- I 02 CH 0 

\ /  \ I  
C C 

0 0 
I/ co; I1 

is consistent with these observations. On the other hand. maleic acid and 
crotonic acid undergo the more normal acid-catalysed hydration, though it 
is not entirely certain whether electrophilic addition is involved (see 
section VI.A.5). 

Neighbouring group participation by COzR has been convincingly de- 
monstrated for the bromination of  esters of 2,2-diphenyl-4-pentenoic acid 
which yield the 6-bromo-y-pentanolactone (194)'8G, The product of 
the initial electrophilic attack probably undergoes the electron displace- 
ments shown in 195a to give an intermediate (195b) which reacts with a 
bromide ion to form 194 and the alkyl bromide. O n  the other hand, it is 

Phz C'L '0 
I I  

CH2 - C H  - CHzBr 

conceivable that the ring closure involves the alkyl oxygen atom instead 
of the carbonyl oxygen (see section III.A.3); both mechanisms require 
the formation of RBr in an optically inverted form. as observed'". 

C. Reaction Rates 

1. Electrophilic addition 

The effect of substituents on the rate of molecular halogenation of 
substituted ethylenes (196) is shown in Table 30. Compounds have been 

RICH-CR'X 

(1%) 
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arraiiged in  the order of decreasing reactivity by the parent (196, X = H) 
which is also the order of decreasing retardation by C02H and C02Et. 
This behaviour is the convcrsc of that found i n  otlier reactions retarded by 
electron-attracting substituents (e.y. S ,  1 solvolysis. c$ reference 1 12) and 
expected from simple polar considerations3. The present systems, however, 

i 197) 

possess the special featurz that the direct conjugation illustrated in 197 will 
progressively stabilize the substituted derivatives (196, X = C02H, COZEt) 
as the facility of the group R1 for electron release is increased, resulting 
in a tendency to enhance the retardation of addition on the introduction 
of COzH or C02Et  for changes like R1=COnH to R1= Me. 

TABLE 30.  The kinetic effect of substituents (X) on the 
molecular halogenation of frans R'CH=CRrX 

Ph H 0.005 - 
Me H 0.01 0'. 0.0061 
H H 0.007' 0.0027 
Ph Ph 0.70' - 
Ph Rr  2.6 

C02H H 22 3.21 

- 
Ph CO,H 100" - 

" For chlorination or bromination in acetic acid"5 
For bromination in water. k for reaction with Brzlg'. 

From bromination for X=H. chlorination for X=CO,H. assuming 
k(C12)/k(Brz) = 300. 
Parent compound: R' =n-Bu. 
' In ~ Q U C O U S  acetic acidlss. 

J' K'=COzEt. 

The figures in Table 30 refer to the trutzs compounds: whengeometrica 
isomerism is possible. The cis carboxylic acids (196: R1= Ph, K2= H; 
K1 = C02H, R2 = H : R1 = C02H,  R2 = Me) undergo halosenation in ace- 
tic acid three to four times as quickly as their trans isomers'g5. Steric fac- 
tors may be responsible but such a conclusion is weakened by the fact 
that the cis and trans forms of 196 (X=R1=C02Et,  R 2 = H )  react at 
almost the same rate with bromine in water'g'. 
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A change from X = C 0 2 H  to X = COaEt generally accelerates haloge- 
nation in acetic acid by 50-100”,d175s lQ5 . Comparison of the results in 
Table 30 therefore sholvs that the rate of reaction in  water is the more 
sensitive to  the introduction of the present substituents. 

If bromide ions are present, a second process which is believed to in- 
volve the initial electrophilic addition of Br; can accompany the more rapid 
reaction with molecular bromine, a better electrophile. However. attack 
by the anionic reagent appears to be the energetically more favourable 
process in the bromination of diethyl fumarate in water, and has been 
interpreted”* i n  terms of simultaneous electrophilic atid nucleopliilic 
attack by Br:! and Br-, respectively, a process which would be kinetically 
indistinguishable from bimolecular addition of Br; t o  the substrate. 
Other results for this reaction also support the termolecular mechanism 
which may well be found to have a wider applicability. Whatever the na- 
ture of this additional process, the effect of the introduction of C 0 2 H  o r  
COZEt on its rate”’ is similar to  that in molecular bromination, though 
a little smaller. 

Rate coefficients for the iodination of olefinic carboxylate ions (198) in 
water’*4b are shown below. Unfortunately 110 results arc available for the 

CH,-- CH(CH,),CO; 

(198) 

) J  0 1  - 7 3 4 

k, ( 1  mole-’ sec-I) 0 0.012 78.6 10.9 0.17 

reactions of the correspond in^ hydrocarbons under the same conditions 
but the variation of k 2  with cliain length ( 1 1 )  and. particularly. the large 
rates found when I J  = 2, 3 are  strongly reminiscent of the results observed 
in  thc hydrolysis of aliphatic c~~-li~logenocarboxylate ions (see section 
11i .A.2). The present findings therefore also demand anchimeric assist- 
ance by CO; i n  a reaction which would otherwise form a carboniuni ion ,  
when t h e  participation by the neighbouring CO; group results in a five- 
o r  six-membered cyclic btructure: these intermediates are, in fact. the 
products of t h e  iodination of 198. I J  = 2. 3 (see section VI.B.2). The rates 
for addition suggest that t h e  fortnation of the y-lactone (184, 17 = 2) is 
the energetically most favourable process. followed by the d-lactone 
(184, I I  = 3). while assistance to the formation of other lactones is either 
much less efficient o r  does not occur at all. 

Similarly. the products (see section Vl.B.2) iind rates of iodination of 
the o-alkenyl benzoate ions, 186 and 187184b, demand neighbouring cgtoup 
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participation by CO; i n  the rate-determining electrophilic addition to 
give the phthalide (110), as i n  the hydrolysis of benzyl halides containing 

OC-0 

(110) 

an o-CO, group (see section 1II.A.3). Tlie rate coefficients (see below) 
are much larger than would have been expected without aiichimeric as- 
sistance, but comparison with the formation of the analogous y-lactone in 

the iodination of the 4-pentenoate ion (198.11 = 2) shows that the produc- 
tion of the bicyclic compound (110) is t he less favourable process. Differ- 
ences between the energies of activation are  responsible'84b, and probably 
arise from the different geometry of the two ring systems. 

The introduction of COaH or COaEt  into styrene (199. X=H) retards 
the formation of the epoxide (200) from reaction with perbeiizoic acid 

/H 
Ph H 

H/ \C-:C/ \X p:><,?c\, 
0 

(199) (200) 

a bout 300-fold (see below)Ig6. These reactions are generally regarded as 

X COaH COa,Et CHO COMe 
k x / k H  0.0037 0-0037 0-134 0.071 

electrophilic processes and the results therefore suggest that the peracid 
is a less efficient electrophile than bromine, since kCOzH!kH has a much 
smaller value in halogenation. However. the CHO and COMe derivatives 
react more rapidly than the COIH compound, behaviour which usually 
indicates nucleophilic addition. I t  is. of course, quite possible that the 
CHO and COzH compounds form the product by different mechanisms: 
but n o  conclusions can be reached on the present information. 
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2. Nucleophilic addition 

The rates of elect ro plii lic 1110 lecii lar bromina t ion of substituted acrylic 
acids (196, X = COUH) are compared with the rates of the acid-catalyscd 
reaction in  Tablc 31. I t  has already 'nceii pointed out (section VI.A.5) 
that the reaction i n  the presence o f  H Br involves nuclcophilic addition 
to the conjugate acid of the substrate i n  which the proton is attaclicd to 
the carbonyl ox>geii atoni. Thc coiicentration of this species, and hence 
the basicity of the substrate, is clearly an  imporant factor i n  determining 
the rate of the catalysed process. 

TABLE 31. Comparison of the catalysed (HBr)  and uncatalysed bromination of 
R1CH-CR2C0,H179* Is'. (The figurcs refer 10 the reaction in acetic acid at 24'). 

h k ,  
cis-Ph 

trans-Mc 
PI1 
H 

~~-u/Ls-~-NOZC~,H.~ 
tra,rs-4-NO,C,Ha 

c ~ s - C O ~ H  

H b  
H 
H 
CO,H 
H 
l i  
H 
H 

180 
70 
51' 

17,500 
440' 

6.0'. d 

j.0'. 11 

0-56' 

150 
63 

3.1 
0.63 
0.060 
0.037 
0.01 6 
3.7x 1 0 - 7  

1.2 
1.1 

24.2 
3x104 
7 x  10: 
I GOd 
190" 
1 ~ 5 x 1 0 ~  

0 R.ctc coerficieors Tor cacalysed (kcat) and unidt:rlytctl reaction (kuUcat) on the relative scale.: 
kllllcrL = 1 tbr nllyl bromide. 

b CMe,=CHC02H :is substrate. 

J For the mclhyl ester. 

From rates ofchlorination: Assumed 300 times greater : h m  :.itcs oi broiniiiation. 

The results in Table 31 have been arranged i n  the order of dccreasing 
reactivity for electrophilic addition. On the whole. the same order is fol- 
iowed for the catalysed reaction though tlic rates arc t:o\v lcss sensi t lVC . to  
structural clianges in the substrate. Acrylic acid and its I-carboxy-2-plie- 
nyl derivative, however. react abnormally rapidly in the presencc of  H Rr. 
Electron release by the group R' aids clectrophilic attack and also in- 
creases the basicity of the present substrates by a stabilizing contribution 
from structurc 201 to the conjugate acid. The rcsuitiiig increase iri the 
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equilibrium concentratioc: of the conjugate acid will tend to enhance tfie 
rate of acid-catalysed halogenation, but tlie increased stability of the ini- 
tial state for nucleophilic attack (the conjugate acid) will have an opposing 
effect. In the majority of the compounds now considered, the basicity of 
the substrate appears to be the more important factor controlling tlie rate, 
but it mus t  bc stressed that this conclusion necd not be univers~illy appli- 
cable ai?d niay only be valid for thc present, \veaklg basic carboxylic acids. 

The abnormally large value of k,,, for t h e  dicarboxylic acid (R1=Ph. 
R2 = COZH) coiild well arise from the presence of an electrori-attracting 
group at R2. This would hinder electrophilic attack b u t  would have a 
much smaller effect on the basicity than the same group at R'. while. at  the 
same timc, facilitating nucleopliilic addition t o  thc conjugate acid. No sim- 
ilar esplanation can account for the relatively vapid ;wid-catalysed halo- 
genation or acrylic acid. 

Considerable uncertainty exists at prcsent about the rcuction palh in 
other acid-catalysecl additions to olcfinic crirbouylic acids, tliough it 
seeins very likely that nucleophilic xiditioi; occurs with compounds de- 
rived from ;:cetylene (see section V1.D). TIic relative ri.itesIg' for tlie ncid- 

CH,CH -CHX 

(202)  

cn talysed hydration of propcne derivatives (202) at 100" (see below') 
show a smallcr retardation on thc  introduction of C 0 2 H  t h a n  might have 

been zxpected for electrophilic addition. Lvliilt: tlic accelcration caused by 
CHO argues strongly asainst ;i rare-determining attack by a proton on 
an unsaturated carbon atom. I t  must howcvcr be strcsscd that the reactions 
of 202 (X =CHO) and 202 ( X  = COZH) may not involvc thc same niccha- 
nism as thc two processes show quitc diflerent cntvopies 01'zctivation. 

suggests that  I I ? C  hydration 131' unsnttrrated alde- 
hydes and ketoiics involves neither clcctropliilic iiw ii~iclenpliilic addition 
to the double bond ( i n  thc grnei.ally accepted sciisc of these terms) and 
that reaction occurs by ;i I ,4 addition ~ m x e s b  involving tlie carbony1 
group. H i ~ l i l y  convi!icing evidencc i n  fsvotir oI' t.lectrophilic attack by a 
proton on olefinic carbon atoms in a carbosylic acid has bcen obt;iiiied'l'''l 
for t lit. I X  te-clct crni i  n i ng 1ij.d r;i t io 11 z) I' cis ci n iiii m ic ticid i n  its rearrange- 

More recent 

* Raws for propcnc (202, X = 1-1) froni rcl'ercncr I YY. 
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ment t o  the tram isomer in sulphuric acid, but it is not yet known whether 
this example represents the general situation. 

The lyate ion catalysed addition of hydroxylic solvents (ROH) t o  ole- 
fins also belongs to the class of nucleophilic additions a s  it seems very 
likely that the reactions proceed via the rate-determining addition of the 
base (RO-), followed by rapid proton transfer from the solvent to the car- 
banion (see scheme 32). Electron-attracting substituents (X) greatly accel- 
lerate the reaction2'la, as expected from scheme (32). but little relevant kinet- 

ic evidence is available. The  addition of methanol occurs about 15 times 
more rapidly when X = C O M e  than for X =C02Me2'la, and it is note- 
worthy that this factor is larger than that for the retardation of addition 
to  the CHO and C02Et compounds (see Table 29). T h e  base-catalysed 
hydration of the fumarate ion only occurs a t  a reasonable rate a t  rela- 
tively high temperatures and probably involves a similar mechanismmlb. 

D. Addition to Acetylenic Acids 

1. 1,2-Ad d itions 

Relative to  ethylene, the x electrons in acetylene are bouiid more tightly 
to  the carbon nuclei and are therefore less easily polarized, and the C--H 
bond is more acidic. Electrophilic addition should therefore occur more 
slowly with acetylenic than with olefinic compounds, while the converse 
can be expected to apply when addition is initiated by nucleophilic attack 
(cJ reference 202). Nevertheless, the halogenation of many acetylenic 
acids appears to involve the 'normal' mechanism. Thus, as expected, the 
molecular b r ~ m i n a t i o n ~ ' ~  of undecynoic acid (203) occurs more rapidly 
than that of methyl ethylpropiolate (204) where an electron-attracting 

HC-C(CH2),C0,H EtC =CCO,Me 

(203) (204) 

goup (C02Me) is directly attached to the unsaturated system. 
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TABLE 31. Ratcs of halogenation of acctylenic and 
olefinic acids. [The rate coefficient k.,c rcfers to the 
acetylenic acid (205), and koc to its olefinic analogue 

(20611 

R I1  kAClkOC Reference 

CHdCH,), 7 2 X  J O - j  203 
H 8 1.1 x lo-' 204 
Ph 0 0. I 175 
COzH 0 41 204 

The rates of halogenation of some acetylenic acids (205) are compared 
in Table 32 with those of the corresponding ethylene derivatives (206). 
Those olefins (206, R=CHs(CH?);., t i  = 7; R = H ,  ti = 8) which undergo 

RC-C(CH,)nCO,H RCH-CH(CH,)nCO,H 

(205) (206) 

rapid addition also react much more quickly than their acetylenic analo- 
gues, but the coniplete reversal of this behnviour in the dicarboxylic 
acids (205 and 206. R = C 0 2 H .  ~ = 0 )  suggests that the two compounds 
no longer follow similar reaction paths. N ucleophilic addition may well 
represent tlie energetically niore favourable process for tlie halogenation 
of acetylene dicarboxylic acid. 

Acid-catalysed broniination has also been observed for phenjl propiolic 
acid (205; R=Ph,  ti = 0). The difference between the rate"' and that of 
the ethylenic analogue (206; R = P h ,  I I  = 0) is less than for bromination 
in the absence of HBI- but the acetylenic derivative continues to be the 
less reactive compound. The converse would Iiave been expected for direct 
nucleophilic addition to the substrate. but these reactions probably pro- 
ceed via the conjugate acids (see section VI.C.2) and it is very likely that 
tlie difference between the  electron-attracting properties o f  C-EC and C==C 
linkages niakes propiolic acid ii weaker base than cinnamic acid. I t  is the- 
refore possible that the reduced concentration of thc conjugate acid of tlie 
acetylenic compound (relative to the olefin) is more than sufficient to coun- 
terbalance its increased reactivity with nucleophiles. 

The hydrochlorination of x,P-acetylenic acids and esters obviously pro- 
ceeds by nucleophilic attack on an unsaturated carbon atom. This is most 
readily demonstrated by the reactivity sequence (33)*"' but it is not yet 

PhC-CH PhC-CC0,Me -= Me0,CC--- CC0,Me (33 )  
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clear whether the chloride ion reacts with the substrate or wi th  its conju- 
gate acid. It  is also noteworthy that the chloro-olefins produced i n  the 
reactions between HCI and tetrolic (207) or acetylenc dicarboxylic acids 
indicate entirely rrum addition"'. while treatment of the latter compound 

MeC --CC0,H 

(207) 

with bromine water gave 70% dibromofumaric acid (trans addition) 
and 300.; of its geometrical isomer (cis addition)"'. Unfortunately i t  is not 
possible to  decide whether these observations result froni different mecha- 
nisms for thc two reactions. 

2. Participation by neighbouring groups 

Acetylenic compounds can also undergo reactions which involve the 
internal attack of COZH or  CO; on one of the unsaturated carbon atoms. 
Thus, the iodination of the 4-pentynoate ion (208) gives the y-lactone (209), 
but the reaction occurs about 40 times more slowly than the iodolactoni- 
zation of the corresponding olefin, the 4-pentenoate ion'84b. This difference 

CH :+C(CH,),CO; CHI--C(CH,),CO 

(208) (209) 

may well result from the smaller rate of  electrophilic addition to acety- 
lenes than t o  olefins since facility for electrophilic attack on the substrate 
remains a n  important factor, controlling the rate even when the reaction 
receives anchimeric assistance from neighbouring groups. 

Similarly. 5-phenyl-2-penten-4-ynoic acid (210) is converted into the 
unsaturated &lactone (211) in excellent yield in strong solutions of sul- 
phuric acid in acetic acidzo8. The reaction could involve anchimeric assist- 

I .  -0.- I 

Ph C? 
C 

(211) 

ance by COnH to the electrophilic attack of a proton on an acctj-lenic 
carbon atom, as indicated in 212, a mechanism which is similar to that 
presumably responsible for the conversionzoD of 4-pentenol (213) into 
2-methyl tetrahydrofuran (214) in sulphuric acid. However, the electron 
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displacements shown i n  212 assume preferential electrophilic addition to 
the acctyleiiic linkage in spite of the presence of C=C which usually reacts 
more readily with electrophiles, but anchimeric assistance by COzH (as 
in 212) may well reverse the normal order of reactivity. The most obvious 
alternative mechanism-protonation of the carbonyl oxygen i t o m  as the 
first step-also suffers from objections. 

Internal nucleophilic attack by C02H o n  an electron-deficient centre 
i n  the same molecule has been represented a5 involving the 'alcoholic' 
oxygen a tom i n  212. but some authors have assumed that the carbonyl 
oxygen atom is incorporated i n  the lactone. No distinction between the 
two possibilities can be made at prescnt. a s  i n  participation by COzR 
(see section VI.B.21, and it is also impossible to decide whether proton 
loss by C02H is synchronous wi th  cyclization (as i n  212) or  whether it 
occurs at a later stage. 

An interesting example of internal nucleophilic attack by CO; and COzH 
on the acetylenic linkage arises in the rearrangement of substituted 
o-carboxy-diphenylacetylenes (215) which form the y-lactone (216) in 

C02H X CO-0 x 

(215) (216) 

water and ethanol2"'; the kinetic result4 are summarized i n  Table 33. 
For the rearrangement i n  water. the pH-rate profile of the parent com- 

poiind (215, X = H )  shows that the carboxylate anion is the principal 
reacting species at pH >4* .  and the data arc fullyconsistcnt with a rate- 
deter m in  i 11 g c y cl iza t i o 11 i ti vo 1v i ng t tic e lec t ro t i  d is p lace me t i  t s shown i n 
217, followed by rapid proton transKer to the resulting carbanion. The 
e ti t i I-c 1y d i Rc re n t re la t io n bet wee I 1 t he ex pe ri m L' n t a 1 rate coe fficien t s ii n d 

* At higher aciditics. a significant contribution to the ratc ariscs from cither the 
rearrangement of thc carboxylic acid o r  ;in acid-catalgsed proccss involving the car- 
bosylatc ion. T h c  kinetics d o  not allow a distinction bet\vscn these possibilities. 
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co- 0‘ 

(217) 

pfi in lactonization of the substituted derivative (215, X = o’-C02H) 
demands reaction only via the monocarboxylate ion, and the approxi- 

TABLE 33. Rate coefficients (10% in rnin-’) for the 
rearrangement of o-carboxydiphenylacetylenes”O. 

Substituents 

H o‘-CO?H p’-CO,H 
Solvent - 

- HZO. 0.03 1 220 
EtOH 0.38 8440 0.98 
MeOH - 600 - 

0 Rare coefficients for this solvcot rcfcr 10 the mono-anion. 

mately 7000-fold acceleration on the introduction of the substituent is 
much too large to arise soleiy from its polar properties. The abnormally 
large reactivity of the o’-C02H derivative was attributed to assistance to 
cyclizatioii by internal proton transfer (see 218), which is similar to the 
ring chain tautomerism already postulated for hydration of the hydrogen 
fumarate ion (see section VI.B.2). 

oc -0O- 

This interpretation is strongly supported by the rates of the reaction 
in ethanol (see Table 33) where the cyclization occurs by internal nucleo- 
philic attack of the CORH group. Here the introduction of o’-C02H in- 
creases the rate by a factor of about 25,000 while the same substituent in 
the p’ position only gives a three-fold acceleration, a reasonable figure 
for a n  electron-attracting centre conjugated to the site of reaction in this 
system. The exceptional reactivity of the o’-C02H compound is therefore 
clearly associated with the position of the substit.uent relative to  the acetp- 
lenic linkage, and not with its polar properties. 
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Another interr-sting feature emerges from the results in Table 33. Sever- 
al studies in :tqueotrs solvents have shown that CO; is a more efficient 
internal nucleophile than COzH (see section Ill.A.3), as might perhaps 
havc been expcctcd. but the present carboxylic acids (215) undergo more 
rapid reaction in ethanol than their monoanions in water. Thcre is little 
reason to  believe that a change from water to ethanol will drastically 
increase the reactivity of the monocarboxylate ions and it  therefore seems 
that COaH is a better neighbouring group (relative to COT) in ethanol 
than in water. More extensive hydrogen bonding of C0.H with the more 
polar of the two solvents now considered may be responsible for decreas- 
ing its efficiency as an internal n~icleophile. The decrease in the rate of 
cyclization of 215 (X =o'-CO?H) when the solvent is changed from ethanol 
to the more strongly hydrogen-bonding methanol is consistent wi th  this 
view. 

VII. OLEFIN ELIMINATION 

Very little systematic work has been carried out on the effect or the pre- 
sent substituents i n  reactions which have nat already been discussed. How- 
ever a recent study"' ot the etlioxide ion catalysed transetherification of 
I-substituted 2-phenoxyethanes (219) adds to the examples of the siibstan- 
tial change in rate which can be caused by the introduction of C0,Et. The 
reaction is believed to involve the rate-determining formation of the olefin 
(220) which undergoes rapid nucleophilic reaction with the solvent to 

XCH,CH,OPh XCH --CH, 

(219) (220) 

form the substituted diethyl ether. 
The observation of a second-order rate law for the appearance of PhO- 

is consistent with either the synchronous E2 elimination or with a ratc- 
determining proton abstraction (mechanism ElcB)* ,  as illustrated in 
scheme (34). Electron-attracting substituents (X) can be expected to f a d -  

E t 0 - q  H 

* For details of olefin elimination, sec reference 71 3. 
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itate proton removal from the C--H bond but will, at the samc time, hind- 
er the fission of the C-0 linkage so that tlie efl’ect of X on the rate is 
likely to be small. as in other reactions with ambiguous polar require- 
ments (see section I1I.A. I):. Such substituents will however greatly stabi- 
lize the carbanion (and therefore the transition state in  its formation) by 
favouring the electron displacements shown in 221. 

X - P I  C--C- OPh 

I 1  
(221) 

The rates foundg1I for the trai1s:therificatioii of 219 (see below) there- 
fore strongly suggest that the slow step occurs either by mechanism ElcB 
or by a synchronous process 

X CHO 
k z  (rel.) 75 

whelniingly more important f 

11 which bond fission of C-H is an over- 

ctor in the transition state than the dis- 
ruption of the c-0 linka_ge, i.r. ‘almost’ ElcB elimination. The approxi- 
mately 500-fold acceleration caused by changing the substituent from 
CO,Et to CHO is much larger than the retardation of addition to olefins 
resulting from the same alteration (see section Vl.A.3) ,  possibly because 
the substituent is directly attached to the reaction centre in  tlie elimination 
but not i n  the addition reaction. On the other hand, differences between the  
capacities of the two groups to respond to different polar situations may 
be responsible. 

VIII. ACKNOWLEDGEMENT 

The authors’ dcbt to Dr. C. J. M. Stirling Ibr permission to quote un- 
published results is gratefully acknowledged. 

IX. REFERENCES 

I .  G .  Kohnstam and D. L. H .  Williams, in Tlw Clremixlry of flre Ether Linkage 
(Ed. S. Patai), Interscience Publishers, London, 1967, Chap. 3 .  

2. C. K .  Ingold, Srrucrure arid Meclratrisni iir Organic Clwrnistry, G. Bell and Sons, 
London, 1953, p. 77. 

3. G. Kohnstam and D. L. H .  Williams in The Chetnisrryof thr. Erlrer Linkuge (Ed. S. 
Patai), Interscience Publishers, and references cited therein. 



Directive and activating effects of CO,H a n d  C 0 2 R  groups 863 

4. P. W. Robertson,  P. B. D. d c  la Mare  a n d  B. E. Swcdlund, J. Clterrl. SOC., 782 
(1953); P. B. D. d e  la Mare, 0. M. H. cl Dusouqui, J. G. Tillett and  M. Zeltner, 
J. Chern. SOC., 5306 ( 1  964). 

5. C. Eaborn,  J. Cheni. Soc., 4858 (1956). 
6. C. K. Ingold, Strrrctriri> arid Mechu~iisrri irr O t ~ o t r i c  Chemistry, G. Bell and Sons, 

7. E. J.  Hartwell, R. E. Richards and H. W. Thompson,  J. Clrenl. Soc., 1436 (1948). 
8. M.  L. Josien. J. Lasconibe and C. Vignalou, Compr. R m d . ,  250, 4146 (1960). 
9. L. J. Bellomy, J. Clreni. Soc., 4221 (1955). 

London, 1953, p. 129. 

10. G. M. Barrow. J .  Chon.  Plrys.. 21, 2008 (1953). 
1 I .  H. W. Thompson and D. A. Jameson, Spectrochini. Acra, 13, 236 (1958). 
12. J.  Wenograd and  R .  A. Spurr ,  J. Am.  Cheni. SOC., 79,5844 (1957). 
13. M. St. C. Flctt, Spectr~ichini. Acta, 18, 1537 (1962). 
14. P. E. Richards a n d  W. R. Burton, T r a m .  Furadaj,  Soc., 35, 874 (1949). 
15. R. N. Jones and C. Sandorfy, in Chemicul Applicatioris of Spectroscopy (Ed. W. 

West), Vol. IX of T~~clrriiqttes of Organic Chemistry, lnterscience Publishers, New 
York, 1956, p. 470. 

16. G. Berthicr a n d  J. Serre, in 771~~ Chemistry ofihr Carhoiryl Groirp (Ed.  S.  Patai), 
lnterscience Publishers, London,  1966, Chap.  1.  

17. S. Forsen, Spectrochinr. Acta,  18, 595 ( 1  963). 
18. C.M.  M o s e r a n d A . 1 .  Koh1enberg.J. Clrem. Soc..804(1951). 
19. 0. Exner, M. Horiik and J. Pliva. Cliern. /MI., I 174 (1958). 
30. National Bureau of Standards, Circular 537. 
21. A. L. McClellan, Tahles of Experimetrral Dipole Moments, W. H .  Freeman a n d  

Co., San Francisco and London,  1963. 
22. L. D. Freedman and  G. 0. Doak. J. Org. Chenr., 21, 81 1 (1956); H. H. Jaffe and  

M.  Orchin. Theory and Applicatioris of U. V. Spectroscop.v, John Wiley and  Sons, 
New York,  1962, p. 257. 

23. W. D. Kumler  a n d  L. A. Strait,  J. Am. Chem. Soc., 65,9349 (1943). 
24. W. F. Forbes, W. A. Muellcr, A.  S. Ralph a n d  J .  F. Templeton, Can. J. C/refri., 

35, 1049 (1957). 
25. C. K.  Ingold, Srriictrire und ,Meciianisrn itr Orgunic Cl~etnistr~v, G .  Bell and  Sons, 

London, 1953, p. 128. 
26. D. Pelticr, A. Pichevin, P. Dizabo and  M. L. Josien, Conipt. Rerid., 218, 1148 

( 1  959). 
27. M. St. C. Flett,  Trans. Faraday SOC., 44, 767 ( I  948). 
28. J. F. J. Dippy, Chem. Rev. ,25 ,  151 (1939). 
29. J. R. Fox a n d  G.  Kohnstam, Proc. Cheni. Soc., 115 (1964). 
30. A.  Burawoy and  J.  T. Chamberlain, J. Clrem. SOC.. 2310(1952). 
3 1. C. K .  I ngold, Striictrrri. and Meclianist?~ in O r p i i i c  Clrenri.vtr~.. G .  Bcl I and  Sons, 

London, 1953. p. 744. 
32. G. S .  Hammond.  in Steric Efii.crs i r r  Orguttic Clwrnistr)~ (Ed.  M. S.  Newman), 

John Wiley and  Sons, New York,  1956, p. 425. 
33. J. F. J .  Dippy. S. R .  C. Hughes and J. W. Laxton, J .  Chem.  Soc., 1417 (1954). 
34. E. A. Fehncl. J. Ani. C'hem. SOC.. 72, 1404 (1950). 
35. S. D. Ross, J. .Am. Chern. Soc.. 70,4039 (1948). 
36. Sce for cxamplc P. B. D. dc: la Marc, E. A. Johnson and J. S. Lomas. J .  Cltenr. 

Soc., 53 I7 ( 1964). 
37. H. L. Goering, M. S. Newman and T. Kabin, J. Am. Clrenr. Soc., 77, 3756 (1955). 
38. R .  E. Kundlc and  M.  Parasol. J. Clreni. Pliys.. 20,1487 (1952). 
39. H.  M. E. Cardwell. J. D. Duni tzand  L. E. Orgel. J. Clrcnr. Soc.. 3740(1953). 
40. G .  E. K. Branch and  D. L. Yabroff, J.  Anr. Chenr. Soc., 56, 2568 (1934). 
41. J. W. Bakcr. Natirrc. 137, 936 (1936). 



864 G. Kohnstam a n d  D. L. H. Williams 

41. G .  Kortum. w. Vogcl and K. Andrussow. Dissociatiotr Coirstarit.s of Organic 
Acids itr Aqueocrs Solutioti, Butterworths. London, 1961. 

43. C. K.  Ingold, Structure  and Mcchanisni in Organic Cheiiiistry. G. Bell and  Sons, 
London, 1953, p. 749. 

44. H. C. Brown. D. H. McDanicl a n d  0. Hiifligel-, The Detcrminatioir of Organic 
Structures b.v Pli.v.r.ica1 Metlrods. Academic Press. New York, 1955, Chap.  14. 

45. J. F. J. Dippy, D. P. Evans, J .  J .  Gordon,  R. H. Lewisand H. B. Watson. J. Cliein. 
Soc.. 1421 (1937). 

46. J. F. J. Dippy. S. K. C. Hughes and 6. C. Kitchiner. J. Cliern. SOC., 1275 (1964). 
47. W. J. LeNoble. J .  LuValle a n d  A. Leifer, J. P1iy.s. C h m . .  66, 1188 (1962). 
48a.H. H. JafTe. Chem. Rev., 53, 19 I (1953). 
48b.J. E. Leffler and E. Grunwsld. Rates and Eqicilihria of Orgatric Rcactioris, 

John Wiley and  Sons, London,  1963. Chap.  7, p. 178. 
48c.Ref. 37 and 45. 
49. M. M. Davis and H. 6. Hctzer, J. Res. Nut. Bur. Std., 60.569 ( 1958). 
50. J. E. Lefflcr and  E. Grunwald ,  Rates utid Equilibrio of Orrunic Reactions, John 

Wiley a n d  Sons, London,  1963, p.p 49 a n d  372. 
51. L. P. Hammett. Pliysirol Organic Chemistry. McGraw-Hill. New York, 1940, pp. 

52. H. C. Brown and Y. Okamoto.  J. Am. C h o n .  Soc.. 80,4979 (1958). 
53. H. van Bekkum, P. E. Verkadc and  6. M. Wepster. Rrc. Truv. Cliini., 78, 815 

(1 959). 
54a.R. W. Taft, J. Pliys. Chetn., 64, 1805 ( 1  960). 
54b.R. W. Taft a n d  I. C. Lewis, J. Am. Chem. Soc.. 81,5343 (1959). 
55. R. 0. C. Norman, G. K. Radda, D .  A. Brimacornbe. P. 0. Ralph and E. M. 

Smith, J. Chem. SOC., 3247 (1961). 
56. J. D. Roberts  and W. T. Moreland Jr,, J. Am. Chem. Soc.. 75, 21 67 (1953). 
57. R. W.Taft. J .  Am. Chem. Soc., 74,2729. 3120(1952);75,4231 (1953). 
58. R. W. Taft  a n d  I. C. Lewis, J. Am. Chetn. SOC., 80, 2436 (1958); R. W. Taft, S. 

Ehrenson, I. C. Lewis a n d  R. E. Glick. J. Am. Cltem. SOC.. 81,5352 (1959); R. W. 
Taft, S. Ehrenson. 1. Fox, I .  C. Lewis and R. E. Glick, J. Am. Chem. Soc., 82, 
756 (1960). 

59. R. W. Taft. E. Price. I. R. Fox, I. C. Lewis. K. K. Andcrson and  G. T. Davis, 
J. Am. Clieni. Soc.. 85.3 146 (1963). 

60. R. W. Taft, N. C. D e n 0  and  P. S. Skell in Antrual Review of Physical Clietnistry 
(Ed. H. Eyring), Vol. 9. Annual Reviews, Palo Alto, 1958, pp. 387-300; S. Ehren- 
son in Progress in Physical Organic Ctiemistrj- (Ed. S .  Cohen. A. Streitweiser and  
R.  W. Taft). Vol. 2, Interscience, New York. 1964. pp. 195-751. 

61. J. E. Lefiier a n d  E. Grunwald,  Rates arid Equilibria of Organic Reactions, John 
Wiley and  Sons, London. 1963. Chap. 7, pp. 171-262; P. R.  Welk. Chem. Rev., 
63, 171 (1963). 

62. L. M. Stock a n d  H .  C. Brown in Advances i r i  Pliysical Organic Chemistry (Ed. V. 
Gold), Vol. 1. Academic Press. London, 1963, pp. 35-154. 

63. C. D. Ritchie and W. F. Sager in  Progress i tr  P1r):vical Orgariic Chemistry (Ed. S .  
Cohen, A. Streitweiser a n d  R. W. Taft). Vol. 2 ,  Interscience. New York. 1964, 

184-1 93. 

pp. 323-400. 
64a. R. P. Bell, The Proton in Chemistry, Methuen, London. 1959, Chap. 7. 
64b. R. P. Bell, Tlie Proton iti Chemistry. Methuen. London, 1959, pp. 159 and  

65. N. Bjerrum, Z. Physik. Clicni. ( L e i p i g ) ,  106,219 (1923). 
66. C. K. Ingold, Structure arid Mechanism i r i  Orgunic Chemistry. G. Bell a n d  Sons, 

London, 1953, p.p. 728-733. 
67. L. Eberson and I. Wadso, Acra Clieni. Scund., 17, 1552 (1963). 

160. 



Directive and Activating Effects of COzH and COzR Groups 865 

68. L. L. McCoy, J. Am. Chem. SOC., 89,1673 (1967). 
69a.R. E. Dodd, R. E. Miller and W. F. K. Wynnc-Jones. J. Chem. SOC., 2790 

69b.L. Eberson and S .  Forsen, J. Pliys. Chem.. 64, 767 (1960); L. Eberson, Acta 

70a.S. N .  Das and D. J. G. Ives. Proc. Chem. Soc.. 373 (1961). 
70b.H. H. Jaffe. J. Am. Cliem. SOC., 79,2373 (1957). 
71. D. R. Lloyd and R. H. Prince, Proc. Chem. SOC., 464 (1961). 
72. G. Dahlgreen and F. A. Long, J. Am. Cliem. SOC., 82, 1303 (1960). 
73. L. Eberson, Actu Cliem. Scand., 13, 211 (1959). 
74. L. L. McCoy and G. N. Nachtigall, J .  Am. Chem. SOC.. 85, 1321 (1963). 
75. I. Jones and F. G. Soper, J. Cliem. SOC., 133 ( 1  936). 
76. M. F. van Woerdin, Rec. Trav. Chim., 83,920 (1963). 
77. H. E. Merril and J. H. Wotiz, J .  Am. Cliem. SOC., 80, 866 (1958). 
78. C. K. Ingold and H. G. G. Morhenn, J. Chem. Soc., 949 (1935). 
79. H. Bode, Cliem. Ber., 67B, 332 (1934). 
80. L. Hunter. Cliem. Ind., 155 (1 953). 
81. L. Eberson, Acta Chem. Scarid., 18, 1276 (1964). 
82. A. V. Jones and H. N. Parton, Trans. Faraduy SOC., 48,8 (1952). 
83. W. J .  Hanier, G. D. Pinchingand S. F. Acree, J .  Res. Nat. Bur. Std.,35,539 (1945). 
84. B. J. Thamer and A. F. Voigt, J. Phys. Chem., 56, 225 (1952); 59, 450 (1955). 
85. H. L. Gocring, T. Rubin and M. S. Newman, J. Am. Chem. SOC., 76,  787 (1954). 
86. J .  D. Roberts and W. T. Moreland, Jr.. J. Am. Chem. SOC., 75, 2267 (1953). 
87. W. R. Maxwcll and J. R. Partington, Trans. Faruduy SOC., 33, 670 (1937). 
88. E. A. Albert and E. P. Serjcant, Ionization Constants of Acids and Bases. Methuen, 

London, 1962. 
89. J. B. Conant and A. F. Thompson. J. Am. Cliem. SOC.. 54,4039 (1932). 
90. G. Schwarzcnbach and E. Feldcr, Helv. Cliim. Acta, 27, 1701 (1944). 
91. C. A. Biinton, in Studies on Chemical Stritcture arid Reactivity (Ed. J. H. Ridd), 

Methuen, London, Chap. 5 and rcferences cited therein. 
92. C. K .  Ingold, Stritctitre mid Mechanism in Organic Cliernistry, G.Bcll and Sons, 

London, 1953, Chap. 7. 
93. B. Capon, Quart. Rev., 18,45 (1964). 
94. S. Sugdcnand J. B. Willis. J. Chem. SOC., 1360(1951). 
95. C. J. Burris and K. J. Laidler, Trans. Farodav SOC., 51, 1497 (1955). 
96. E. A. Moclwyn-Hughes, J .  Cliem. SOC., 1576 (1933). 
97. J. B. Conant, R .  E. Husscy and W. R. Kirncr, J .  Am. Cl~eni. SOC., 47, 488 (1925). 
98. Farhat-Azizand E. A. Moelwyn-Hughes, J .  Clicm. Soc., 1523 (1961). 
99. M. W. Pcrrin. Truns. Furaduy SOC., 34, 144 (1938). 

(1961). 

Chem. Scand., 13,224 ( 1  959). 

100. 1. Fells and E. A. Moclwyn-Hughes, J .  Chem. SOC., 398 (1959). 
101. G. F. Smith, J .  Clietn. SOC., 521 (1943). 
102. E. D. Hughcs. Trans. Faraday Soc.. 34, 185 (1938). 
103. R. E. Iiobcrtson in Progress in Physical Organic Chemistry (Ed. S .  Cohcn, A. 

104. P. Laurent and S .  Lcnoir, Atin.  Chiin.. 19, 3-74 (1944). 
105a.W. A. Cowdrey, E. D. Hughcs and C. K. Ingold, J .  Chem. SOC., 1208 (1937). 
105b.E. D. Hughcs and N. A. Taller, J .  Clieni. SOC., 956 (1940). 
106a.S. Winstein and H. J. Lucas, J .  Am. Clieni. SOC., 61, 1576 (1939); S. Winstein, 

106b.S. Winstein and E. Grunwald. J .  Am. Cliem. SOC.. 70, 841 (1948). 
107. J .  Gripenberg, E. D.  Hughes and C. K. Ingold. Narltre, 164,480 (1948). 
108. H. W. I-Ieinc and J. F. Lanc, J. Am. Clietn. SOC., 73, 1348 (1951); E. Beckcr, 

Streitwicscr, and R. W. Taft), Vol. 4, Interscience, New York,  1967. 

J .  Ail?. Clietn. SOC., 61, 1635 ( 1  959). 

H. W. Hcine and J. F. Lanc, J .  Am. Chem. Soc., 75,4514 (1953). 



866 

109. 

110. 

111. 
112. 

113. 
114. 

115. 

116. 
117. 
118. 
119. 

120. 

121. 

122. 
123. 
124. 
125. 
126. 

127. 

138. 
129. 
130. 

131.  

i 37. 

133. 
134. 
135. 
136. 

137. 
138. 

139. 

G. Kohnstani and D. L. H. Williams 

G. Kohnstani in Advaiices iri Pliysical Orgaiiic Clicinistry (Ed.  V. Gold) ,  Vol. 5 ,  
Academic Prcss, London,  1967, p. 121. 
J. E. Lcffler a n d  E. Grunwald,  Rates and Equilibria of' Orgatiic Reactions. J o h n  
Wiley and Sons,  London,  1963, p. 302. 
S. Winstein, E. Allred. R .  Heck a n d  R. Click, Tetrahedron, 3 ,  1 (1958). 
1-1. C. Brown. T. Inukai and  Y. Okamoto,  J. Am. Clienr. Soc., 80, 4969 (1958); 
1-1. C. Brown a n d  Y. Okanioto, J. Am. Clieiti. Soc., 80,4976 ( 1  958). 
H. C. Brown, T. lnukai  and  Y. Okanioto, J. Ani. Cliem. Soc., 80, 4972 (1958). 
L. J .  Andrcws, I<.  M. Kcefer and  A.Singh, J. Am. Chem.Soc., 84, 1179 (1962); 
L. J. Andrcws, il. IM. Kecfer, and  R. E. Lovins, J. Am. Chern. SOC., 84, 
3959 (1961); 
L. J .  Andrcws, L. Chauffe and R. M. Keefer, J .  Org. Cliern., 31, 3758 (1966). 
L. L. Sniith a n d  J. R. Holuni, J .  Am. Clienz. Soc., 78, 3317 (1958); G. Baddeley, 
E. K. Baylis, B. G. Heaton and J .  W. Rasbiirn, Proc. Cliem. Soc., 451 (1961); 
D. J .  Par toai id  M. P. Serve, J. Am. Cliem. SOC., 87, 1515(1965). 
S. Oac, J. Ani. Cliein. SOC., 78,4030 (1956). 
G .  R. Cowie. H.  J. M. Fitches and  G. Kohnstam, J. Clterii. Suc., 15S5 (1963). 
B. Bensley and G. Kohnstarn, J. Cliem. Suc., 4747 ( I  956). 
L. Aliicri, J. A.  Bricux, A. J. Castro and  A. M. Porto, J .  Chem. SOC. ( B ) ,  963 
( 1 966). 
J .  Miller and V. A.  Williams, J. Am. Clie~ii. Soc., 76, 5483 (1954); J. Cliem. SOC., 
1475 (1953); J. Millcr, J .  Am. Clrciri. Soc., 76,448 (1954). 
R.  A. Bonelli, J .  A. Brieux and W. Grcizerstein, J. Am. Clieni. Soc., 81, 1026 
(1 962). 
H. Rouche, B ~ l l .  Sci. Acod. Roy. Belg., 534 ( 1  921); Chem. Abstr., 17, 2876 (1923). 
E. Berliner and  L. C. Monack,  J. Am. Clicm. SOC., 74, 1574 (1957). 
N. E. Sharbati, J .  Org. Clzeni., 30,3365 (1965). 
J. Burdon, W. B. Hollyhead and J. C. Tatlow, J .  Chetn. SOC.. 6336 (1965). 
J. F. Bunnett a n d  K. E. Zahlcr, Cliein. Rev., 49, 273 (1951); M. L. Crossley. 
R. H. Kienlc a n d  C. H. Belibrook, J. Ant. Cliem. SOC., 62, 1400 (1940). 
For example: C. K .  Ingold, Structrrre orid &fcchairistii iir Orgunic Clieniistry, G .  
Bellaiid Sons, London,  1953, pp. 752-782.; A. G. Davies and  J .  Kcnyon, Quart. 
Rev.,  9, 203 (1955). 
M. L. Bender, Cliern. RN. ,  60. 5 3  (1960). 
E. J. Salnii, Clictn. Ber., 72, 1767 (1939). 
I<.  t-einiu. R. Korte, E. Laakonsen and  U. Lckmuskoski, Suonieri Keinistileliti, 
19B, 93 (1946); E, Tommila  and H. Stcinbcrg. Suottzeri Ketnisrilchti, 19B, 19 
( I  946). 
W. J. Svirbcly a n d  H. W. Lcwis. J .  P1i.u. Clietn.. 56,  1006 (1952); E. S. Aniis and  
J. E. Potts, J. Ani. Cliem. Soc.,71, 21 12 (1949). 
E. Kivincn and E. Tommila, Sironicn Kcniis t i le l ir i ,  148, 7 (1941); E. Toinmila  
and  S. Tornmila. Aiiii. .Icacl. Sci. FewicacB, A59, No. 5 ,  3 (1942). 
M. L. Bender. I-. Chloupck and  Y .  L. Chow, J. Am. Cliem. Soc., 80, 5380 (1958). 
A.  Agrcn, U. Hcdsten and  €3. Jonnson. Acto Clirin. Scnnd., 15, 1532 (1961). 
L. Eberson. Acta Clieni. Scatid., 18, 3015 (1964). 
A.  K. I-lcrd, T. Higuchi, T. Nihi and  A. C. Shah, 1. .4m. Clicm. Soc., 85, 3655 
( I  963). 
M. L. Bcndcr, I;. Chloupek a n d  M. C. Ncvcn, J. Ani. Chon. Soc., 80, 5384 (1958). 
T. C. Bruicc a n d  U. K. Pandit, J .  A m .  Cliciir. Soc., 82. 585s  (1960); a n d  rcfcren- 
ces citcd rhcrcin. 
L. Eberson, Acta Clicm. S c a d . ,  16,2745 (1962). 

..C. K.  Ingold, Srritcritre ( i d  MecAutiisrii iii Orgatiic Chetiiisrry. G. Bell a n d  Sons, I40a. 
London, 1953, pp. 221-305 



Dircctivc and Activating Elfects of C02H and CO,R Groups  867 

140b.P. €3. I>. de  la Mare and  J. t i .  Ridd, Al-ornotic Srr6stirrrtion, Butterworths, Lon- 

140c.R. 0. C. Norinan and  K. Taylor, EIec~ropliilic Stibsti~utiori it1 Roizmoid Systems, 

141. C. Eaborn. Oqairosilicotr Corirpoirrtrls, Butterworths, London,  1960, pp. 146-157. 
142. C. Eaborn and K. C .  Pande, J .  Clieni. Soc., 1566 ( I  960). 
143. H. C .  Brown a n d  L. M .  Stock, -1. Am. Clicvn. SOC.. 84, 3298 (1962); and rcferen- 

144. J .  T. Bornwatcr and  A. F. liollcman, Rec. Trav. Cliim., 31,321 (1921). 
145. A. I?. Hendrikson and  H. G. Kuivila, J .  A n .  Clretn. SOC., 71, 5068 (1952); L. E. 

Benjamin and  H .  G .  Kuivila, J .  Am. Clirrn. Soc.. 77,4834 (1955). 
146. A. F. Hollenian, Rec. Trov. Chini., 18, 267 (1899); W. J. Le Noblc and G .  W .  

Whelsnd,  J .  Am.  Cliern. Soc., 80. 5397 (1958). 
147. B. Alipixndi. F. Cacacc and  G.  Ciranni. A d .  Clierti., 36,2445 (1964). 
148. D. 14. Dcrbyshirc and  W. A. Waters, J .  Clicnz. Soc.. 564 (1950). 
149. R. S. Ajcinian a n d  A. . I .  Doylc, J .  Ol-g. Chiti . ,  24. 1818 (1959). 
150. C. Eaborn and K. C .  Pandc, J .  C h v .  Soc., 5081 (1961). 
151. E. Iwata. h‘ippott Kaga&ri Za.sslii, 78, 113, 348, 350 (1957); Cliern. Abstr.. 53, 

5183 (1958). 
152. P. B. D. d c  la M a r e  a n d  J .  tl. Ridd, Al-or~rutic Sirhsritiiriori, Butterworths, London, 

1959, p. 82; I<. 0. C. Norman and  G. K .  Radda.  J.  Clietti. Soc., 3610 (1961). 
153. S. 9. A n d r e w  and  .I. C .  Smith, Clrcni. / / i d . ,  1376(1965). 
151. P. H. D. d e  la M a r e  and  3 .  I-i. Kidd, Ar-ortra/ic Sirhs/i/irtion, Butterworths, London,  

1959, p. 146. 
155. C. K. Ingold a n d  M. S. Smith, -1. Clicni. SOC., 905 ( 1938). 
156. 1’. 5. D. d c  la M a r c a n d  I .  C .  I-IiItcxi, ./. Cliwi. Soc.. 997 (1962). 
157. F. B. Deans and  C. E a h w n ,  J. Cheni. Soc., 2299 (1959). 
158. C. Eaborn and  J. A. Watcrs. J .  Clroii. Soc., 542 (1961). 
159. .4. F. Holleman, quoted in rcfcrcnce 140(b). p. 91. 
160. S. J, Branch and  B. Jones, J .  Cliem. Soc.. 2921 (1955). 
161. C. K. Ingold. A. Lapworth, E. Rothstcin and D. Ward,  J .  Clicm. SOC., 1959 

(1931). 
161. C. K. Ingold and  F. I<. Shaw, J .  C‘lrcni. SOC.. 575 (1949). 
163. J. R. Knoir lesand R .  0. C. Norman. J .  Clrrrir. Soc.. 2938 (1961). 
164. J. N. Nazarov a n d  .4. V. Scmcnovski. 1:s. Akacl. Nurrk S S S R ,  100, 840, 972. 

(1957); S. K. Freeman, J .  Org. Clienz., 26, 217 (1961): and ret‘erenccs cited therein. 
165. K. E. Cooper a n d  C. K. Ingoid, J.  C/ic!tii. Soc.. 836 (1917). 
166. H. W. Undcrwood and E. L. Kochnian. J .  Ant. Clicni. Soc.. 48, 754 (1926). 
167. F. G. Bord\vell a n d  K. Kohde, J .  A m .  Clicni. Sor.. 70. 1191 (1948). 
168. K. 0. C. Norinan ar?d I<.  Taylor. L7.‘li*ctr-c?plrilic S ~ i b . s / i ~ i t ~ i ~ ~ r  irr Be/rzoroitl Syslc/i is ,  

IZlscvicr, London.  1965, p. S2. 
169. J. W. Balccr, K. E. Coopcr  a n d  C. K .  Ingold. J .  C1ic.m. Sot.., 326 (1926). 
170a.C. K. Ingold. Srtxcrttrc. rrrid ~\4~~c/t~irri .~rn fir Ol’,~tlJtk Chenii.stry, G .  Bell and Sons, 

I-ondon, 1953. Chap.  12. 
170b.P. B. D. cic la Marc a n d  K. Bolton. E l c ~ l - o p l i i l i c  Additiori 10 Umottrrotccl S)-.srems, 

Elsevier, London,  1966. 
171. lzrol:l data  collccted in P. H.  11. d c  la Marc and R.  Rolton, Elcc~tropliilic Addirion lo 

Uiistrtitrait~tl S.v.sients, Elsevicr. London, 1966, p. 76.  
172. p. B. D. dc la blzre and R .  Bolton, Elc~rt~oplii l ic Addifiori to tiri.snlrtruler~ s?.SIctils. 

Elsevier, London.  1966, pp. 92-93. 
173a.M. J. S. Dewar and  R. C. Fshey ,  . I .  ,4tticl-. Chern. Soc., 85. 2245, 1216, 3645 

(1 963). 
173b.M. C. Cabalciro a n d  M .  D. Johnson, J .  Cliotr. Soc. B, 565 (1967). 

don.  1959. 

Elscvici. London,  1965. 

ces cited thcrcin. 



868 G. Kohnstam and  D. L. H. Williams 

174. C .  K. Ingold a n d  E. H. Ingold, J .  Chetn. SOC.. 2354 (1931). 
175. F r o m  data  collected in P. B. D. d e  la M a r e  and R. Bolton, Electrophilic Addition 

to Utisattrratetf Systems, Elsevier, London,  1966, pp. 84, 85, a n d  123. 
176. E. Linnemann, Anti. Cliem., 163, 96 (1871): J .  Wislicenus, Atin. Clrern., 166, 1 

(1 873). 
177. P. Melikov. Chon.  Bet-., 12, 2227 (1879): 13,2153 (1880). 
178. C. K .  Ingold a n d  H .  G. Smith, J .  Chcm. Soc., 2743, 2752(1931). 
179. A. Michael a n d  H. S .  Mason, J .  An].  Chem. Soc., 65,653 (1943). 
180. I .  Robcrts and G. E. Kiniball, J .  Am. Chem. SOC., 59,947 (1937). 
181. W. G. Young, R. T. Dillon and  H. J .  Lucas, J .  Am. Chem. SOC., 51, 2528 (1929). 
182. P. 13. D. de  la M a r c  and  R. Bolton, Nectrophilic Additioii to Utisoruruted Systems, 

Elsevier, London. 1966. p. 68. a n d  references cited therein. 
183. W. R .  Vaughan. R.  L. Ciavan. K. Q. Lit t lcand A. C. Schoenthaler, J .  Am. C h i n .  

SOC.. 77, 1594 (1955). 
184. a) E. van Tamelen and  M. Shamma,  J .  Amer. Cllem. SOC., 76, 2315 (1954); 

b) E. N. Rcngevich, V. 1. Staninets and E. A. Shllov, Dokl. Akad. Narrk. SSSR, 
146, 1 I 1  (1963). 

185. F. V. Kucherov. A. L. Shabanov and A. S .  Onishchenko. I n .  Aknd. Norrk S S S R ,  
Old. Khim. Noitk, 59, 857 (1963). 

186. R. T. Arnold a n d  K .  I _ .  Lindsay, J .  Am. Chem. Soc., 75. 1048 (1953). 
187. G .  Besti, A. Marsili a n d  P. L. Pacini, Atiti. Chim., 52, 1070 (1962). 
188. D. S .  Tarbell a n d  P. D. Harlett, J .  Am. Chcni. Soc., 59,407 (1937). 
189. C. K. Ingold, Srvirctitrc atid h.lechariistn in Orgutiic ChonisirJ*, G. Bell a n d  Sons, 

London. 1933. pp. 662, 663. 
190. P. 13. D. d c  la Mare and  K.  Bolton, l3ectrophilic Adtfitioti KO Utisutrrrated Systctns, 

Elsevicr, London, 1966, p. 99. 
191. E. M .  Terry and L. Eichelberger, J .  Am. CJret?i. SOC., 47, 1067 (1925). 
192. R. P. Bcll and M. Pring, J .  Chem. SOC. B, 11 19 (1967), and rcfcrenccs cited therein. 
193. M. L. Bender and  K .  A. Connors, J .  Am. Chetn. SOC., 84, 1980(1962). 
194. P. N. Craig and I .  H .  Wiit. J .  A m .  Chcrn. Soc., 72, 493-5 (1950); R. T. Arnold, 

M. de M. Carnpos, a n d  K.  L. Lindsay, J .  Am. Chetn. Soc.. 75. 1044 (1953). 
195. Sec P. B. D. dc la Mare. Quart. Rcv.. 3, 136 ( 1  949). 
196. D. Swern, J .  Am. Chwi. SOC., 69, 1693 (1947). 
197. H .  J .  Lucas and S .  Winstein, J. .4m. Chem. Soc., 59. 1461 (1937); kl. J .  Lucas 

and D. Prcssnian. J .  Am. Clirni. SOC., 2271 (1939). 
198. V. Gold  and R.  S .  Satchcll, J .  Clieni. Soc.. 1930 (1963). 
199. R. P. Bell, J .  Preston a n d  R. B. Whitney. J .  Chern. SOC.. 1166 (1962). 
200. D. S. Noyce, P. A .  King. F. B. Kirby and  W. L. Rced, J .  :Itn. Chem. Soc., 84, 

1633 (1962); D. S .  Noycc and H. S .  Avarbcck, J .  Am. Cheni. Soc., 81, 1644 
(1362); D. S. Noyce. H. S .  Avarbrck and W. L. Rced. J .  Atti. Chem. SOC., 84, 
1617 ( 1962). 

201. R. N. Ring, G .  T. Tesoro and  D. R. Moore, J .  Oq. Clieni.. 32, 1091 (1967); 
L. E. Erikson and R. A. Alberty, J .  P1iJ.s .  Clicrri.. 63, 705 (1959). 

202. P. U. D. dc la Marc a n d  R. Bolton, Elcctropltific Rcfdifiori to Urrsntrisrtted Systetris, 
Elscvicr. London, 1966, Chap. 11. 

203. P.R.D. d c  la Mare a n d  R.  Bolton. Elt~ctvopltilic A[!&iiot! to L'tistr[tiititerf Sysictns, 
Elswicr, London. 1966, p. 215. 

204. Scc P. B. D. dc la Marc,  A i i t i .  Rep. Chein. SOC.. 47, I26 (1950). 
305. G .  F. Dvorko. Dopovidi Akad. Nattk Ukv. R S R .  498 (19S8). 
206. R. Friedrich, Ariri. Clicrn., 219, 368 (1YY3) :  .4. Michnc!. J .  Prakt. C/iem., 52,  1S9 

(1 895).  
207. A. Michael. J .  Pv(ikr. Chcwi., 46, 709 ( I  892). 
108. A. R. Dankner. D. Dankncr  and T. L. Jacobs. J .  Am. Clicni. SOC., 80. 861 (1958). 



Directive and Activating Effects of C 0 2 H  and CO,R Groups 869 

209. R. Paul and H. Normant, Compt. Rend., 216,689 (1943). 
210. R. L. Tetsinger, E. N. Oftcdall and J .  R .  Nazy, J. Am. Chem. Soc., 87, 742 (1965). 
211. J.  Crosby and C. J .  M .  Stirling, papers presented at a meeting of the Chemical 

Society, Durham, 1967. 
212. For example: C. K. Ingold, Structure and Mechanism in Organic Chemistry, G. Bell 

and Sons, London, 1953, Chap. 8; D. V. Banthorpe, Elimination Rcucrions, 
Elsevier, London, 1963. 



C H A P T E R  17 

Analysis of carboxylic acids 
and esters 

T . S . MA 
City University of New York. U.S.A. 

I . INTRODUCTION . . . . . . . . . . . . . . . . . . . . . . . . . .  
11 . CHEMICAL METHODS FOR THE DETECTION A N D  CHARACTERIZATION OF 

C A R B O X Y L  AND ESTER FUNCTIONS . . . . . . . . . . . . . . . . . .  
A . Acidity Tests for the Carboxyl Function . . . . . . . . . . . . .  

I . Solubility test . . . . . . . . . . . . . . . . . . . . . . . .  
2 . Liberation of carbon dioxide from sodium bicarbonate . . . . . .  
3 . pH indicator test . . . . . . . . . . . . . . . . . . . . . .  
4 . Precipitation of heavy metal salts . . . . . . . . . . . . . . .  

B . Ferric Hydroxamate Test for Carboxyl and Ester Functions . . . . .  
1 . For esters . . . . . . . . . . . . . . . . . . . . . . . . .  
2 . For  carboxylic acids . . . . . . . . . . . . . . . . . . . . .  

c . Characterization of the Carboxyl Function by the Preparation of Solid 
Derivatives . . . . . . . . . . . . . . . . . . . . . . . . . .  
1 . Preparation of p-toluidides . . . . . . . . . . . . . . . . . .  
2 . Preparation of p-bromophenacyl esters . . . . . . . . . . . . .  
3 . Preparation of S-benzylthiuronium salts . . . . . . . . . . . .  
4 . Preparation of hydrazides . . . . . . . . . . . . . . . . . . .  

D . Characterization of the Ester Function . . . . . . . . . . . . . .  

. . . . . . . . . . . .  
I . Characterization of an ester by its saponification equivalent 

3 . Conversion of esters to acyl N-(B-aminoethyl) morpholines 
4 . Conversion of esters to 3. 5-dinitrobenzoates . . . . . . . . . . .  
5 . Miscellaneous methods for the characterization of the alcoholic 

component . . . . . . . . . . . . . . . . . . . . . . . . .  
111 . CHEMICAL METHODS FOR THE DETERMINATION OF CARBOXYL AND ESTER 

FUNCTIONS . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

. . . .  
2 . Conversion of esters to acid hydrazides 

. . . .  

. . . .  A . Determination of the Carboxyl Function by Neutralization 
. . . . . . . . . . . . . . .  1 Determination with aqueous titrant 

2 Determination with non-aqueous titrant 
3 . Presentation of titration values . . . . . . . . . . . . . . . .  
Determination of the Carboxyl Function as Active Hydrogen 
Determination of the Carboxyl Function by Decarboxylation 

Colorimetric Determination of Carboxyl and Ester Functions 
Determination of the Ester Function by Saponification 

. . . . . . . . . . . . .  

. . . .  B . 
C . 
D . Determination of the Carboxyl Function using the Karl Fischer Reagent 
E . 
F . 

. . . .  

. . . .  
. . . . . . .  

87 t 

872 

873 
873 
873 
873 
873 
874 
a74 
874 
874 

875 
876 
876 
878 
878 
878 
879 
879 
880 
880 

881 

881 
882 
882 
883 
885 
886 
888 
889 
891 
892 

The Chemistry of Curboxylic Acids and Esters 
Edited by Saul Patai 

Copyright 0 1969 by John Wiley & Sons Ltd. All rights reserved. 



872 T. S. Ma 

1. Macro procedure . . . . . . . . . . . . ~ . . . . . . . . . 
2. Micro procedure . . . . . . . . . . . . . . . . . . . . . . 
3. Presentation of the results . . . . . . . . . . . . . . . . . . 

G. Determination of the Carboxyl Function in an Ester . . . . . . . . 
H. Determination of the Ester Function by Grignard Reagent . . . . . 
I. Determination of the Ester Function with Lithium Aluminum Hydride 
J. Miscellaneous Methods . . . . . . . . . . . . . . . . . . . . . 

Iv. METHODS FOR THE SEPARATION OF CARBOXYLIC ACIDS A S D  ESTERS . . . . 
A. Separation by Gas  Chromatography . . . . . . . . . . . . . . . 
B. Separation by Thin-layer Chronr-ttography . . . . . . . . . . . . 
C. Separation by Paper Chromatography . . . . . . . . . . . . , . 
D. Separation by Column Chromatography . . . . . . . . . . . . . 
E. Separation by Ion-exchange Resins . . . . . . . . . . . . . . . . 
F. Separation by Distillation . . . . . . . . . . . . . . . . . . . . 
G. Miscellaneous Methods . . . . . . . . . . . . . . . . . . . . . 

ESTERS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
A. Ultraviolet and Visible Spectroscopy , . . . . . . . . . - . . . . 
B. Infrared Spectroscopy . . . . . . . . . . . . . . . . . . . . . 
C. Nuclear Magnetic Resonance Spectroscopy . . . . . . . . . . . . 
D. Mass Spectroscopy . . . . . . . . . . . . . , . . . . . . . . . 

v. SPECTROSCOPIC METHODS FOR THE ANALYSIS OF CARBOXYLIC ACIDS A N D  

VI. ACKNOWLEDGEMENTS . . . . . . . . . . . . . . . . . . . . . . . 
VII. REFERENCES . . . . . . . . . . . . . . . . . . . . . . . . . . 

892 
894 
895 
895 
896 
896 
896 

897 
898 
899 
900 
901 
902 
904 
905 

905 
906 
908 
914 
914 

917 

917 

1. INTRODUCTION 

Methods for recognizing acids and esters in nature were known to our 
forefathers for millenia. In the search for food, man could easily identify 
acidic materials by their sour taste and was attracted by the fragrance of 
many naturally occurring esters. Long before the development of modern 
science, the techniques for isolation and purification of these substances, 
and their use as foodstuffs, tonic or curative agents were extensively record- 
edl. I t  may be of interest to mention that carboxylic acids were the first 
group of organic compounds investigated by the early workers in che- 
mistry. Scheele identified tartaric acid in 1770, followed by lactic, mucic, 
and several vegetable acids, and had the habit of relying on smell and 
taste for chemical analysis. 

Since carboxylic acids and esters are used in numerous industrial pro- 
ducts and commercial materials, their analytical methods have drawn 
much attention and have been continuously reviewed. A large number of 
reports dealing with the analysis of acids and esters appear annually. 
Because of the limit of space and in view of the objectives of the present 
monograph, the analytical methods discussed in this chapter are concerned 
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with the carboxyl (-COOH) and carboxylic ester (-COOR) functions 
respectively2. Methods recommended for the analysis of carboxylic acid 
and esters which are based primarily on the remaining portion of the 
molecule will not be included. 

I I .  CHEMICAL METHODS FOR T H E  DETECTION A N D  
CHARACTERIZATION OF CARBOXYL AND ESTER 

FU N CTI 0 N S 

A. Acidity Tests for t h e  Carboxyl  Function 

1. Solubility test 

According to the scheme for qualitative organic analysis based on solu- 
bility3, carboxylic acids are classified into two groups. One group com- 
prises compounds that are water-soluble and are capable of turning blue 
litmus red. The other group is water-insoluble but dissolves readily in 5% 
sodium hydroxide and also in 5% sodium bicarbonate. However, since 
other classes of compounds (e.g. sulfonic acids and certain phenols) may 
exhibit :he same solubility behavior, confirmation of the carboxyl function 
in the sample requires more than solubility tests. 

2. Liberation of carbon dioxide from sodium bicarbonate 

Since the carboxyl function is a stronger acid than carbonic acid, it can 
liberate carbon dioxide from a solution of sodium bicarbonate. This test 
is best performed on a glass slide or spot plate on which one drop of 5% 
sodium bicarbonate is placed. When one drop of the carboxylic acid or 
its solution (or one crystal of the compound) is brought into contact with 
the reagent solution, gas bubbles are formed and can be observed conveni- 
ently by means of a simple magnifying tube" or under the microscope. If the 
sample is a water-insoluble solid, evolution of carbon dioxide bubbles 
from its surface indicates that it is probably a carboxylic acid and not the 
other classes of acidic organic compounds. 

3. p H  indicator test 

When organic compounds are classified by the indicator method5, car- 
boxylic acids fall into two classes, namely strong and intermediate acidic 
groups. The indicator reagents for them are alizarin yellow-R mixed with 
bromothymol blue, and bromocresol purple mixed with thyrnol blue, re- 
spectively. It should be noted that the other parts of the acid molecule may 
influence the ionization of the carboxyl function. For instance, the pH 
value of trichloroacetic acid is 0-89 compared with 4.76 for acetic acid. 



874 T. S. 

4. Precipitation of heavy metal salts 

The lead and silver salts of carboxylic acids are only slightly soluble i n  
water or ethanolG. Wlicn a solution of silver nitrate or lcad nitrate is drawn 
into a drop of water or dilute ethanol containing the carboxylic acid 
(preferably in form of its sodium salt), precipitation of the salt can be 
easily observed by means of the magnifying tube". The precipitate disap- 
pears when dilute nitric acid is added t o  the mixture. 

6. Ferric Hydroxarnate Test for Corboxyl and Ester Functions 

A color reaction for the detection of the carboxyl and ester functions 
consists of their conversion to the corresponding hydroxamic acid. The 
latter is then reacted with ferric chloride to produce the highly colored 
ferric hydroxamate. It should be noted that, while esters can be tested 
directly, carboxylic acids require preliminary treatment as described in a 
subsequent section. 

1. For esters 

The compound t o  be tested (about 30 mg) and 0.5 nil of 1 N hydroxyl- 
amnionium chloride are mixed in a test tube; 2 N potassium hydroxide in 
methanol is added dropwise until  the mixture is alkaline to litmus and then 
four drops more. The reaction mixture is heated just  t o  boiling and allow- 
ed t o  cool. Now 2 N hydrochloric acid is introduced dropwise until the 
p H  of the solution is approximately three. One drop of 10% ferric chloride 
is added. A reddish blue color indicates the formation of ferric hydroxa- 
mate from the parent carboxylic acid. 

2. For carboxylic acids 

In order to  carry out the ferric hydroxamate test for the carboxyl func- 
tion, it is necessary to prepare an ester or acid chloride first. If the diazo- 
methane apparatus is available' (see section lIl.E), the methyl ester can 
be conveniently synthesized and then treated with hydroxylammonium 
chloride according to the directions given in the preceding paragraph. 

Acid chloride is usually prepared from the carboxylic acid by refluxing 
with thionyl chloride for 10-20 min. The resulting acid chloride may be 
treated with hydroxylammonium chloride followed by  ferric chloride. 
Merliss and Weinheimere have proposed a method for converting acids in 
aqueous solution to  acid chlorides which may then be detected by the 
ferric hydroxamate test. The procedure is as follows (warning: there is a 
vigorous reaction between thionyl chloride and water or potassium hyd- 
roxide). Place 2 ml of the aqueous solution (or 50-75 mg of the acid in 
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2 nil of water) in an S in. test tube and insert the tube in an ice bath. Add, 
i n  small portions, 2 ml of thionyl chloride to the tube. Occasionally shake 
the tube gently and keep it in the ice bath until the mixture appears homo- 
geneous (less than 5 min, generally). While keeping the tube i n  an ice bath, 
add, i n  portions, 3 ml of a saturated solution of hydroxylammonium 
chloride in ethanol. After all of this reagent has been added, remove the 
tube from the ice bath and allow it to stand at room temperature for 
3-5 min. Because of the large excess of thionyl chloride, a sufficient amount 
of the acid will be converted t o  the acid chloride to allow its detection by 
the ferric hydroxamate test. To make this test, insert a glass rod into the 
test tube and, with stirring, add dropwise 6~ aqueous potassium hydroxide 
(addition may be made more rapidly if the tube is put back in the ice bath 
to  prevent overheating). Continue the addition of the potassium hydroxide 
until the pH of the mixture reaches 10 to I 1  as shown by an  indicator 
paper. As the base is added, copious quaritities of potassium chloride will 
precipitate. This precipitated salt will not interfere with the final test and, 
therefore, may be neglected (it may be dissolved by adding more water). 
Now add 1 drop  of 107;; ferric chloride. The solution will turn yellow, and 
a yellow-to-brown precipitate may form. Add, dropwise. 12 M hydrochloric 
acid with stirrir;g until :he yellow color is discharged ana the solution 
becomes essentially colorless. Finally, add  1-3 drops of 10 per cent ferric 
chloride. A bluish-red color is a positive test. 

The reactions for the formation of ferric hydroxamate complexes from 
a carboxylic acid (via its acyl chloride) and an ester, respectively, may be 
represented by the following equations. 

RCOCl+ NH,OH.HCI .-* RCO(NHOH)+2 HCI ( 1 )  

RCO(NHOH)+ FeCI, ---- Fe(RCONHO),+ +- Cl- + H+ (9 
RCOOR’+ NHZOH-HCI +- KOH --- RCO(NHOH)+ R’OH i- KCI+ HZO (2) 

! t  

I i 
F~(RCONHO): 

Fe(RCONHO), 

The ratio of the three colored species is dependent on the pH of the 
solutionQ. It should be noted that, unlike acid chlorides, esters react with 
hydroxylalnine t o  form hydroxamic acids only when the reaction is car- 
ried out  i n  an alkaline medium. 

C. Characterization of the Carboxyl Function by the Preparation 
of Solid Derivatives 

The number of reagents and methods which have been proposed for the 
characterization of carboxylic acids is legend. A partial list is shown in 
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Table 1. It will be noted that some derivatives given in the table are based 
o n  the presence of another function, beside the carboxyl, in the compound. 
The methods described in the following paragraphs are dependent on the 
reaction of the carboxyi function alone. 

I. Preparation of p-toluidides 

Aliphatic acids containing less than eight carbon atoms may be con- 
verted to the corresponding p-toluidides by heating the free acid with 
an excess of p-toluidine at  200"c for 30 min. Upon cooling, the reaction 

mixture is extracted with dilute hydrochloric acid to remove the excess 
reagent.. and with dilute sodium hydroxide to remove the unreacted acid. 
The p-Loluidide is then recrystallized from an ethanol-water mixture. 

For the higher fatty acids and aromatic carboxylic acids, it is recom- 
met? that the carboxyl function be converted to the acyl chloride by 
heating with an  equimolar quantity of thionyl chloride a t  75"c for 30 min. 
Benzene is then added, followed by an excess of p-toluidine, and the 
mixture is refluxed for another 30 min. After extraction with dilute hydro- 
chloric acid and sodium hydroxide respectively, the benzene solution is 
evaporated and the residu, is recrystallized. 

RCOOH + SOCI, - RCOCl+ HCI + SO, ( 5 )  

RCOCl + 2 HZN CH3 - RCONH G c H 3  + cH,-@H3Cl (6) 

2. Preparation of p-bromophenacyl esters 

The p-bromophenacyl esters have been used for the characterization of 
both liquid and solid carboxylic acidslO. For this purpose, the carboxyl 
function is first converted to the sodium salt and the latter is then reacted 
with p-bromophenacyl bromide. 

RCOOH I Na,CO, .-- RCOONa+ CO,+ H,O (7) 

RCOONo + Br COCH2Br - RCOOCHzCO a Br + NoBr ( 8 )  

The free carboxylic acid is neutralized by means of 5% sodium carbo- 
nate (or 5% sodium hydroxide) using phenolphthalein a s  the indicator. 
The solution is then brought to the boil in order to be certain that all the 
acid has reacted. Dilute hydrochloric acid is now added dropwise to 
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discharge the pink color. p-Bromophenacyl bromide is introduced and the 
mixture is heated under reflux for 2 h. After cooling, the solid is separated, 
washed with dilute sodium carbonate and water. The ester is recrystallized 
from an ethanol-water mixture. 

TABLE 1. Derivatives for the identification of carboxylic acids" 

Acid esters of dibasic acids 
N- Acyl-p-aminoazobenzenes 
N-Acylanthranilic acids 
N- Acy lcarbazoles 
N-Acyl-2-nitro-p-toluidides 
N-Acylphenothiazines 
N-Acylsaccharins 
N-Acyl-2-acy lcarbazoles 
p-(WAcy1amino)benzoic acids 
3-Acylaminodi benzylfurans 
2-Alkylbenzimidi?zole picrates 
2-Alkylbenzimidazoles 
Amides 
Anilides 
N-Benzylamnionium salts 
S-Benzylthiuronium salts 
Bis@-dimet hylnniinophcnyl(ureides) 
p-Br omoa n i I i des 
p-Bromobenzylthiuroniiim salts 
p-Bromophenacyl esters 
rx-Bronio-/?-naphthylamides 
o-Bromo-p-toluidides 
Carbodi-imide dcrivatives 
p-Chlorobenzylthiuronium salts 
p-Chlorophenacyl derivatives 
2,d-Diacylcarbazoles 
Diazomcthane derivatives 
N-Diethanolamides 
Dirnethy lamides 
2,4Dinitrophenylhydrazides 
2,4-Dinitrophenylhydrazones of the 

p-phenylphenacyl esters 
Diphenylamides 
Dodecylamides 
Dodecylaminonium salts 
N-Ethanolainidcs 

Hydrazides 
Hydroxarnic acids 
p-Hydroxyanilides 
Lactone derivatives 
Methyl esters 
N-Methylamides 
2- Methyl-5-isopropylanilides 
Monoureides 
Monothioureides 
a-and /?-Ncphthylamides 
S-(a-Naphthylmethy1)thiuronium salts 
0-. m-, and p-Nitroanilides 
p-N it robenzyl esters 
S-(p-Nitrobenzyl)thiuronium salts 
Octadecylamides 
Octadecylanimonium salts 
Phrnacyl derivatives 
0- and p-Phenetides 
4-Phenylazophenacyl esters 
a-Phenylethylammonium salts 
Phenylhydrazides 
Phcnylhydrazonium salts 
N-Phenylimides of dibasic acids 
p-Phenylphcnacyl esters 
Phenylmercuric salts 
Piperazonium salts 
Tetraphenylstilbonium salts 
Thiophenylamides 
o-Toluidides 
p-Toluidides 
p-Tolylmerciiric salts 
2,4,6-Tri bromoanilides 
Triphenyllead salts 
p-Xenylamides 
tn-Xylidides 

Data taken from N. D. Cheronis, J. B. Entrikin and E. M. Hodnctt. Sernimicro Qualitative Organic 
Ana1jsi.r. John Wiley a n d  Sons ,  N e w  York. 1965. 
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3. Preparation of S-benzylthiuronium salts 

The S-benzylthiuronium salts of morc than 100 carboxylic acids have 
been reported". The reagent (S-benzylthiuronium chloride) is easily obtain- 
ed by heating benzyl chloride with thiourea in dilute alcohol'". The car- 
boxyl function may be converted to  its S-benzylthiuroniurn salt by t h e  
following procedure13. 

The carboxylic acid is neutralized with 1 N sodium hydroxide using 
methyl red as the indicator. The solution is then heated to  90"c and a hot 
aqueous solution of S-benzylthiuronium chloride is added. After mixing 
thoroughly, the container is immersed in an ice bath. The S-benzylthiuro- 
nium derivative of the carboxylic acid usually comes ou t  as a crystalline 
solid. If a n  oil forms it is scratched against the walls to facilitate crystalli- 
zation. Sodium chloride may be added if no precipitation occurs. 

RCOONat C,H,CH,SC(NH,),CI -- RCOO[(NH,),CSCH,C,H,] + NaCl (9) 

The S-benzylthiuronium salts should be recrystallized from anhydrous 
solvents, such as dioxan o r  alcohol. Hydrolysis of' the salt takes place 
readily in alkaline solution and liberates the unpleasant smelling benzyl 
mercaptan. Besides their melting points, the infrared spectral4 and x-ray 
diffraction patterns'; of the S-benzylthiuroniurn salts have been suggested 
for the Characterization o f  carboxylic acids. 

4. Preparation of hydrazides 

Carboxylic acid hydrazides may be prepared by treatment of methyl 

RCOOCH,+- H,NNH2-H,0 + RCONHNH2+CH30Ht H20 (10) 

The methyl ester is conveniently produced by passing diazomethane into 
a n  ethereal solution of the carboxylic acid. The ether is then removed by 
evaporation and a solution of hydrazine hydrate in 95% ethanol is added. 
The  reaction mixture is heated for 2 h. White crystals which come down 
on cooling (or o n  evaporation of a part of the solvent) are recrystallized 
from SO:,< ethanol. When the acid hydrazicle is dissolved in water and 
tested with Tollens' reagent, immediate precipitation of silver occurs. 

esters with hydrazine hydrateIG. 

D. Characterization of the Ester Function 

Therc is no method of preparing a derivativc of an ester that can be used 
to  characterize the whole molecule. As a rule. it is necessary to cleave 
the compound to  yield its two components-the parent acid and parent 
alcohol or phcnol--and then to  prepare solid derivatives related to the 
carboxyl and hydroxyl functions respectively. If the cleavage is performed 
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by means of a known quantity of alkali, the amount of reagent consumed 
may serve to  characterize thc ester under certain conditions, as explained 
below. 

1. Characterization of an ester by i t s  saponification equivalent 

T h e  cleavage of an ester in an alkaline solution may be represented by 
the following equation: 

RCOOR+ NaOH -- RCOONat R'OH (1 1 )  

Since this reaction can be brought to completion, one equivalent of the 
cster will consume exactly'one mole of sodium hydroxide, provided that 
the other parts of the ester molecule are not attacked by the alkali. Thus, 
i f  the sample is a pure compound-it may be a simple ester as depicted 
in equation (1 I ) ,  a mono ester of a dicarboxylic acid, or a mixed glyce- 
ride-measurement of the quantity of sodium hydroxide consumed by a 
known weight of the ester will give its equivalent weight. This is known as 
the saponification equivalent which is a characteristic of the compound. 
Understandably, the saponification equivalent cannot be used to differen- 
tiate isomeric esters. The procedure for deterxining saponification equiva- 
lents will be fourid in section 111. F. 

2. Conversion of esters to acid hydrazides 

The preparation of acid hydrazides from methyl carboxylates has been 
discussed in section 11. C. 4. Higher esters are convertcd to methyl esters 
by methanolysis: 

RCOOR'i-CH,OH - - ..* RCOOCH,+R'OH (12) 

Witliout isolating the resulting methyl ester, the mixture may be reacted 
with hydrazine hydrate to form the hydrazide as follows. The ester (about 
1 g) is dissolved in 5 ml of absolute methanol containing a small quantity 
of sodium rnethoxide. t h e  latter which i s  conveniently prepared by adding 
0.1 g of metallic sodium to the methanol prior to the introduction of the 
ester. Thc reaction mixture is heated under reflux for 30 min and then 
the excess rnethanol is distilled o r .  About 1 ml of 8.5% hydrazine hydrate 
is introduced and the mixture is refluxed for 15 min. If the solution be- 
comes turbid. methanol is added to  clarify the reaction mixture. After heat- 
ing for 2 h, the solution is poured into an evaporating dish and the alcohol 
is evaporated. On cooling thc residue, the crude hydrazide which precipitat- 
es is recrystallized from an alcohol-water mixturc. 
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3. Conversion of esters to acyl N-(&aminoethyl) morpholines 

below: 
Carboxylates react with N(,!l-arninoethyl)morpholine as represented 

/CH,CHi ,CH,CH, 

\CH,CH, / \CH,CH,/ 
RCOOR'+ H,NCH,CH,N '0 - RCONHCH&H,N \O + R'OH 

(13) 

Most of the resulting acyl N-(/l-aminoethyl)morpholines are obtained as 
crystalline solids17. If desired, they may be converted t o  the corresponding 
quaternary methyl iodides: 

+ ,CH,CH, 
'O+ CH,I RCONHCH,CH,N 

CH, / \CH,CH,>] '- 
(14) 

The acyl N-(B-aminoethy1)morpholine is prepared by heating about 
10-3 equiv. of the ester with mole of N-(B-aminoethy1)morpholine 
for 3 h. The reaction mixture is then cooled in an  ice bath. If no precipita- 
tion occurs, 5 ml of ligroin is added and the walls of the container are 
scratched to induce crystallization. The crude product is recrystallized 
from ethanol (if the carboxyl group is aromatic or contains more than 
I 1  carbon atoms) or from ligroin. 

In order to prepare the quaternary iodide, the acyl N-(p-aminoethy1)- 
morpholine is dissolved in the minimum quantity of absolute methanol, 
followed by the addition of 1 ml of methyl iodide. The mixture is refluxed 
for 2 h. The solution is cooled in an ice bath and diethyl ether is added 
dropwise until precipitation is complete. The quaternary salt is recrystalliz- 
ed from absolute methanol. 

[ 
/CHiCHz 

RCONHCH,CH,N 
\C H , c H /' 

4. Conversion of esters to 3.5-dinitrobenzoates 

The alcoholic component of a n  ester can be converted to its 3,5-dinitro- 
benzoate by heating the ester with 3,5-dinitrobenzoyl chloride in the pre- 
sence of pyridine for 1-2 h, as indicated in equation (15). The conversion 

RCOOR' + @COCt pyridine @COOR' 

NO2 NO2 

can also be effected by refluxing the ester and 3,5-dinitrobenzoic acid with 
concentrated sulfuric acid as cata1ysP. The reaction mixture is treated 
with water and the 3,Sdinitrobenzoate is extracted with ether. After 

NO2 

(15) 
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washing with sodium carbonate solution, the ether extract is evaporated. 
The crude ester is purified by dissolving i t  in hot methanol and adding 
water to induce precipitation. 

5. Miscellaneous methods for the characterization of the alcoholic component 

When the hydrolysis of an ester is carried out in aqueous solution, if the 
resulting alcohol is water-insoluble it will appear as  a wax or an oil. This 
may be separated, purified and identified. In the event that  the alcohol is 
water-soluble and has low molecular weight, it may be separated from the 
reaction mixture by distillation. The distillate is tested for the CH3C(OH) 
structure by the iodoforni reaction. If the alcoholic component can be 
converted to a volatile aldehyde or ketone, the distillate is treated with 
potassium dichromate in sulfuric acid. The carbonyl compound thus ob- 
tained is then identified by appropriate reactionsl0. For instance, a methyl 
ester is characterized by the formation of formaldehyde which is detected 
by the chromotropic acid color reaction. 

111. CHEMICAL METHODS FOR T H E  DETERMINATION 
O F  CARBOXYL AND ESTER F U N C T I O N S  

Quantitative analyses of carboxylic acids and esters are in  frequent demand 
in the routine analytical laboratory (products control, raw material testing, 
erc.) as well as for research and development purposes (new compounds 
and mixtures, etc. )  Taking advantage of the chemical reactivity of the car- 
boxyl and ester functions, a number of 'wet methods' have been developed. 
Furthermore, many variations and  modifications of a method are encoun- 
tered in the literature2*'0*". Representative macro and micro methods are 
described in the following sections. The micro procedure requires about 
0.1 milliequivalent (abbreviation, mequiv) of the compound for analysis; 
the macro procedure uses 1 mequiv or more sample in  the determination. 

Whereas chemical methods a re  based on  chemical changes involving the 
carboxyl or ester function, the organic sample that is taken for analysis is 
not all destroyed. In some methods the original compound may be reco- 
vered after the determination; in other methods derivatives of the original 
compound can be isolated. Analytical methods which do not depend on 
chemical reactions and generally known as  physical methods will be found 
in sections IV and V. 
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A. Determination of the Carboxyl Function by Neutralization 

The carboxyl function normally exhibits a dissociation value, KO. of the 
order of lo-:, which is slightly larger than that of carbonic acid (KO = 
= 4X lo-’). Hence, the simple method of determining carboxylic acids 
involves titration with 8 base. The standard aqueous sodium hydroxide 
solution may be employed, provided that an appropriate indicator is used 
and the slight interference of atmospheric carbon dioxide is minimized. 
If the carboxyl function is attached to a carbon atom with a n  adjacent 
electron-attracting substituent (e .g .  C1, NO2), the acid strength of the com- 
pound is enhanced. The opposite etiect is produced by an adjacent elec- 
tron-donating substituent (e.g. NHs). Thus,  the ionization of the carboxyl 
function in some amino carboxylic acids may be suppressed to such an 
extent that no precise neutralization end-point is obtainable in  aqueous 
media. In this case. i t  is necessary to perform the determination by non- 
aqueous titration. 

1. Determination with aqueous titrant 

The micro procedure for compounds that dissolve in dilute alcohol is as 
followsz2. About 0.1 mequiv of the carboxylic acid is accurately weighed 
and transferred into a 50 ml conical Pyrex flask. 5 ml of 50% ethanol 
(previously neutralized) and 2 drops (0.05 ml) of 1 % phenolphthalein are 
added. The solution is brought to the boil in order to  expel carbon dioxide, 
and titrated whilst hot with standardized 0.01 N sodium hydroxide. When 
the end-point approaches, the solution is again boiled. The titration is com- 
plete when the faint pink color of the indicator persists for 30 s. If the 
solution has been overtitrated, 0-5-1 ml of standardized 0-01 N hydrochlo- 
ric acid is accurately measured into the flask and the excess of acid is then 
back-titrated with the sodium hydroxide solution. 

RCOOH + OH- .--== RCOO- + H,O (16) 

Dilute ethanol is used as solvent for water soluble carboxylic acids 
because it helps to suppress the reverse reaction shown in equation (16). 
For samples that do not dissolve readily in  50% ethanol, 95% ethanol, 
and ethanol mixed with acetone or dioxan may be cmployed. 

When large-size samples are used for analysis, the concentration of the 
standard alkali solution and the volums of solvent added are increased 
correspondingly. Thus, 1 mequiv of the carboxylic acid (200-500 mg), is 
dissolved in 25 ml of 50% ethanol or other suitable solvent and the titra- 
tion is performed with 0.1 N sodium hydroxide using 5 drops of 1 % phenol- 



Analysis of carboxylic acids and esters 883 

phthalein as indicator. For the analysis of industrial and commercial ma- 
terials, it is not uncommon to  measure 5 g of sample into SO ml of solvent 
and titrate the solution with 0.5 N alkali. Isopropyl alcohol is generally 
used for convenience, in place of ethanol, and  the titration is carried Gut 
a t  ambient temperature since precision is not required. 

2. Determination with non-aqueous titrant 

Sodium ethoxide or methoxide and potassium methoxide solutions are  
recommended as  titrants for the neutralization of carboxylic acids in non- 
aqueous media2J--26. Quaternary ammonium hydroxides have been usedz7* 28, 

but these titrants are less stable than the alkali a l k o ~ i d e s ~ ~ .  Acetone, dime- 
thylformamide, and benzene-methanol are suitable solvents3", while the 
benzene-isopropyl alcohol mixture is specified in the A.S.T. M. method31. 

Visual indicators can be used to locate the end-point. Potentiometric 
titration is necessary, however, when the acid strength of the compound is 
unknown. In this case, simultaneous determination of the titration curve 
and indicator color change may be carried out. Other electrometric meth- 
ods such as conductometric and high-frequency t i t r i ~ n e t r y ~ ~ - ~ ~  have 
been proposed, but the potentiometric techhnique is in general found to be 
the most satisfactoryJ5. 

It should be noted that alkali alkoxides are  extremely sensitive to carbon 
dioxide and that the benzene-methanol mixture has a high coefficient of 
expansion. The apparatus shown in Figure 1 is designed to prevent the 
interference of atmospheric carbon dioxide during titration as  well as to 
acconiodate the volume changes of the titrant in the reservoir. The titration 
vessel is essentially a tlat-bottomed flask which has five necks, one in line 
with the vertical axis of the vessel and the other four equally spaced, slightly 
oblique and lower. The vertical neck has a ground-glass joint that connects 
the tip of tne Machlett buret. Two diametrically opposed side necks are for 
the insertion of the electrodes while the remaining side necks permit conti- 
nuous flushing with nitrogen gas. If it is desired to  perform the determina- 
tion at a specified temperature (e.g. titration of higher fatty acids at 65"c 
using 0.05 N sodium ethoxide"), a thermometer can be fitted in the nitrogen 
outlet. 
a. Procedure for visual titrariori. The apparatus is assembled as shown 

in Figure 1 and the two side nccks for electrodes are closed with rubber 
stoppers. 5 m! of dimethylforniarnide (or other organic solvent) is intro- 
duced by means of a pipet through the nitrogen outlet. Kitrogen gas is 
bubbled through the liquid while it is agitated by the magnetic stirring 
device. Two drops of thymol blue indicator solution are added, and any 
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acid impurities in the solvent are neutralized by running in the standardized 
titrant (0-02 N sodium methoxide in benzene-methanol) until the appear- 
ance of the first permanent blue The sample (about 0.1 mequiv) 
which has been accurately weighed in a weighing tube is now introduced 
through the nitrogen outlet and the tube is reweighed. After dissolution of 
the sample, the contents of the flask is titrated to  a definite blue end-point. 

FIGURE 1 ,  Apparatus for ncutralizntim in non-aqueous solution A. Machlctt 
buret; B. titrant; C .  nitrogcn inlet; D. excess pressurc outlet; E. three-way 
Teflon stopcock; F. ground-glass joint; G .  titration vessel; H .  stirring bar; 
I. magnetic stirrer; J .  rheostat; K ,  L. electrode inlets; M .  nitrogen outlet; 

N. nitrogen inlet; 0. nitrogen inlet tubc. Courtesy of Mikroclrimico Acfa. 

I f  1 mequiv of the carboxylic acid is used, the volume of solvent delivered 
into the titration flask should be 25 ml and 0.1 N sodium methoxide should 
be the titrant. Azo violet may be used as indicator. 

If a 0.1 mequiv sample is 
employed, the volume of solvent is increased to  25 ml. Nitrogen is passed 
through and the solvent is agitated. The electrodes are so inserted that they 
are a t  least 2 mm below the surface of the liquid and are separated by a dis- 

h. Proceditre for  porentioiiicfric titration. 
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tance of less than 5 mm. The sample is now added through the nitrogen 
outlet. (For concurrent visual and potentiometric titration, the indicator 
solution is introduced immediately after the sample). With the potentio- 
meter properly set, the titration is started with a large increment of stan- 
dard sodium methoxide solution. The increment should be reduced when 
the approaching equivalence point is indicated by big jumps in voltage, and 
the addition of sodium methoxide should be continued until the equviva- 
lence point is well passed. (For concurrent visual titration, the buret reading 
should be taken exactly a t  the time of color change). 

3. Presentation of titration values 

After the contents of the carboxyl function in the sample have been deter- 
mined by neutralization, the result may be expressed in one of the follow- 
ing ways, depending on the purpose of the analysis. Needless to say, these 
expressions are interconvertable. 

a.  Per cent carhosyl groicp. This presentation is recommended when a 
pure sample of a new carboxylic acid is analyzed. If the analysis is carried 
out on the micro scale using 0.01 N alkali, the formula for calculation is 
as  follows: 

ml of 0.01 N titrantX45.02 
nig of sample 

"/o COOH = 

6. Neutralizatioii equivalettt. This expression is generally used in 
analysis of known carboxylic acids for the purpose of identification. 
value is identical to the molecular weight of the compound divided by 
number of carboxyl functions in the molecule, and is calculated by 
following formula: 

the 
Its 
the 
the 

(mg of sample) 
(ml of titrant) (normality of titrant) 

Neutralization equivalent = - 

c.  Per cent conipouwtl. This expression is frequently used in purity tests 
of carboxylic acids. It is also used for the analysis of a mixture in which the 
carboxylic acid is a major component. As shown by the formula for calcu- 
lation given below, it is necessary to know the equivalent weight (same val- 
lue as the neutralization equivalent) of the carboxylic acid. 

(mi  of titrant)(normalityoftitrant)(mequiv wt. in mg)(100) %Compound = ____ 
(mg of sample) 

d.  Acid value (or acid nurtlber). This term is defined as the number 
of milligrams of potassium hydroxide required to neutralize the free 
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carboxylic acids present in one gram of sample: 

(ml of titrant)(normality of titrant)( 56.10) 
(g o f  sample) 

Acid value = 

It is commonly employed in expressing the acid contents of fats, oils, 
waxes, and other industrial materials. Whereas the molecular weight of 
potassium hydroxide appears in the calculation, the alkali titrant is usually 
a standardized sodium hydroxide solution. 

6. Determinotion of the Corboxyl Function at Active Hydrogen 

the molar equivalent of methane as in equation (1 7). 
The carboxyl hydrogen reacts with methyl magnesium iodide to liberate 

RCOOH -!- CH,Mgl -.--- CH,+ RCOOMgl (17) 

n 

FIGURE 2 .  Gasometric apparatus for 0.1 mequiv samplcs (from reference 2, 
p. 152) 

I 
The gasometric apparatus shown in Figure 2 is recommended for the deter- 
mination on the 0.1 mequiv range37. The carboxylic acid is placed in the 
reaction vessel F a n d  the apparatus is filled with dry methane (or nitrogen). 
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The mercury level in the gasometer HI is adjusted to  the zero mark. The 
Grignard reagent solution is then added through stopcock D. The volume 
of methane liberated is then measured by resetting the mercury level. Since 
the carboxyl function is very active, the reaction rapidly goes to completion 
a t  room temperatures. This apparatus also serves well for the analysis of the 
ester function (see sections H and I below) and of mixtures containing 
esters and  free carboxylic acids. 

FIGURE 3. Active hydrogen apparatus of Soiicck. Courtesy of C h e m  Listy 

For the analysis of 1 mequiv samples, the active hydrogen apparatus of 
S o ~ c e k ~ ~  may be employed with advantage, because it eliminates the use 
of mercury. As shown in Figure 3, the manometer NINa and the buret B 
are  filled with dibutyl ether. The Grignard reagent is placed in the vessel R, 
while the sample to be analyzed is kept in the basket K which hangs on the 
hook of the nitrogen inlet tube C. After the apparatus has been equilibra- 
ted, the basket is brought down by means of a magnet. The liquid in the 
buret is then drained o u t  until the manometer returns to  the original level 
and the volume of methane produced is indicated by the buret reading. 
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C. Determination of the Carboxyl Function by Decarboxylation 

The carboxyl function in some compounds can be quantitatively decar- 
boxylated as represented by equation (18). It is difficult, however, to ob- 
tain complete decarboxylation for most carboxylic acids. 

RCOOH --- RH+CO, (18) 

Nevertheless, under controlled conditions, the yields of carbon dioxide are 
directly proportional to  the amounts of carboxyl function present in the 
sample3D* 40. Examples are shown in Figure 4. Since this method is specific 
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FIGURE 4. Gas chromatographic determination of the carboxyl function by de- 
carboxylation. I. p-hydroxybenzoic acid; 11. o-chlorobenzoic acid; 111. Malonic 

acid. Courtesy of Mikrochim. Actu. 

for the carboxyl function among all acidic substances, it is particularly 
useful when the analysis of carboxylic acid content in an  acidic mixture is 
desired. The carbon dioxide liberated may be determined by titrimetryql or  
m a n ~ m e t r i c a l l y ~ ~ .  When the sample is in the 0.1 mequiv range, determina- 
tion of the carbon dioxide by means of gas chromatography is recommend- 
ed40. The apparatus for decarboxylation is shown in Figure 5. The carboxy- 
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lic acid is placed in the vessel C and the reagent is added through the rubber 
cap D using a syringe. After the apparatus has been heated for a predeter- 
mined period, the carbon dioxide may be driven into a solution of barium 
hydroxide or into the gas chromatograph. 

FIGURE 5. Decarboxylation apparatus. Courtesy of Mikrochim. Acra. 

D. Determination of the Carboxyl Function using the Karl Fischer 
Reagent 

Aliphatic carboxylic acids can be esterified with absolute methanol in the 
presence of boron trifluoride and the resulting water can be measured by 
means of the Karl Fischer reagent, as depicted below. 

BF, 
RCOOH f CH,OH - RCOOCH, + HzO 

Because the esterification reaction requires heating and because atmo- 
spheric moisture interferes with the determination, the apparatus shown in 
Figure 6 has been designed for micro analysis. The  reaction vessel A is con- 
nected by a ground-glass joint to the tip of the buret holding the Karl 
Fischer reagent4‘. The side arm C is parallel to the base of the flask and 
carries a Teflon plunger, the end of which is cut out so that the microboat 
B can be placed in it. To side arm D are  fitted the electrodes, while the 
stopcock E serves as a vent t o  release the pressure momentarily. In the 
reaction vessel are placed 2 ml of absolute methanol and I ml of boron 
trifluoride dissolved in c e l l o ~ o l v e ~ ~ .  The carboxylic acid (0-1 mequiv) is 
weighed in the microboat which is placed in the plunger. The plunger is then 
turned to drop the sample into the liquid mixture. The reaction vessel is 
now placed on the heating staged3 maintained a t  60°C for 0.5 h. Upon 
cooling, the contents of the reaction vessel are titrated with the Karl 
Fischer reagent after the electrodes are connected to the ‘dead stop’ indi- 
cator. 
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Analysis o f  1 mequiv samples may be carried out in a ground-glass stop- 
pered flask, followed by visual titration with Karl Fischer reagent of high 
concentration. Considerable error will be introduced, however, in humid 
weather. 

H 

I 

i; J 

C 

k 

n 
FIGURE 6. Apparatus for esterification and titration with Karl Fischer reagent. 

From reference 2, p. 168 
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E. Colorimetric Determination of Carboxyl and Ester Functions as Ferric 
H ydroxamates 

Mention has been made in section 11. .B of the complexity of the ferric 
hydroxamate solutions resulting from carboxylic esters (see equation 3). 
Fortunately, the color is reproducible under controlled conditions and 

Three 

10 cm 

FIGURE 7. Apparatus for preparation of methyl carboxylates. From reference 2, p. 191 

there is a linear relationship between color intensity and the amount of the 
original ester. The procedure for determining esters in the 1 mequiv range 
is as follows4q. 

T h e  carboxylic ester is dissolved in 5 ml of absolute ethanol in a flask 
with a ground-glass joint. In another flask is placed 5 ml of absolute ethanol 
to  serve as blank. Into each flask is added 3 ml of the reagent, freshly pre- 
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pared by mixing equal volumes of 12.5 wt/vol.% hydroxylaminehydro- 
chloride i n  methanol and 12.5% sodium hydroxide. The mixtures are heat- 
ed under reflux for 5 min and then quantitatively transferred into separate 
50 ml volumetric flasks,by washing with ferric pcrchlorate solution (0.0057 
M in ethanol). After filling to  the mark, the solutions are allowed to stand 
for 10 min. The absorbance of the ferric hydroxamate is then measured 
against the blank at  the predetermined wavelength. The colored species 
from aliphatic esters absorb in the vicinity of 530 m p  while those from aro- 
matic esters absorb in the region of 550-560 mp. 

In order to determine the carboxyl function colorirnetrically, it is con- 
venient to prepare the methyl ester by means of diazomethane’. The appa- 
ratus is shown in Figure 7. The carboxylic acid is weighed in the receiving 
tube A and dissolved in diethyl ether. Diazomethane is produced in the 
generator B by adding N-nitrosomethylurea through the side arm. Unused 
diazomethane is decomposed by passing through dilute hydrochloric acid 
in the beaker C. After methylation, the ether is evaporated off, the residual 
ester is dissolved in absolute ethanol, and the color is developed as descri- 
bed in the previous pxragraph. 

F. Determination of the Ester Function by Saponification 

Saponification is the time-honored method for the determination of 
carboxylic esters. The standard procedure consists of reacting the ester 

RCOOR’+ KOH ---* RCOOK+ R‘OH (21) 

with a measured amount of potassium hydroxide solution (equation 21). 
After heating for a specified period, the residual alkali is determined by 
titration with standardized mineral acid. In one modification, known as the 
double-indicator procedure4’* 4G, the reaction mixture after saponification 
is first titrated to the neutral point with phenolphthalein; then bromophe- 
no1 blue indicator and benzene are added, and the titration is continued 
to the green end-point. The standardized acid added between the two end- 
points is equivalent to the soap formed and also to the potassium hydroxide 
which reacted with the ester during saponification. In  another modifica- 
tion47, the carboxylic acid formed is liberated by ion exchange and deter- 
mined by titration with a standardized base (see section 111. G). 

1. Macro procedure 

The macro saponification procedure described below is based on the 
practice of a n  industrial analytical laboratory which handles a wide range 
of estersJ4*”. Three variations of the procedure are presented, so that the 
reader can select the method best suited to the sample t o  be analyzed. 
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a. Saponificatioii with aqueous pofassium liydroxide. The reaction is 
carried out either in a 250 ml glass-stoppered conical flask or in a pressure 
bottle (available from B. Preiser Co., Charleston, West Virginia; spring- 
capped bottle from the pharmacist also suitable). The choice is dependent 
on the reaction conditions to be used, some examples being shown in 
Table 2. Into each of two flasks (or pressure bottles, for elevated tempera- 
ture operation) is delivered 25.0 ml of 1 N potassium hydroxide, 2nd iso- 
propyl alcohol is added as specified (see Table 2). The ester (1-15 mequiv) 

TABLE 2. Reaction conditions for the saponification of esters with 
aqueous potassium hydroxide" 

Reaction Conditions 
-__ 

2-Propanol Temperature Tlme 
co-solvent (ml) ("C) (min) 

Compound 

- - - . . - -. . . . . - .. - . - - __-. 

Butyl acetate 
2-Butyl acetate 
Butyl acrylate 
Butyrolactone 
Cyclopentenyl acetate 
Dibutyl ma!eate 
Didecyl phthalate 
Diethyl sulfatc 
Dirnethyl phthalate 
Ethyl acetatc 
Ethyl acctoacetate 
Ethyl formate 
2-Ethylhesyl acetate 
3-Heptyi acetate 
Methyl acetate 
Methyl methacrylate 
4-Methyl-2-pentylacetate 
Thiodiglyco I diacst ate 

15 
1 5  
1 5  

10 
15 
40 
20 
20 

- 

25 
98 
25 
25 
25 
25 
98 
98 
98 
25 
98 
25 
98 
98 
25 
98 
9s  
25 

45 
15 
60 
15 
15 
45 
60 
15 
30 
30 
63 
15 
1 5  
90 
15 
15 
30 
15 

a Diiia taken iron1 F. E. Crirchfield, Or,qonir Fiinctiotial Group Anolysi;. 
Pergamon Press. Oxford. 1163. 

is weighed into cne flask. the other being a blank. If the mixture appears 
non-homogeneous, 5 mi of methyl alcohol is added. The flasks are then 
closed and kept at  the prescribed temperature for 15-90 min as specified. 
After saponification, if a white precipitate develops, sufficient distilled 
water is added to dissolve it and the same volume is added to the blank. 
The contents of each flask is then titrated with standardized 0.5 N hydro- 
chloric acid using phenolphthalein as indicator. 
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b. Saponifcatioti with potassium iiydroside it? dieiliyIetic glycol. This 
variation is employed for the determination of chemically resistant and 
high molecular weight water-insoluble esters. Alkali-resistant conical flasks 
of 300 rnl capacity with ground-glass joints are used as reaction vessels. 
Into each of two flasks is added 50.0 nil of 0.5 N potassium hydroxide. 
One flask serves as blank, while 1-15 mequiv of the ester is accurately 
weighed into the second flask. -4 few borosilicate glass beads are added t o  
each flask which is connected t o  the water-cooled condenser. The solutions 
are heated under reflux for the predetermined period (60-120 min). After 
saponification, while the solutions are  cooling to room temperature, the 
tops of the condensers are purged with nitrogen in order to prevent carbon 
dioxide contamination. The walls of the condensers are washed with distil- 
led water, and the contents of the flasks are then tiiratcd with 0.05 N hydro- 
chloric acid t o  the phenolphthalein end-point. 

This modification 
is used for the determination of vinyl esters or an ester sample which 
contains aldehydes. T h e  vinyl group reacts with potassium hydroxide t o  
produce acetaldehyde as depicted in equation (22). Incorporation of 

RCOOCH- CH,+ KOH -- -- RCOOK+ CH,CHO (22 1 

phenylhydrazine in the saponification medium converts aldehydes into 
phenylhydrazones which are stable to alkali. Otherwise, the presence of 
aldehydes interferes with the determination of esters by saponification due 
to the fact that  aldehydes are attacked by, and consume, potassium 
hydroxide. In each of two pressure bottles is placed 25.0 in1 of 1 N potas- 
sium hydroxide, followed by 35 ml o f  isopropyl alcohol and 5 ml of methyl 
alcohol. A current of nitrogen gas is passed through the bottles for 2 min 
and 5 ml of phenylhydrazine (freshly distilled) is added t o  each bottle. 
One bottle being kept as blank, 1-15 mequiv of the ester is accurately 
weighed into the other bottle. Both bottles are allowed to  stand for t h e  
time (15-60 min) and a t  the temperature (usually 98"c) for quantitative 
saponification. Upon cooling, the contents of the bottles are titrated with 
0-5 N hydrochloric acid Lising phenolphthalein as indicator. 

c. Sapontjication in the presence of p h e t i ~ ~ l l i ~ : ~ r a z i n e .  

2. Micro procedure 

Saponification in a sealed borosilicate tube49 is recommended for micro 
determinations. The ester (0-1 mequiv) is weighed in the reaction tube, 
dissolved in  0-1-0.5 nl of a suitable solvent and 1-00 ml of 0.5 N KOH 
is added to it. The tube is then sealed and heated i n  a inetal block43 a t  
1 5 0 " ~  for 1 h. Another sealed tube containing the same volume of solvent 
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and 0-5 N potassium hydroxide is used as blank. After cooling to  room 
temperature, the tubes are opened and their contents are titrated with 
standardized 0.05 N hydrochloric acid using phenolphthalein as indicator. 

3. Presentation of the results 

The result of quantitative analysis of a n  ester by saponification may be 
expresscd in one of the following three forms. The saponification equivalent 
is usually reported for pure compounds, while per cent compound (or 
ester) indicates that the sample is a mixture. The saponification value (or 
saponification number) of fats, oils, or  waxes is defined as the number of 
mg of potassium hydroxide required for the complete saponification of 1 g 
of sample. The respective formulae for calculation are given below, where 
b = ml hydrochloric acid for titration of the blank, and s = ml hydro- 
chloric acid for titration of the sample. 

wt. of sample in nig 
(b  -s) (normality of HCI) 

Saponification equivalent = 

( b - s )  (normality of HCI)(mequiv wt. of ester in mg)(lOG) 
wt. of sample in mg 

%Compound = 

(h-s )  (normalityof HCI) 
wt. of sample in g 

Saponification value(ornumber) = 

G. Determination of the Carboxyl Function in an Ester 

As is apparent in the above section, the precision of ester determination 
by saponification may suffer from several factors: (i) titration of the large 
excess of residual alkali, (ii) loss of alkali due t o  reaction with container 
walls and contaminants, and (iii) incomplete saponification. These difi- 
culties can be circumvented by determining the carboxylic acid after the 
saponification reaction. The blank is eliminated. By running two samples 
a t  different temperatures and/or heating periods, unsatisfactory analysis 
due to  incomplete saponification is readily detected. 

The determination is conveniently performed on the 0.1 mequiv scale4’. 
After saponification in the sealed tube (or in a glass-stoppered test tube if 
there is no danger of losing the ester by volatilization), isopropyl alcohol 
is added to  the reaction mixture. The solution is then transferred into the 
ion-exchange column packed with Amberite 1R-120 (or other strongly 
acidic resin). The amount of free carboxylic acids in the elute is determined 
by titration with standardized 0.01 N sodium hydroxide using the cresol 
red-thymol blue mixed indicator. 
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H. Determination of the Ester Function by Grignard Reagent 

following equation : 

/ 

\ 

The ester function reacts with methylmagnesium iodide according to the 

0 CH3 

(23) R--C + 2 CH,Mgl -- R--C-0- Mgl+ R'OMgl 
I 

CH3 OR' 

Since the reaction products d o  not form gases, whereas the unreacted 
Grignard reagent liberates methane on treatment of the mixture with 
aniline, a n  indirect method for the determination of the ester function 
presents itself. The gasometric apparatus shown in Figure 2 may be used. 
The ester is weighed in the reaction vessel F, dissolved in an appropriate 
liquid and the apparatus is filled with methanc (or nitrogen). A measured 
volume of standardized Grignard reagent solution is added by means of 
the syringe through the stopcock channcl D. After the completion of the 
reaction (equation 23), the gasometer HI is adjusted to zero. Aniline is 
now added with a syringe and the amount of methane formed is measured. 

1. Determination of the Ester Function with Lithium Aluminum Hydride 

as indicated by the following equation : 
The ester function is quantitatively reduced by lithium aluminum hydride 

4 RCOOR'+ 2 LiAIH, . . --- LiAI(OCH,R), +- LiAI(OR'), (24) 

Thus an ester can be determined by titration with a standardized lithium 
aluminum hydride solution in tetrahydrofuran5". The end-point is located 
potentiometrically, or visually with p-aminoazobenzene as indicator. Alter- 
natively, the determination can be carried out in the gasometric apparatus 
shown in  Figure 2, using a procedure similar to that described in section 
H. The exccss of lithium aluminum hydride is measured by adding ethanol 
which liberates hydrogen gas on reacting with the residual reagent. 

I .  Miscellaneous Methods 

Gravimetric determinations of certain carbosylic acids based on the 
precipitation of their metal salts have been reported51-54. Carboxylic 
acids which are stronger than hydrogen sulfide can be determined by the 
displacement reaction of potassium hydrosulfide55. Most carboxylic acids 
are sufficiently strong to  induce the iodide-iodatc reaction as shown in 
equation (25). The reaction rate, however, is colisidernbly slower than that 

(25)  6 RCOOH + KIO, T 5 KI -- -- 3 I , - +  6 RCOOK+ 3 HZO 
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for mineral acids. By incorporation of a n  excess known amount of thio- 
sulfate in the mixture, the reaction is brought to completion; the residual 
thiosulfate is then determined iodometrically5G. 

Esters derived from lower alcohols may be determined by measuring 
their alkoxyl contents. The method is based on cleavage of the ester func- 
tion by hydrogen iodide, as shown in equation (26). Methyl and ethyl 
esters are conveniently analyzed in the alkoxyl apparatus57* ”9. 

RCOOR’ + HI -- RCOOH + R’I (26) 

If the parent alcohol contains three or more carbon atoms, gas chromato- 
graphic determination of the alkyl iodide is r ec~mrnended~~ .  

While the carboxyl and the ester functions as such cannot be determined 
polarographically, attempts have been made to convert them into deriva- 
tives that are reducible a t  the dropping mercury electrode. Thus, aliphatic 
esters are converted to the corresponding hydroxamic acids, and the 
hydroxamic acid wave from the equilibrium mixture of the sample with 
alkaline hydroxylamine has been found t o  be reproducible and proportio- 
nal to the ester concentrationc0. This method can be adapted to the analysis 
of carboxylic acids through their methyl esters (see section E). Another 
possible route for determining the carboxyl function is to convert it to 
the acid chloride and then to aldehyde, the latter being easiiy determined 
in the polarographel. 

IV. METHODS FOR T H E  SEPARATION OF CARBOXYLIC 
ACIDS AND ESTERS 

Because carboxylic acids and esters encountered in natural products and 
industrial materials are usually mixtures, analytical separation is frequ- 
ently an essential step in the process of identification or determination of 
a sample. Prior to the development of chromatographic methods, distilla- 
tion was practically the only technique for separation. For instance, the 
Reichert-Meisel values in the analysis of fats and oils involve the distilla- 
tion of the fatty acids produced from the sample under specific conditions. 
As the gas chromatograph becomes a common tool in the analytical 
laboratory, it is the most popular instrument for the separation of acids 
and esters. On the other hand, thin-layer and paper chromatography are 
also used bccause these techniques are simple and economical. Other 
methods of separation are applicable to certain types of mixtures. 
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A. Separation by Gas Chromatography 

Since James and MartinG2 reported the separation of aliphatic carboxylic 
acids by gas chromatography in 1952, numerous workers have published 
papers on this subject. Volatile acids can be injected into the gas chroma- 
tograph directly. A typical gas chromatogram is shown in Figure 8, which 

I 1 I I 1 3 I I I 

10 20 30 40 
Time (rninl 

FIGURE 8. Gas  chromatograph of a mixture of fatty acids; 1. formic; 2. acctic; 
3. propionic; 4. isobutyric; 5. n-butyric; 6. an  isovzleric; 7. tz-valcric; 8. rz-caproic. 

(From reference 152) 

represents the separation of a free fatty acid mixture isolated from a 
biological sample. Non-volatile acids are  first converted to  a suitable ester 
or other volatile derivative. Column packings that have been recommended 
recently include Carbowax-terephthalic acid supported on Chromosorbti3, 
diethylene glycol adipate-phosphoric acid on G a s - ~ h r o m ~ ~ ,  sebacic acid on 
ChromosorbG5, isophthalic acid-Carbowax on glass beadsG6, and dilauroyl- 
3,3'-thiodipropionate on stannic phosphateG7. 

Methyl esters are the preferred dcrivatives for high-boiling and non- 
volatile carboxylic acids. They are convenicntly preparcd by the diazo- 
methane reaction'"'' (see section 111. E, Figure 7), and by esterification of 
the acids with absolute methanol in the presence of boron trifluorideiO*", 
sulfuric acidi2, or thionyl chloridei3. On the other hand, carboxylic acids 
of low molecular weights have been converted t o  the corresponding octyl 
esters before gas chromatographic ~ e p a r a t i o n ~ ~ .  Columns containing 
Apiezon o n  Chrorriosorb and diethylene glycol succinate polyester- on 
Cliromosorb are  recommended for the separation of alkyl estersi5* ". 
Benzcnecarboxylic acids and solid aliphatic acids have been converted to 
their triniethylsilyl derivativcs and separated on silanized Chromosorb". ". 

The response of a flame ionization dctector to aliphatic carboxylic acids 
and csters has been investigated. There is good correlation between con- 
centration and peak area for long-chain methyl esters7u. With free fatty 
acids containing six or more carbon atoms, the response to the carboxyl 
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carbon atom approaches that to a normal carbon atom on a relative weight 
basiss0. Collaborative study on the quantitative analysis of volatile fatty 
acids hos shown that the i a s  chromatographic method gives results as 
accurate as those afforded by the A.O.A.C. official method". E2. 

B. Separation by Thin-layer Chromotogrophy 

Separation of mixtures by differential migration on a thin bed of inert 
material has been known for a long time. However, this simple technique 
did not receive much attention in the analytical laboratory until Stahl 
popularized it by publishing several articles about  a decade ago. Its appli- 
cations t o  the analysis of esters and acids were immediately recogniz- 

. Various adsorbents and solvent systems are given in  the mono- 
graphs", ". 

Mono-, di-, and triglycerides of higher fatty acids have been separated 
on Floridin by development with heptane-dioxan or  carbon tetrachloride- 
Jioxan". Saturated glycerides are best separated a t  30-4O"c while unsatu- 
rated esters are separated a t  20"c. The separated esters can be quantitati- 
~ e l y  eluted from the thin-layer plate by means of ethanol or ethanol- 
chloroform mixed so l \w~t .  

While the early papers were mostly concerned with separation of 
esters'"!", successful attempts at  acid separation by thin-layer chroma- 
tography have been reported. Long-chain fatty acids (from lauric to stearic) 
are separated on Kieselguhr with go/, liquid paraffin in benzene as the 
stationary phase and acetic acid-liquid parafin-water ( 8  : I : 1 )  as the 
mobile phaseg2. The acids are detected by thymolphthalein o r  pyrogallol 
rcd. Benzenecarboxylic acids are separated o n  silica gel by using various 
proportions of ethanol-aqueous amnionia-Lvatcr as the mobile phaseg3. 
Separation of the isomeric di-, tri-, and tetracarboxylic acids requires a n  
animoniacal mobile phase ( 5  : 3 : 1); the penta- and hexacarboxylic acids 
respond to  little or no amnionia and more watcr (3  : 1 : 7) i n  the mobile 
phase. Dicarboxylic and hydroxy carboxylic acids can be sepxrated o n  
cellulose with either cthyl acetate-formic acid-water (3 : 1 : 1) or  butanol- 
iormic acid-water ( 6  : 1 : 2), and the spots a re  located by methanolic 
solution of bromophenol blue and methyl red9*'. Several other satisfactory 
combinations have also becn reported"; these includc ( i )  polyoxyethylene 
g I y co I - K i ese I g u h r as adsorbent a 11 d i s pr o py 1 e t 11 c I - fo r ni i c acid -wa t e r 

(90 : 7 : 3) as developer, ( i i )  polyaniide as adsorbent and isopropyl ether- 
ligroin-carbon tetrachloride-formic acid-water (50 : 20 : 20 : 8 : 1 )  as de- 
veloper, (iii) polyaniide as adsorbent and acctonitrile-ethyl acetate-formic 
acid (9 : 1 : 1) as developer, (iv) polyamide as adsorbent and  butyl for- 

ed6;3-6j 
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mate-ethyl acetate-formic acid (9 : 1 : 1) as developer, and (v) Kieselgel as 
adsorbent and isopropyl ether-formic acid-water (90 : 7 : 3) as developer. 

Quantitative thin-layer chromatography of acids has been carried out 
by combining it with the labelled derivative techniquegG. The procedure is as 
follows: T o  the acid mixture (10 mg) dissolved in ether is added 0.2 ml of 
tritiated water solution. After al!owing 15 min for exchange, the tritiated 
acids are quantitatively esterified with diazomethane in ether. The resulting 
mixture is applied to a layer of silica gel, and  developed with benzene- 
ligroin (7 : 3) or 2,2,4-trimethylpentane-ether (4 : 1). The plate is then 
sprayed with ethanolic ‘Ultraphor’ (or with ethanolic 2,7-dichlorofluores- 
cein if the silica gel is impregnated with aqueous silver nitrate). The zones 
are located under U.V. light and extracted for 4 h with ether-hexane (7 : 3). 
The  extracts are evaporated. After the addition of liquid scintillator, the 
respective components are counted. Recoveries better than 95% are re- 
ported. 

C. Separation by Paper Chromatography 

It is interesting to recall how paper chromatography revolutionized the 
technique for separating amino acidse7. Many reviews and thousands of 
publications have since appeared that are related to paper chromatogra- 
phic separation of compounds containing the carboxyl and ester func- 
tionsg8. Both one- and two-dimensional methods are employedDg. 100. Sepa- 
ration of fatty acids (C, to CJ as their 4-[(4-dirnethylamino) phenylazol- 
phenacyl esters has been reported recentlyLo1. The advantages of this 
method are its rapidity, sensitivity, and simplicity. Because colored deriva- 
tives of the acids are used, the spots are identified without the aid of a 
spray reagent. The mixture of these esters is separated on paper impreg- 
nated with dimethylformamide, using various combinations of toluene 
and petroleum as the developer. Aliphatic dicarboxylic acids are separated 
on paper impregnated with niethylcellulose, while their esters require 
prior conversion into tlie corresponding hydroxaniic acid beforc analysis; 
the developing solvents comprise ethyl acetate, dioxan, and waterJo2. When 
acid developing solvents (e.g. formic acid-isopentyl forniate-water) are 
used for the separation of dicarboxylic acids, the R,  values for acids having 
the same number of carbon atoms increase rectilinearly with decrease in 
the number of carbon atoms between the carboxyl functions. A nomogram 
has been prepared from which this number can be derived from the em- 
pirical formula of the acid and its R, valuelo3. 

Quantitative paper chromatography of fatty acids has been critically 
evaluatedl0J. A simple method for the estimation of fruit acids on  the paper 
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chromatogram consists of spraying both sides of the paper with methyl 
red indicator solution and mzasuring the absorbance of the spotslOj. 
Determination of dicarboxylic acids has been carried out by titrimetry as 
follows1oG. The sample is placed on paper strips simultaneously with a 
standard solution of the mixture of acids. After development with the 
upper layer of benzene-acetone-formic acid-water (10 : 5 : 2 : 6) ,  the strips 
are dried and formic acid is removed by steaming. The standard acids are 
located by dipping the chromatogram in a solution of bromocresol red. 
From the test chromatograms, portions are cut out corresponding to  the 
separated acids. These are extracted with water, and titrated with 0-01 N 

sodium 11 y d r ox i de. 

D. Separation by Column Chromatography 

Chromatographic separation in a columil, based on the principle of 
partition o r  adsorption, was much in vogue fcr several decades. As other 
methods became available, however, this analytical tool has lost some of 
its favor. The difficulties of using the column for separating carboxylic 
acids and esters are: (i) it requires special precaution in packing; (ii) equi- 
librium of the system is attained slowly; (iii) the separation is not readily 
discernible since the carboxyl and ester functions are not chromophoric 
groups. 

The different solvent systcms suitable for separation of acids and esters 
have been reviewed"'. lo'. In  general, acids are separated by their icniza- 
tion values. Thus, when the concentration of butanol in  the butanol- 
chloroform mixture used as  the mobile phase is gradually increased, the 
effluent contains the carboxylic acids in the order of increasing acid 
strength"'". Alumina is the common packing material in the adsorption 
column, whereas either cellulose powder or  silica gel is used for partition 
chromatography"". 

I n  the separation of carbcxylic acids by partition, water or 311 aqueous 
solution is always used as the stationary liquid phase. Aliphatic acids of 
low molecular weights are separated by the following proccdure'l'. The 
column is packed with wet silica gel impregnated with bromocresol green. 
The mixture of acids is dissolved in chloroform, transferred to the column, 
and the latter is eluted with chloroform-butanol. The displaced fractions 
are titrated with standardized alkali solution. The separation is not clean, 
however, 2nd the position of zones in the column varies from sample to 
sample. probably dependent 011 the concentration of acids in the mixture. 

The  separation of fatty ;1cidS11". steroid and terpcnoid acids113, and 
dicarboxylic acids from C;I to Cln have been reported"". "*'. Benzene- 
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carboxylic acids are separated in a silica gel column saturated with 3540% 
of water116. Sulfuric acid is placed o n  top of the packing before the sample 
containing the carboxylic acids is added. Using a flow rate of 3.4 ml per 
min, the butaiiol content of the butanol-chloroform mobile phase is 
gradually increased from 0 to 60%. The eluate is continuously monitored 
by conductivity measurements t o  indicate the emergence of the mono- to 
hexacarboxylic acids. 

Methyl esters of linoleic and linolenic acids can be separated by adsorp- 
tion on a silicic acid The separation is improved by the use of 
solutes of intermediate adsorption affinities when the methyl esters of four 
CIS acids (stearic, oleic, linoleic, and linolenic) are present in the sample1lS. 

E .  Separation by Ion-exchange Resins 

It is apparent that  the technique of ion exchange is applicable to the 
carboxyl function a n d  not to the ester function. Carboxylic acids that are 
contaminated with mineral acids and/or  sulfonic acids can be separated 
from the latter two groups by the use of a strongly acidic resin. On the 
other hand, a strong base-anion exchange resin can be used for the isola- 
tion of carboxylic acids from a mixture containing other classes of organic 
com po u i i  d s1 lo. 

Since most carboxylic acids are weak acids within a narrow range of pH 
values, the separation of carboxylic acid mixtures requires careful selection 
of  the ion-exchange resin and rigid control of experimental conditions. 
Fortunately, a large variety of resins is available for testing, and tailor- 
made resins can be synthesized. The operation of the ion-exchange column 
can also be controlled by appropriate mechanisms. There are  many exam- 
ples of successful separation of carboxylic acids with ion-exchange resinsLzo. 
the most spectacular being the system for amino acids from protein liydro- 
lyzatesl?'. Figure 9 shows the sequence of the appearance of the compo- 
nents i n  a solution containing 17 amino acids. 

The separation of carboxylic acids by ion-exchange resins is dependent 
o n  the type of resin, particle size, nature of the eluent, temperature, and 
rate of elutionl"-123. Thus, the separation of the amino acids shown in 
Figure 9 requires continuous variation of pH and temperature. Neverthe- 
less, after the ion-exchange column has been properly adjusted and the 
operating conditions established, the system can be depended upon to 
yield reproducible rcsults. This is the basis of automatic amino acid ana- 
lyzers12*'. 

The adsorption of acids on cationite (Pb" and Ca" forms) and b y  
anionites ( O H -  form) has been investigated under dynamic conditions 
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using 10 carboxylic acids as test compoundstz5. The Pb'+ cationite adsorbs 
oxalic, tartaric, citric, and malonic acids and Ca2' cationite absorbs 
oxalic and citric acids, while C I - C ~  fatty acids, as well as rnaleic and succi- 
nic acids are not adsorbed. These differences form the basis of a method 
for separating organic acids. 

Cys:lne 

I 
Threorine 

I ne 

lulmic mid 

- ? pH3 41,375" +-pH425,50J 
E, 
L 

Phenylolmlne 

L I I I I 

275 300 325 350 375 40c 425 4 =A 475 
pH4.25,5Oo---(-------pH425,75" pH6 725"  +- pH63.25" 

0 50  

0 25 

Arqnlne 

>A 500 525 55c 5 75 600 625 6 9  675 

~H83.25~- p39.2,25O I- RHllO.25" 4 

Effluent (cc) 

FIGIIRE 9. Separation of mix tu re  ot' amino acids by ion-exchange resins. Courtesy of 
J .  Biot. Cliem. 

A scheme for automatic ion exclusion partition chromatography of 
acids has been The acids are separated on a 100 c m  column of 
sulfonated polystyrene resin (H'. fotm) with water as eluent. The eluate is 
titrated automatically to provide a volume versus time graph from which 
the concentration and possible identity of each acid can bc integrated. 
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An analysis requires about 1 h, and no pretreatment or regeneration of the 
column is necessary. Low concentrations of water-soluble carboxylic acids 
can be determined in the presence of a large excess of mineral acids by 
by-passing the latter from the titration cell. 

f. Separation by Distillation 

Distillation is occasionally used for the analysis of carboxylic acids and 
esters. For example, the Duclaux constant, which is based on steam distil- 

, is still recommended for the separation and identification of lation'-'* 
CI-CS fatty acids in a current laboratory manual3. The method is as fol- 
lows: The carboxylic acid (10 g) is dissolved i n  150 ml of distilled water. 
Using 0.1 N sodium hydroxide as the titrant and phenolphthalein as the 
indicator, the titre for 10 ml of the acid solution is recorded. Then 100 ml 
of the remaining solution is transferred into a 250 nil distilling flask which 
is closed with a rubber stopper without a thermometer. The flask is con- 
nected to a short water-cooled condenser by means of a rubber stopper in 
such a way that the side arm of the distilling flask extends well into the 
narrow portion of the condenser tube. The distillation is carried out in 
such a manner that drops come from the end of the condenser at  a constant 
rate. The distillate is collected in a 10 ml graduate cylinder and three 10 ml 
fractions ( A ,  B, C) are collected. The respective fractions are titrated with 
the 0.1 N sodium hydroxide mentioned above. The Duclaux number is then 
calculated by the formula: 

Duclaux number = 

,I- 128 

(mi of 0.1 N NaOH for 10 ml fracti0n)X 100 
(ml of 0-1 N NaOH for original 10 ml)X 10 

and the results are compared with the known values given in Table 3. 

TABLE 3. Duclaux numbers" 

Fraction 
Acid - 

- -. . - .. . _ _  . .. 
Formic 
Acetic 
Propionic 
n-Rutyric 
Isobutyric 
n-Valcric 
Isovaleric 
rr-Caproic 

A 
.. 

3.95 
6.8 

11.9 
17.9 
25.0 
24.5 
28.7 
33.0 

u 
- . . -. - 

4.40 
7.1 

11.7 
15.9 
20.9 
20.6 
23.1 
24.0 

C 

4-55 
7.4 

11.3 
14.6 
16.0 
17.0 
16.8 
19.0 

0 Data taken from R .  L. Shriner, R. C. Fuson and D. Y .  Curtin. 
7'he Sysrcmaric Identification of Organic Compounds. 5th ed . .  John 
Wiley and Sons ,  New York, 1964. 
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Fractional distillation can be used to separate volatile acids and esters12g. 
Previously, the analytical separation of amino acids was dependent on the 
fractionation of their ethyl esters by distillation. Since fractional distillation 
is time-consuming and not  precise, it is not  used unless the other techni- 
ques are not applicable t o  the analysis of the sample in question. Analytical 
distillation requires relatively large amounts of the working material. With 
the development of the spinning band and  similar precision fractionating 
columns, 1 g or less of liquid mixtures can be handled, but this quantity 
is still many times larger than that required in other methods. 

G. Micellaneous Methods 

Carboxylic acids are usually separated from other organic materials by 
extraction with aqueous sodium hydroxide or carbonate. The free acids 
can be extracted from the aqueous solution by means of a suitable organic 
solvent. Whereas the common procedures use ethyl o r  isopropyl ether, 
probably the most effective agent is tributyl phosphate130. Esters are sepa- 
rated from aqueous media in a similar manner. 

Mixtures of acids and esters, respectivcly, can be separated by partition 
between two liquid phases. The optimum conditions should be ascertained 
before the method is used for analytical purposes. For complicated sys- 
tems the countercurrent distribution technique is recommended. Thus, a 
mixture of 300 mg each of four higher fatty acids is quantitatively separat- 
ed in the 220-tube apparatus131. 

Precipitation and fractional recrystallization may be used in special 
cases. One of the industrial processes for separating fatty acids involves 
emulsification with surface-active agents132, but this principle has not been 
utilized for analytical separations. 

V. SPECTROSCOPIC M E T H O D S  F O R  T H E  ANALYSIS 
O F  C A R B O X Y L I C  ACIDS AND ESTERS 

Grcat strides have been made in recent years in the application of spec- 
troscopy to the solution of analytical problems related to the carboxyl 
and estcr functions. With the proliferation of commercial spectroscopic 
instruments, the spectrometers have beconic readily available analytical 
tools. In these physical methods, the sample can be rccovered after analy- 
sis, albeit with some loss due t o  transfer and other operations. 

Spectroscopic methods are extremely useful for the detection of the 
carboxyl and ester functions and the identification of compounds contain- 
ing these functions. Quantitative analysis, however, cannot be performed 
without known samples of the authentic compounds. Whereas 1 mequiv 
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of 2n unknown carboxylic acid present in a mixture generates 1 mmole of 
methane if the deterrninaticn is carried out  with the chemical method using 
the Grignard reagent (see section IlI.B), there is no way to obtain this 
quantitative information from the spectroscopic data. Not only is it im- 
possible to assign an absolute value to  the absorbance due to  1 mequiv 
of certain grouping, but the wavelength of maximum absorption also varies 
from one compound to  another. As an  example, the divergence of the 
spectroscopic values based on the measurement of the infrared absorption 
of  the C-20 stretching of a number of carboxylic esters is shown in Table 4. 

TABLE 4. EfTect of Structure on infrared absorption of carbonyl 
groups in estersa 

Frequency Molar extinction Ester 
(ctn - 1) coerficirnt 

- . -. .- __ -. 

lsoarnyl acetate 1743 610 
Propyl propionate* 1740 553 
Ethyl butyrateb 1738 600 
Ethyl pnlmitatc 1738 5 69 
Ethyl phenylacetatc* 174c 537 
Ethyl a-broniobutyratr 1744 504 
Ethyl trichloroacctate 1770 720 
Methyl methacrylate 1727 672 
Methyl acrylate 1735 5 84 
2-Ethylhexyl acrylateb 1728 634 
Diallyl fumarate 1730 576' 
Diallyl maleate 1738 433' 
Dibutyl oxalateb 1746 459' 
Diethyl adipate* 1739 586' 
Dibutyl phthalate 1732 523' 
Butyl benzoateb 1723 767 
Benzyl benzoatcb 1725 713 
Ethyl cinnarnateb 1717 697 
Methyl salicylateb 1684 673 

Data taken from R .  7. Hall and \V. E. Shacfer. In Organic Anulysis. Vol. 2. 
Interscience. New Yorh. I Y S 4 ,  p. 60. 

', Saponification equivalent indicates loop: purity within accuracy ol'analysis. 
There samples were also found to contain negligible amounts (<0 .2S  7 ; )  o f  free 
acid. Chemical analyses were not  madc on other samples. 

C For polycarboxylic esters equivalent weight. rather than molecular weight. 
was used in calculating extinction coefficients. 

A. Ultraviolet and Visible Spectroscopy 

The carboxyl and ester functions do not absorb in the ultraviolet and 
visible regions of the spectrum. Therefore, if a compound is indicated by 
chemical tests to  contain either one of these two functions and i f  its solu- 
tion is colored or shows absorption in the ultraviolet spectrophotometer, 
there is clear evidence of the presence of other functional groups such as 



Analysis of carboxylic acids and esters 907 

Millimicrons 

- 
0.0 I I I I I I I I I I I 

203 210 220 230 240 250 260 270 290 300 sx) 320 330 340 350 
Millimicrons 

F i ~ j L i ~ t  10. Ultraviolet spectra of p-toluic acid and its ethyl ester. Courtesy Sadtler 
Research Laboratories, Inc. 
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unsaturation and benzenoid structure. Figure 10 shows the ultraviolet 
spectra of p-toluic acid and ethyl p-toluate respectively. I t  is apparent that 
the absorption is due to the benzene nucleus and not the carboxyl or ester 
function. 

If it is desired to analyze the carboxyl and ester functions in the visible 
spectrum, they can be converted to derivatives which possess strong chro- 
mophoric groups. For instance, fatty acids may be esterified to form color- 
ed productslol; esters are converted to ferric hydroxamates (see section 
1I.B). 

0. Infrared Spectroscopy 

A large number of infrared spectra have been compiled133. Among the 
35,000 compounds covered in 1967, approxymately 3500 contain the carb- 
oxyl function and 5000 possess the ester function. Identification of these 
two functions in the infrared spectra presents no difficulty134* 135. Their 
principal absorption bands are listed in Tables 5 and 6 respe~tively'~~. 

TABLE 5.  Infrared absorption bands of the carboxyl function' 

0-H - 
Free OH 3550-3500 2.82- 2.86 
Bonded OH 3300-2500 3.00- 4.00. 

All OH 955- 890 1047-1 1.24 

C - 0  Stretching 
Saturated aliphatic 

a. &Unsaturated acids 1715-1680 5.83-5.95 

Intramolecular H bond- 1680-1650 5.95-6.06 

acids 1725-1700 5.80-5.88 

Aryl acids 1700-1 680 5'88-5.95 

ed  acids 
z-Halo acids 1740-1715 5'75-5.83 

Others 

Solid fatty acids 1350-1180 7.40-8.48 

COzH 1440-1395 6.94-7.17 

1320-1210 7.58-8.26 
Carboxylate ion C0,- 1610-1550 621-6-45 

1420-1 300 7.04-7.69 

m. 
W. 

V. 

S. 

S. 

W. 

W. 

S. 

S. 
m. 

0-H stretching 
Broad band, 0 - H  stretch- 

0.0.p. def. 
ing 

All acids examined as 
dimers in solid or liquid 
phase 

CH, vibrations, character- 
istic band patterns 
Combination band of 
C-0 stretching and OH 
i.p. def. 

Asymmetric stretching 
Symmctric stretching 

~~~~~~~~ 

a Data taken from A. D. Cross. Prucriral Iiifrnrcd Tpccrrosrop.v. 2nd cd. ,  Buttcrworths,  Washington, 
1964. 

b in = medium: s . btroiig; v :: variable; w -=  weak 
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TABLE 6. Infrared absorption bands of the ester function' 

Atomgrouping 

Saturated aliphatic csters 
a, /? Unsaturated and aryl 

Vinylic and phenolic esters 
a-Keto esters and a-diesters 
Enolic B-keto esters 
o-Hydroxy (amino) benzoates. 

:!-Kcto esters, non-enolic 

esters 

CIC. 

P-keto esters, and  2)- (and 
higher) diesters 

Frequency 
(Cm-') 

Wavelength 
0 1 )  

Intensicyb Remarks 

C-0 Stretching 

1750-1735 5.7 1-5.76 

1730-171 5 5.78-5.83 
1800- 1770 5.56-5.65 
1755-1740 5.70-5.75 
1655-1635 6.04-6.12 

1690-1670 5.92-5'99 

1750-1735 5.71 -5.76 

C-0 Stretching 

Formates 
Acetates 
Vinylic and phenolic acetates 
Propionates and higher esters 
Esters of a ,  B unsaturated 

aliphatic acids 

Esters of aromatic acids 

1200-1180 8'33-8'48 
1250-1230 8-00-8.1 3 
1220-1 200 8.20-8.3 3 
1200-1170 8.33-8.55 
I 3 10-1 250 7.63-8.00 

1180-1130 8.48-8.85 
1300-1 250 7.69-8.00 
1150-1 100 8'70-9.09 

5 .  

S .  

S. 

S. 

S. 

S. 

S .  

S. 
S. 

S. 
S .  

S. 

S .  

S .  

S .  
~~~ ~ 

Dnla taken from A. D. Cross, Prncricd Infrarsd Spectroscopy. 2nd rd.. Butterworths, Washington. 
1964. 

b s = strong 

T h e  carboxyl function exhibits very charactcristic absorption a t  3000- 
2500 cm-' which comprises a group of smail bands. The band at  the 
highest frequency is due to OH. The C-=O band is considerably stronger 
than that in aldehydes and ketones; it appears a t  1760 cm-' for the 
monomeric carboxyl and at 1710 for the dimer. I t  should be noted that 
most data on carboxylic acids are for the dimers in view of the strong 
hydrogen bonding of the carboxyl function, even in the gaseous state. 
Thus, the absorption s t  1420 cm-' and 1300-1200 cm-' (both due to 
coupling between in-plane 011 bending and CO stretching), and a t  920 
cm-I (due to OH out-of-plane bending) are ascribed to the dimer. When 
an  acid is convcrtcd to its salt with a metal iorl or triethylamine, the 
carboxylate ion shows absorption bands at 1610-1550 cm-' and at  1400 
cni-' respectively'". 

The ester furxtion has an absorption band at 1735 cm-', the intensity 
of which is between those of the ketonic and carboxyl functions. It also 



910 T. S .  Ma 

C J  
0 



Analysis of carboxylic acids and esters 91 1 

'k  

I 

0 -0 
? 

Qm I 
0 

, o o  0 0 0 0 0 0  
s 3 u c q I o s q ~  

0 a 

0 0 
0 

0 0 
10 

0 
8 

0 
0 
0 

0 

!? 

0 0 
0 

8 
m - 

0 w 
8 
In N 

0 
0 In m 

C 
0 
In m 

0 

5 
0 



912 T. S. M a  



Analysis of carboxylic acids and esters 91 3 



914 T. S .  Ma 

has two bands a t  1300-1050 cm-', due to asymmetrical and symmetrical 
stretching of the ester C-0-C. The asymmetrical stretching ('ester band') 
is usually stronger than the C-0 band; it is fairly constant for the parti- 
cular type of ester137. 

In Figure 1 1  are shown the spectra of three carboxylic acids representing 
straight-chain saturated and unsaturated aliphatic acidi; and benzene- 
carboxylic acid with an alkyl substituent. The spectra of three carboxylic 
esters are given in Figure 12; it shows the ethyl ester of an  aliphatic acid, 
the cyclohexyl ester of the same acid, and an ethyl ester of a benzene- 
carboxylic acid with an alkyl substituent. 

C. Nuclear Magnetic Resonance Spectroscopy 

Ir, the n.1n.r. spectra, carboxyl hydrogen is easily distinguisned from 
the other protons in the molecule because it appears a t  avery low field'"s. 13'. 
However, for the same reason, the carboxyl function may be neglected in 
the n.m.r. spectra unless the whole spectrum is covered. As a matter ot' 
fact, since the proton of the carboxyl function can be conveniently analyzed 
by very simple procedures, its detection and determination are rarely 
carried out in the nuclear magnetic resonance spectrometer. 

Understandably, a significant feature of the carboxyl function is its 
ease of proton exchange. The chemical shifts of the carboxyl OH group 
accompanying solvent dilution can provide useful information140* 141. 

Another aspect of the carboxyl function is the possibility of hydrogen 
bonding. In the case of acetic acid, the strongest hydrogen bonding occurs 
in the dimer, since the dimer chemical shift is to low field by 0.65 p.p.m. 

The proton resonance spectra of a number of fatty acids and esters 
(glycerides) have been reported14** 143. It is shown that the signal a t  - 3.0 
p.p.m. on the n.m.r. spectra of glycerides comes from the two OCH? 
groups and represents four protons. Aliphatic carboxylic acids with branch- 
ed alkyl groups in the =-position have been analyzed by nuclear magnetic 
resonance ~ p e c t r o m e t r y l ~ ~ .  Three types of structures are investigated, using 
tetramethylsilane as  the internal standard. aa-Dialkyl acids (za-dimethyl 
and a-methyl-a-alkyl) give no distinguishing peaks, whereas a-methyl 
acids do. The n.m.r. spectra of typical aliphatic and aromatic acids are 
shown in Figure 13. 

D. M a s s  Spectroscopy 

The fragmentation of the carboxyl function in the mass spectrometer has 
been throughly investigated and its identification on  the mass spectra pre- 
sents no  special problem'45* 14'. Many mass spectra of aliphatic and aroma- 
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FIGURE 13. N.1n.r. spectra of carboxylic acids. Courtesy Sadtler Research 
Laboratories, Inc. 
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tic acids are  k n o ~ n ’ ~ ~ - ’ ~ ~ .  The molecular weight of a carboxylic acid is 
twice that  of the parent hydrocarbon whose peaks are generally large 
enough to be identified. Large peaks a t  masses 31, 45, and 59 indicate the 
presence of oxygen. The peak a t  mass 45 is due to  (CO2H)’- and always 
appears stronger than the peaks at  masses 31 and 59. Prominent peaks 
occur a t  mass 17 and a t  the associated masses 16 and 18. 

Slearic ocid 
r,-C,t%&)ClH 

Melhyi Steorote 
“- cl,H&-J 

FIGURE 14. The mass spectra of stearic acid and mcthyl stearate. Courtcsy of 
Appl.  Spectr. 

For aliphatic carboxylic acids, the most characteristic rearrangement ion 
occurs a t  mass 60, which is the molecular weight of acetic acid. This may 
form the base peak of certain fatty acids. In the spectrum of stearic acid 
(Figure 14), the peak at mass 60 has a height of almost 80% of the base 
peak. On the other hand, the presence of the benzene nucleus in aromatic 
carboxylic acids leads t o  a much increased parent peak. This peak, together 
with those formed from the parent ion by loss of OH and COOH, are usu- 
ally the strongest in the mass spectrum of an aromatic acid. 

As a rule, di- and polycarboxylic acids arc thermally decomposed if they 
are heated to temperatures a t  which their vapor pressures are sufficient to 
plot a mass spectrum. For this reason, such compounds are generally con- 
verted t o  their methyl or ethyl esters before examination by mass spectro- 
rnetry1j0. When two carboxyl functions are in adjacent positions in the aro- 
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matic ring, the thermal degradation product is shown to be the anhydride 
of the parent dicarboxylic acid'49. 

Methyl carboxylates c3n be identified by the peak at mass 31 due to 
(CH30)+, and a t  mass 59 due to (CHsOCO)+. Methyl esters break with 
the minimum of rearrangements, whereas ethyl esters sometimes lead to 
difficulties due to  their loss of CzH4 which has the same mass as CO. The 
parent peaks from aliphatic esters are usually small151;' aromatic esters on 
the other hand show clear parent peaks on their mass spectra14g. The base 
peak in all cases corresponds to loss of OCH3. and the parent ion decreases 
a s  the number of ways in which this ion can be formed becomes larger. The 
peak corresponding to fragmentation at  the other side of the CO group to 
give the (p - 59) peak is of about the same intensity as the parent ion except 
when two ester functions are orrho to each other. 
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1. INTRODUCTION 

Carboxylic acids and esters are ubiquitous in biological systems and it is 
impossible to give a complete and exhaustive coverage of these compounds 
in a review of this type. An attempt will be made, therefore, to deal only 
with those acids and esters which are involved in the main metabolic 
pathways of animals, plants and microorganisms, and with those which 
have special biological importance. Throughout, attention will be focused 
on the enzymes or enzyme systems catalysing the reactions under con- 
sideration and on the relevance of these reactions to the function of the 
organism. 

The classification of enzymes has been undertaken by the Enzyme Coni- 
mission of the International Union of Biochemistry'; where possible on 
first mention of a particular enzyme its classification number will be given 
and the recommendations of the Commission on Enzyme Nomenclature 
will be followed. 

It should be pointed out that many biologically important carboxylic 
acids are polyfunctioiial; in particular the a-amino and x-keto acids are 
very widely distributed. These two functional groups have already been 
reviewed in this series'. and some overlap between this and the previous 
articles is inevitable. 

I t  must be considered inadequate in a review designed mainly for 
chemists, simply to tabulate reaction types and to divorce the reactions 
from the metabolic pathways in which they occur. To take this course can 
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lead t o  serious misconceptions. One example of this may help to emphasize 
the point. The enzyme malate dehydrogenase* (E.C. 1.1. I .37) catalyses 
reaction ( I ) .  

COOH COOH 

&OH + NAD+ 1K-G co + NADH+H+ 
I 

COOH COOH 
r-malate oxaloacetate 

The equilibrium constant for this reaction is about that is, the 
formation of L-malate from oxaloacetate is strongly favoured. However, 
the principal role of this enzyme in biological systems is to convert L- 
malate to oxaloacetate during the operation of the citric acid cycle (see 
later). The unfavourable equilibrium effect is overcome in this system by 
the continuous supply of  m ma late and the continuous removal of oxalo- 
acetate by other components of the cycle. This intimate interrelationship 
of reactions is a general feature of biochemical systenis which cannot, 
therefore, be fully understood except in the context of the integrated 
metabolism of the organism. 

Since the overall metabolism of an organism is very complex, it is appro- 
priate at this stage to point out some general features and underlying 
principles of the process. It is useful to focus attention on a relatively small 
number of key compounds for the discussion of metabolic processes, and 
Figure I presents a highly simplified summary of the main pathways, 
which will be dealt with in this review in relation to  these key intermediates. 

An organism is primarily engaged in two types of metabolic processes; 
firstly in the breakdown (catabolism) of macromolecular compounds to 
provide energy for its chemical and mechanical activities and secondly in 
the synthesis (anabolism) of molecular species required for its structure 
and functions. Catabolism of the three major types of nutritive compounds 
(fats, carbohydrates and proteins) leads mainly to the very limited range of 
intermediates shown in Figure 1. Subsequently, the intermediates may be 
degraded further to yield carbon dioxide, water and simple nitrogenous 
excretion products or they may be used in the anabolic processes of the 
organism. It  should be emphasized, however, that although the products 
of catabolism and the substrates of anabolism are the same, the catabolic 

* In accordance with usual practice, carboxylic acids wil l  be refered to as carboxyla- 
tes since, at physiological pH, the charged species predominates in solution. However 
for convenience, chemical equations will bc written without reference to the charged 
state of  the reactants. 
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and anabolic pathways have certain essential differences, as will be shown 
later. 

In addition to the link between catabolic and anabolic processes provi- 
ded by the central intermediates of metabolism, a further connection 
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FIGURE 1 .  Outline of the relationships bctween some important rnztabolic processes 

arises from the generation of reducing and phosphorylating agents by the 
former and their utilization in the latter. 

Catabolism is essentially an oxidative process and is accompanied by 
the formation of the reduced forms of the pyridine nucleotides nicotin- 
amide adenine dinuclcotide (NAD +) and nicotinamide adenine dinucleo- 
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tide phosphate (NADP'). The structures of the oxidized forms of these 
coenzymes are shown in Figure 2. Pyridine nucleotides a re  universally 
involved in biological redox reactions: in each case a n  enzyme exists which 

on OH 

0 
I: 

I 
NADf R = - H ,  NADPf R = -P-OH 

OH 

FIGURE 2. Structures of the pyridine nucleotides (NADf and NADP+) 

is specific both for the substrate and for the coenzyme. A typical example 
has already been presented in equation (1) above. Oxidation of the sub- 
strate is accompanied by reduction of the coenzyme as  shown below. 

R k 

The reaction involves the transfer of two electrons and a hydrogen nucleus 
which may in theory be accomplished either by hydride ion transfer or by 
transfer of a hydrogen atom and a n  electron. Current opinion is that 
hydride transfer is in fact involved. 

Two routes are available for reoxidation of the reduced coenzymes 
produced during Catabolism. As a rough generalization it may be said that 
NADPH is employed in reductive anabolic processes whilst NADH is 
oxidized via the terminal respiratory system of the organism. 

Probably the most important link between catabolism and anabolism is 
provided by the molecule adenosine triphosphate (ATP, Figure 3). Forma- 
tion of this species by phosphorylation of adenosine diphosphate (ADP) 
during catabolism and its utilization as a phosphorylating agent during 
anabolism is one of the most basic themes underlying the activities of 
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F r G U R t  3. Slr t~c lure  c j r  adcnosinc triphosphate (ATP) 

living organisms. A typical t ~ a ~ ~ ~ p h o s p h o r y l a t i o n  reactjor, involvil1g ATp 
may be written 

ROH f ATP - ROP03H, - ADP 

Less frequently, ATP may function by the transfer t o  an acceptor of 
pyrophosphate. adcnylate or adenosyl residues. 

I t  may be appropriate at this point to consider certain conceptual errors 
which abound in tlie biochemical literature concerning the participation 
of ATP in metabolic reactions. For a definitive account of this subject, the 
article bj. Vernon.'. on u.liich the following account is based. may be re- 
com mended. 

The original sourcc of' confusion was an arbitrary division of biological 
phosphate esters (and certain other classes of compounds which will be 
nientioncd later) into two categories on the basis of their standard free 
enersies (AGO) of hydrolysis. Esters with a AGO of the order of - I0 
kcal/mole were clabsified as high energy compounds. whereas those with 
4G0 approximately - 4 kcal/mole wcrc called low energy compounds. 
An example o f  the I'ornier class is ATP and of the latter AMP. According 
to Lipmann;. the conversion of ADP to ATP represents a mechanism for 
tlie storage of a n  amount of energy. equal to AGO, which may subsequently 
be utilized for thc promotion of enersctically unfavourablc reactions. The 
energy is visuitlized as being 'stored' i n  the terminal phosphate bond of 
ATP---hence the nomenclature 'high energy phosphate bond'. The con- 
cept of 'storage 01' free energy' in :{ chemical bond is incompi\tible with 
the principles of thermodynamics. The high AG' ilssociated with the 
hydrolysis of ATP, or indeed a n y  other p ~ ~ o p h o s p l i a t e  ester. retlccts 
simply the formation of  a conipletc (or a large fraction of) negative cliarge 
011 the hydrolysis products \\ i i h  concomitant change of free energy of 
solvation i n  the sJstcin. 

According to the high cnerg! phosphatc bond theory, ATP providcs an 
'energy l ink '  between catabolism and anabolism ; that is, catabolic reac- 
tions, characterized by their association wit11 a decrease in  free energy, are 
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coupled to ATP synthesis whilst energetically unfavourablc anabolic reac- 
tions arc 'driven' by energy released during ATP hydrolysis. For example, 
during the anabolic degradztion of 1 mole of glucose to lactic acid, tLvo 
nioles of ATP arc produced. The stoichiometric relationship is shown in 
cqiiation (2). 

C,H,,O, + 2 ADP + 2 &PO4 -. 2 CH,CH(OH)COOH + 2 A T P i  2 H,O ( 2 )  

This reaction may be represented by the sum of equations (3) and (4). 

C,H,,O, -. 2 CH,CH(OH)COOH (3) 
2 ADP 1- 2 H,P04 - 2 ATP + 2 H 2 0  (4) 

The stai1dai.d I'rec energies SG;,  and AG: are known to be about -50 
and i I7 kcai/mole respectively. Hence it follows that AGg is about -33  
kcal/mole; conscyucntly although the equilibrium for equation (4) lies to 
tile left, that lor equaiion (2) lies to the I-isht and it iniist be possible to 
find a series of reactions, the overall result of which is the reaction repre- 
sented by equation (2). The error which is frequently made is to assume 
that reactions (3) and (4) actually occur and that the free energy change 
associated with ( 3 )  is used to 'drive' rcaction (4). a situation which is 
clearly impossible. If  this view is taken, however, it is possible to calculate 
an efficiency for the energ). transfer sincc the 'liberation' of 50 kcal of free 
energy from glucose degradation rssults in the 'storagc' of I7 kcal of free 
energy in ATP. an overall efficiency of about 30';;. A great deal of specula- 
t ion has resulted from efficiency calculations of this sort. 

The theory then goes on to describe how energy stored in  ATP is utilized 
in aiisbolic reactions. Consider- the formation or 3 compound XY,  from 
precursors XOH and Y H ,  which proceeds with the following stoichio- 
nletry : 

XOH 2- YH t ATP -c XY f ADP-t H,PO, ( 5 )  

This can clearly be split into: 

2nd 
XOH 2. Y H - XY + H 2 0  

ATP -i- H,O -- ADP-i H3P04 

Since AG; is givcii by -!,G;;+AG;, then reaction ( 5 )  will proceed i n  the 
direction shown pro\~idetl that 3 G . i  is n o t  more positive than about 8 
kci~l/niole. Proponents 01' the high encrgy phosphate bond coiicept would 
reason that the free energy of' h j  clrol)~is from rcnction (7) is used to drive 
reaction (6). the ovei-all result being rcpresented by equation ( 5 ) .  

I n  fact, thc probable C O L I I ' S ~  of reaction ( 5 )  would bc as follows: 
XOH + ATP - *  XOPOJH, -+ ADP 

XOPO,H, f YH - X-Y f H,PO, 

( 8 )  

( 9 )  
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These two rcacticns are linked chemically since the product of equation (8) 
is the reactant of equation (9). It is obvious that. given a forintilation of 
reaction (5) in terms of reactions (8) a n d  (9), any consideration of efficiency 
of ATP usage is meaningless since this is governed by the stoichiometry of 
the reaction, not by the energy available From ATP hydrolysis. Reaction 
(7) can now be considered i:i its true perspcctive: namely as a device which, 
togcther wit!i eqtiation (6): can be used lo calculate AGp and hence the 
equilibrium constant of reaction (5). I t  must bc crnphasized that reaction 
(7) must not bc sllowed t o  proceed if the overall reaction ( 5 )  is t o  take 
place, since hydrolysis of ATP serves simply t o  uncouple reactions (8) and 
(9). Similar considerations to the above may be applied to the formation 
of ATP during glucose metabolism (reaction (2)). This process cannot 
proceed via reactions (3) and (4). The mechanism of this process will be 
dealt with later. 

In summary. certain catabolic reactions are associated with the transfer 
of the phosphatc radical from donor molecules to ADP to produce ATP. 
The ATP so formed forms a ‘chemical l ink’  with anabolic process in 
which it participates in ;I variety o f  rzactions. some of these being trans- 
phosphorylation reactions such as reaction (5). The hydrolysis of ATP does 
not participate in  anabolic processes, the only effect of this reaction being 
to  prevent Iransphosphorylation reactions from occuring: consequently 
calculations of tho efficiency of anabolic reactions based on the value of 
the standard free energy of hydrolysis of ATP ;ire inappropriate. 

OHOH CHI 
I 1  I 

I l i !  I 
O 0 CHI 

CHiOPO POCHzC C H ( O H ) C O N H C H ~ C H Z C O N H C H @ ~ S ~  

0 

@ = -P-OH 
I 
OH 

FIGURE 4. Structure of coenzyme A (CoA or CoASH) 

Thc structure of the ubiquitous coenzyme A is shown in Figure 4; tlic 
structure is complex. but for most purposes attention m e y  be focused o n  
the tcrniiiial sulphydryl group. I n  biolugic:il systams. CoASH functions 
by the formation of thiol estcrs from a varicty of carbosylic acids. For 
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example, in the case of acetic acid, ricetyl-CoA is formed: 

CH,COOH + CoASH -.. CoASCOCH, + H,O 

The formation of acyl-CoA derivatives procceds by a complex series of 
reactions involving ATP. 

Thiol esters are generally more reactive then oxysen esters, and acyl- 
CoA derivatives undergo four main types of reactions. These are nucleo- 
philic attack at the acyl carbon atom, addition reactions to unsaturated 
acyl groups, coiidensatioi; reactions at the a-carbon atom and acyl transfer 
reactions. These reactions will be described i n  detail in later sections. 

I I .  BIOLOGICAL CARBOXYLATION REACTIONS 

This section will deal with the ways in which organisms incorporate carbon 
dioxide into their tissues. Prior to  about 1943 it was generally considered 
that carbon dioxide fixation WRS limited to photosynthetic and chemc;syn- 
thetic forms of life; that isl those forms which derive all their organic 
nioiecules from carbon dioxide. Speculations were made as to the possible 
roles of carbon dioxide fixation in  heterotrophs (organisms lacking photo- 
synthetic o r  chemosynthetic pathways), but manometric procedures avail- 
able at  that timc were aot sufficiently sensitive to detect a small uptake of 
carbon dioxide accompaiiicd by a much greater rate or .evolution of this 
gas. 

became readily available. the high sensitivity of 
radioactivity measurenients made it a relatively simple task to detect in- 
corporation of I4COa into tissue materials. At the same timc. using parti- 
tion chromatography, the primary products of hcterotrophic carboxyla- 
tion were identified and the subscquent reactions of these compounds 
were examined. 

The use of these techniques has shown that carboxylation reactions may 
bc divided into two classcs. I n  autotrophic carboxylation, carbon dioxide 
j s  incorporated into an acceptor molecule, followed by formation of other 
carbon compounds and  ultimate rcgeneration of the acceptor, whereas 
hetcrotrophic carboxylation is in\wlvcd as a single step in  the synthesis of 
a specific compound. Photosynthetic and  chemosynthetic organisms carry 
ou t  both of these types of  reaction: other organisms fix carbon dioxide 
only by the heterotrophic routes. 

The enzymes involved in biological carboxylation reactions will be dealt 
with in the next section arid the relevance of particular reactions to  overall 
metabolic processes will be considered in sections I1.B and I1.C. 

After the isotope 
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A. Classification and Mechanism of Action of the Carboxylases 

hcterotrophic carbon dioxideJi:.-ution will be dealt \vith i n  this section6-9. 

coerizynies involved and thc ;hrm of the acczpior molectile. 

Only the enzymes which are belicved to be iiivc)Ivetl i n  autotr-opliic and 

Four  types of carbosj.lases may be distinguished. depending on the 

1. Reductive carboxylases (E.C.1.1.1.)".9.'o 

T h e  enzymes in this group ;?re dzpcntfent on NADPH and a divalent 
cation ( M i 2 +  o r  Mn") for their action: the substrates contain a carbonyl 
group adjacent to the acceptor carbon atom, the carbonyl group being 
reduced during the reaction. The individual enzymes are: 

(a) Malate dehydrogenase (decarboxylating) (E.C. 1. I .  1 .40)262-oripinally 
known as the 'malic' enzyme. 

COOH COOH 

CO -+ CO, !- NADPH + H --:.--- HO-CH + NADP' 

CH, CH, 

pyruvate 
COOH 
L-ni a I at r 

(b) lsocitrate deliydrogenase (decarboxvliiting) (E.C. 1.1. I .42P0 
COOH COOH 

co CHOH 

CH, CO, t NADPH J- H+ - = .- HOOCCH 

CH, CH, 

COOH COOH 

(Note: sievcral systcins or noinenclature are encountered for the naturally occurring 
form of isocitratc. The most rigorous nanit is zvs, $l-,-isocitratc. Thc cnzyme undcr 
discussion is frequently called t.,-isocitratc dehydrogenase, presumably sincc carboxyl- 
ation of a-kctogltitarstc results in ;L ccnti'c' with the configuration L,.) 

(c) Phosphogluconate dcliydrogenasc (decarboxylating) (E.C. I .  I .  I 

a-kc tog 11 rarate r/irco-o>-isoci t rate 

CH,OH COO H 

co HCOH 

HC- OH - CO, :.NP.DPH+ H' ~ - - HOCH - NAOP-  

HC- -OH 

CI-!,OPO,H, 

HCOH 

HCOH 

CH,OPO,H, 
6-phospho-~-gluconatc D-ribulosc-5- P 
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The properties of thcse enzymes have been reviewed in reference 10 
(Chapters 7,5 and 11 respectively). A similar set of enzymes (E.C. 1.1.1.39. 
41 and 43) is known for which the coenzyme is NADH. It is believed that 
the NADH-dependcnt enzymes are solely involved in biological decarb- 
oxylation reactions. whereas the NADPH enzymes may function both as 
carboxylases and decarboxylases. This is consistent with the known equi- 
librium constants of the NADPH enzymes (19.6. 1.3 and 1.9 l/mole for 
the carboxylation of pyruvate, u-ketoglutarate and ribulose-5-phosphate 
respectively at pH 7.4, 7.0 and 7-4)G. \Vhereas the malate and isocitrate 
dehydrogenases have been extensively studied, littlc is known about the 
phosphogluconate dehydrogenase : consequently most of what follows 
will apply only to the first two enzymes. 

The reactions involve a dehydrogenation and decarboxylation (in the 
oxidative direction) and it is reasonable to assume that the corresponding 
/?-keto acids (oxaloacetate, oxalosuccinatc and 3-keto-6-phospho-D- 
gluconate) may be intermediates in  the reactions. Consistently it has been 
shown that isocitrate dehydrogenase catalyses reactions (10) and ( 1  1)’65*”6, 

oxalosuccinate -- -- z-ketoglutarate L CO, (10) 

( 1 1 )  NADPH + H’ - oxalosuccinate -- - isocitrate A NADP+ 

whereas only reaction (12) has been demonstrated i n  the case of the malic 
enzymeZ6’. 

oxaloacetate - --- pyruvate+ CO, (12) 

It has been clearly demonstrated. however, that free oxaloacetate and 
oxalosuccinate do  not occur as intermediates in the overall carboxylation 
and decarboxylation reactions. which suggests that these species, if  
formed. are firmly bound to the enzyme Malate and iso- 
citrate dehydrogenascs are inhibited by sulphydryl blocking reagents. pro- 
tection from inhibition being aftbrded by prior incubation of the enzymes 
with the appropriate substrates. This is consistent with the suggestion that 
the keto acid intermediates are bound to the enzyme surfaces by covalent 
bonds with sulphurLo. 

Enzyme-catalysed exchange of hydrogen atoms of the C,3,-methylene of 
u-ketoglutarate and the terminal methyl group of pyruvate with solvent 
water has been observed2G9, tending to implicate the ennl forms of %- 

ketoglutarate and pyruvate as intermediates in  the reactions. The require- 
ment shown in  the exchange reactions for NADPH and NADPH plus 
CO:: respectively remains to be explained. Experiments have been reported 
using isocitratr tritiated i n  the 13-position: failure to detect exchange of 
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tritium with water suggests that the enol form of oxalosuccinate does not 
participate in the reaction. 

On the basis of the facts quoted above, a tentative scheme for the 
mechanism of action of these enzymes may be presented: 

0 0 0 

isocitrate, oxalosuccinate, cnol forms of 
malate oxaloacetate a-ketoglutarate, 

pyruvate 

It should be emphasized that this scheme is conjectural. and also that 
some of the facts quoted above indicate that the mechanisms of the malate 
and isocitrate dehydrogenases are not identical. Due to the lack of experi- 
mental data, no mechanism can at this stage be proposed for the 6-phos- 
phogluconate dehydrogenase. 

2. Enoyl carboxy-lyases ( E.C.4.1.1.)6i1' 

These enzymes catalyse carboxylation of a reactive enol substratc; it is 
likely, however, that the reaction mechanisms of the individual enzymes 
are not related. The members of the group are as follows: 

(a) Phosphoenolpyruvate carboxy-lyascs 

of the form: 
Four distinct enzymes have been characterized which catalyse reactions 

COOH COOH 

C - 0 8  +- CO,+ A h  zl 
I 

&=O +- A - a  

I 
COOH 

phosphophenolpyruvate oxal oace t at e 

(Note: the symbol 3 denotes the phosphate radical.) 

Here, AH is an acceptor for the phosphate moiety. An enzyme isolated 
from plants and autotrophic bacteria (E.C.4.1.1.31) transfers phosphate to  
water with the formation of inorganic phosphate270. whilst propionic 
acid bacteria contain an enzyme (phosphoenolpyruvate carboxytransphos- 
phorylase) which employs inorganic phosphate as the acceptor and pro- 
duces p y r o p h ~ s p h a t e ~ ~ ~ .  Nucleoside diphosphates serve as acceptors for 
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the remaining two enzymes (phosphoenolpyruvate carboxykinases). The 
yeast enzyme employs adenosine diphosphate (ADP)273 and the enzyme 
from mammalian source (E.C.4.1.1.32) either guanosine or inosine diphos- 
phates (GDP, IDP) as  phosphate acceptors with the generation of the 
corresponding t r i p h o s p h a t e ~ ~ ~ ~ .  

These enzymes are rather poorly characterized. They show a dependence 
on divalent cations (MnZf or Mg”) and are inhibited by sulphydryl- 
blocking reagents, but these facts are insufficient to support any proposed 
mechanism of action. Experiments with the enzyme from plant sources 
have shown that “0 from NaHC”03 is incorporated into product oxalo- 
acetate and phosphate in the ratio 2:l. This is consistent with a concerted 
mechanism of the type shown. 

Further experimental work is required to  substantiate this mechanism and 
to show how far, if at  all, it is applicable to the other enzymes of this group. 

(b) Phosphoribosyl-5-aminoimidazole carboxylase (E.C.4.1.1 .2O)Z7j 

HOOC 

NHz Jc> , NH2 
+ c02 e 1) 

ribose-@ l i b s o - @  

imidazole imidazole carboxylate 
5’-phosphoribosyl-5-amino-4- 5’-phosphoribosyl-5-amino-4- 

N o  information is available as to the mode of action of this enzyme. 

(c) Ribulose diphosphate carboxylase (carboxydisrnuta~e)~~~* ”’ 
CHIO@ 
I 
co 
! I 

HCOH 
I I 

CH,O@ 

+-CO,+H,O - -  - - HOCH 

COOH HCOH 
I 
CHIO@ 

u-ribulose-1 ,S-di@# 3-phosphoglycerate 

Ribulose diphosphate carboxylase is included in this group due to the 
suggestion of Bassham12 and his colleagues that the carboxylation reaction 
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occurs via the ene-diol intermediate 

CH,O@ CH20@ CH,O@ 

co COH HO,ChOH CH,O@ 
I 

co, & -H!?p, HO& 
:I 

CHOH :.e COH -- 
! I 

CHOH CH,OH CH,OH COOH 
! I I 
CH,O@ CH,O@ C H 2 0 @  

I 

Attempts t o  demonstrate incorporation of deuterium and tritium from 
DOH and TOH into ribulose diphosphate have been inconclusive, and the 
six-carbon addition product has not been isolated. These facts, combined 
with the observation of inhibition of the enzyme by sulpliydryl-blocking 
reagents has led t o  the proposal that the substrate is bound to  the enzyme 
surface by a sulphur-carbon bond. Rabin and Trown13 have recently pre- 
sented the scheme shown for the mechanism of action of this enzyme. 

+,Ca CH2C@ CH+@ 

I I I 
-BfHC-OH 

I I I 

' f--. p- 
-53; zp H$;- -S-& :B1- -S-C-OH H-8,- 

-- - 0,: HC-OH - -R2:?HcC-QH 

HC-OH HC- GH HC -- OH 
I I 

CH2O@ CH;.Ca :Hi@ 

CH20@ 
C H 2 0 @  'enzyme-bound Fhosphog(ycerate' 

\ /  FH$@ 

COOH 

Here -S- represents the anion of a protein sulphydryl group and BI and 
Bz are  basic groups. The scheme is consistent with the requirement of the 
enzyme for magnesium ions and the involvement oTsroup B:! rules o u t  the 
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possibility of carboxylation of the epimcric xylulose-1 ,j-diphosphate. The 
implications of this scheme in connection with the fixation of carbon di- 
oxide by photosynthetic orgaiiisins will be discussed later. 

3. Carbon dioxide ligases (E.C.6.4.1) and carboxyltransferases ( E.C.2.1.3)a.v 

These two groups of enzymes are conveniently discussed together since 
they are inechanistically very similar. The first group comprises the follow- 
ing enzymes. 

(a) Pyruvate carboxylase (E.C.6.4.1.1) 

COOH COOH 

CO +ATP+H,CO, --=? CO + A D P i P  
I 

I 
CH, 

pyruvate 

CH, 

COOH 
ovaloacetate 

[Note : the form in which carbon dioxide participates in most biological carboxylation 
reactions (i.e. as free carbon dioxide or as the bicarbonate ion) is not known, and in 
this review the reactive species will usually be shown for convenience as C02. In the 
present case, however, the reactive species has been identified as the bicarbonate ion 
(see later).] 

The symbol Pi is used to denote ‘inorganic phosphate’; that is, the 
species H 3 P 0 4  or any of its charged forms. Similarly, PP, denotes ‘in- 
organic py r o phosp hate’. 

(b) Acetyl-CoA carboxylase (E.C.6.4.1.2) 

CH,COSCoA + ATP 4- H,CO, z ~ d  HOOCCH,COSCoA+ ADP $- Pi 
acetyl-CoA ma1 onyl-CoA 

(.c) Propionyl-CoA carboxylase (E.C.6.4.1.3) 

COOH 

CH,CH,COSC~A+ ATPA H,CO, :.=- CH,CHCOSCC.A+ ADP+ pi 
propionyl-CoA me1 hylmalonyl-CoA 

(d) Methylcrotonyl-CoA carboxylase (E.C.6.4.1.4) 

CH, CH,CO,H 

CH,C -CHCOSC~A -- A T P ~  H,CO, - -=.: CH,~-CHCOSC~A +- ADP’ pi 
&mct hylcrotonyl-CoA $-met hylglutaconyl-CoA 

In each case, except the first. a CoA ester is involved in the reaction. 
In the case of yyruvatc carboxylasc. the enzyme from mammalian liver 
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shows an absolute requirement for catalytic amounts of acetyl-CoA 
whereas the bacterial enzyme shows no such requirement. 

Only one carboxyltransferase has so far- been characterized; this is 
methylmalonyl-CoA transcarboxylase (E.C.2.1.3.1) which catalyses the 
reaction : 

COOH COOH COOH 
I 

mcthylrnalonyl- 1 propionyl-CoA i 

pyruvate I 

... .- 
I 

CH,CHCOSC~A + co CH,CH,COSC~A t co 
CH, CH2 CoA 

COOH 
oxaloace tate 

In contrast to  the carbon dioxide ligases, ATP is not involved in this 
reaction. 

T h e  distinctive feature of these enzymes is that they are dependent on 
biotin (Figure 5 )  for their action: this is shown by the complete inhibition 
of the enzymes by avidin, a small protein which binds biotin very firmly. 

I t  is usually the case that the initial formulation of the mechanism of 
action of an enzyme which employs one of the B-group vitamins as a 
cofactor arises from studies of the reactions of the free cofactors. Such is 
the case with the biotin-dependent enzymes. 

Lynen14 and his coworkers found that in the presence of methylcroto- 
nyl-CoA carboxylase. ATP, magnesium ions and bicarbonate, free biotin 
is carboxylated according t o  reaction (13); that is. biotin can replace the 
natural substrate of the enzyme. 

carboxylase 

ATP+ HCO; +biotin ---- ADP+ Pi + C0,-biotin (13 )  

The CO2-biotin adduct was found to be unstable with a half-life of 
about 20 minute5 at  pH 7 and  20°, the half-life decreasing rapidly with 
decreasing pH. Treatment with diazomethane, however, yielded a stable 
dimethyl ester which was shown t o  be 1 'N-carbomethoxybiotin methyl 
ester (Figure 5 )  by comparison with an authentic sample prepared from 
biotin and methyl chloroformate. Lynen pointed out  that the ureido- 
nitrogen of biotin has weakly acidic properties; hence carboxybiotin may 
be considered as an  acid anhydride. If. therefore, carboxybiotin is an inter- 
mediate in the  enzyme-catalysed carboxylation reactions, i t  could reason- 
ably be expected to  participate in an  electrophilic transfer of carbon 
dioxide to a suitably activated acceptor. Such an acceptor is naturally 
provided i n  the case of pyruvate where the relevant carbon atom is 
adjacent to  a carbonyl group. In the case of the other carboxylase sub- 
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FIGURE 5. Structure of biotin (2'-oxo-3.4-imidazolido-2-tetrahydrothiophene-n- 
valeric acid) 

strates, activation of the substrate is the result of the presence of the co- 
enzyme A moiety. 

Evidence for the  formation of a COa-biotin-enzyme complex during the 
carboxylation reaction was provided by Kaziro and O c h ~ a ' ~ .  Propionyl- 
CoA carbosylase from pig heart n-ruscle was carboxylated by either reac- 
tion ( I  4) or (1  5) .  

MgZ+ 
ATP+ H'TO; <- biotin-enzyme -T=-? 'TO,-biotin-enzyme+ADP+ Pi (14) 

"COOH 

CH,CHCOSCoA +- biotin-enzyme ;=:-. - CH,CH,COSCoA + "C0,-biotin-enzyme ( 1  5) 

The carboxylated enzyme was isolated and shown to contain approxi- 
mately one mole of acid-labile 'TOL1 per mole of biotin. The enzyme was 
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shown to traiisfer 14C02  t o  propionyl-CoA (reverse o f  cquation 14) and to 
catalyse reaction ( 16). 

Mg' 
ADP; 'lPi *- 'TO,-biorin-enzyme 1 .. .. = ["PI ATP t biotin-enzyme -+ H''C0; ( 16) 

Analogous carbmylated intermediates have been isolated from the 
remaining three carbosylases and from methylnmlonyl-CoA transcarb- 

These JICO~-biotin-cnzyrne complcxes are less stable than free carbosy- 
biotin. but again treatment with diazomctlinne 1e:ids to a stable carbo- 
methoxy product. Digestion of the [14C]-methoxycarbonyI protein with 
pronase ( a  protcolytic enzyme from bacterial sources) liberatcs I ' N -  
meth~xy-[~~C]-carbonylbiocytin, which on hydrolysis with the specific 
enzyme biotinidase gives 1'N-rnetho~y-[~~C]-carbonylbiotin and Iysine. 
These results show that biotin is bound to its apoenzyme by a peptide l ink  
with the a-amino group of a lysine residue (Figure 5' ) .  All the biotin cnzy- 
mes so Far obtained in a homogeneous state have been found to have 
molecular weight3 close to 700,000 and to contain four moles of  bound 
biotin per mole of protein 

The  mode o f  action of biotin suggested above has been questioned by 
Waite and Wakil". These workers claim that the [14C]-carboxylatetl form 
of acetyl-CoA carboxylase is stable and Lifter hydrolysis under ri, "or0 u.4 
conditions yields biotin labelled i n  the 2' position, thus implicating the 
ureido-carbon atom as the carboxylatiiig agcnt. This theory has been 
examined by Allen. Stjernliolm and Wood". Metliylmalonyl-CoA trans- 
carboxylase isolated from P .  slicrrnariii grown 3 1 1  a medium containing 
[2'-"T]-biotin showed no loss of  I T  during catalysis of the transcarboxy- 
lase reaction, nor did the reaction product contain I T c .  I t  m tist be coiiclud- 
cd that the findings o f  Waites and Wakil are in error. 

It is generally belicved thu t t hc cnzy mic carboxy la t ion and t ransca rb- 
oxylation reactions take placc bj, reactions ( I  7 )  and (19). and ( 1  8 )  and 
(19) respectively: that is. rcactioii (19) i!, common to both types of enzymes 
which differ only i n  the mode of formation of' the carboxyluted enzyme 
i n t er m ed ia te . 

0 x y la se . 

Mg' . 
H,CO, 7 A T P +  biotin-enzyme . - r C0,-biotin-enzyme-: AD?- P, ( 1 7 ~  

rnethylmalonyl-CoA :- biotin-enzyme . 5- C0,-biotin-enzyme f propionyl-CoA 

(18) 

t 19) 

This formulation is also supported by a variety o f  isotope exchange ex 
periments. For example. in accordance with equation ( 1  71, propionyl-CoA 

C0,-biotin-enzyme +acceptor . ::h biotin-enzyme i carboxylated accepsor 
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carboxylase catalyses the exchange of [:'zP]ADP wit11 ATP in the presence 
of P i ,  or of :"Pi with ATP in the presence of ADP. Both of the exchange 
reactions reqilire Mg-- :ind HCO:;. and are inhibited by avidin and SU]- 

phydryl reagents. 
Kaziro'' and Iii5 colleagues have studied the reactions of purified pig 

heart propionyl-CoA carboxylase using HFO and NaHC'sO:r and have 
~11owll t h a t  the bicarbonate i o n  is the reactive species of CO., in reaction 
(17). One '*O from bicarbonate was found in  the liberated Pi and the 
remaining two atoms i n  the fret: carboxyl group of methylmalonyl-CoA. 
These authors propose the concerted n~echanistn shown for reaction (17) 
(ct'. A h ) .  

., . 

0 F1 0 
II ,c, I 

HN 

k J C ' O -  

(0 -ADP Mg2'\ 
H d C '  I 7 

c-p=o 
-CO(CHZ)b n 

- C O ( C H Z ) b  U;ko- OH OH 

+ ADP + Pi 

N o  detailed evidence is available concerning the mechanism of reactions 
(18') and (19), but it would seem likely. as suggested above, that reaction 
(19) involves a direct nucleophilic transfer of C 0 2  to the activated acceptor. 

5. Photosynthesis 

Photosynthesis is without doubt the most impor t an t  single biochemical 
process, sincc i t  is on this source that the rest of the biosphere (with the 
exception of thc chemosynthetic bacteria) depends for its continued exist- 

Thc  photosynthetic apparatus is restricted to the plant family. including 
such primitive forms as the algae and diatoms (but not fungi) and to the 
photosynthetic bacteria. Thc latter may be divided into two main groups, 
the green and purple sulphur bacteria (Thiorhoduceue) and the purple non- 
sulphur bacteria (.~~t/iior/io~/uceue). The processes in plants and bacteria 
are basically very similar and will be dealt with together. Many mono- 
c nraphs and rcviews of photosynthesis are available of which those given as 
references 19-27 may bc recommended. 

1. Formulation of the reaction 

SI lCC.  

Basically. thc photosynthetic reaction in plants may be represe11ted by 
the equation 

where [CH20] is the basic structural unit of carbohydrate material. 

CO,: H,O - - -  [CH,O]tOz 
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Non-oxygen producing photosynthesis (bacteria) has been formulated 
similarly : 

Here HpD is an oxidizable hydrogen donor which may be for example 
hydrogen sulphide in the case of sulphur bacteria, a simple organic acid 
in  the case of non-sulphur bacteria, or hydrogen gas in some hydrogen- 
adapted bacteria and algae. 

Van Nie1"8*2i0 pointed out the basic similarity between these forniula- 
tions if the plant reaction is written : 

CO, + 2 H,D -- -. + [CH,O] + HZ0 i- 2 D 

COZ + 2 H,O - - . -  4 [CHZO] + H,O + 0, 

In this formulation water is shown as an oxidizable hydrogen donor and 
as a product of the reaction. The use of "0-labelled reactants has in fact 
shown that both atoms of the oxygen produced arc derived from water 
whilst the oxygen atoms of carbon dioxide arc equiportioned between 
product carbohydrate and water. 

On this basis van Niel proposed that the primary photosynthetic process, 
common to all phototrophs, is the pliotolysis of water to produce oxidizing 
and reducing species : 

light 
4 H20  -+ 2 X + 4  Y - - - . -A 4 YOH+2 XH2 

Here, X and Y represent hypothetical oxidizing and reducins a, oents re- 
spectively, whose subsequent reactions may be written: 

4 YOH 2 H,O-+4 Y -!- 0, (Planrs) 

or 4YOH-2H2D . . - -  4 H 2 0 + 4 Y + 2 D  (Bacteria) 

and 2 XH, + CO, . - -- [CHZO] i- H,O + 2 X 

This siniple representation is only partly correct. I t  is now known that 
the generation of oxidizing and reducing species in plant photosynthesis is 
brought about at two separate photochemical centres by an electron trans- 
port process. Photolysis of water is a consequence of this electron trans- 
port in plants and is probably not involved in bacterial photosynthesis at 
all. 

Two very important aspects of the photosynthetic process are, however, 
embodied i n  van Niel's formulation. First, the scheme requires the genera- 
tion of a stablc reducing species. Secondly, this reducing species is respon- 
sible for carbon dioxide fixation by a reaction or series of reactions which 
are not dependent on light. This separation of photosynthesis into light 
and dark reactions has been demonstrated by many workers in this field 
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The reducing agent produced by the light reactions of photosynthesis 
has been identified as NADPH (Figure 2) in the case of plants, and NADH 
in bacteria. Of equal, or perhaps greater, importance is the generation 
during the electron transport process of ATP. This process, (photophos- 
phorylation), was first demonstrated by Arnon'* and his colleagues. The 
requirement for these two species (NADPH and ATP) may be seen from 
the overall equation for carbon dioxide fixation : 

COZ + 3 ATP+ 2 NADPH +- 3 H,O +- 2 H+ - -- [CH,O] + 3 ADP -+ 2 NADP' 

i 3 HJPO, i H,O 

Before considering the individual reactions which contribute to overall 
carbon dioxide fixation, some attention must be given to the unique pro- 
cesses by which ATP and NADPH are produced in photosynthetic sys- 
tems. 

2. Composition and organisation of the photosynthetic apparatus. 

Photosynthetic cells of green plants and algae (except the blue-green 
variety) contain protoplasmic inclusions called chloroplasts. The chloro- 
plast as seen by electron microscopy consists of structureless stroma in 
which are distributed dark lamellar components called grana. Isolated 
lamellae have been shown to contain the photosynthetic pigments and, 
in the presence of suitable oxidizing agents. can catalyse oxygen evolution 
from water (the Hill reaction'?. When supplemented with a preparation 
from the stroma of the chloroplast. reduction of NADP+ and generation 
of ATP may be demonstrated. 

ParPo and his collaborators have shown that the lamellae of spinach 
chloroplasts are composed of a regular array of subunits in the. form of 
oblate ellipsoids (dimensions 200 x 100 A). These subunits have been called 
quantasomes and are believed t o  be the basic photosynthetic unit. They 
consist of about SO% protein, the remainder being a complex mixture of 
chlorophyll (u and b), carotenoids, quinones, phospholipids, galactosyl- 
glycerides and sulpholipids. Non-haeme iron, and manganese and copper 
ions were also fotiiid, together with two types of cytochrome (cytochrome 
ba and cytochromef). The structure of some of these molecules92 are shown 
in Figure 6 ;  a survey of photosynthetic pigments has been given by Smith 
and French3'. 

Less is known about the photosynthetic unit in bacteria. With a variety 
of bacteria, rupture of the cell wall allows the isolation of highly coloured 
particles (chromatophore fragments) capable of carrying out the reactions 
of photosynthesis. There is considerable evidence, however, that these 
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FIGURE 6. Structures of some photosynthetic pignlents and clectron transfcr 
molecriles 
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-. - ___ -. -. 
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particles d o  not pre-exist in vivo. but are an artefact of the isolation pro- 
cedure. Hence i t  is probable that, as in the case of the blue-green algae, 
the bacterial photosynthetic pigments are looscly associated with mem- 
brane structures i n  the cell. 

3. The Light  reaction^"-'^ 

It is widely held that photochemical electron transport in  plants involves 
two distinct photochemical centres. The original evidence for this came 
froni studies oi' the efficiency of photosynthesis as a function of the wave- 
length33. For example, a pronounced d ~ o p  in  the efficiency of photosynthe- 
sis (the red drop) was observed with Chlorella, Chroococcus and the diatom 
Navicirla when light of wavelength greater than 685 my (the absorption 
maximum of chlorophyll a it1 vir'o) was used. The red drop could, however, 
be delayed i f  a background of green light was supplied. This is known as 
an enhancement effect. Studies with Clilorcdla showed that with a back- 
ground of red light absorbed by chlorophyll a.  maximal enhancement was 
obtained with light of wavelength 480 m d  655 m p ,  corresponding to the 
absorption maxima of chlorophyll / I  i t i  r i w .  Similar experiments with 
Navicula, the blue-green alga .-Itiacysiis and the red alga Porphyridiiini 
showed enhancement spectra implicating fucoxanthol. phycocyanin and 
phycoerythrin respectively as ancillary light absorbing species i n  the short 
wavelength system. 

I n  general, the long wavelength system (pigment system I or PSI. see 
Figure 7):i3 involves a long-wavelength lion-fluorescent form of chlorophyll 
a absorbing at about 685 mp and a small qtiantity of a special chlorophyll 
(P7r30) absorbing maximally at 700 in:*. The s!iort wavelength system, 
(pigment systcni 11.  PSII)":'. contains chlorophyll b or chlorophyll c' i n  
addition to a short wavelength foim of chlorophyll a (670 mp). together 
with phycobilin pigments and carotenoids (mainlv p-carotene); this sys- 
tem is less well characterized than PSI. 

On the basis of available evidence, Vernon and A ~ r o n ~ ~  have presented 
the scheme shown in Figure 7 for the light-induced electron flow in  plant 
chloroplasts leading from the oxidation of water to the reduction of 
NADPf.  The direction of the arrows shows the direction of electron flow. 
Broad arrows denote photochemical processes, and dotted arrows non- 
physiological reactions. Absorption of light by PSI1 causes an electron to 

move against tt therrnochcmical gradient to an acceptor. plastoquinone, 
(E; - 0 volts, pH 7) whilst the 'positive hole' causes liberation of oxygen 
from water (E,; - -c0.8 volts). Thc steps involved in the latter process are 
obscure, but manganese and chloridz ions are known to be involvzd. 
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FIGURZ 7. Light-induced elcctron flow in chloroplasts (Taken from reference 33.) 

A therniochemical reaction then occurs between about 0 and 0.4 V, 
mediated by an incompletely characterized system called the Intermediate 
Electrori Transfer Complex ( I  ETC). This complex contains cytochrome h6 
and a blue copper-containing protein. plastocyanin. Vernon and Avron do 
not spccify the arrangement of thesc species in  the IETC, but Hillz5 has 
cytochrome h, (€; = -0.03 V )  as the acceptor f rom plastoquinone follow- 
cd b)- plastocyanin ( E i  - +0.4 V). 1 1 1  both schemes. the terminal accep- 
tor  of thc IETC and donor to PSI is cytochrome I(€,; = f0.375 V). or 
c~*tochronie c (algae). A li:ht-induced clectron flow through PSI with 
P700 as thc reaction centrc follows. the acceptor for this system being the 
sinall iron-containing protein ferredoxin. There is some evidence that 
electron transfer from P700 to  ferredosin may be via p l a s t o q ~ i n o n e ‘ ” ~ ~ .  
The final physiolosical pi-occss is tlic transfcr of electrons to NADP’ 
(E(; = -0.324 V),  catal),sed by the flawprotein NADP‘ I-eductase. A com- 
prehensive rcvicw of ferredoxin in photosJ.nthesis is given by San Pietro 
and Black:’i. 

It  must be emphasized that thc precise physicochemiciil events following 
light absorption by a photosynthetic pigment are  not known. It has been 
shown that PSI contains some 300 molecule:; of chlorophyll u for every 
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molecule of the special chlorophyll (P700) and cytochrome I: Absorption 
of light by a molecule of chlorophyll u is thought to promote an electron 
to an excited singlet state. The excited chlorophyll molecule, either in the 
singlet or a triplet state, then transfers its excitation energy to the special 
(or reaction cenfre) chlorophyll, P700. The sequence of events may be as 
follows : 

Q [ n  Chl.P700]cyt.f(Feaf) ----- Q[(n - 11 Chl.Chl*.P700]cyt.f(Fea+) 
- QYed.[n Chl.P700+]cyt.f(Fe2+) - -- 

Q;&.[n Chl.P700]cyt.f(Fe3*) 

hu 

Here, P I  Chl. represents the aggregate of chlorophyll u molecules. The 
electron donor is shown as cytochromefand the acceptor as plastoquinone 
(Q). A similar situation probably pertains with PSIl but the details are 
even less certain. 

I t  is obvious that the photochemical process associated with either PS1 
or  PSIl cannot cause electron flow through a potential gradient greater 
than the energy of the quantum of absorbed light. For light of wavelength 
700 mp this is equivalent to 1780mV for a one electron process. As can be 
seen from Figure 7, this value is considerably greater than the potential 
differences actually involved. 

Compellinz evidence for the scheme in Figure 7 has been educed from 
the effects of added electron acceptors and donors in chloroplast prepara- 
tions. When PSI and PSI1 are operative and coupled by the IETC, oxygen 
evolution niay be demonstrated when acceptors A1 and AI' are introduced 
(the Hill reaction). A1 type acceptors include quinones, nitrite, and ferri- 
cyanide. AI' type acceptors which, after reduction, are able to donate 
electrons to the IETC include phenazine methosulphate (PMS), flavine 
mononucleotide (FMN), vitamin KJ,  and 2,6-dichlorophenolindophenol 
(DPIP). These acceptors can, therefore, catalyse a cyclic, light-induced 
electron flow through PSI. Acceptors A2 (ferricyanide, methylene blue) are 
reduced by PSlI and IETC; in their presence, photolysis of water may be 
observed when PSI is inoperative. Donors DI and DI' donate electrons to 
the IETC and promote flow of electrons through PSI resulting in NADPC 
reduction without operation of Psi I .  The donors include the reduced 
forms of PMS and DPIP in the presence of ascorbate, the point of entry 
depending mainly on the concentration of the donor. 

Available evidence suggests that only one photochemical pigment sys- 
tein exists in  the photosynthetic bacteria, this system closely resembling 
PSI of plants3?. Purpie bacteria contain a variety of chlorophyll called 
bacteriochlorophyll (EChI.. Figure 6 ) .  Minor components (BCh1.b.) have 



950 Shawn Doonan 

bccn demonst rated i n  Rliodospirilliini rirhncm (P890) Clironiatium (P890) 
and Rliorlopscii~oniorias spheroides (P870), and are thought to be the reac- 
tion centre pizments in these species (equivalent to P700 in plants). The 
grcen sulphur bacteria diffcr from the purple bacteria i n  their main 
chlorophyll component: in  this case it is chlorobium chlorophyll 660 and 
650. Small amounts of a different type (P770) similar t o  BChl. have been 
isolated from Chlorohium rliiosiilpliatophilitrli and Cliloropseirdornor7as 
ethylicwii which may reprcsent the reaction centre moleculc in  these spe- 
cies. 

Vernon:'2 has given an clcctron transport scheme for the organism R .  
ruhrirr7i (Figure S ) .  I n  this case absorption of light promotes transfer of an 
electron from reduced c\.tochrome c z  t o  fcrredosin (cf. PSI in plants) 

cylochrone 0 

h j h l  

-m. I R* - -  

I ~FMNI , 

_ _ _ _ _  _ _  D?IPH,.TMPD. 

:yc.c. R4S 

0, rnelhyl red. SO:' 
lelrozollum blue, 

dlsulphide (wi!n vlologen Iy's) 

FIGURE 8. Probable electron transport sequence and rcaction sites in R. Rubrctm 
(Taken from refercnce 32.) 

Reduction of NAD' is linkcd to fcrredoxiii oxidation by a flavoprotein, 
again similar to the plant system. Alternatively. a cyclic clectroii flow may 
be established from ferredosin to cytochrome c2  via ubiquinone. R H P  
(rubrum liaenie protein) and cytochronie h.  Points of entry of non- 
physiological acceptors and donors are shown i n  Figure 8. Also shown 
is a sitc for hydrogen production which arises from the presence of a 
hydrogenase in photosynthetic bacteria. This expression of bacterial photo- 
reduction has been critically reviewed35.". I t  can be seen that an  electron 
transport system of the t?'pe shown in Figure 8 is in some ways more 
flexiblc then the corresponding system i n  plants since a variety of points 
of cntry of electrons from physiological substrates are available. Hence, 
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although different bacterial species photonietabolize various organic and 
inorganic substrates. i t  seems likely that an electron transport sequence of 
the type operative in R. rithrunt could acconiodate these variations. 

A l i nk  niay be recognized between the plant and bacterial light reaction 
systems i n  mutant forms of algae which have been adapted for photoreduc- 
tion. I n  these species, carbon dioxide fixation is accompanied by oxidation 
of molecular hydrogen, and it appears that only PSI is operative. Consis- 
tently, such adopted algae do  not show enhancement effects, and are 
similar to bacteria in this respect. 

4. P h o  t o p  hosp h ~ r y l a t i o n ’ ~ ~ ~ ’ ~ ~ ’  

From the positions of the phosphorylation sites shown in Figures 7 and 8 
i t  can be seen that photophosphorylation occurs during the dark oxidative 
phases of the electron transport sequences. I n  this it resembles the process 
of mitochondria1 oxidative phosph~ry la t ion~~ .  It seems likely that the 
mcchanism of phosphorylation is similar in  these processes, but the reac- 
tions involved are obscure. It is conventional to write the process as 

ADP-+ P, -- ATP-+ H20 (20) 

However, following the arguments given i n  section I ,  it seems highly uii- 
likely that a direct condensation between phosphate and ADP occurs and 
i t  must be emphasized that equation (20) is a purely symbolic representa- 
tion. 

The locus of the phosphorylation site shown in Figure 7 has been estab- 
lished by studies of the three types of photophosphorylation described 
below. 

(a) Non-cyclic photophosphor~lation”8.“”. 
This is the process which probably occurs iu ~ i w ,  and requires intact 

coupled electron transport systems. The overall reaction niay be written: 

l ight  
N A D P +  + A D P +  Pi -. .-- N A D P H  +- f 0, + ATPA HC 

The reaction may be observed with isolated chloroplast preparations 
provided that stoichiometric quantities of an acceptor (NADP+, ferre- 
doxin, or A1 i n  Figure 7) are supplied. 

Non-cyclic phosphorylation is inhibited by compounds which block the 
action of PSI 1. Examples are 3-(3,4-dichlorophenyl)-l. 1 -dimethyl urea 
(DCMU). nonyl-4-hydroxyquinoline-N-oxide (NQNO) and salicyl- 
oxjme”-61. 282 . Inhibition may be relieved by donors of type D1 which 
donate electrons before the proposed site of ATP formation. 
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(b) Cyclic Photophosphorylationzso*'82-284. 
Under strictly anaerobic conditions, a cyclic photophosphorylation 

reaction may be observed with isolated chloroplasts if  catalytic quantities 
of Al' type acceptors are added, (e.g. PMS. quinones). The overall result 
is 

l ight ADP+ Pi -- - ATP A H,O 

Phosphorylation is coupled to a cyclic electron flow with no net change 
in oxidation level of other components in  the system. The inhibitors listed 
above do not affect cyclic photophosphorylation, since PSII does not 
contribute to the process. 

(c) Pseudo-cyclic Photophosph~rylation~~~. 
Under aerobic conditions, a variant of the cyclic process, yielding the 

same overall result, may be observed. Here the catalytic electron acceptor 
is photoreduced and subsequently reoxidized by molecular oxygen arising 
from the photolysis of water. FMN is a typical acceptor of this type. In- 
hibition by DCMU and NQNO is observed since oxygen production by 
PSII is required. 

Under non-cyclic conditions, with acceptors such as ferricyanide, 
NADP' and DPIP, the formation of I molecule of ATP for every electron 
pair transferred has been observed (i.e. ATP/2e- = 1)". However. since 
in the absence of photophosphorylation a basal electron flow (30-50 7; 
of the optimum) isstill observed, it has been claimed that the ratio ATP/2e- 
for electron transport associated with phosphorylation should be consider- 
ed closer to two than to unity"'. This argument has been claimed to show 
that two sites of phosphorylation exist in the chloroplast electron trans- 
port sequence. 

Support for this hypothesis has come from studies of phosphorylation 
uncoupling agents'": that is, compounds which inhibit photophosphory- 
lation without diminution of electron transport. Some uncouplers are 
equally effective under cyclic and non-cyclic conditions, e . g .  atebrine, 
chloropromazine. Others are much more effective with non-cyclic rather 
then cyclic photophosphorylation. e .g .  octyl guanidine, whilst ammonium 
chloride, for example, uncouples non-cyclic slishtly more effectively then 
cyclic photophosphorylation. The data tend to indicate that the loci of the 
cyclic and non-cyclic processes are different. 

Cyclic photophosphorylation has been observed in a variety of species 
of bacteria". The proposed sites for this process are shown in Figure 8. 
Again, phosphorylation occurs during the dark, oxidative phase of electron 
transport. I t  can be seen that the electron transport system of R .  rubrunt 
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can catalyse a cyclic phosphorylation in vivo, with no net change in oxida- 
tion state of any other component of the system; indeed, some authors 
claim that this process is of far greater importance than NAD+ reduction 
in bacterial systems, and others press the view that it is the only expression 
of the bacterial photochemical electron transport irl vivo. Non-cyclic 
photophosphorylation has been observed with chromatophci-e fragments 
from R .  ,uhrwn in which cyclic electron flow was inhibited with 2-heptyl- 
4-hydroxyquinoline-N-oxide. Reduction of NAD+ and associated phos- 
phorylatioii could be restored by the addition of ascorbate and DPIPH2. 

5. The Carbon reduction cyclea0* p l .  Lo 

The generally accepted sequence of reactions by which carbon dioxide 
is incorporated into hexose by photosynthetic organisms is shown in 
Figure 9. The cycie is due mainly to  Bassham and Calvin and was derived 
from studies of 14C-labelling of intermediates produced by algae growing 
in an atmosphere of 14C0221. 

I n  terms of carbon atoms, the basic scheme may be represented as 
shown ; 

6 COa + 6 C(s) - 12 C,,, 
<--- kc,,, 

that is, carbon dioxide is converted to hexose by an  initial reaction with 
a CS compound which is eventually regenerated by a cyclic process. 

Support for the proposed reaction sequence in Figure 9 has been provi- 
ded by the isolation. from a variety of photosynthetic species, of enzymes 
catalysing all the steps in the sequence6. The sequence of reactions is con- 
veniently coiisidered in  the following stages: 

(a) Phosphorylation of ribulose-5-phosphate to give the 1,5-diphosphate 
(b) carboxylation of thc acceptor followed by hydrolytic cleavage to 3- 

phosphoglycerate 
(c) conversion of 3-phosphoglycerate to glyceraldehyde-3-phosphate. At 

this stage, the steps requiring ATP and NADPH from the electron 
transport sequence are concluded and are followed by 

(d) regeneration of ribulose-5-phosphate and formation of product hexose 
by a series of steps which are not restricted to photosynthetic species. 
These steps are essentially the same as those which occur in the 
pentosephosphate cycle for glucose catabolism. Similarly, phospho- 
glycerate kinase, the enzyme catalysing step b, is of wide occurrence. 

I t  is beyond the scope of this review to present the results of kinetic 
studies of 14C-labelling which have given rise to the Calvin-Benson cycle. 
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L-.. 

I 
nc-m 

y - o n  

Reaction Enzyme E.C. number 

a. 

b. 

d. 
e .  
f. 
g. 
h. 

C. 

I .  

j. 
k.  

I .  
m. 

carboxydismutase (ribdose-l S-di? car- 

phosphoglycerate kinasc 
glyceraldehydephosphate deliydrogenase 
triosephosphate isomerase 
aldolasc 
hcxosedi p hosp ha lase 
transketolase 
aldolasc 
phosphatase (specificity uncertain) 
transketolase 
ribulose phosphatc epimerase 
ribosephosphate isomerase 
phosphori bulokinase 

boxylasc) 
2.7.2.3 
I .2.1.9 
5.3.1.1 
4.1.2.7 
3.1.3.1 1 
2.2. I . I  
4.1.2.7 

3.2.1.1 
5.1.3.1 
5.3.1 .G 
2.7.1.19 

FIGURE 9. The Calvin-Benson cycle 
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These are amply dealt with i n  the literature'". 4" . It may be appropriate, 
however, to indicate some lines on which this formulation has been criti- 
cized. 

Although. as has been previously stated, photosynthetic tissues contain 
all the enzymic activities required by the Calvin-Benson cycle, it has 
frequently been reported that the activities of various of these enzymes are 
too low to support carbon dioxide fixation a t  the rate observed in vivo. 

Siniili~rly, fixation by a reconstituted enzymc system requires much higher 
carbon dioxide pressures and proceeds :it a lower rate than in vivo. These 
objections may be countered by the assumptions that decreased enzymic 
activities result from the isolation procedures and that, it? vivo, the various 
enzyme activities a re  _grouped together in a single (or sinall number of) 
proteins-that is. multifunctional enzymes"* 40. B a ~ s h a m ~ ~  has considered 
ways in which such a multifunctional enzyme system, perhaps closely 
associated with the lipid membranes of  the lamellae, could bring about the 
reactions of the carbon reduction cycle with hizh efficiency. It' sueh a n  
organized system did exist, then it is highly likely that the properties of 
individual enzymes obtained 'by fragmentation of the parent multifunc- 
tional system would fail to reflect the ful l  potentialities of the system in 
vivo. 

The scheme shown in Figure 9 has also been questioned as a result of 
the observation that the hexose produced by organisms growing on I4CO2 
is frequently asymmetrically labelled (the 'Gibbs effect"88' 289). Propo- 
nents'" of the Calvin-Becson cycle have shown, however, that this effect 
m a  'oc zxplaixd ~n purely kinetic grounds. Asymmetric labellin_g could 
also arise if thz two contributing triose molecules could be kept apart 
before condensation a n d  hence prevented from equilibrating. In this con- 
nection, Bassham and Kirk." have found that carboxylation of ribulose- 
1 .S-diphosphatt i n  Chlorella produces only  one molecule of free phospho- 
glyceric acid whereas in  isolated enzyme systems and in dark periods in 
riiw. two moleciiles are  produced. They suggest that this requirenient for 
light indicates that the process in i * i w  is rcdtictive, possibly involvins direct 
participation I,! reduced fcrredoxin. 

Such a scheme would require very precise localization of the carbosylat- 
ing system with respect to the electimn tr:insport sequence, and the path- 
wa!' would not  be observed i n  disrupted systems. Asymmetric labelling of 
hcuose could arise from such a reaction sequence. 

A similar c1 iscrim i nat io 11 bet ween the product phosphoglycerate rno Ic- 
cules of the carbosydismutase reaction is inherent in the mechanism pro- 
posed b y  Rabin and Trownl:'. This has been presented in detail in section 
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I 1  A2. I f  this mechanism is operative, then thc rcaction results in the pro- 
duction of onc free molecule of 3-phosphoglycerate and one molecule 
bound to the enzyme surface by a sulphur-carbon bond. Thc bound mole- 
cule could be liberated by hydrolysis or transfcrred to a neighbouring 
region of a niultifunctional enzyme system. 

After short exposure of photosynthetic organisnis to 14C02, the radio- 
active label appears not only in the intermediates of the Calvin-Benson 
cycle but also in a variety of other compounds, principally amino acids 
and dicnrboxylic acids. These are formed from intermediates of the cycle 
by known routes which will be dealt with later. It has been known for 
some time, however, that under certain conditions (high light intensity and 
oxygen level. low levcls of carbon dioxide) radioactivity rapidly appears 
in the two-carbon fragment, glycollic acid. Similarly, I4C introduced into 
these organisms in the form of [2-14C]-glycollic acid rapidly appears in 
both the Q andpcarbon atoms of 3-phosphoglgcerate. It has been claim- 
ed42 @hat these processes are incompatible with the Calvin-Benson cycle 
and have been cited as evidence for the direct formation of a two-carbon 
unit from carbon dioxide as a primary process in photosynthesis. 

A plausible explanation of the formation of glycollic acid as a by-prod- 
uct of the transketolase reaction has, however. been given by Calvin and 
Bassham'l. Transketolase shows a complete dependence on the coenzyme 
thiamine pyrophosphate (TPP; see section IV. A.l ) .  The coenzyme acts as 
a n  acceptor for a two-carbon fragment from the donor ketose: 

A 

CH2OH 

/ 
7 

HO-CH 
I H rs 

I R 
kalose TPP R 

-YR2 N 

%s 
CHOH 
I 
CH?OH 

3-( 1 ,Zdihydroxyethyl)-TPP 

The transketolase reaction is conipleted by transfer of the two-carbon 
fragment to the acceptor aldose. Calvin and Bassham, however, suppose 
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that, under certain conditions, an oxidative cleavage of the 2-(1,2-dihyd- 
roxyethy1)-TPP adduct may occur with the production of glycollic acid. 
A possible sequence of reactions is: 

TPP TP? 

Here ES2 is a hypothetical enzyme poSsilAy associated with a lipoic acid 
cofactor. 

Stiller42 has claimed that the results of the studies of 14C-labeJling in 
photosynthetic organisms have been misinterpreted by Calvin and his 
associates. An entirely new scheme is proposed in which a diose is synthe- 
sized de novo from carbon dioxide. This diose then condenses with glycer- 

CHIO@ 
C. I CHIO@ 

CHIO@ q- "5 C 
.-OH d. HC-OH e. * I  

LOOH coo@ 

._ 

-NADP+ HC-OH 
I 

ATP .- mA& I NADPH. 
H+ 

CHO 
3-phosph0- 1.3-diphospho- glyceraldehyde-3-@ :o \ nlvcerate eiycerace # I \  ". 

I 

I 
HC-OH 

CHIO @ 
ribulose-l,S-di@ 

CHIOH CHIOH 
1 I 

co co I 
HC-OH rn. I .  n. HO-CH 

I h. H O - C H  
HC-OH 

I P, 

I 

I 

HC-OH *j- I 

I 

I 

_ _ _ _ _ _ - - _ _ - - -  * I 

I HC-OH 

HC-OH 
HC-OH CH,O @ 

CHlO @ 
f r u c t o s e - l , 6 - ~ @  

ribulosc-S-@ CHIO@ 
frucrose-6- @ 

FIGURE 10. Modified path of carbon in photosynthesis 
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ald e h y d e-3 - pli o sp hate t o  y i c Id r i b u I o se-5- p h o s p h a t e \v 11 i c h . after p ho s- 
phorylation to the dipliosphate, is carboxylnted i n  the carboxydismutase 
reaction. Glyct?raIdeli\.dc-~-phospliate is regenerated in the usual way. The 
scheme is shown in Figure 10. Product hexose is considered to arise both 
from the condensation of two triose phosphate rnoleciilcs i n  the fructose 
diphosphatc aldolase reaction (p). and from i~ibutosc-5-phosphate by the 
ribulose-5-phosphate epimcrase (in). traiisketolase ( I )  and transaldolase 
(n)  reactions. 

The main argunients i n  favour of tliic scheme art3 i ts follows. It does not 
involve those reacticns of the Calvin-Benson cycle for which the enzymic 
activities in isolated systems are clainied to bc inadequate: :he scheme 
would inevitably pivc risc to asymmetrically labcllcd products; tlie forma- 
tion of glycollic acid is easily explained. given a diose of the type shown in 
Figure 10; finall?. it explains the observation b! many woi-kcri that carbon 
dioxide is i n  sonic way involved in the light reactions of photosynthesis. 
On the debit side. i t  must be emphasized that intensive searches for the 
proposed diose liavc bcen completely unsuccessful and no enzymic activity 
has been found i n  living organisms for the catalysis of reaction a.  

Most workers in the field reject Stiller's formulation i11 favour of that 
of Calvin and his colleagues: it must be emphasized. ho\vevei-. that certain 
ambiguities in the latter formulation have been resolved on paper but not, 
so far. by experimciit. The decision as t o  which of the sclierncs, if either, 
is correct must then be left un t i l  a future date. 

6. Chernosynthetic bacteria". "* " 

These rather poorl), understood orsanisms sharc. with photosynthetic 
species, the abilit!. to p o w  o n  carbon dioxide as the sole source of carbon 
atoms. but differ from tlie phototroplis i n  that their primary energy sources 
are oxidation reactions of simple inorganic molecules, rather than tlie 
energy of suiiliglit. Table 1 shows a represeiitative selection of these orga- 
nisms. 

The mode of carbon dioxide fruition has been studied i n  thcse organisms 
with varying degrees of thorouglincss. In the case or Thiohacillrrs c/eni/ri- 
ficaiis the available evidence strongl!, suggests that t h e  Calvin-Benson 
cycle represents the major path of carbon dioxide fixation. 

The following lines of evidence tend to  substantiate this hypothesis; 

(a) all the cnzymes 01' the cycJe h n w  becn demonstrated in T. chi/r i f ican.s 
(b) organisms growinp i n  the presence of 14CO:! produce 3-phosphoylyce- 

ric acid ;IS the first detectable labelled product. Other labelled inter- 
mediates are formed 0 1 1  lonper exposure to I4CO2 
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(c) The pool size of ribulose-l,5-diphosphate increases when the organism 
is deprived of carbon dioxide, whilst the content of 3-phosphoglycerate 
decreases. Rcmoval of thiosulphate ions from the medium produces 
the opposite effect. 

TABLE I 

Organisni Olidant Suhstratc Product 

____-______ ___- 

Thiobacillus thiooxidaris 
Tliiobacillus denitrificarrs 
Tliiobaciilus rhioparus 
Nitrosoniorras spp. 
Nitrobacter spp. 
Hydrogeriomorias spp. 
Fcrrobucillits ferrooxidans 
Desulphovibrio desulpliuricaris* 

so:- 
so; - 
so; - 

NO, 
NO; 

H ?O 
Fe3 + 

S- 

* Tbis organism may not be fully sutotrophic. 

Experiments with T. tliioosidans and T. rhioparus have led to  similar 
results. 

The hydrogen bacteria may grow either autotrophically, when their 
energy requirements are mer by the oxidation of hydrogen by molecular 
oxygen (or by nitrate ions in the case of Micrococwis cleiiiirificans), or 
he te r o t r o p h i c a I 1 y , by co 11 ve n ti o n a I m ec h a n isms . When grow i n g auto t ro - 
phically, Hydrogenonlotias rirlilandii contains large quantities of carboxy- 
dismutase; the amount of this enzyme is drastically reduced. however, 
under conditions of heterotrophic growth. Similar observations have been 
reported with other Hydrogenomonas species. Hence, although the evidence 
is very limited, it seems that these bacterial species are able to  use the 
Calvin-Benson cycle for carbon dioxide fixation. 

If. as suggested above, the chemosynthetic bacteria fix carbon dioxide 
by the Calvin-Benson cycle, then mechanisms must exist for the coiipling 
of their substrate oxidation reactions to ATP and NADH production. 
The observation of cytochrome reduction associated with substrate oxida- 
tion in several of the organisms listed above strongly suggests that ATP 
formation occurs by a type of oxidative phosphorylation analogous to that 
postulated in the dark phases of photosynthesis. I n  support of this hypo- 
thesis. a c!.tochl-ome-containing particle has been isolated from Ni?ro- 
bacrer ngilis in which ATP formation is linked to nitrite oxidation. 

Except i n  thc case of the hydrogen bacteria, the mode of formation of 
NADH is obscure. Indeed. it is difficult to see how i n  some cases the reduc- 
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tion of pyridine nucleotides can be directly linked to the substrate oxida- 
tion reactions. For example. in the case of the Fert-ohacilli, the standard 
free energy change associated with the FeZC-Fe3' reaction is about 
27 kcal/mole less than that of the reduction of NADC. However, the 
mechanism of N AD' reduction operative in the Hydrogenomonas species 
is a t  least partly understood; the bacteria contain an active hydrogenase 
which catalyses the direct reduction of NAD' by molecular hydrogen: 

C. Heterotrophic Carbon Dioxide 

As was previously pointcd out, organisms which are incapable of grow- 
ing on carbon dioxide as the sole source of carbon atoms. d o  nevertheless 
carry out a variety of primary carbon dioxide fixation reactions. The 
enzymes which may be involved in these reactions have been discussed in 
section 1I.A and it remains only ta consider the relevance of those reac- 
tions to the overall mztabolism. Heterotrophic carbon dioxide fixation 
reactions are of two main types. First, tnere are those reactions i n  which 
carboxylation contributes to  the forrnztion of a specific compound required 
for the metabolism of the organism. Secondly, reaction sequences have 
been described in which carbon dioxide plays a catalytic role; a carboxyla- 
tion reaction is followed by a decarboxylation. Sequences of this type 
usually occur during the early stages of  anabolic pathways where they 
serve as a device for the circumvention o f a  reaction with an unfavourable 
equilibrium constant. 

1. Formation of dicarboxylic acids f rom pyruvate 

It is easy to  distinguish two main ways in which the formation of di- 
carboxylic acids (oxaloacetate or  malate) by carboxylation of pyruvate 
plays an essential role in metabolic processes. 

Reference to  Figure 1 shows that oxaloacetate serves both as an essen- 
tial intermediate in the cyclic series of reactions (Krebs cycle) by which 
acetyl-CoA is catabolized to  carbon dioxide and also as a starting point 
for  a variety of anabolic reactions. Anabolic reactions starting from oxalo- 
acetate and other Krebs cycle intermediates cause a continuous drain on 
these species: the concentrations of these intermediate.; must be maintained 
at a level sufficiently high for the operation of the cycle by so-called ana- 
plerotic sequences. The most important of these is the formation of oxalo- 
acetate by carboxylztion of pyruvatc. 

Carbon dioxide plays ;I catalytic role in the second process t o  be 
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discussed. The anaerobic breakdown of glucose to pyruvate may be repre- 
sented as shown in equation (21). 

glucose 3-phosphoglycerate b 

phosphoenolpyruvate n - pyruvate 
ADP ATP 

Reaction sequences a and b in (21) are freely reversible whereas the 
pyruvate kinase reaction (c) lies in the direction of pyruvate formation 
(AGO - 6 kcal/mole). In gluconeogenesis, (the formation of glucose from 
non-carbohydrate material), reactions a and b occur in reverse, but 
reaction c is by-passed by a process which involves carboxylation of 
pyruvate and a subsequent decarboxylation reaction. The first sequence of 
reactions proposed for this by-pass is shown in equation (22). 

co, 
\ - malate n 

N A D +  NADH.H+ 
n pyruvate 

N A D P H .  H-+ N A D P +  

co, 
( 2 2 )  oxaloacetate - 1 - phosphoenolpyruvate 

GTP G D P  

The role of carboxylase is assigned to the malic enzyme, whilst phos- 
phoenolpyruvate carboxykinase catalyses the decarboxylation step. It has 
been argued that although the properties of the carboxykinase and its 
intracellular localization (mitochondrial) are consistent with this formula- 
tion, this is not the case with the malic enzyme. The latter enzyme is 
localized in the cytoplasm of the cell and has a very low affinity for carbon 
dioxide. I t  is now generally believed that the sequence of events during 
gluconeogenesis is better described by reactions (23) and (24). 

pyruvate i CO, + ATP 

oxaloacetate + G T P  ;e phosphoenolpyruvate + G D P  + CO, 

oxaloacetate + ADP + Pi (23) 

(24) 

Here, carboxylation is catalysed by the biotin enzyme, pyruvate carb- 
oxylase. This eczyme is of mitochondria1 origin, and has a high affinity for 
carbon dioside. It seems likely that the phosphoenolpyruvate carboxy- 
transphosphorylase of the propionic acid bacteria (reaction 25) is similarly 
involved in the formation of phosphoenolpyruvate from oxaloacetate. 

oxaloacetate+ PP, -=-& phosphoenolpyruvate + Pi -!- CO, (25) 

However, pyruvate carboxylase has not been identified with certainty in 
these species, and it is probable that reaction (23) is replaced by some other 
carboxylation process. 
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oxsloacetate malate 

CH~COSCOA 
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COlH --7= CO,H CoA 
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c---- 
gl yoxylate HOOC-CH HO--C-CO,H 

CHICOOH COZH COZH 
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CH,COOH 

succinate isocitrate citrate 

f. 

HCCOlH COZH 
II I h. 

H0,CCH H2O HO-CH &/ - 
COOH 

\,I 
fumarate g, CH1 

I I 
COOH COOH 

rnalate oxaloacetate phosphoenol 
pyruvate 

Reaction 

a .  
b. 

d. 
e.  
f. 
g.  

C. 

Enzyn1e E.C. Number 

rnalate synthase 
rnalate dehydrogenase 
citrate synthase 
aconitase 
isoci tratase 
succinate dehydrogenase 
fu rnarasc 

4.1.3.2 
I . l . l .37  
4.1.3.7 
4.2.1.3 
4.1.3.1 
1.3.99.1 
4.2.1.2 

FIGURE 1 1 .  The glyoxalate cycle 
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The phosphoenolpyruvate carboxylases from plants and photosynthetic 
microorganisms use water as the phosphate acceptor. I n  this case, the 
equilibrium favours carboxylation and the reaction is thought to provide 
the major route of carbon dioxide fixation when these organisms are 
growing in the dark.  

It is interesting t o  compare the route for gluconeogcnesis described by 
equations (23), (24) and (21 a,  b) with that operative in organisms growing 
entirely on two-carbon compounds. In this case, phosphoenolpyruvate 
arises from succinate, which is formed from two molecules of acetyl-CoA 
by a series of reactions (the glyoxalate cycle) described by Kornberg and 
M adSenZDO-%? . The reactions are shown in Figure 11,  together with the 
names of the enzymes catalysing individual steps. Only two of the reac- 
tions (a and e) are unique t o  this process. Enzymes catalysing these reac- 
tions (malate synthase and isocitratase) are found only in bacteria and 
higher plants and  are completely absent from animal tissues. 

2. Propionate metabolism'* '* 45 

It was originaliy believed that the production of propionate from glucose 
and other metabolites by the propionic acid bacteria occurred by carboxy- 
lation of pyruvate to oxaloacetate, followed by conversion to succinate 
and succinyl-CoA. and finally decarboxylation to propionyl-CoA. This 
formulation was questioned when it was repeatedly demonstrated 
that carbon dioxide turnover did not take place during the process. The 
situation was clarified, however, by the isolation from propionic acid 
bacteria, of methylmalonyl-CoA transcarbosylase by Sw,ick and Wood4G; 
the demonstration of this reaction suggested the formulation shown in 
Figure 12 for propionate fermentation. 

The scheme involves two linked cycles: one cycle is involved in the 
t ranst'er of a o tic-ca r bo n frag in e t i  t fro in met h y I ma Ion ).I-CoA to py r uva t c 

and s.ubsequent reseneration of methylnialon~~l-CoA. whilht the other is 
concerned with CoA utilization. Oxaloacetate formed in t hc transcarb- 
oxylase reaction is converted to succinate by the usual route. A reaction 
between succinate and propionyl-CoA, catalysed by succinyl-CoA trans- 
ferase, yields succinyl-CoA and propionate. Succinyl-CoA is converted 
to D,-met hylmalonyl-CoA by a very intercstin_g pair of reactions. The first 
involves a rearrangement of the carbon skeleton. catalysed by methyl- 
malonyl-CoA mutase: this enzyme requires a derivali\.c of vitamin B I Z  as 
cofactor. The product of the mutase reaction has !he configuration L, and 
is coliverted to the D, isomer by the cnz\'me methylmalonyl-CoA race- 
rnase4'. 
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C O O H  
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I 
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CHI-CH 

. ,-rnechylmalonyl-CoA 

t c. 
COOH 

I 
CH2 

I 
CH2 

I 
COSCoA 

succinate 

I 
C H I  

I 
COSCoA 

propionyl-CoA 

/ 

b. 

propionate 

Reaction Enryme E.C. number 

a. rnethylmalony CCoA transcarboxylase 2.1.3.1 

c. rnethylmalonyl-CoA mutase 5.4.99.2 
b. succinyl-CoA transferase - 

d. mcthylmalonyl-CoA racemasc - 

Overall reaction 

Pyruvatef 2 N A D H  i- 2H+ :k Propionate + 2 N A D +  + H,O 

FIGURE 12. Propionate fermentation 

I t  can be seen that free carbon dioxide is not involved in the formation 
of propionic acid by the pathway shown in Figure 12. Some incorporation 
of 14C02 into the product has, however, been observed. This arises from 
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carboxylation of phosphoenolpyruvate in the carboxytransphosphorylase 
reaction ; the oxaloacetate so formed is converted to propionate via the 
symmetrical succinic acid. Consistently, cell-free extracts from P. sherma- 
nii in which the transcarboxylase has been inhibited by avidin, metabolize 
pyruvate to succinate with net fixation of carbon dioxide. 

Propionate is produced in plants and animals mainly as an end-product 
of the degradation of fatty-acids with an odd number of carbon atoms 
(see section VI) and from catabolism of certain of the amino acids. In 
these species, propionate is metabolized to pyruvate according to equation 
(26). 

propionate+ ATP -!- 2 H20  - pyruvate + A D P  + Pi f- 4[H] (26) 

That the interconversion occurs via a symmetric 4-carbon intermediate 
is shown by the equal labelling of the a and positions of pyruvate produ- 
ced from either [2J4C]- or [3-14C]-propionate. In contrast to the reverse 
process occurring in propionic acid fermentaticn by bacteria, carbon 
dioxide fixation plays an essential part in the process. Thus pyru- 
vate produced from propionate by preparations of liver mitochondria in 
the presence of 14C02 becomes labelled in the carboxyl group. Plant and 
animal tissues contain no methylmalonyl-CoA carboxylase. Hence reac- 
tion (26) may be represented by the processes described by reactions 
(27-32). 

propionyl-CoA + H,O+ C02 + ATP =A methylmalonyl-CoA 

i ADP+ Pi (27) 

D,-methylrnalonyl-CoA L,-rnethylrndonyl-CoA (28) 

L,-methylrnalonyl-CoA -A succinyl-CoA (29) 

succinyl-CoA + propionate & propionyl-CoA -+ succinate (30) 

succinate + H20 - - - - - - -  oxaloacetare ;4[H] (31) 

oxaloacetate -- pyruvate-t CO, (32) 

Alternatively, succinate may enter the Krebs cycle. It may be seen that 
reactions (28) to (31) are the reverse of those responsible for propionic 
acid fermentation. The presence of a n  enzyme-catalysing reaction (30) has 
yet to be unambiguously demonstrated in animal tissues and the possibility 
remains that this step is more complicated than shown here. 

An alternative route for propionate metabolism exists. In this, propio- 
nyl-CoA is dehydrogenated to acrylyl-CoA. A hydration reaction yields 
L-Iactoyl-CoA ; this (or the D-isomer after racemization) undergoes hydro- 
lysis and dehydrogenation to pyruvate. The importance of this pathway 
in plant metabolism appears to  be greater than in animal metabolism. 
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3. Catabolism of leucine and isovalerate 

Leucine is catabolized in animal tissue to acetyl-CoA and acetoacetate 
by a series of reactions which include decarboxylation and subsequent 
carboxylation. Lynen4* has shown that P-methylcrotonyl-CoA is carboxyl- 
ated during this process. Similarly, K n a p ~ e ~ ~  and his coworkers have iso- 
lated 8-methylcrotonyl-CoA carboxylase from a species of Mycobac-tcrium 

I 

HC-NH, CO 
I I 

NAD+. CoA 

U 
tOOH COOH 

leucine a- ketoisocaproate 

CH, 
I 

CHI-CH 

NAD+. CoA 

NADH. H \ 
+ 

\ 

CH, 
I 

CHI-CH 
ATP, C o y  I 

COOH 
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AMP, 

\ "I 
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I 

CH, CH3 CH3 
I 

CHI-CH 
\ /  

C 
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Reaction Enzyme E.C. nunibcr 

a. leucine arninotransferasc 2.6.1.6 
c. acyl-CoA synthetase 6.2.1.3 
e. P-rnet hylcrotonyl-CoA carboxylasc 6.4. I .4 

g. /Lhydroxyniethylglutaryl-CoA lyasc 4. I .3.4 
f. ~-met l~ylglutaconyI-CoA hydratase 4.7. I .  18 

~~~ ~ ~~~ 

FIGURE 13. Catabolism of lcucine and isovalerate 
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grown on isovaleric acid as the sole source of carbon. The catabolism of 
this compound is accompanied by a net fixation of carbon dioxide. Figure 
13 shows the common pathways involved. 

Leucine is converted to isovaleryl-CoA by transamination, catalysed by 
leucine aminotransferase, followed by concerted oxidative decarboxylation 
and acyl-CoA formation. The enzyme responsible for the latter step has 
not been characterized. [sovaleryl-CoA formation from isovalerate is 
catalysed by a non-specific acyl-CoA synthetase. Dehydrogenation and 
carboxylation yield P-methylglutaconyl-CoA which is hydrated by a spe- 
cific enzyme to p-hydroxy-p-methylglutaryl-CoA. Cleavage of this product 
by hydroxymethylglutaryl-CoA lyase produces acetyl-CoA and acetoace- 
tate, both of which may be degraded to carbon dioxide. It should be 
pointed out, however, that P-hydroxy-/I-methyl glutaryl-CoA is an essen- 
tial iqtermediate i n  the biosynthesis of steroids and terpenes (see later). 
It is probable, therefore, that the degradation of leucine and isovalernte is 
coupled to these biosynthetic rcactions in some species. 

4. Biosynthesis of purine nucleotides 

One feature that practically all organisms have in common is thl: ability 
to synthesize the purine and pyrimidine nucleoside phosphates which are 
the basic units of ribose and deoxyribose nucleic acids. The biosynthesis 

carbon dioxide 

,. 
‘ \ A d o  nitrogen of glutornine (gln.) 

FIGURE 14. Origin of atoms of the purinc skeleton 

of purine nucleotides is of relevance here since one carbon atom (C(61) of 
the base skeleton is derived directly from carbon dioxide. Figure 14 shows 
the purine skeleton, and the origin of each of its constituent atoms (Buchanan 
et al. Green bergs1). 

The biosynthetic pathway from ribose-5-phosphate to inosinic acid is 
given i n  Figure 15. The sequence is complex and lack of space prohibits a 
detailed discussion of the individual reactions. I t  should be noted. however, 
that the two formylation reactions shown (d, j) do not involve free for- 
mate; the one-carbon fragment is transferred to the acceptor by derivatives 
of’ the coenzyme trtrahydrofolate. The carboxylation reaction (g) is cata- 
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lysed by phosphoribosyl-aminoimidazole carboxylase; no details of this 
reaction are known. 

Conversion of inosinic acid to  the 6-amino derivative (adenylic acid) is 
achieved by a GTP-dependent reaction with aspartate and subsequent 

91". 

OH OH OH OH OH OH 

ribose-5-@ 

AW. Pi 

C e. 
H N ~  'NH 

I 
ribose-@ 

I 
ribose- Q I 

ribose -8 

1. rp ADP, P, 
COOH 
I 

H02C OSP c 3 c o  
A T P ~  ,-pi HYNH IN> 

ribose- @ ribose-0 

h. COOH N 
NH2 I NH2 I 

FIGURE 15. Biosynthesis of inosinic acid 

elimination of fumarate precisely analogous with reactions h and i of 
Figure 15. The formation of guanylic acid (2-amino derivative) requires an 
initial oxidation to xanthylic acid (2-hydroxy derivative). Guanylic acid 
is then produced by an ATP-dependent amination similar to  reaction c of 
Figure 15. 
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111. CARBAMIC ACID A N D  THE CARBAMATES 

A. Biosynthesis of Carbamyl Phosphate52 

The biosynthesis of carbamyl phosphate by fixation of carbon dioxide 
and ammonia is a chemical activity common to bacteria, the ureotelic 
vertebrates and probably the higher plants. The  route by which the synthe- 
sis occurs, however, differs markedly in these groups of organisms. 

Carbamyl phosphate formation was first demonstrated in the bacterium 
Streptococcus faecalis and was shown to proceed with the stoichiometry of 
equation (33)2D3. 

NH,+CO,-tATP 7 r . t  NH,CO-OP03Hz+ADP (33)  

Reaction (33) is catalysed by the enzyme carbamate kinase (E.C.2.7.2.2). 
Carbamic acid has been shown to be the true substrate for this enzyme and 
the formation of carbamylphosphate probably proceeds according to 
equations (34) and (35). 

NH,+ CO, :=-= NH2COOH 0 4 ,  
NH,COOH + ATP := NHZCO-OPO,H,+ ADP (35) 

I t  is believed that the equilibration between carbamic acid and free carbon 
dioxide and ammonia (equation 34) proceeds without the intervention of an 
enzyme. The standard frce energy change associated with reaction (34) 
has been estimated at  + 6  kcal/mole; hence i t  can be seen that the equili- 
brium position of the overall reaction (33) lies well to the left2D4. 

Carbamate kinase has been located in mung bean milochondria but in 
I general the mode of formation of carbarnyl phosphate in the higher plants 
is not known. 

In distinct contrast to  the situation pertaining in microorganisms. carba- 
my1 phosphate formation in liver mitochondria proceeds according to 
rcaction ( 3 6 ) .  

NH,+ CO,+ 2 ATP-L H,O -- - NH,CO*OPO3H,i-Z ADP+ Pi ( 3 6 )  

The reaction is catalysed by carbamyl phosphate synthetase. This enzyme 
has been purified from bullfrog liver (Raria c a r e s b i ~ n a ) ~ ~ ~ .  The enzyme has 
a molecular weight of 3 15,000 and shows a dependence on N-acetylgluta- 
mate (NAGA) for its activity. Jones and Spectorj3 have claimed that the 
reaction involves initial formation of an NAGA-carbon dioxide compound 
(equation 37); carbamyl phosphate is then formed according to equation 
(38). 

ATP + CO, + NAGA f H20 --==I* ADP + Pi t NAGA-COX (37) 
NAGA-CO, + ATP -:- NH, .-T= NAGA+ ADP+NH,CO.OPO,H, (38 )  
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More recent works4, however, tends to indicate that NAGA is not directly 
involved in the reaction sequence, but functions as an  enzyme activator. 
I t  is not possible at  present to decide between these proposed roles for 
NAGA. 

It should be noted that the overall reaction (36) lies strongly in the direc- 
tion of carbamyl phosphate formation, whereas the opposite is the case 
with reaction (33). It is unlikely that the two distinct pathways have arisen 
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NH CHI 
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I 
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I 
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I 
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Reaction Enzyrnc E.C. Surnbcr 

b. ornithine transcarbamylasc 2.1.3.3 

d.  arginosuccinase 1.3.2.1 
C. arginosuccinatc synthetase 6.3.4.5 

FIGURE 16. Biosynthesis of argininc 
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as an evolutionary accident. More probably-, the differencc reflccts the 
fact that ammonia is toxic to terrestial animals at very low levels whereas 
bacterial species can tolerate much higher concentrations of this substance. 
The carbamyl phosphate synt hetase reaction provides an effective route 
for the fixation of low levels of ammonia. 

B. Anabolic Functions of Carbam yl Phosphates? 

Formation of carbamyl phosphate is the first step in  two apparently 
unrelated anabolic sequences, namely arginine and pyrimidine nucleotide 
biosynthesis. All organisms so far studied employ similar biosynthetic 
routes to these compounds, in contrast to the differences exhibited in the 
initial formation of carbarnyl phosphate. 

1. Arginine biosynthesisSS 

The key intermediate in  arginine biosynthesis is ornithine which is 
derived from glutamate via the y-semialdehyde or the N-acetyl_glutamate- 
y-sernialdehyde. A condensation reaction between ornithine and carbamyl 
phosphate (reaction b, Figure 16) yields citrulline and inorganic phos- 
phate. A second condensation reaction between citrullin:: and aspartate 
ensues; the reaction requires Mg2+ and ATP and yields AMP, PP, and 
arginosuccinate. Finally arginine is formed from arginosuccinate by elim- 
ination of fumarate. I t  can be seen that both the nitrogen and carbon 
atoms originating in  ammonia and carbon dioxide are retained in the 
product argin ine. 

2. Biosynthesis of pyrimidine nucleotides 

The biosynthesis of the piirinc nucleotides has already been dealt with i n  
section 11. Whereas the purine ring sj'stcrn is built into a preformed N- 
gljcosidic linkage, the immediate precursor of the pyrimidine nucleotides 
is free orotic acid (Figure 17). Carbon dioxide again contributes one of the 
ring carbon atoms, but in  this case. the carbon atom is derived from carba- 
my1 phosphate, not 1'rce carbon dioxide. 

Figure ! 7 shows the reactions leading from carbamyl phosphate and 
aspartate to orotic acid and thence to uridine triphosphate (UTP) and 
c!;tidine triphosphate (CTP). Linkage of the orotic acid to the 1'-position 
o f  the ribose ring occurs by reaction with 5-phosphoribosylpyrophosphate; 
the  eiizynic responsible for this reaction is completely specific for orotate. 
Uridylic acid then arises from dccarboxylation of orotidine-5'-phosphate 

and is converted to UTP by two successive phosphate transfer reactions 
from ATP. Cytidine triphosphate is formed by amination of the 4-position 
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dihydroorotase 3.5.2.3 
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asc 1.4.2.10 
orotidine-5’-phosphate decarboxylase 4.1.1.23 
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~~ 

FIGURE 17. Biosynthcsis of the pyrimidine nucleotides 
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of the pyrimidine ring. In microorganisms, rhe reaction involves ammo- 
nium ions and ATP whilst glutamine and GTP are employed by the enzyme 
from animal sources. 

Amination of U T P  is the only route known for the biosynthesis of CTP. 
This again is in marked contrast t o  the situation with the purine nucleo- 
tides, where AMP and GMP are formed bv independent routes from the  
common precursor inosinic acid. 

C. The Formation of Urea from Carbamyl Phosphate 

Ammonia, which is formed in relatively large amounts during the cata- 
bolism of proteins, is highly toxic to animals (the lethal blood level is 
5 mg,’100 ml in the rabbit). Detoxication of catabolic nitrogens7 is achieved 
by conversion to either urea (ureotelic species - mammals, amphibians, 
fish) or uric acid (uricotelic species - birds, snakes, lizards and terrestrial 
gastropods); we are concerned here with 
produced in the liver of ureotelic species. 

the mechanism by which urea is 

car barny I 

ornithine phosphate t citruiline 

HZO 
d. 

NAD+ 
glutamate 

malate 

NAD+ 

Reacfion Enzyme E.C. Number 

.___ 

a-c. scc Figure 16 
d. arginase 3.5.3.1 
c. furnarase 4.2. I .2 
f. malate dehydrogenase 1 . 1  . I  .37 
9. aspartatc arninotransferase 2.6.1.1 
h. glutamate dehydrogcnase 1.4.1.3 

FIGURE 18. Urea formation in liver 

- 
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This problem was studied by Krebs and HenseleitS8, using liver slices 
incubated with ammonium salts, bicarbonate ions, and lactate. Added 
ornithine and citrulline were found to promote urea formation, and argi- 
nine was shown to be a n  intermediate in the process. Moreover, the enzyme 
arginase (E.C. 3.5.3. I ) ,  which catalyses the hydrolysis of arginine to orni- 
thine and urea, is found in large quantities in the liver of ureotelic species. 
This enzyme is either entirely absent or present in organs other than the 
liver (e.g. kidney) in non-ureotelic species. On the basis of the above evi- 
dence, urea synthesis has been formulated as shown in Figure 18. 

The scheme is the same as that presented for the biosynthesis of arginine 
(Figure 15) except for the final hydrolytic reaction catalysed by arginase. 
This reaction regenerates ornithine which therefore acts catalytically in 
this process. Of the atoms in the product urea, the carbon and one nitrogen 
are derived from carbamyl phosphate, whilst the second nitrogen atom 
arises from aspartate. The route by which fumarate produced in the 
arginosuccinase reaction is converted back to aspartate is shown on the 
right of Figure 18. Fumarate is hydrated to malate and the latter oxidized 
to oxaloacetate. Oxaloacetate and glutamate undergo a transamination 
reaction to yield asparate and z-ketoglutarate. Glutamate may be reformed 
from a-ketoglutarate by a reductive ammonia fixation reaction (as shown) 
catalysed by glutamate dehydrogenase or alternatively by a second trans- 
amination reaction with any one of a variety of sr-amino acids. Hence the 
second nitrogen atom of urea may arise directly from ammonia or from 
the a-amino group of an amino acid. the former route probably being more 
important. 

IV. DECA R B O X Y  LATlO N REACT10 N S  

A. The Oecarboxylation of Pyruvate and a-Ketoglutarate 

1. Types and mechanisms of the reactions 

Decarboxvlation reactions of pyruvatc and s-ketoglutarate are of central 
importance in metabolic processes and the enzymes catalysing these reac- 
tions have been examined in some detail. 

Early studies revealed a bewildering multiplicity of reaction types and 
products. An enzyme isolated from yeast (s-carboxylase, pyruvate decarb- 
oxylase, 2-oxo-acid carboxy-lyase 4.1.1. I ) ,  higher plants and certain niicro- 
orsanisms catalyses the irreversible decarboxylation of pyruvate to acet- 
aldehyde (reaction 39)". 

CH,COCOOH -. - CH,CHO + CO, (39) 
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The yeast enzyme also decarboxylates higher homologues of pyr uvate 
up to a-ketocaproate but ddes not act on the analagous dicarboxylic acids. 
In addition to reaction (39), pyruvate decarboxylases from a variety of 
sources have been shown to catalyse the production of acetoin by the so- 
called carboligase reaction (40) and by the related reactionc (41) and (42). 

2 CHZCHO -- CH,CH(OH)COCH, (40) 

(41) 

(42) 

Similar reactions with the higher homologues of pyruvate have been 
reported. Early workers assumed that reactions 40-42 were catalysed by a 
separate enzyme (carboligase); attempts to separate the carboligase and 
decarboxylase activities were unsuccessful and it is now recognized that 
both activities are associated with one enzyme. 

Some species of bacteria (e.g. Aerobacrer aer.0gene.y) contain a pyruvate 
decarbosylase which, in the first instance, produces acetolactate by reac- 
tion (43) and then acetoin by decarboxylation reaction (34). 

CHSCHO -I- CHSCOCOOH ---t CH,CH(OH)COCH, + CO, 

2 CH,COCOOH -- - CHSCH(OH)COCH, + 2 CO, 

2 CH,COCOOH - CHSCOC(OH)CH, 
I (43) 

i (44) 

COOH 

CH,COC(OH)CH, --- CH,COCH(OH)CH,+ CO, 

COOH 

Pyruvatc also undergoes a variety of oxidative decarboxylation reac- 
tions to yield acetate or. more usually, an ester of acetic acidc0. Direct for- 
mation of acetate by an enzyme extract from Proteus vufgaris has been 
reported ; a similar cuzyme system is developed by an acetate-requiring 
auxotroph of E.  cofi. These enzyme systems are composed of a water 
soluble flavoprotein (FP) fraction which catalyses reaction (45). and a 
particulate cytochrome fraction which, in the presence of oxygen, is 
responsible for reoxidation of the flavoprotein. 

CH,COCOOH +- F P I  H,O ----+ CH,COOH + FPH, -+ CO, (45) 

Artificial electron acceptors (e .g .  ferricyanide) can replace the cytochrome 
fraction in  isolated enzyme extracts. 

More generally, the product of oxidative dccarboxylation of’ pyruvate in 
microorganisms is either acetyl-CoA or  acetyl phosphate. An extract from 
Cfostridiunz butylicum has been shown to catalyse the formation of acetyl 
phosphate from pyruvate with simultaneous liberation of hydrogen (reac- 
tion 46). 

(46) CH,COCOOH i Pi -- CHSCOD + CO, i- H, 
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The reaction is thought to proceed by initial formation of acetyl-CoA 
(reaction 47) followed by conversion t o  acetylphosphate in the phosphoro- 
clastic reaction (48). Reaction (48) is catalysed by phosphate acetyltrans- 
ferase (1.3.1.8). 

CH,COCOOH + COA-SH d CH,CO-SCoA 4- CO,+ H, (47) 
CH,CO-SCoA+ Pi F==+ CH,CO@ + CoA-SH (48) 

Acetyl phosphate so formed may equilibrate with ATP, the reaction (49) 
being catalysed by acetate kinase (2.7.2.1). 

(49 ) 

This series of reactions (47-49) provides an important route to ATP for- 
mation in bacteria growing under anaerobic conditions. 

A similar enzyme system has been isolated from E. coli; in this case, 
however, the overall reaction (SO) involves production of formate instead 
of carbon dioxide and hydrogen. 

(50) 

In both cases, the details of the redox reactions are obscure, but it is 
thought that ferredoxin (cf. section 11. B.3) may be involved in the initial 
transfer of electrons. 

In  direct contrast to the two cases discussed above, formation of acetyl 
phosphate without intervention of CoA has been described in the organism 
Lactobacillus delbrueckii (equation 5 1). 

(51)  

The special feature of the pyruvate oxidase catalysing reaction (51) 
which renders participation by CoA unnecessary is not known. 

In  animal tissue and certain microorganisms under aerobic conditions, 
pyruvate is converted to  acetyl-CoA by an interesting multienzyme system 
called the pyruvate dehydrogenase complex (PDC-see later). The reac- 
tion may be written as in reaction (52), or, including reoxidation of NADH 
by the terminal electron transport system, as in  reaction (53). 

CH,CO-SCoA 

CH,CO@ + ADP 6 CH,COOH + ATP 

CH,COCOOH + Pi 6 CH,CO@ + HCOOH 

RCOCOOH $- Pi + 0, d RCO@ + CO, + H,O, 

CH,COCOOH + NAD+ + CoA-SH 

+ NADH + CO,+ H+ (52) 
PDC 

CH,COCOOH + lo, t COA-SH ETS- CHSCO-SCOA 

+ HZO + COz (53) 

An essentially similar enzyme system has also been characterized which 
catalyses the oxidative decarboxylation of a-ketoglutarate to succinyl- 
CoA by a reaction analagous to (52) and (53). Both the pyruvate and 
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a-ketoglutarate dehydrogenase systems catalyse acyloin formation under 
anaerobic conditions. Similar enzyme systems probably exist for the 
oxidative decarboxylation of other keto acids (e .g .  z-ketokocaproate- 
see section 11. C.3) but detailed investigations of such systems have not 
been carried out. 

The essential feature which the enzymes discussed in this section have 
in common and on which a rationalization o f  their mode of action can 
be based is an absolute requirement for thiamine pyrophosphate (TPP- 
Figure 19). 

? F I  
CH,CH,OPOm- 

I .  
CH3 2 CH2-N *)-i S OHOH 

w 
!I 'T 

Possible active anions of TPP 

R - C H - i  s v 
A - 

(I 1 (11) 
FIGURE 19. Structure of TPP 

Thiamine was first isolated in 1926, and the combined efforts of several 
groups of workers over the next decade led to the elucidation of the struc- 
ture of the molecules1. In  1937, Loemann and SchusterG2 isolated the 
coenzyme of yeast pyruvate dzcarboxylase and identified it as TPP; sub- 
sequent workers have demonstrated the requirement for TPP in the keto 
acid oxidase and dehydrogenase systems and also in the transketolase and 
phosphoketolase reactions. I n  all cases, enzymic activity is destroyed by 
removal of TPP but may be recovered by replacement of'the coenzyme in 
the presence of a divalent cation. The mono- and triphosphate analogues 
of TPP have no coenzyme activity. 

Thiamine and TPP act catalytically in the decarboxylation of pyruvate 
and in acetoin formation in model systems (that is, in the absence of the 
apoenzyme). Studies of these reactionss3 led t o  the suggestion that the 
active form of thiamine is the anion formed by removal of a proton from 
the methylene carbon atom (Figure 19 (1)). This anion was considered to  
condense with the carbonyl group of the substrate to  produce an inter- 
mediate which undergoes decarboxylation. Such a mechanism would 
require that  the methylene carbon atom become deuterated during model 
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reactions carried out in solvent DZO. West h e i m e P  and his colleagues have 
examined this possibility. The thiamine was isolated and cleaved with 
bisulphite in D20 (cquation 54). 

The resulting sulphonic acid contained n o  deuterium in the methylene 
group. 

The situation was clarified by BreslowG5 who showed that the C,,,-hydro- 
gen atom of the thiazolium ring of TPP and simple thiazolium salts under- 
goes facile exchange with solvent DpO. Breslow studied the proton mag- 
netic resonance of these compounds in DnO and showed the half-life of 
exchange at  pH 5 and 25" to be 20 minutes. The exchange rate was too fast 
to measure by this technique at pH 7. The results of these experiments 
suggested the structure shown in Figure 19 (11) for the active anion of TPP. 

The decarboxylation of pyruvate may now be formulated as shown in 
reaction (55) .  

CHJ R' CH3 R' CHJ R' CHj  R' 

R-N+fS 
R-'N S - 

c n  
C H J C - 0 - H  (jj) 

+/ 
c- 

CH,CCOOH 
I 

H t o  CHI OH q OH 

a-locfyl TPP u - hydroxyelhyl TPP 

I 
TPP - CHjCHO 

In equation (53, the reaction is shown as occurring with free TPP. The 
same sequence of events is believed to occur in the enzyme-catalysed reac- 
tion, but no information is available as to  the role of the protein. Similarly, 
the nature of the binding between TPP and the apoenzyme is unknown. 

Strong support for the reaction sequence shown has been provided by 
the isolation of a-lactyl TPP and a-hydroxyethyl TPP after incubation of 
pyruvate with purified yeast decarboxylasee6. Similarly, dihydroxyethyl 
TPP has been identified as a n  intermediate in the transketolase reactione7. 
Synthetic a-hydroxyethyl TPP has been prepared by incubation of pyru- 
vate and TPP:  the derivative is cleaved to T P P  and acetaldehyde by yeast 
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decarboxylase apoprotein. The apoprotein of transketolase similarly cata- 
lyses formation of ~-sedoheptulose-7-pliosphate from ~-ribose-S-phos- 
phate and dihydroxyethyl TPP. 

Finally. the exchange of the C(,,-hydrogen atom of TPP required by the 
reaction sequence ( 5 5 )  has been demonstrated. and the importance of the 
C(,,-hydrogen atom has been emphasized by the absence of coenzymc 

I 

i 
I 

i ro-AsH 
TPP TPP TPP T PP 

*$OOH + 
CH3CH0 CH3COCHCH3 CH,COCCH, CH~COSCOA 

I I 
OH OH 

oceloin acetolactote 

FIGURE 20. Summary of TPP-dependent rcactions of pyruralc 

activity in derivatives of T P P  i n  which this atom is replaced by alkyl 
su bst it uen ts. 

A rationalization of thc TPP dependent reaction5 or pyruvate is given 
in Figure 20. It must be repeated that  the most important feature of the 
reactions, namely thc role of the protein. has been ignored in  this formula- 
tion. 

The  pyruvate and cz-ketoglutarate dehydrogenase complexes (PDC and 
KDC), mentioned previously, are dependent on TPP for their activity. but 
also show an absolute requirement for lipoic acid (Figure 21). Thc  require- 
ment for an essential factor in addition t o  T P P  for the osidation of x-keto 
acids in microorganisms (e.g. pyruvate. a-ketoburyrate. /?-methyl-z-keto- 
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butyrate, B-methyl-a-ketoisovalerate in Streplococcus faecalisaa) was recog- 
nised about 20 years ago. Crystalline lipoic acid was first isolated from the 
water-insoluble residue of beef liver after treatment of the material with 
6 N sulphuric acid; 30 mg of lipoic acid was obtained from 10 tons of liver 
residueae. 

The essential feature of the lipoic acid molecule is the disulphide bond 
which is easily reduced to yield dihydrolipoic acid. The standard electrode 
potential of the lipoate-dihydrolipoate system (-0.3 V at pH 7.0) is 
comparable with that of the NAD+-NADH system. 

fHa \ 

\s-s/ 
CH, CHCH,CH,CH,CH,COOH 

Nature of linkage between lipoic acid and lipoate reductase transacetylasc 

\ S - d  

FIGURE 21. Structure of lipoic acid (1 ,Z-dithiolane-3-valeric acid) 

It is currently believeda0* '' that the sequence of events in the lipoic acid- 
dependent oxidative decarboxylation of pyruvate and a-ketoglutarate may 
be described by reactions (56-60). 

R-COCOOH + El-TPP -A Eq-TPP-CHOHR + CO, 

/-(CH,),CO-E, --A El-TPP 
El-TPP-CHOHR + </\ 

/'> 
<'b 

s-s 

A 
+ < )-(cH,)so-E. 

SH S-COR 

-(CH,),CO-E, + COASH -- i\ /- (CH ACO-Ea 
SH SH 

\ 
SH S-COR 

i RCOSCoA 

(CH,),CO-E, + E3-FAD -- C>(CH,),CO-E, 

SH SH s-s 
+ E3-FADH, 

E3-FADH, + NAD+ - E3-FAD+ NADH + Hf 
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The three enzymes (represented here by El .  Ez and E3) catalysing reac- 
tions (56-60). exist in mammalian and bacterial cells as highly organized 
multicomponent units. Both the pyruvate a d  a-ketoglutarate dehydro- 
genase complexes have been isolated from E. coli; the 'molecular weights' 
of the complexes are 4-8X lo6 and 2 . 4 s  10' respectively. Similarly. the 
PDC from pigeon breast muscle has a molecular weight of 4x lo6 and the 
KDC from pig heart muscle has a molecular weight of 2~ lo6. Isolation 
of the complexes from other sogrces is being carried out by Reed and his 
coworkers (unpublished work quoted in reference 70). 

The PDC from E. coli was the first of these complexes to be resolved 
into its three constituent enzymes7'. The complex is reported to contain 
16 molecules cf pyruvate decarboxylase (El ,  reaction 56; molecular weight 
183.000; contains stoichiometric amounts of bound TPP): one aggregate 
of lipoate reductase-transacetylase (Ez. reactions 57 and 58 ; aggregate 
molecular weight 1.6X 10': 64 subunits each containing one molecule of 
bound lipoic acid): 8 molecules of dihydrolipoate dehydrogenase (E3. 
reactions 59 and 60; moleciilar weight 112,000; two molecules of bound 
FAD per protein molecule). The  complex as isolated does not contain 
CoA or NAD' and these species must be added if pyruvate dehydrogena- 
tion is to  proceed. Recombination experiments have been carried out with 
the isolated enzyme components. El and E3 do not combine but each 
combines independently with Es. A mixture of all three components in the 
ratio 3 : 2 : 1 gives rise to a multicomponent complex very similar. both 
structurally and enzymically, t o  the native complex. 

Similarly. the KDC from E. coli has been fractionated into three coni- 
poncnts72; these are a-ketoglutarate decarboxylase. lipoate reductase- 
transsuccinylase and dihydrolipoate dehydrogenase. Recornbination ex- 
periments show that the dihydrolipoate dehydrogenase from the PDC can 
combine with E l  and E? from the KDC and vice versu. 

Some comments on individual reactions i n  the seqiience (56-60) may be 
made. The mode of action of TPP has been dealt with above. and a direct 
comparison may be drawn between reaction ( 5 6 )  and the decarboxylation 
of pyruvate by yeast decarboxylase. As would be expected, both the PDC 
and KDC catalysc the oxidative decarboxylation of the appropriate keto 
acids in the presence of an added ,electron acceptor (e.g. ferricyanide. 
reaction 61). 

RCOCOOH + 2 Fe(CN):- H,O - RCOOH -+ CO,A 2 Fe(CN):- -+ 2 H' (61 ) 

The reaction requires TPP and a divalent cation. but noi CoA. NAD' 3 r  
lipoic acid. Similarly, acyloin formation is catalysed by the PDC and KDC 
in the presence of added aldehyde compounds. 



932 Shawn Doonan 

Reaction (57) is considered to be a nucleophilic attack of the anion of 
the TPP-‘active aldehyde’ adduct, on protein-bound lipoic acid 
(reaction 62).  

Transfer of the group RCO- to CoA (equation 58) then occurs by a 
nucleophilic displacement of the dihydrolipoyl enzyme from the 6-S- 
acyllipoate derivative. Evidence for reactions (57) and (58) based on  
experiments with substrate quantities of lipoic acid has been reviewed by 
Reed’O. 

The difficulty experienced in removal of lipoic acid from the PDC or 
KDC suggested that the coenzyme is bound to the apoenzyme by a cova- 
lent bond ; this suggestion has been substantiated by experiments with the 
microorganism E.  coli. When this organism is grown aerobically in a 
medium containing [35S]-lipoic acid, radioactivity is incorporated into both 
the PDC and KDC. Reed and his coworkers73 have isolated the compiexes 
and, after treatment of the complexes with perforniic acid and then hydro- 
chloric acid (12 N), have shown the radioactivity to be associated with a 
6,8-disulphonic acid derivative of 6-N-octanoyllysine. These experiments 
demonstrate clearly that lipoic acid is bound to its apoprotein by a peptide 
bond with the &-amino group of a lysine residue (Figure 21). Reed70 has 
speculated on a possible significance of the mode of binding of lipoic acid. 
The lipoyl moiety is required to undergo reaction a t  three separate sites 
in the complex (site of formation of the S-acyl derivative, transacylation 
site and site of dihydrolipoate dehydrogenation), but does not become 
free from the surface of its apoenzyme during these reactions. The lipoyl- 
lysyl linkage may provide a flexible ‘arm’ of length about 14 which allows 
translation of the functional part of the lipoic acid residue from one site 
t o  the next. 

Reaction sequence (56-60) is concluded by reoxidation of the dihydro- 
lipoate moiety catalysed by the flavoprotein dihydrolipoate dehydrogen- 
ase. The enzyme has been shown to  be identical with Straub’s diaphorase 
(1.6.4.3) and has been the subject of a recent review74. 

It is thought that reactions (59) and (601 are an oversimplification of the 
terminal redox reactions occurring in the PDC and KDC. and that reac- 
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tions (63) and (64) provide a better description of the process. 

S 
(cH,),co-E,+ FAD-E,/~ - -  --- 6- SH SH \; 

5' 
(cH,),co-E, -1- li FAD--,/ 

s--s \SH 

S' 

\SH 
k FAD-E/ i - N A D +  - FAD-E, 

E3 is shown as containing a catalytically active disulphide group which is 
reduced to a sulphydryl group and a sulphur radical; the flavine group is 
similarly reduced to the semiquinone radical. The involvement of a disul- 
phide group in  reactions (63) and (64) may be inferrcd from the facts that 
dihydrolipoate dehydrogcnase is inhibited by arsenite, t hc inhibition being 
relieved by dithiol compounds and from the observation that reduction 
of the enzyme with lipoic acid or NADH results in the formation of two 
protein sulphydryl groups per residue of FAD. Evidence for the formation 
of a flavine semiquinone during the reaction has been educed from 
changes in the absorbtion spectrum of the enzyme in the region 500 to 
600 mp. The proposed radicals must, however, be strongly coupled since 
n o  e.s.r. sisnal has been detected. 

2. Metabolic significance of the reactions 

The oxidative degradation of organic molecules to carbon dioxide and 
water coupled to the generation of uucleoside triphosphates and rcduced 
pyridine nucleotides is one of the central activities of most living organisms. 
It might be supposed that the reactions by which this is achieved are 
specific for the compound to be degraded, but this is not the case. Refer- 
ence to Figure 1 shows that catabolism of the three major types cf macro- 
molecules encountered in biological systems leads to a very limited range 
of intermediate products. Carbohydrates arc degraded to  pyruvate (or 
triosc phosphates), fats to acetyl-CoA (and some propionyl-CoA) and 
glycerol, and proteins to osaloacetate, m-ketoglutarate. furnarate and 
succinate. It  is only necessary to consider, therefore. the subsequent reac- 
tions of these metabolic intermediates. 

In animal cclls and microorganisms under aerobic conditions, pyruvate 
is oxidized by the pyruvate dehydrogenase complex lo acetyl-CoA and 
carbon dioxide. This reaction is important from two points of view. 
First, the product acetgl-CoA may be degraded completely to carbon di- 
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oxide as will be described below. Secondly, acetyl-CoA is the precursor 
for the biosynthesis of lipids; the oxidative decarboxylation of pyruvate 
provides, therefore, the link between the processes of carbohydrate cata- 
bolism and lipid anabolism. In  fact, very little nutritive material is stored 
in the form of carbohydrate. the bulk being converted to  lipid and deposit- 
ed in  the adipose tissue. 

Certain other reactions of pyruvate deserve comment. In vertebrate 
muscle, where production of pyruvate occurs under essentially anaerobic 
conditions, the terminal step of glycolysis is the reduction of pyruvate to 
lactic acid (equation 65). 

CH,COCOOH + NADH + H+ -F== CH,CH(OH)COOH + NAD+ (65 )  

Reaction (65) is catalysed by lactate dehydrogenase (1.1.1.27). Lactate is 
removed from the muscle by the circulation system and subsequently 
reoxidized to pyruvate. Lactic acid is also the sole product of carbohydrate 
fermentation by the lactic acid bacteria (Lac/obaci//i). An alternative anaeio- 
bic mode of fermentation of carbohydrates occurs in yeast (e.g. Saccharo- 
rnyces cerevisiae) and other microorganisms. Here, pyruvate is decarboxyl- 
ated to give acetaldehyde (equation 66) and the product reduced to ethanol 
(equation 67). 

CH,COCOOH - CHJCHO + CO, (66)  

CH,CHO + NADH + H+ - -  -+ CH,CH,OH + NAD+ (67) 

Reaction (67) is catalysed by alcohol dehydrogenase (1.1. I .  1). 
The complete degradation of acetate (in the form of acetyl-CoA) to 

carbon dioxide is carried out by the citric acid (or  tricarboxylic acid) 
cycle. Many investigators have studied the component reactions of this 
cycle, but its integrated formulation shown in  Figure 22 is due mainly to 
Krebs. Lack of space precludes a discussion of the copious evidence whicli 
has been presented in support of the reaction sequence given in Figure 22; 
this has been authoritatively reviewed by Krebs and L o w e n ~ t e i n ~ ~ .  Enzymes 
catalysing the reactions of the citric acid cycle have been found in all 
species of animals and higher plants so far examined; the enzymes are 
located in a highly organized fashion in sub-cellular organelles called 
mito~hondria’~. Many species of microorganisms arc also capable of car- 
rying out the reactions of the cycle. 

The first three reactions of the cycle (a and b. Figure 22) are concerned 
with the formation of isocitrate from acetyl-CoA and oxaloacetate. An ini- 
tial condensation reaction catalysed by citrate synthase (citrate condensing 
enzyme, citrogenase, oxaloacetate t r a n ~ a c e t a s e ~ ~ )  is followed by dehydra- 
tion and hydration to produce f/ireo-D,-L,-isocitrate: it is believed that 
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succinate 
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Reaction Enzyme E.C. Nuniher AGO’ kcallmole 

a .  citratc synthase 4.1.3.7 
b. aconitase 4.2.1.3 
c. isocitrate dehydrogenase I .  I .  I .41 
d .  a-ketoglutarate dehydrogenase (KDC) 
e. succinyl-CoA synthetasc 6.2.1.4 
f. succinatc dehydrogenase 1.3.99.1 
g.  fumarasc 4.2.1 .? 
h. malate dehydrogenase 1.1.1.37 

-- 9.08 
A 1.59 
- 1.70 
- 8.82 
-2.12 
- 0  
- 0.88 
i. 6.69 

FJGURE 22. The citric acid cycle 
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both the dehydration and subsequent hydration reactions are catalysed 
by the same enzyme, namely ac~nitase’~. 

Two oxidative decarboxylation reactions then take place, but it should 
be noticed that these are of quite distinct reaction types. The first (equation 
68) is catalysed by an NAD+-dependent isocitrate dehydrogenase. 

(68) 

An account has already been given (see section 11. A.l) of the formally 
similar NADP+-dependent enzyme; the enzyme concerned in the citric 
acid cycle differs from this in several important respects. First, the NAD’- 
dependent enzyme is localized in the mitochondria as would be expected 
for an enzyme of the citric acid cycle. Secondly, the enzyme is activated by 
ADP and isocitrate and inhibited by NADH and A T P ;  these activation 
and inhibition effects are thought to play an important part in the regula- 
tion of the activity of the cycle. Thirdly, available evidence suggests that 
the mechanisms of action of the two enzymes are not related. As previ- 
ously stated, there is good evidence to suggest that enzyme-bound oxalo- 
succinate is al; intermediate in the reaction catalysed by the NAGP+-dep- 
endent isocitrate dehydrogenase, and the enzyme is able to decarboxylate 
added oxalosuccinate. I n  the case of the NADi-dependent enzyme, added 
oxalosuccinate is not decarboxylated and there is no evidence to suggest 
that this species is an intermediate in the reaction. No rationalization 
of these differences has yet been advanced. 

The second oxidative decarboxylation is catalysed by the a-ketoglutarate 
dehydrogenase complex ; this complex has been discussed in detail in  sec- 
tion IV. A. 1. 

Reaction d completes the degradative reactions and in order to complete 
the cyclic process it is necessary to convert the product, succinyl-CoA, to 
oxaloacetate. Succinyl-CoA synthetase catalyses the formation of succinate 
from the CoA-thioester coupled with phosphorylation of G D P  to GTP 
(equation 69). 

(69) 

This reaction is an example of substrate-level oxidative phosphorylation. 
In order to replace one of the methylene groups of succinate by the keto 

group of oxaloacetate, the usual biochemical expedient of dehydrogena- 
tion, hydration and oxidation is employed. The dehydrogenation reaction 
is catalysed by the flavoprotein succinate dehydr~genase~~ .  This enzyme is 
extremely tightly bound to the mitochondria1 membrane and early attempts 
to solubilize it were unsuccessful. This problem has been overcome, and 
more detailed knowledge of the mode of action of the enzyme is to be 

Q 
isocitratC+ NAD+ -- a-ketoglutarate + N A D H  + H+ + CO, 

succinyl-CoA +- GDP i Pi succinate + GTP +- CoA 
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expected. Funiarate is converted to L,-malate in a reversible hydration 
reaction catalysed by f~marase '~.  Finally, oxidation of nialate to oxalo- 
acetate is catalysed by the NAD+-dependent malate dehydrogenase, (this 
enzyme is distinct from the NADPI-dependent malic enzyme discussed 
in section 11. A.l) .  

The overall processes represented in Figure 22 may be written as in 
equation (70). 

CAC 
-.--- 2 C 0 2 + C o A + 3  NADH+ acetyl--CoA+3 NAD+ i-(FAD)+GDPtPi+2 Ha0 

+(FADH,)tGTP+3 H+ (70) 
Equation (70) is not, however, a complete representation of the processes. 
For each turn of the cycle, 3 molecules of NADH and onenof FADHl 
(i.e. reduced flavoprotein) are produced; if the cycle is to continue to  
operate these species must be reoxidized by the terminal electron transport 
system. A discussion of the electron transport system is beyond the scope 
of this article but the recent review by Green8" may be recommended. 
Suffice it to say that the ETS brings about the reoxidation of NADH and 
FADH2 by a series of electron transfers coupled to ATP synthesis (oxida- 
tive phosphorylation8J). The overall reactions may be represented by 
equations (71) and (72). 

(71) 
FADH2C+02+ZADP+2P~ - - F A D T Z A T P + ~  H 2 0  (72) 

The yield of ATP from oxidation of FADH? is lower than that from 
oxidation of NADH since FADH., enters into the ETS at a later point 
than NADH. Combining reactions (71) and (72) with (70) gives equation 
(73) which describes the complete oxidation of acetyl-CoA to carbon di- 
oxide and water. 

NADH + H+ t-3 0, + 3  ADP+ 3 Pi - NAD+ t 3  ATP+4 H,O 

CH,COCoA+ GDP, 11 ADP+ 12 P;+ 2 0, - 2 CO2 -r C o A t  GTP+ 11 ATP+ 13 HZO 

(73) 

A list is given in Figure 22 of the apparent free energy changes (AGO') 
associated with the reactions of the citric acid cycle. Values are those given 
by Johnson8? and refer to  25". pH 7.0. ionic strength 0.1 5 and 'analytical 
conccntration' of reactants. It can be seen that the reactions fall into three 
classes. Reactions b, c. e,  f and g are characterized by small values (either 
positive or negative) of AGO' and may be considered to be freely reversible. 
Reaction h, however. is associated with an apparent free energy change 
of f6.67 kcal/mole; the equilibrium position of this reaction is such that 
the cycle tends to be reversed. This effect is overcome by the citrate synthase 
and a-ketoglutarate dehydrogenase reactions; both of these arc charac- 
terized by large. negative values of AGO'. Summation of 4G0' values for 
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the individual reactions gives a value of - 14-32 kcal/mole for the process 
represented by equation (70). Reactions (71) and (72) are also associated 
with negative free energy changes (AG;; = -30 kcal/mole, AG;; = -21 
kcal/mole). Hence the oxidative degradation of acetyl-CoA coupled t o  
electron transfer and oxidative phosphorylation (reaction 73), has an 
associated free energy change of - 125 kcal/mole. It can be seen, therefore, 
that the cycle tends to operate only in the direction of carbon dioxide 
formation and represents a very efficient mechanism for the degradation 
of acetyl-CoA. 

An interesting fact which does not emerge from the formulation of the 
citric acid cycle in Figure 22 is that on the first turn of the cycle neither of 
the carbon atoms derived from acetyl-CoA is liberated as carbon dioxide. 
The path taken by individual carbon atoms is shown in Figure 23 and it 
can be seen that carbon dioxide arises from the carboxyl groups of oxaio- 
acetate. Citrate, a symmetrical molecule, behaves asymmetrically in the 
aconitase reaction ; the enzyme discriminates between the two methylene 

I 

'S)CH2 
I I 

'6'COOH '6'COOH 

H tca'6)COOH 

c 
tcl.s,C i l  
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groups and removes hydrogen only from the methylene derived from 
oxaloacetate. Hydration then yields isocitrate with the unique carbon 
distribution shown: it is then inevitable that the carbon atoms removed 
in reactions c and d are those originating at  positions 4 and 1 of oxalo- 
acetate respectively. At the stage of fumarate formation, however, the two 
carboxyl carbons and the two ethylenic carbons become equivalent and 
randomization occurs. The course proposed for carbon atoms in Figure 23 
has been amply substantiated by isotope-labelling experiments. 

As was stated previously, the principal intermediate products of protein 
catabolism are succinate, fumarate, oxaloacetate and a-ketoglutarate ; it is 
necessary to enquire how these substances are metabolized by the citric 
acid cycle. These compounds are all intermediates of the cycle and are 
therefore readily converted to malate or oxaloacetate. At this point a 
decarboxylation reaction is required. It is thought that malate and oxalo- 
acetate leave the mitochondria and undergo decarboxylation to  pyruvate, 
the reaction being catalysed ty the cytoplasmic malic enzyme (equation 74) 

m a k e +  NADP+ ---- pyruvatef CO,+ NADPH-t H+ (74) 

Oxaloacetate map be decarboxylated by the same enzyme. Final desrada- 
tion to  carbon dioxide is then carried out in the mitochoiidria by the pyru- 
vate dehydrogenase complex and the citric acid cycle. 

B. Decorboxylotion of Amino Acids 

1. Distribction and mechanism of action of the amino acid decarboxylarer. 

The existaiice of enzymes catalysing the decarboxylation of amino acids 
was originally implied from observations of amine formation by micro- 
organisms growing on media containing amino acids. The reaction may 
be written as equation (75). 

RCH(NH2)COOH ----a RCH,NH,i- CO, (75) 

Work concerning specific decarboxylases for amino acids in bacteria, 
in plant and in animal tissue has been reviewed by Gales3, BlaschkoS4 and 
SchalesE5. 

Present knowledge of the distribution and specificity of the amino acid 
decarboxylases is summarized in Table 2". ". Generally, the amino acid 
undergoing decarboxylation contains a third polar group (-COOH, 
-NHs, -OH, ==NH. -S03H etc.) in addition to  the &-amino and 
carboxylic acid groups. An exception is the decarboxylase from Proteirs 
vulgaris which acts o n  a variety of aliphatic amino acidss8. Amino acid 
decarboxylases from bacterial soitrces are usually specific for a particular 
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TABLE 2. Decarboxylation of Amino Acids 

Substrate0 Product E.C. No. Sourcd 

- 
1. Aminomalonate Glycine 4.1.1.10 A 
2. Aspartate (a) /?-Alanine 4.1.1.1 I €3 
3. Aspartate (p)  a-Alanine 4.1.1.12 B 
4. Leucine Isoamylamine 4.1 . I  .I4 B 

Valine Isobu tylamine 
Isoleucine 2-Methylbutylamine 
Norvaline Butylarnine 
a- Aminobutyrate Propylamine 

5. Glutamate y-Aminobutyrate 4.1 . I  . I  5 A, €3, p 
Cysteinesulphinate Hypotaurine A 
Cysteate Taurine A 
y-Methyleneglutarnate 

6. 3-Hydroxyglutamate 

7. Ornithine 
8. Lysine 
9. Arginine 

10. Meso-2,b-diamino- 

11. Histidine 
12. (0- or p-)Aminobenzoate 
13. Tyrosine 

3,4-Dihydroxyphenyl- 
alanine 

14. 3,4-Dihydroxyphenyl- 
alanine 

Tyrosine 
5-Hydroxytryptophan 
T'ryptop han 
Phenylalanine 
Histidine 

IS. Tryptophan 
16. 5-Hydroxytryptophan 
17. Cysteinsulphinate 
18. y-Methyleneglutamate 

pimelate 

19. Serine 

y-Amino-a-met hylene- 
butyrate 

3-H ydroxy-4-amino- 
bu tyra te 

Putrescine 
Cadaverine 
Agrnatine 

Lysine 
Histamine 
Aniline 
Tyramine 
3.4-Di hydroxy- 

3.4-Dihydtoxy- 

Tyramine 
Serotonin 
Tryptamine 
Phenylet h ylarn i ne 
Histamine 
Tryptamine 
Serotonin 
Hypotaurine 
y- Arnino-a-mcthylene- 

butyrate 
Ethanolamine 

phenylethylarnine 

phenylethylamine 

4.1. I .  16 
4.1.1.17 
4.1.1.1 8 
4.1.1 .I9 

4.1.1.20 
4.1. I .22 
4.1. I .24 
4.1.1.25 

4.1 . I  .26 

4.1. I .27 
4. I .  1.28 
4. I .  1.29 

P 

B 
B 
B 
B 

B 
A. B, P 

B 
B 

A 

B 
B 

A 

P 
A 

Substrates of a particular enzyme a r c  listed in order  of reactivity. Enzymes a re  
named by first substrate in list. e.g. 4.1.1.26 is DOPA decarboxylase. 
' A = animal. B = bacterial. P = plant. 

substrate; enzymes from plant and animal sources seem to show a wider 
specificity for their substrates. In particular, an important enzyme from 
animal tissue (4.1.1.26) is believed to decarboxylate a broad range of 
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aromatic amino acids. Decarboxylases from bacterial and animal sources 
also differ in that the pH optima of the former are generally in  the range 
pH 2-5-6, whereas mammalian amino acid decarboxylases are most active 
a t  neutral or alkaline pH. 

It  should be emphasized that, with the exception of the glutamate, 
histidine and @-aspartate decarboxylases, none of the enzymes listed in 
Table 3 has been well-characterized; thus the Table may undergo future 
extension and modification. 

Two of the reactions listed in Table 2 differ markedly from the rest. 
Firstly, a bacterial enzyme has been characterized which catalyses the p- 
decarboxylation of aspartate (equation 76). 

COOH 
I C O O H  FHNHz 0-decarboxylacion 

___. _- ._- C H  NH, i CO, 
CH, I 

I 
C O O H  

This reaction is related to a-decarboxylation and will be considered in 
detail below. Secondly, it has been shown that serine undergoes decarboxy- 
lation in animal tissues (equation 77). 

serine - - ethanolamine+ CO, (77) 

No serine decarboxylase activity has been demonstrated in  such tissue, but 
Borkenhagene3 and his coworkers have shown that rat liver preparations 
catalyse reactions (78) and (79). 

phosphatidylethanolarnine-t serine .-- phosphatidylserine-t ethanolarnine (78) 

phosphatidylserine ---- phosphatidylethanolamine+ CO, (79) 

It is probable, therefore, that the decarboxylation of serine zrises from 
reactions (78) and (79). 

The first indication of a cofactor requirement for enzymic decarboxyla- 
tion of amino acids came from the work of GaleQ". The production of 
tyrosine decarboxylase by Streptococcus faecalis required the presence of 
an unidentified factor in the medium. Bellamy and Gunsalusgl identified 
the cofactor as a phosphorylated derivative of pyridoxal (Figure 2411); 
they showed that the tyrosinc dccarboxylase activity of S.  faecalis cells 
grown on a medium deficient in pyridoxine (Figure 241) was greatly incre- 
ased by added pyridoxal and increased much more by a mixture of pyrid- 
oxal and ATP. This work was extended by Baddiley and GaleQ' who 
showed pyridoxal phosphate (Pal. P) to be the cofactor for lysine, arginine 
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C H 2 0 H  CHO 0 CHO 

HOCH2  OH H O C h   OH HOit CH2 e,003 
N’ N’ CH3 

pyridoxine ( I )  pyridoxal (11) pyridoxal phosphate (111) 

FIGURE 24. 

and ornithine decarboxylases. The 5’-phosphate (Figure 24111) was synthe- 
sized in 1952Q3 and shown to be the active form. 

Pyridoxal phosphate was also shown to be the cofactor of glutamate 
aspartate transaminase which catalyses reaction (80). 

COOH COOH 
COOH I COOH I 

co / I 

CH, I CH, I 
CH, I 

COOH I COOH I 

CHNH, 
I I co CHNH, 

I + CH, d ; + CH, 

CH, 

COOH COOH 

aspartate a-kctoglutarate oxaloasetate glutamate 

Subsequent investigations have shown pyridoxal phosphate to  be the 
cofactor for a very wide range of enzyme-catalysed reactions of amino 
acids; this subject has been reviewed by BraunsteinQ4. The participation of 
pyridoxal phosphate has not been unambiguously demonstrated for all 
reactions listed in Table 3;  it seems reasonable to assume, however, that 
the close similarity in the reactions and substrates involved reflects a uni- 
formity of cofactor requirement and reaction mechanism. 

Free pyridoxal (or the 5’-phosphate) acts as a catalyst in many of the 
reactions of amino acids which are catalysed by pyridoxal phosphate 
dependent enzymes. In each case, the initial reaction is condensation of the 
amino acid with pyridoxal (phosphate) to form an aldimine intermediateo4. 
The reaction scheme suggested by Westheimer115 and by Metzlero5 and his 
colleagues for the decarboxylation reaction is shown in Figure 25 (reac- 
tions a-d). Formation of the aldimine (a) results in labilization of the 
C,-COOH bond; elimination of carbon dioxide (b) is followed by pick-up 
of a proton from the solvent (c) and finally hydrolysis (d) yields the amine 
and free pyridoxal phosphate. A previous suggestionQe that the reaction 
occurs with initial labilization of the C,-H. bond followed by loss of carbon 
dioxide has been refuted on the basis of the evidence presented below. 
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H 
I 

H 

pyridoxomine 

FIGURE 25. Non-cnzyrnic decarboxylation and decarboxylation-dcpendent trans- 
amination of ?-amino acids 

Kalyankar and SnellD7 have studied the non-enzymic decarboxylation 
Of a-aminoisobutyrate by pyridoxal. Both decarboxylation (equation 8 1) 
and decarboxylation-dependent transamination (equation 82) were obser- 
ved. 

a-aminoisobutyrate - isopropylamine-j- CO, (81) 
(82) 

The decarboxylation reaction is readily explained by reactions a-d, 
Figure 25 (R = -CH3, --H replaced by -CH3). The lack of a ‘2,-H 
group in this case lends strong support to  the suggested mechanism. De- 
carboxylation-dependent transamination may be considered to occur by 
reactions a, b, e and f ;  that is, the difference lies only in the nature of the 
imine undergoing hydrolysis. In the enzyme-catalysed reactions, decarb- 

a-aminoisobutyrate+ pyridoxal - acetone+ CO,+ pyridoxamine 
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oxylation is the only process observed; the elimination of side reactions 
must be one function of the protein part of the enzyme. 

Suppf\rt for sequence a-d in enzymic decarboxylation of amino acids 
has been provided by MandelesD8 and his coworkers, who showed that 
the tyramine produced by decarboxylation of tyrosine in solvent DzO 
contained only one atom of deuterium; any reaction sequence involving 
labilization of the a-hydrogen atom of tyrosine would result in the incor- 
poration of two atoms of deuterium under these conditions. Mandeles 
and Hankegg have shown that only one of the possible enantiomeric pair 
of y-monodeutero-y-aminobutyric acids is produced by decarboxylation 
of glutamic acid in D20 solvent. The product was found to exchange 
deuterium for hydrogen in the presence of glutamate decarboxylase (equa- 
tion 83). 

GDC GDC HOOC(CHJ,CHNH, -- HOOC(CHz),CHNH, HOOC(CH,),CH,NH, 
I DsO I H,O 

COOH D 
(83) 

On the other hand. when a-monodeuteroglutamate is decarboxylated in 
solvent water, all the deuterium is retained in the product amineS4. 

(84) 
GDC 

HOOC(CH,),CDNH, ---- HOOC(CH,),CCNH, 
H,O I 

H 
I 
COOH 

Belleau and BurbalOO, by comparison of the rate of oxidation by mono- 
amine oxidase of the a-monodeuterotyramine produced by decarboxyla- 
tion of tryosine and authentic samples of the two enantiomeric forms, have 
shown that tyrosine decarboxylation occurs with retention of configura- 
tion at  the a-carbon atom. 

Further support for the proposed reaction sequence is provided by the 
fact that the mammalian aromatic amin.0 acid decarboxylase catalyses 
decarboxylation of the a-methyl derivatives of tryptophan, in-tyrosine and 
3,4-di hydroxyphenylalanine. 

The b-decarboxylation of aspartate differs from the a-decarboxylation 
reactions described above in several important respects. Incubation of 
aspartate P-decarboxylase with the substrate results in rapid formation of 
aianine but also in a slow inactivation of the enzyme; a similar inactivation 
results from incubation of the enzyme with a variety of amino acids. This 
inactivation has been shown to arise from conversion of the cofactor into 
the inactivc pyridoxamice form ; tlic modified cofactor readily dissociates 
from the enzyme surface. Inactivation of the enzyme is prevented or rever- 
sed by the addition of pyridoxal phosphate and may be prevented or 
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delayed by the addition of or-keto acids. I n  the latter case, small amounts 
of the corresponding amino acids are formed and the activating effects 01' 

keto acids may be ascribed to thc reconversion of the pyridoxamine form 
of the holoenzyme t o  the pyridoxal form by a transamination reaction. 
Added pyridoxal phosphate exerts its activating effect by regeneration of 
the holoenzyme aftcr dissociation of pyridoxamine phosphate from the 
enzyme surface. The reactions of aspartax P-decarboxylase are summar- 
ized in Figure 261'Jl*102. 

I n  sumniary, aspartate P-decarboxylase acts both as a decarbox) lase and 
a non-specific transaminase. Although the transaminase activity is low, it is 
nevertheless of great importance since it controls the amount of the enzyme 
i n  the form which is active in decarboxylation. It should also be noted 
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that the reaction sequence in Figure 26 for the P-decarboxylation reaction 
involves the initial labilization of a C-H bond. In this respect the reaction 
bears more similarity to transamination (see, for example, review in refer- 
ence 86) than to u-decarboxylation. 

Amino acid decarboxylases have not, in general, been obtained, either 
in large amounts or in homogeneous states. Some work has been done on 
the purified gl utamate decarboxylase from Escherichia colilO3. The enzyme 
has a molecular weight of 300,000 and contains two molecules of bound 
pyridoxal phosphate per molecule of apoprotein. The bound cofactor is 
characterized by an absorption maximum a t  415 m p  below pH 5.0 (cor- 
responding to the active form of the enzyme) which inoves to 340 mp at 
pH values above 5 .  These characteristic spectra bear a strong resemblance 
to those observcd in the case of glutamate aspartate transaminaseeG. In this 
case, it has been shown conclusively that the pyridoxal form of the cofac- 
tor is bound to the enzyme by an aldimine linkage between the cofactor 
aldehyde group and the &-amino group of a lysine residue in the protein. 
The similarity in the spectra of these two enzymes is presumptive evidence 
that pyridoxal phosphate is bound to glutamate decarboxylase in a similar 
fashion. If this is the case, then the initial reactions between the enzymes 
and substrates in the sequences of Figures 25 and 26 should be shown as 
transaldiminations rather than simple condensation reactions. 

2. Biological significance of the amino acid decarboxylases 

a.  Bacterial enzymes Most bacterial amino acid decarboxylases are 
inducible enzymes; that is, they arc produced in large quantities only whcn 
the growth medium contains the appropriate substrate. Similarly, optimal 
production of the decarboxylases requires acid growth conditions. These 
observations led Galee3 to  speculate that the formation of amines from 
amino acids is a device used by microorganisms to counteract the effects 
of an acid environment. An alternative suggestiones is that decarboxylation 
of amino acids supplies at  least part of the carbon dioxide required for 
the metabolic processes of the or_ganism; this source of carbon dioxide 
might become particularly important at low pH where the solubility of 
the gas in the growth medium is low. These suggestions are, however, 
purely speculative and no clearly defined function call be ascribed to the 
majority of these enzymes. Specific metabolic functions can be ascribed, 
on the other hand, to the aspartate a-decarbosylase and the rneso-2,6- 
diaminopimelate decarboxylase. 

Several routes for the formation of P-alaniiie in microbial systems have 
been described, but the main route in such orga1:isms as E. coli, Azoto- 
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bacrer vinlandii and Rkizobiurn Ieguminosarium, particularly under acid 
growth conditions, is the 1-decarboxylation of aspartate. The product, 
8-alanine, is mainly involved in the biosynthesis of the pantetheine side 
chain of coenzyme A (Figure 3). The probable sequence of reactions in- 
volves an initial condensation (reaction 85) between /3-alanine and pantoic 
acid (derived from valine) to yield pantothenate. Pantothenate is phos- 
phorylated by ATP and the resulting phosphopantolhenate is condensed 
with cysteine, in a CTP-dependent reaction to produce phosphopantoth- 
enylcysteine (reaction 86). Formation of the side chain is completed by 
decarboxylation (reaction 87) t o  phosphopantetheine. 

COOH 
I CH,C(CH,),CHCOOH CH,C(CH,),CHCONH(CH,),COOH 

I OH OH 
I 
OH 

I - - O H  
CHz i- I I 

A T P  AMP, PP, 
CH,NH, 

pantoate pant ot hcnat c (85) 

COOH 

CTP 
CH,C(CH,),CHCONH(CH,),COOH I 
I I + CHNH, - 

OH I 
CH,SH 

O@ 

phosphopantothenate 

CHzC(CH,),CHCONH(CHz),CONHCHCH,SH 
I 
COOH 

I 
OH 

I 
003 

phosphopanto:henylcysteine 

cot 
CH,C(CH,),CHCONH(CH,),CONHCHCH,SH I -/-. 

COOH 

CH,C(CH,),CHCONH(CH,)~CONHCHzCH2SH 

I 
OH 

I 
00 

(87) 

I 
OH 

I OD 
phosphopantetheine 

Higher organisms lack the enzyme pantothenate synthetase; these or- 
ganisms are unable to synthesize pantothenate and require a dietary source 
of this compound. 

The enzynie rnesa-2,6-diaminopimelate decarboxylase is of particular 
importance in bacterial metabolism since it catalyses the terminal step in 
the biosynthesis of lysine (Figure 27). The sequence of reactions starting 
from pyruvate and aspartate-/?-semialdehyde is as shown in Figure 27. 
It  should be noted that this enzyme differs from the other bacterial aniino 
acid decarboxylases in that the pH optimum is near neutrality; this may 
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CHO 
I 

NADP+ NADPH. H+ 

“I uHOCK ~ ~ ~ O k i  

I i 

I COOH I H0OCA, COOH 
COOH 

2HlO 
CH, CH3 

CHNH, + CC / 

aspartatc-e- 
semialdehyde 

COOH 
I 

I 
CH2 

I 
CH2 
I 

CH2 
I 

I 

NH2-CH 

H-C-NHCOCH2CH2COOH 

COOH 

N- succi n yl- L-a,  E - 
diarninopimelate 

succinate L 
COOH 
I 

I 
NH,-CH 

H-C-NH: 
I 
COOH 

4:- pipcrid 3ne-  
2.6- d icarboxylate 

keto amino 
acid acid - 

2.3 - d i h yd ro picoli nate 

COOH 
I 
co 
I 

i 
CHNHCOCH2CHICOOH 
I 
COOH 
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a -aniinopi rnelate 

COOH 
I 

CHI 
I 
CH 2 

CHI CHI 
I I 

H-C-NH2 CH2NH2 
C 0 2  I 

i - 2  I 

CH, 
I 

H--C--NH2 
I 

COOH 

CH2 
I 

I 
HC-NHI 

COOH 

L-a. r-diaminopimelatc meso-a, r-diarninopirnelate L-lysine 

FIGURE 27. Biosynthesis of lysine 
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reflect the importance of the enzyme to microorganisms growing under 
normal conditions. 

6. Marnmalian enzymes Decarboxylation of amino acids is of con- 
siderable significance in mammalian systems, since the amines produced 
i n  these reactions have profound physiological effects. 
. Decarboxylation of glutamate yields y-aminobutyrate (GABA) (reac- 
tion 88). The decarboxylase is found in relatively large quantitizs in mam- 
malian brain tissue and GABA is thought to play an important part in  
the activity of the nervous systemL0.i.105. 

COOH 

CHNH, 
I 
I 
I 

CH,NH, 
I 

CH, 
I + co, 

CH, 
I 

COOH 

It seems likely that, in crustacea, GABA acts as the synaptic chemical 
transmitter for inhibitory nerve fibres. This role was suggested by the 
identification of GABA with Factor I, a substance in mammalian brain 
extracts which exerts an inhibitory efkct on the crustacean stretch receptor 
neuron and whose activity parallels that of stimulation of the inhibitory 
nerve. A similar role for GABA in the electrical activity of the brain has 
been suggested but there is little evidence available to support the sugges- 
tion. Other views have been presented; for example, Grundfestlo6 has 
postulated that GABA acts in the brain by blocking excitatory synapses 
and does not affect inhibitory synapses. These problems remain to be 
resolved. 

The route by which excess GABA is removed from brain tissue is well 
known. A transamination reaction (89) with a-ketoglutarate yields succi- 
nic semialdehyde and glutamate; succinic semialdehyde may be oxidized 
to succinic acid and the latter metabolized by the citric acid cycle. 

CH,NH, COCOOH CHO CH(NH,)COOH 

Dopa (3,4-dihydroxyphenylalanine) decarboxylase is a key enzyme in the 
biosynthesis of noradrenaline and adrenaline; the biosynthetic pathway. 
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originally suggested by Blaschkolo7 is shown in Figure 28. Adrenaline is  
derived from noradrena!ine by an N-methylation reaction involving S- 
adenosylmethionine. 

In addition to its role as a hormone noradrenaline is believed to act as 
the chemical transmitter in postganglionic sympathetic nerve fibres (adr- 
energic fibres)lo8. These fibres are rich in dopamine and noradrenaline and 

COOH 
I 

CHNH2 
I 

C H I  0 +- 
OH 

tyrosine 

CHzNHCH, 
I 
CHOH 

QOH OH 

adrenaline 

C W H  
I 
CHNH2 
I 6-- b. co2 

on 
OH 

dopa 

S - adenosylmethionine 

a___ --- 
t J d .  

S-adenosylhomocysteine 

CHzNH, 
I 

0 OH OH 

dopamine 

E . 1 0 1  

1 

CHzNH2 
I 6 

OH 
I 

OH 

norodrenoline 

FIGURE 28. Biosynthesis 01' adrmalinc and noradrenaline 

contain the enzymes required for noradrerialine biosynthesis. Adrenaline 
and a variety of other amines (tyramine, ephedrine, amphetamine) can 
combine with the noradrenaline receptors and hence produce the same 
effects as stimulation of the sympathetic system; these are the so-called 
sympathomimetic amines. The metabolic fate of noradrenaline and the 
other sympathomimetic amines has been discussed by A x e l r ~ d ~ ~ ~ .  

The decarboxylation of histidine yields histamine (reaction 90). 

Reaction (90) is catalysed both by the general aromatic amino acid de- 
carboxylase and by a specific histidine decarboxylase. The latter enzyme 
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is found in large quantities in mast cells of the connective tissuel10 and in 
rapidly developing tissue such as tumours. Histamine is stored within the 
mast cells in granules and may be released from these granules in large 
quantities in certain pathological conditions. Release of preformed hista- 
mine has been shown to  be closely related with allergic reactions111 and 
with experimentally induced anaphylactic shock"2. 

The role of histamine in normal physiological processes is still under 
active investigation'll. Administered histamine is known t o  stimulate acid 
secretion by the parietal cells of the gastric mucosa, and it is currently 
believed that induced histamine plays an active part in digestive processes. 

Schayer113 has reviewed studies of the catabolism of histamine in vivo. 
The most important route appears to be the conversion of histamine to 
methylimidazole acetate by the sequence shown in equation (91). 

CHzCGQH __-. 
C H 3 " e N  

The enzymes catalysing these reactions are not well-characterized. 

C. Decarboxylation of p-Keto Acids 

The enzymes which catalyse 8-decarboxylation reactions show no 
requirement for organic cofactors. Two such enzymes have been investiga- 
ted in some detail, namely oxaloacetate decarboxylase (E.C. 4.1.1.3 J and 
acetoacetate decarboxylase (E.C. 4.1.1.4) ; these enzymes catalyse reactions 
(92) and (93) respectively. Early work on these enzymes has been reviewed 
by Ochoau4. 

HOOCCH,COCOOH - CH,COCOOH +CO, (92) 
CH,COCH2COOH --c CHjCOCH,+ CO, (93) 

Oxaloacetate decarboxylase shows an  absolute requirement for a diva- 
lent cation whereas the acetoacetate decarboxylase shows no such require- 
ment. This difference is reflected in the nonenzymic decarboxylation of 
these two species ; metal ions catalyse the decarboxylation of oxaloacetate 
but not of acetoacetate. 

The decarboxylation of /I-keto monocarboxylic acids may be represen- 
ted by equations (94) and (95)l15; that is, the internally hydrogen-bonded 
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keto acid decarboxylates to give the en01 of the product which then keto- 
nizes. 

R R  
\ /  

CH,C(OH) CRZ - --- CH,COCHR, (95) 

Pedei.senlls has provided good evidence for this reaction scheme in the case 
of the decarboxylation of dimethylacetoacetate; he found that the addi- 
tion of bromine does not alter the rate of evolution of carbon dioxide but 
stoichiometric amounts of bromine are consumed during the reaction. 
Under the conditions of the experiment, no significant quantity of bromine 
is absorbed by isopropyl methyl ketone. These results can be rationalized 
on the basis of equations (96) and (97). 

CH,COC(CHJ,COOil - - CH C-C(CH,), + CO, 
) I  - (96) 
OH 

CH,C---C(CH,), i Br, -- -- CH,COCBr(CH,),+ HBr 
I (97) 

O H  

That the reaction involves decarboxylation of the internally hydrogen- 
bonded acid rather than a form in which the carbonyl oxygen atom is 
protonated is suggested by the observation that the rate of the reaction is 
essentially unaffected by the polarity of the ~olventl~' .  

Reaction (94) should obviously be facilitated by a centre of positive 
charge on the @-carbon atom and Pedersenll* suggested that the catalysis of 
decarboxylation of 8-ketoacids by primary amines is due to the initial 
formation of a protonated Schiff's base (reaction 98). This species under- 
goes decarboxylation (reaction 99) and then hydrolysis to the ketone 
(reaction 100). 

'I 
CH,CC(CH,),COO- CH,CC(CH,),COO- H i  CH,CC(CH,),COO- 

I j (98)  -A 

+NHR 
II 

-7- NR O t  
RNH, H,O 

CH,CC(CH,),COO- CH,C--:C(CH,), 
il 

+NHR 
(99 )  
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WestheimerllB has presented very strong evidence that the enzyme- 
catalysed decarboxylation of acetoacetate proceeds by a route analagous 
to  reactions (98-IOO), in which the amine function is provided by a lysine 
side chain group in the protein. These investigations were carried out on 
the enzymes from Clostridium acetobutylicum and C. madisonii. The reac- 
tion scheme may be represented by equations (101) and (102) where E-NH2 
represents the protein-bound lysine amino group. 

Kinetic analysis of the enzyme reaction has shown a pH dependence and 
an inhibitory effect by monovalent amines consistent with a cationic group 
at  the active site. 

Direct evidence for the proposed reaction sequence has been obtained. 
Decarboxylation of acetoacetate was shown t o  be accompanied by ex- 
change of the carbonyl oxygen atom with solvent; similarly, exchange 
of oxygen was observed when acetone was incubated with the enzyme. 
Careful control experiments were carried out to  allow for non-enzymic 
exchange reactions. Evidence for the occurence of Schiff's base intermedia- 
tes was obtained by incubation of the enzyme with its substrate and sub- 
sequent addition of sodium borohydride. About 75% of the enzymic ac- 
tivity was destroyed compared with only 10% in  control experiments in 
which the substrate was omitted. Similar experiments with [3-14C]-aceto- 
acetate were carried out ; after treittment with borohydride, radioactivity 
became irreversibly bound to the protein and treatment with 6 N hydro- 
chloric acid liberated &-isopropyllysine which was identified chromato- 
_graphically. These results can be explained by equation (103). 

CH,CCH, CH,CHCH, CH,CHCH, 
I I 

I -.. CO-CH-NH . . .  ... CO-CH-NH ... CH(NH,)COOH 
rcduced form free e-isopropyllysine Schiff's basc 

intermediate 
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When the enzyme-catalysed decarboxylation of acetoacetate was carried 
out in the presence of hydrogen cyanide, progressive inactivstion of the 
enzyme was observed. The inactivation could be reversed by prolonged 
dialysis. These results are consistent with reversible addition of hydrogen 
cyanide to the imine bond of a Schiff's base intermediate (reaction 104). 
Consistently, hydrogen cyanide protected the enzyme against irreversible 
inactivation by borohydride. 

CHS-C-CHa 
CH,-C(CN)CHJ 

HCN + N I (104) _._L 
II 

NHE 
E 

\ 

The non-enzymic decarboxylation of dimethyloxaloacetate has been 
studied by Steinberg and Westheimerlzo. During the course of the decarb- 
oxylation reaction at pH 3.0, a species was produced characterized by an 
absorption spectrum in the ultraviolet region which was markedly different 
from the spectra of either the starting material or the final product (a- 
ketoisovalerate). The spectrum showed a strong band at  260 mp charac- 
teristic of an a, B-unsaturated carboxylic acid. By analogy with the pro- 
posed mechanism for the decarboxylation of acetoacetate, these workers 
postulated the scheme in equation (105). 

HOOCCCH(CHJ2 
II 
0 

Polyvalent metal ions arc strong catalysts for the decarboxylation of 
dimethyloxaloacetate. In the presence of metal ions, the reaction may be 
represented by equation (106); that is, the formation of the metal chelate 
provides a centre of positive charge which facilitates the electronic shifts 
leading to  decarboxylation. 

Evidence for the scheme in equation (106) is provided by the fact 
that decarboxylation of the monoethylester of dimethyloxaloacetate 
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(C2H50COCO(CH3)2COOH) is not catalysed by metal ions, presumably 
due to its inability to form the appropriate chelate. The reaction sequence is 
also consistent with the colour changes associated with catalysis by ferric 
ions. Chelatcs of the two keto acids with ferric ions are yellow, whereas 
the ferric ion chelate of the enolate ion is blue. The ferric ion catalysed 
reaction is accompanied by colour changes from yellow to green to blue 
and finally to  yellow; it is thus possible to observe the formation of the 
intermediate in reaction (106). 

Oxaloacetate decarboxylases have been isolated from Micrococcus lyso- 
deikticirs121 and Azotobacter virrlandii122; both enzymes show a dependence 
on metal ions, Mn2+ being the most effective. The requirement of the 
enzymes for metal ions has been taken as evidence that the main features 
of the enzymic and metal-catalysed reactions are similar, the principal role 
of the protein part of the enzyme being to bind the metal and substrate. 
The enzyme from M .  lysodeikticus has been shown to catalyse the exchange 
of carbon dioxide with the 8-carboxyl group of oxaloacetate, but not the 
net fixation of carbon dioxide by pyruvate. The results are consistent with 
a scheme such as equation (106) where the decarboxylation is reversible, but 
the subsequent ketonization reaction is not. It should be noted that the 
enzyme from Azotcbacter does not catalyse the exchange of the P-carboxyl 
group of oxaloacetate to  an appreciable extent; this probably reflects 
differences of stability of the enzyme-enolate complexcs in the two cases. 

Hence it would seem likely that the enzyme-catalysed decarboxylations 
of oxaloacetate and acetoacetate proceed by fundamentally different routes, 
but by routes which are closely parallel to those adopted in model systems. 
The difference must be dictated by the lack of a B-carboxyl group in the 
case of acetoacetate; this precludes the formation of a reactive metal 
chelate and requires that an alternative method of activation of the keto 
group be employed. 

V. C O N V E R S I O N  O F  PRE-EXISTING G R O U P S  TO-COOH 

Formation of carboxylic acids in biological systems may be achieved, e.g. 
by oxidation of an alcohol or an aldehyde. Reactions of this type are 
known in which either a frec carboxylic acid group or acyl-CoA or acyl 
phosphate derivativcs or lactones are formed. A brief discussion will also 
be given of the relatively poorly understood oxidative and hydrolytic 
cleavage reactions of carbon-carbon bonds which give rise to carboxyl 
groups. 



1006 Shawn Doonan 

A. Oxidation of Alcohols to Acids 

In biological systems, the conversion of a n  alcohol to  an acid is usually 
carried out by two separate NAD+-  (or NADP') linked enzymes (El  and 
Ezl catalysing reactions (107) and (108) (see section I).  

RCHzOH+ NAD+ -% RCHO+ NADH -+ H + ( 107) 

RCHO + NAD++ H 2 0  --'a - RCOOH + NADH + H+ (108) 

Some enzymes exist which catalyse the oxidation of alcohols to acid> 
according to  reaction (log), e.g.  histidinol dehydrogenase (E.C. I .  I .  1.23. 
reaction 110) and  uridine diphosphoglucose (UDPG) dehydrogenase 
(E.C. 1.1.1.22. reaction 1 I I ) .  

(109, RCH20H - 2 NAD' 7 HzO - RCOOH-r 2 NADH -+ 2 HC 

CH2OH C O W  

+ 2NADHc2H' ( 1 1 1 )  
OUOP 

OH 

+ 2 ~ n d  . n20 - 
OH OH 

Histidinol dehpdrogenase is concerned in the terminal step of histicline 
biosynthesis; it is interesting t o  note that this biosynthetic scheme is 
unique in the timing of formation of the carboxyl group. A d a r n F  has 
purified the histidinol dehydrogenases from yeast, E. coli and Arthrobocler 
histidinolvarans and Adams and L o p e P  have obtained the enzyme from 
Salmoitellu t yphirnirriitni grown on  histidino 1. 

Adams has examined the action of the enzymes on the aldehyde analogue 
of histidinol, namely histidinal. In the presence of NADH. histidinal is 
reduced to  histidinol whereas histidine is formed with NAD'. Both 
activities of the enzyrne increased in a constant ratio during the purifica- 
tion procedure and could not be separated from one another. Consistently. 
a histidine requiring auxotroph of E .  coli was unable to oxidize histidinol 
or histidinal. This evidence suggests that the histidinol dehydrogenase 
catalyses both the production of the aldehyde intermediate and also the 
oxidation of the latter to histidinc. The intermediate must, however. be 
firmly bound to the enzyme surface since attempts to trap it with semi- 
carbazide were not successful. 
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UDP-glucose dehydrogenase was first identified in calf liver125 and sub- 
sequently in plants and microorganisms. The enzymes from peas and calf 
liver have been partially purified and their properties have been review- 
edlZ6. The oxidation of UDP-glucose to UDP-glucuronate was clearly 
shown to require two equivalents of NAD+. No aldehyde intermediate 
has been detected in the reaction and no attempts to prepare the synthetic 
aldehyde analogue of UDP-glucose have been reported. The enzyme is 
inhibited by sulphydryl group blocking-reagents and seems to be depend- 
dent on a metal ion for activity; these properties are characteristic of other 
better-characterized dehydrogenases. 

Glucuronic acid and UDP-glucuronate play important parts in several 
areas of metabolism. For example, glucuronides are commoiily formed in 
the course of detoxication and facilitate excretion of metabolites. It has 
been shownl?’ that administration of foreign organic chemicals to  the rat 
caused increased excretion of glucuronides and an adaptive increase in the 
level of UDP-glucose dehydrogenase. 

Glucuronic acid is an important constituent of many structural poly- 
saccharides. For example, the capsular polysaccharide of type 11 1 Pneu- 
rnococci consists of alternating units of glucose and, glucuronic acid as 
shown. The polysaccharide is formed by condensation of the UDP-deriva- 
tives of the monomers. 

COOH CHzOH COOH 

Other important glucuronate-containing polysaccharides are chondroitin 
(glucuronate and N-acetylgalactosamine) and hyaluronic acid (glucuronate 
and N-acetylglucosamine) ; dermatin sulphate contains N-acetylgalactos- 
amine-2-sulphate and iduronate, the latter being formed from glucuronate 
by cpimerizcition at Cc5,. 

Attention has recently been focused on the importance of glucuronate in 
the catabolism of carbohydrates and as a central intermediate in the bio- 
synthesis of ascorbate (vitamin C)12s. The D-glucuronate-L-gulonate path- 
way (Figure 29) provides a route for the breakdown of glucose (via the 
6-phosphate) and any other species which are convertible to  intermediates 
in  the cycle; enzymes catalysing the reactions of the cycle have been found 
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in animals and the higher plants. Reaction sequence a in Figure 29 con- 
sists of the conversion of glucose-6-phosphate to  the 1-phosphate, forma- 
tion of UDP-glucose, oxidation to UDP-glucuronate and conversion to  
glucuronate by successive removal of UMP and phosphate. A reduction 
reaction (b) converts ~-glucuronate to L-gulonate which undergoes oxida- 
tion 6) and decarboxylation (k) to L-xylulose. An interesting pair of reac- 
tions (1, m) convert L-xylulose to the D-configuration; after phosphoryla- 
tion (n) six molecules of D-xylulose-5-phosphate are ccnverted to  5 mole- 
cules of glucose-6-phosphate by the well-known pentose phosphate path- 

Ascorbate arises from L-gulonate by dehydration to the lactone (c) 
followed by oxidation (d) and enolization (e). It is well known that a small 
number of species (the primates and the guinea pig) are unable to synthe- 
size vitamin C and develop scurvy if this vitamin is absent from the diet. 
It has been shown that these species are able to carry out all the reactions 
in Figure 29 except the oxidation of L-gulonolactone to  2-keto-~-gulono- 
lactone. Similarly, some individuals show a hereditary lack of the enzyme 
catalysing reaction (l), the reduction of L-xylulose; such individuals ex- 
crete large quantities of L-xylulose, a condition known as idiopathic 
pentosuria. 

The metabolism of ascorbate is described by reactions f to i (Figure 29). 
These reactions produce ~-xylulose which is further metabolized to glu- 
cose-6-phosphate. 

B. The Formation and Metabolism of 6-Phosphogluconate 

1. Formation 

The conversion of glucose-6-phosphate to 6-pnosphogluconate takcs 
place in two stages, namely oxidation of the substrate to glucono-6-lac- 
tone-6-phosphate (equation 112) and hydrolysis of the lactone to 6- 
phosphogluconate (equation 1 13). 

way (0). 

CHzO@ 

H(OHI + NAW' + <> 3 * NAOPH + H' (112) 

OH 472 OH 

OH OH 
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Reaction ( I  12) is catalyscd by the ubiquitous glucose-6-phosphate dehyd- 
rogenase (E.C. 1.1.1.49), an enzyme first identified in mammalian red 
blood cells by Warburg and Christian120; the properties of the enzyme have 
been r c v i e ~ e d ' ~ ~ .  Equation (1 12) is written with NADP' as the oxidizing 
agenl: this is the case with the enzymes from yeast and mammalian tissue, 
whereas enzymes from some bacteria and moulds use NAD' and the 
enzyme from Leitco~rostoc mesenter-oides appears t o  use both with equal 
faci I i t y . 

Reaction (112) is freely reversible (AGO' - -0.1 kcal/rnole) with the 
b-lactone, while the y-lactone is not reduced. Under normal conditions 
hydrolysis of the lactone is very rapid; the lactone may, however, be trap- 
ped as the hydroxamate. I t  is still not clear whether the enzyme acts on the 
z- or p-forms of thc substrate or both. The enzyme from yeast has been 
shown to oxidize the non-phosphorylated /?-D-glucopyranose which is 
presumptive evidence that the active form of the true substrate has the ,3- 
configuration. 

The hydrolysis of gluconolactone-6-phosphate proceeds to completion 
(AGO' - - 5  kcal/mole). The reaction in animals is thought to proceed 
without intervention of a n  enzyme. In  plants and some microorganisms, 
however. reaction (1 13) is catalysed by gluconolactonase (E.C. 3.1.1.17) 
which is active both with the phosphorylated and non-phosphorplated 
lactones. Similar enzymes are known which catalyse the hydrolysis of L- 

arabono-y-lactone, D- and L-gulono-&lactones and D-glucurono-y-lactone. 
In addition to the route ,lescribed above, 6-phosphogluconate may be 

formed from free 6-slucose by reactions ( I  14-1 16) 

OH 

COOH 
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Reaction ( 1  16) is catalysed by a specific enzynie, gluconokinase (2.7.1.12). 
The nature of the acceptor A in equation ( I  14) varies from species to 
species. An enzyme from liver employs either NAD' or NADP' (equa- 
tion 117) as the oxidizing agents. The enzyme also oxidizes 6-D-xylose and 

( 1  17) 

6-deoxy-~-glucose. Other enzymes have been identified which oxidize 
L-arabinofuranose and D-galactose to their corresponding lactones. 

The other important variant of reaction (1 14) is described by equation 
(1  18a); the intermediate hydrogen acceptor (A in equation 114) is enzyme- 
bound flaviiie adenine dinucleotide (€.FAD). Oxygen is the terminal 
hydrogen acceptor (reaction 11Sb) and the overall reaction is as in ( 1  19). 

( I  18a) 

(118b) 

P-D-glucose 2- NAD(P)+ F== P-D-gluconolactone 

+ NAD(P)H t Hf 

P-D-glucose L E.FAD := == P-D-gluconolactone + E.FADH, 

E.FADH, T 0, -- E.FAD -+ H,O, 

8-D-glucose + 0, -- -- P-D-gluconoIactone1; H,O, ( 1  19) 

Reactions (1 17) and (1 18) are catalysed by glucose oxidase (E.C. 
1.1.3.4); the properties of the enzyme have been reviewed by Bentleyl". 
Studies of the enzymology of reaction (120) were initiated by Miiller132 

/bD-glucose+ H,O + 0, -- -- gluconate I H,O, (1201 

who prepared active extracts of glucose oxidase from the moulds Asper- 
gillus iiiger and Penicillium glaircirni. The enzyme has subsequently been 
found in a variety of moulds and in  Pseudomonas; i n  the latter case, the 
enzyme is particulate and is linked to the respiratory chain. A non-flavine 
enzyme has also been demonstrated in A.  tiiger- which does not use oxygen 
as the terminal acceptor; the most effective acceptor so far found is 2,6- 
dichlorophenolindophenol. 

Bentley and NeubergeP3 have shown conclusively that glucose oxidase 
functions as a dehydrogenase rather than an oxygenase. Hydrogen per- 
oxide produced during reaction (120) carried out in either H 2 l B 0  with 
lGOz or in H2l60 with laOn was examined for its isotopic constitution: i n  
the first case the product hydrogen peroxide contained no lSO but i n  the 
second case it had the same l6O content as the substrate oxygen. Friedberg 
and K a ~ l a n 1 ~ ~  have shown that the C,,,-H bond of glucose is cleaved in  the 
rate-limiting step of reaction (120); primary isotope effects of 10 and 3-4 
were observed with [I-TI-glucose and [ 1 -D]-glucose respectively. 

The ellzyme has a molecular weight of 150.000 and contains two moles 
of FAD per mole of protein. Mason13j has postulated that both molecules 
of FAD are involved in the oxidation of a single molecule of glucose with 
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intermediate formation of flavine semiquinones (cf. the pyruvate dehydro- 
genase complex, section IV. A. 1). A possible reaction sequence is shown in 
equation (121). Part of the glucose molecule around the C(l) carbon atom 
is shown and the molecule is assumed to be in the C(l) chair conformation. 
Hydrogen peroxide may be formed by reaction with the diradical form of 
the reduced enzyme or with the form FAD.E.FADH2. 

__. 0 FAD -0 H FAD -0 FADH 

-0 FADH 
(121) 

I .. . I 

'C-.O ....E 

2. Metabolism 

In most forms of life, two main pathways arc available for the complete 
oxidation of hexoses to carbon dioxide The first, the Embden-Meyerhof 
glycolytic pathway is discussed in section V. D.l .  The second, known 
variously as the pentose phosphate pathway, the hexose monophosphate 
shunt or the phosphogluconate pathway is shown in Figure 30136. 

Glucose is diverted into this pathway by the action of glucose-6-phos- 
phate dehydrogenase (or any of the other 6-phosphogluconate-producing 
reactions described above). After hydrolysis of the intermediate 6-phos- 
phogluconolactone (which reaction may or may not be enzyme-catalysed 
depending on the organism), an NADPC-dependent oxidative decarboxgl- 
ation reaction (reaction c) produces carbon dioxide and ribulose-5-phos- 
phate. The properties of 6-phosphogluconate dehydrogenase have been 
discussed in section 11. A. 1. 

The remainder of the reactions (d-1) are concerned with the regeneration 
of five molecules of glucose-6-phosphat~ from six molecules of ribulose-5- 
phosphate. Several of these reactions and enzymes are identical with those 
of the Calvin-Benson cycle (Figure 9). 
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Reaction Enzyme E.C. Number 

a. 
b. 

d. 
e. 

f. h. 
g. 

C. 

1. 

j. 
k. 
1. 

glucose-6-phosphate dehydrogenase 
gluconolactonase 
phosphogluconatc dehydrogenase 
ribosephosphate isomerase 
ribulosephosphate 3-epimerasc 
transketolase 
?ransaldolase 
triosephosphate isomerase 
aldolase 
hexosediphosphatasc 
glucosephosphate isomerase 

I .  1.1.49 
3.1.1.17 
1.1.1.44 
5.3.1.6 
5.1.3.1 
2.2.1.1 
2.2.1.2 
5.3.1.1 
4.1.2.7 
3.1.3.1 1 
5.3.1.9 

FIGURE 30. The pentose phosphate pathway 
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The net result of the reactions in Figure 30 may be represented by equa- 
tion (122). 

glucose-6-phosphate+ 12 NADP++7  H,O - 6CO,+ 12 NADPH+ 
I 12 H+ + H,PO, (122) 

NADPH produced during the reaction may be converted to NADH by 
the transhydrogenation reaction and the NADH oxidized by the terminal 
electron transport system, or the NADPH may be used in the organism's 
biosynthetic activities. Similarly, some of the intermediates in Figure 30 
are important biosynthetic precursors. 

An alternative route for the degradation of 6-phosphogluconate has 
been established for the genus of bacteria Pseudomonas, namely the Entner- 
Doudoroff pathway : dehydration catalysed by 6-phosphogluconate de- 
hydrase (E.C. 4.2.1.12) followed by ketonization of the enol product yields 
2-keto-3-deoxy-6-phosphogluconate, (KDPG). The latter undergoes an 
aldol cleavage reaction catalysed by KDPG aldolase to yield pyruvate and 
glyceraldehyde-3-phosphate (equation 123). The mechanisms of the reac- 
tions have been discussed by Meloche and 

COOH C O O H  COOH COOH 
I 

C-OH co co I 
I l i  I 

CH, 

I 
I 

HCOH 

I --A - (123) 
HOCH "ao C H  CH' 

--A 

HCOH C H O  
L-. I 

H i O H  H C O H  
I 
i I ! 

HCOH HCOH HCOH CHOH 

C. Oxidation of Aldehydes 
1. G l yceraldehyde-3-phosp hate deh yd rogenase 

Glyceraldehyde-3-phosphate dehydrogenase (GDPH, previously refer- 
red to as triosephosphate dehydrogenase, E.C. 1.2.1.12) catalyses an oxid- 
ative phosphorylation reaction to  producc the mixed anhydride 1,3- 
diphosphoglycerate (equation 124). 

CHO CO.O@ 
I i 

+ NADH + H+ (1  24) HCOH + NAD' -+ Pi -4 H C O H  
I I 

CH,O@ C H a O B  

The enzyme has been purified from yeast and from the muscle of a 
variety of vertebrates. Velick and Furfi1ie13~ have reviewed the properties 
of the enzyme, and the reaction mechanism has been the subject of much 
recent s t ~ d y ' ~ ' - ' ~ ~ .  
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GDPH has a molecular weight of 120,000-140,000 and contains 4 moles 
o i  bound NAD+ per mole of protein. The enzyme is unique among the 
dehydrogenases in that the coenzyme is sufficiently firmly bound to the 
protein not to  be removed during dialysis or crystallization. The coenzyme 
may, however, be removed from the protein by competitive absorption 
onto charcoal ; complete reactivation of the enzyme then requires 4 equival- 
ents of NAD+. The absorption spectrum of enzyme-bound NAD+ is of 
great interest. Free NAD+ has no  absorption niaximum between 300 and 
400 mp whilst the reduced form, NADH, absorbs maximally at 340 mp; 
enzyme-bound NAD+ on the other hand has an  absorpticn maximum at 
365 mp, Formation of the active complex between GDPH and NAD+ 
requires free sulphydryl groups and an inactive modification of the enzyme 
which shows n o  365 mp absorption may be converted to  the active form 
by incubation with sulphydryl compounds (e .g .  glutathione). Treatment of 
the active enzyme with sulphydryl-blocking reagents results in the disappe- 
arance of the absorption a t  365 mp, and in some cases (e.g.with p-chloro- 
mercuribenzoate) in the dissociation of NAD+ from the enzyme surface. 
Racker and K r i m ~ k y ' ~ ~  have suggested that these observations may be 
explained by the formation of a covalent bond between a protein sulphy- 
dry1 group and the C(,) position of the nicotinamide ring of NAD+ (equa- 
tion 125). 

The quinoid structure would be expected to exhibit an absorption 
maximum in the range 300 to  400 my. K o ~ o w e r l ~ ~  maintains, however, 
that the 365 mp absorption arises from a charge-transfer interaction between 
the sulphydryl group and the nicotinamide ring. 

There is good evidence that the enzyme-catalysed oxidation of glycer- 
aldehyde-3-phosphate involves formation of an enzyme-S-acyl intermedi- 
ate. Incubation of substrate levels of the enzyme with glyceraldehyde-3- 
phosphate and NAD+ in the absence of inorganic phosphate results in a 
very rapid appearance of NADH in amounts determined by the concentra- 
tion of' the enzyme, accompanied by formation of the acyl-enzyme inter- 
mediate (equation 126): for convenience, only one of the four active -SH 
groups is shown. 

RCHO I E-SH +- NAD+ E-S-COR f NADH + H+ ( 126) 
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A subsequent slow utilization of NAD+ occurs as ESH is liberated frGm 
the acyl intermediate (equation 127). 

E-S-COR+ H 2 0  E-SH + RCOOH (1 27) 

Addition of inorganic phosphate to the reaction mixture results in a second 
burst of substrate oxidation by ESH liberated in the acyl transfer reaction 
(1 28)144. 

E-S-COR + Pi E-SH + RCOO@ (128) 

Catalytic quantities of arsenate can replace phosphate in reaction (128); 
the product arsenate anhydride undergoes rapid hydrolysis to form the 
free acid RCOOH and regenerate arsenate. 

The acyl transfer reaction (1  28) has been extensively studiedl"~ 144i "I. 

Formation of the acyl enzyme may be carried out by incubation with acetyl 
phosphate (R=-CHs) or 1,3-diphosphoglycerate (R=-CHOHCH20a). 
The  enzyme catalyses a slow hydrolysis of the substrate (equation 127) 
or, as shown by using 32Pi, a rapid exchange of phosphate. In the presence 
o f  sulphydryl compounds (e.g. CoA) the corresponding thiol esters are 
farmed (129). An important feature of the exchange reactions is that they 

E-S-COR+ R'-SH 7 5  ESH + RCOSR' (129) 

require the presence of bound NAD+ on the enzyme. The NAD+ does 
not participate in oxidation-reduction reactions, and is presumably involv- 
ed in catalysis of the acyl transfer reaction. This implies that regeneration 
of the NAD+-form of the enzyme must take place before the acyl exchange 
reaction. On the basis of the evidence described above a plausible mecha- 
nism of action may be presented (equations 130-1 32)13Q-1". 

. NAO' 
- R-C U H-G-R1 R2 

0 

R- C + NADY 

R2 
+ RCOA 
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It  should be noted that reaction (132) involves a nucleophilic attack on 
the carbonyl group by A- which, in the physiological reaction, is the 
phosphate anion, This specics is a poor nucleophile in aqueous solution, 
but its proposed role in reaction (132) has been substantiated by experi- 
ments with [180]-Pi. When the overall oxidative phosphorylation is carried 
o u t  in the presence of [180]-Pi and the appropriate kinase, is found 
in the carboxyl group of the product carboxylic acid145. This is consistent 
with equation (1 33). 

"O-PO,H, 'eOP0,H2 

The conversion of glyceraldeliyde-3-phosphate to 1,3-diphosphoglycer- 
ate is the essential oxidative step in the Embden-Meyerhof pathway for 
glucose metab~lism'~'- '~~. The reactions leading from glucose to two 
molecules of pyruvate (or of lactate) are shown in Figure 31. Glucose is 
converted to fructose- 1,6-diphosphate (reactions a-c) and the latter cleaved 
to two molecules of triose phosphatc (d). By virtue of the fact that the 
triose phosphates are readily interconvertible by the isomerase reaction 
(e), both molecules may undergo oxidative phosphorylation to yield 1,3- 
diphosphoglycerate (f) ; transfer of phosphate to ADP (g) results in the 
formation of 3-phosphoglycerate. An intramolecular phosphate transfer 
(h) followed by dehydration (i) produces phosphoenolpyruvate. Formatior, 
of pyruvate is completed by phosphate transfer to ADP (j) 2nd a spontane- 
ous ketonization (k). The overall process may be written as in equation 
(1 34). 

glucose+ 2 ADP; 2 Pi + 2 N A D +  - 2 pyruvate 

4-2 ATP+ 2 N A D H  + 2 H+ + 2 H,O (1 34). 

Pyruvate may be oxidized further by the usual routes or used in the 
biosyiithetic processes of the organism. 

Under aerobic conditions, the NADH formed in equation (134) may be 
reoxidized by the terminal electron transport system. Under anaerobic 
conditions (e.g. during muscular activity or during the growth of anaerobic 
bacteria), some other route for regencration of NAD+ is required. The 
most widely used reaction for this purposc is the reduction of pyruvate t o  
lactate (equation 135). The overall process is given in equation (136). 

( 1  35) 
(136) 

pyruvate + N A D H  + H+ :+ lactate + N A D +  

glucose+2 ADP+ +2 Pi -- 2 l a c t a t e f 2 A T P ~ .  + 2  H,O 
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CHO 
I 

H ~ O H  

CHO CH,OH 
I 
co 

I 
HCOH 

CHzO<i 
I 

co 
I 

ATP ADP 
HOCH 1 HOCH 

I 
- . . . - - __- H O ~ H  

I ATP ACP 

- 
HOCH 

b. C. 
L==L 

HLOH HCOH HCOH 

HCOH HCOH HCOH 
I 
1 

I 

I 

CH,OH CHzO@ 

HCOH a' 

HCOH 
I 

I I 

CH20B 
I 
CH,O@ 

glucose glucose-6-9 fructose-6-3 fructose-I ,6-di@ 

Reaction 

a. 
b. 

d. 
e. 
f. 
g. 
h. 

C. 

I .  

j. 

Enzyme E.C. Number 

-- 

hexokinase 
glucosephosphate isomerase 
phosphofructokinase 
aldolase 
triosephosphate isomeraSe 
glyceraldehyde-3-@ dehydrogenase 
phosphoglycerate kinase 
phosphoglvceromutase 
enolase 
pyruvate kinase 

2.7.1.1 
5.3.1.9 
2.7.1.11 
3.  I .2.7 
5.3.1.1 
1.2.1 . I 2  
2.7.2.3 
5.4.2.1 
4.2.1 .I 1 
2.7.1.40 

FIGURE 31. The Embden-Meyerhof glycolytic pathway 
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2. Aldehyde dehydrogenases 

The dehydrogenation of aldehydes may be represented in general terms 
by equation (137). J a k ~ b y ' ~ ~  has reviewed the enzymes catalysing reactions 

RCHO+ NAD(P) ' i  HA --- ~- RC0.A-c NAD(P)H+ H+ (1 37) 

of the type shown, and has classified them according to the nature of HA. 
The most widely distributed class of aldehyde dehydrogenases is that for 

which HA is water (reaction 138); these enzymes may be further sub-divid- 
ed into general aldehyde dehydrogenases and specilic semialdehyde de- 
hydrogenases. 

RCHO+ NAD(P)++ H,O -- RCOOH+ NAD(P)H + H+ ( 1  38) 

General aldehyde dehydrogenases have been isolated from a variety of 
sources. The enzymes differ from one another in their substrate specifici- 
ties, cofactor requirements and activation effects. For example, the enzyme 
from beef liver147 (E.C. 1.2.1.3) oxidizes formaldehyde, acetaldehyde, gly- 
colaldehyde, propionaldehyde, butyraldehyde, isovaleraldehyde and some 
aromatic aldehydes to  the corresponding acids. The enzyme will not reduce 
NADP+ and is activated by sulphydryl compounds. Rabbit liver contains 
two distinct aldehyde dehydrogenases of similar broad substrate specifici- 
ties; one of the enzymes is sensitive to steroids (some of which activate and 
some inhibit) and is inhibited by magnesium ions, while the other enzyme 
is unaffected by these reagents14*. Yeast contains two aliphatic aldehyde 
dehydrogenases. One of these enzymes (E.C. 1.2.1.5) is activated by potas- 
sium ions and requires either NAD+ or NADP+14'; the other enzyme 
(E.C. 1.2.1.4) is activated by magnesium and is active only with NADP"". 

It is believed that the main biological function of these enzymes is the 
rapid and complete removal of toxic aldehydes from the organism. Quite 
low levels of aldehyde can be oxidized by these enzymes, the equilibrium 
for reaction ( 1  38) lying far to the right (AGO' - - 12 kcal/mole at pH 7 
and 25"). 

Specific semialdehyde dehydrogenases are also widely distributed. En- 
zymes oxidizing succinic semialdehyde to succinic acid have been isolated 
from bacteria and from brain tissue. The brain enzyme is specific for 
NAD' whilst the bacterial enzymes utilize both NAD+ and NADP'. 
Ail enzyme from Pseitdotnorlas oxidized y-aminobutyraldehyde to y- 
aminobutyric acidl5l. The aldehyde exists in  solution in equilibrium with 
a cyclic Schiff's base form: present evidence suggests that the enzyme acts 
on the open-chain form of the substrate and is not involved in catalysing 
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decyclization of the Schiff’s base (scheme 139). 
CHO COOH 

, NADH, I . ,H+ CHz 

I I 

CHzNHz CH,NH, 

A similar situation exists in the case of glutamate-y-semialdehyde which 
exists in solution as the cyclic form, Al-pyrroline-5-carboxylate. 

The second main class of aldehyde dehydrogenases includes those en- 
zymes which catalyse the formation of thiol or phosphate esters. Acyl-CoA 
derivatives are formed from a variety of aliphatic aldehydes by an enzyme 
(E.C. 1.2.1.10) from Clostridiurn kluyveri (equation 140)lS2. This reaction 
is readily reversible. 

( 1  40) 

Also included in this group are the formaldehyde dehydrogenases of 
yeastlS3 and bovine liverlS5 (E.C. 1.2.1.1.). Although the product of the 
enzyme-catalysed oxidation is free formic acid, it is believed that an initial 
reaction with the sulphydryl group of glutathione (y-glutamylcysteinyl- 
glycine) yields S-formylglutathione (see below). 

An  enzyme has been isolated from yeast (1.2.1.1 1) which catalyses the 
reversible oxidation of aspartate-P-semialdehyde to P-aspar ty lpho~phate~~~ 
(equation 141). 

RCHO+ NAD++CoA :=L=z? RCO.CoA+ NADH+ H+ 

CHO co.o@ 
I I 

CH, CHZ 
I +Pi+NADP+ -2 I -+ NADPH -+ HC (141) 

CHNH, CHNH, 
! I 

COOH COOH 

Arsenate can replace phosphate, when the product is free aspartic acid. 
Aspartate-p-semialdehyde, formed by phosphorylation of aspartate by 
aspartate kinase followed by the reverse of reaction (141), is the precursor 
for the biosynthesis of threonine, methionine and lysine. 

None of the enzymes described above have been obtained in a suffi- 
ciently pure state to allow detailed examination of reaction mechanism. 
The available evidence suggests, however, that all these enzymes have 
similar modes of action and are in  many ways similar to glyceraldehyde-3- 
phosphate dehydrogenase. 

There is tentative evidence to suggest that protein sulphydl-yl groups are 
involved in the enzyme-catalysed reaction. All aldehyde dehydrogenases 
are inhibited by sulphydryl-blocking reagents and some are completely in- 
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active in the absence of added thiols. Inactivation of aldehyde dehydrogen- 
ases by sulphydryl-blocking reagents is frequently diminished or prevented 
by the presence of the appropriate substrate o r  coenzyme. For example, 
the bovine liver general aldehyde deliydrogenase is protected against in- 
hibition by the presence of the natural coenzyme NAD+ but not by 
NADP". Formaldchyde dehydrogenase requires glutathione (GSH) for 
activity and there is good e ~ i d e n c e l 5 ~  that the initial reaction is formation 
of S-hydroxymethylglutathione (equation 142). 

H 
I 

I 
OH 

G-SH + HCHO G-S-C-H ( 1  42) 

A subsequent oxidation reaction yields S-formylglutathione (reaction 143). 

(143) 

H 
I 

I 
G-S-C-H+ NADf -- G-S-CHO+ NADH + H+ 

OH 

RoseljG has demonstrated the reverse of reaction (143) with synthetic S- 
formylglutathione. 

Aldehyde dehydrogenases are characterized by an inhititory effect of 
arsenite a t  low concentratiom, thc effect only being manifested in the 
presence of added thiol compounds157. Inhibitory effects of this kind are 
usually interpreted as due to complex formation between arsenite and a 
pair of closely associated sulphydryl groups. In  the present case, arsenite 
inhibition is compctitively prevented by the appropriate substrate. 

JakobyldG has presented a reaction schemc (reactions 144, 145) which 
involves intermcdiate formation of a n  enzyme-thiohemiacetal derivative 
followed by oxidation t o  the corresponding S-acyl form (reaction 144). 
The product is then liberated by either a hydrolytic (145a) or acyl exchange 
(145b) reaction depending on thc enzyme involvcd. 

- 
I 
NADH 

I I I 
s NAD+ S 

I I 
SH NAD+ 

- -  I -- I (1 44) 
RCHO RCH ?,+ RC-0 

OH 
I I 

I 
( I  45a) 

I 
,- SH NADH 4RCOOH 

/' - - - ~  

S I kADH 9 
- 

.\ I 
44 -\ 

RC -0 

(145b) 
L i  i 

SH NADH +RCOA 
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The scheme can be extended to  accomodate formaldehyde dehydrogenase 
(and possibly other cases where enzymic activity is dependent on exogen- 
ous sulphydryl compounds) by substituting reactions (146) and (147) 
for (144). 

RCHO+R'SH d R'SCHR 
! 
OH 

- 
I I  i I  I '  

R'SCHR; SH NAD+ - S NAD+ - S NADH 
i 3 I R'SH LHR H- 1 (147) CR 

* 
I 1: 

OH 

OH 0 

These schemes are by no means completely established. No role is indicat- 
ed for a pair of sulphydryl groups and the significance of arsenite inhibi- 
tion is not known. 

3. Oxidation of aldehydes by rnetalloflavoproteins 

The metalloflavoproteins aldehyde oxidase (E.C. 1.2.3.1) and xanthine 
oxidase (E.C. 1.2.3.2) catalyse reactions with the stoichiometry shown in 
equation (148). Aldehyde oxidase is found in mammalian liver, and 

S +  H Z O + O z  --.-+ SO+ HZO, (148) 

catalyses the oxidation of a wide range of purine and quinoline derivatives 
in addition to the oxidation of aldehydes (reaction 149). 

RCHO + 0, 7 HZO - RCOOH i- H Z O Z  (14% 

Xanthine oxidase is widely distributed and has been purified from milk 
and from mammalian liver; the enzyme is most active in the oxidation of 
xanthine to urate (reaction 150) but also readily oxidizes hypoxanthine 
and a wide range of aldehydes, purines and pteridines. Early work on 

0 0 

xanthine oxidase has been reviewed by BraylS8 and de R e n z ~ ~ ~ ~ .  
In virro, oxygen may be replaced by nitrate, ferricyanide, nitro com- 

pounds, cytochrome c, and a variety of dyes including methylene blue and 
2,6-dichlorophenolindophenol. A similar enzyme, xanthine dehydrogenase, 
has been isolated from avian liver and kidney; this enzyme uses NAD+ 
rather than oxygen as the electron acceptor in vivo. 
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The purified enzymes have been shown to contain molybdenum, flavine 
(FAD), non-haeme iron and, in the case of aldehyde oxidase, coenzyme 
QIO (CoQ,~)lS0 (see Table 3). It appears that the non-haeme iron is asso- 
ciated with a stoichiometric amount of acid-labile sulphur (cf. ferredoxin, 
section 11. B.3). 

TABLE 3 

Enzyme Source X'o'ecular FAD M o  Fe CoQ,, 
Weight 

_- 

Xanthine oxidase Milk 300,000 2 2 8 -  
Mammalian 
liver - 2  3 8 -  

Xanthinc dehydrogenase Avian liver - 4  3 16 - 
Aldehyde oxidase Mammalian 280.000 2 2  8 2  

liver 

Formally, the reaction of oxidases involves removal of a proton and two 
electrons from the substrate followed by hydroxylation of the resulting car- 
bonium ion (e.g. reaction 151). The electron transfer cilain from the sub- 

(151) 

strate to  the acceptor has been studied using electron sp in  resonance 
spectroscopy'"0-'62. It seems to be agreed that the electron transfer sequence 
is as shown in equation (152), with CoQlo operating between FAD and 

substrate - Movl - FAD - Felll-S - 0, ( 1  52) 

Fe"'-S in the case of aldehyde oxidase. 
Bray161 and his coworkers have shown that the initial product of reduc- 

tion of Movl is a species of M o V  (designated Mo; ,.) which isomerizes to 
a second species (MoZJ with a different e.s.r. spectrum; these forms are 
presumed to differ in the type or arrangement of ligands in their coordina- 
tion spheres. I t  was also shown that at alkaline pH values, FAD is reduced 
to a semiquinone free radical form, FADH'. The observations on the 
changes undergone by non-haeme iron were somewhat equivocal, but it 
seems likely that a reduction Fe"'-S - Fe"-S takes place. Hence, in the 
case of xanthine oxidase, the electron transfer reactions may be tentatively 
represented by equation (1 53). 

RCHO + H,O - RCOOH + 2 H+ + 2e- 

The details of electron transfer from the iron couple to oxygen are not 
known. 
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0. Carbon-Carbon Bond Cleavage Resulting in Carboxylate Formation 

1. Oxidative cleavage 

The oxygenasesla3* (E.C. 1.99.2) are rather poorly characterized en- 
zymes which catalyse direct incorporation of oxygen into the appropriate 
substrate (reaction 154). 

s+o, __c s-0, ( 1  54) 

Frequently the substrates are phenolic compounds; in these cases oxida- 
tion is accompanied by ring cleavage and formation of carboxylic acid 
groups. Cleavage of an ortho-diphenol may occur either at the bond bet- 
ween the two hydroxyl groups leading to a dicarboxylic acid (e.g.  oxida- 
tion of catechol to cis, cis-muconate catalysed by pyrocatecha~e '~~,  reaction 
155), or at a position adjacent to one of the hydroxyl groups when the 
product is a a-aldoacid (e.g. oxidation of catechol to  a-hydroxymuconate 
semialdehyde catalysed by metapyrocatechaselaa, reaction 1 56). 

Two important and widely distributed enzymes catalyse reactions analo- 
gous to ( 156). Homogentisate ~ x y g e n a s e l ~ ~  catalyses the oxidation of 
homogentisate t o  4-maleylacetoacetats (equation 157) and 3-hydroxy- 
anthranilate oxygen as^^^^ produces 1-amino-4-formyl- 1,3-butadiene- 1,2- 
dicarboxylate (reaction 158) from 3-hydroxyanthranilic acid. 

OH 0 
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Induciblc oxygenases acting on a variety of other phenolic compounds 
have been isolated from Pseudornonas specieslB3. These enzymes are not 
well-characterized and will not be discussed here. 

One case of the oxidative cleavage of an alicyclic compound has been 
recognizedla9. lnositol oxygenase, an  enzyme in mammalian liver, catalyses 
the oxidation of myo-inositol to D-glucuronate via the open chain com- 
pound shown in equation (159). This reaction makes possible the catabol- 

COOH OH OH OH I OH 
HC A 

OH 2' /&--A *o: .-- HOOC OH OH,., I ,  '?; I ?.. 'Ti;- <--oh ( 1  59) 

y..- 4' OH OH , +' OH 
I 

OH OH 
:'\ OH 

ism of inositol by the D-glucuronate-L-gulonate pathway described pre- 
viously. 

A similar reaction to those described above is the formation of N- 
formylkynureninc from tryptophan by tryptophan oxygena~e"~ (reaction 
160). In this case, however, it is the indole ring which is cleaved and the 

0 

product is an  N-formylamino ketone rather than a carboxylic acid. 
Little is known concerning the mode of action of thc oxygenases, and, 

except in the case of the pyrocatechase of Fseudomonas jluorescens, the 
enzymes have not been obtained in a state approaching purity. The latter 
enzyme has been shown to  have a molecular weight of about 80,000 and 
t o  contain two gram ions of Fe" per mole of protein. It has been shown 
conclusively, using leO2, that both atoms of oxygen in the product cis, cis- 
muconate are derived from oxygen, but no catechol-oxygen intermediate 
has been detected during the reaction. There is evidence that the other 
oxygenases contain catalytically-active Fe" but the role of the metal is not 
clear. Tryptophan oxygenase is unique among these enzymes in that it 
contains a haeme prosthetic group (ferrous protoporphyrin 1x1. 
2. Hydrolytic cleavage 

The enzyme-catalysed hydrolytic cleavzge of diketo acids has been 
known since 1948. but the specificities and mode of action of the enzymes 
involved are still not known. Meister and Greenstcin"' reported the pres- 
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ence of an enzyme in liver which cleaves 2,4-diketovalerate to acetate and 
pyruvate (reaction 161). 

CHaCOCH2COCOOH+ H2O --- CHaCOOH + CHaCOCOOH (161) 

The enzyme also cleaves the higher homologues of 2,4-diketovalerate to 
pyruvate and the corresponding fatty acid and is known as 2,4-diketo acid 
hydrolase. Similarly, Connors and S t ~ t z ' ~ ~  isolated an enzyme (triacetate 
hydrolase) from beef liver which hydrolyses 3,s-diketohexanoic acid (reac- 
tion 162). 

CH,COCH,COCH,COOH --+ CH,COOH + CHaCOCH2COOH (1 62) 

The enzyme, however, also hydrolyses 2,4-diketohexanoate and is probably 
identical to 2,4-diketo acid hydrolase. Of considerable metabolic impor- 
tance is an enzyme found in liver which catalyses the hydrolysis of fumaryl 
acetoacetate to fumarate and acetoacetate (equation 163). 

co COOH 
/ CH, 

HC I 
A 

II i + H 2 0  --- i- co 
CH CO CH I 

( 1  63) 
CH CH, 

/' I / CH,COOH 
HOOC CH,COOH HOOC 

Edwards and have suggested that the enzyme catalysing reaction 
(163) may be the 2,4-diketo acid hydrolase. 

Many moulds produce oxalate as an end product of metabolism. 
H a y a i ~ h i ' ~ ~  and his colleagues demonstrated the presence in these species 
of an  enzyme which catalyses the hydrolysis of oxaloacetate t o  oxalate and 
acetate (reaction 164). The enzyme is known to require Mn2+ for activity. 

COOH 
I COOH 

COOH 

The cleavage of oxaloacetate bears a formal similarity to the hydrolytic 
stage of the carboxydismutase reaction (cf. section Tl. A.2). 

An interesting enzyme, first reported by B r a ~ n s t e i n ' ~ ~  and his coworkers, 
catalyses the hydrolysis of kynurenine to  anthranilic acid and alanine 
(reaction 165); the 3-liydroxy analogue of kynurenine is hydrolysed with 
equal facility. Kynureninase is completely dependent for its activity on 
pyridoxal-S'-phosphate. By analogy with other reactions for which this 
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cofactor is required, Braunstein has presented a mechanism of action of 
the enzyme shown, in part, in equations (166) and (167). A Schiff's base 
is formed between the substrate and enzyme-bound pyridoxal phosphate 
(R-CHO) followed by conversion t o  the tautomeric form (equation 166). 

ArCOCH,CHCOOH ArCOCH,CHCOOH ArCOCH,CCOOH 
I 

i I It 
-H,O N N 

- (166) I 11 
"2 

CH CH, 
I I 

L -2 - 
CHO H a 0  

R 
I 

R R 

OH 0 
I ; I  

I 
ArCOCH,CCOOH Arc-CH,CCOOH Arc  i- CH,CCOOH 

!I 
N (167) 

I I 

I I 

OH ._ _. -. 
H,O I iI 

OH N -- _____ 
II 

i 
CH, CH, CH, 
I 

N 
- H,O 

R R R 

The carbonyl group is hydrated, after which cleavage between C,, and 
Cc,) occurs, facilitated by the electron withdrawing effect of the Schiff's 
base nitrogen (scheme 167). Alanine is liberated from the Schiff's base as 
shown in reaction (168). 

CH,CCOOH CH,CHCOOH CH,CHCOOH 
I 
I I 
N H 2 0  N H, N 
'I 

CH, CH 

R R R 

'I 
._-. _- - 
- H a o  CHO 

- _- 
7.- -- 

I I 

3. Biological importance of the reactions 

Oxidative and hydrolytic carbon-carbon bond cleavage reactions are the 
most important features of thc pathways for the degradation of  the aro- 
matic amino acids. 

Phenylalanine and tyrosine share a common degradative pathway 
(Figure 32). Phenylalanine is converted to  tyrosine by the enzyme phenyl- 
alanine hydroxylase (rcaction a ;  Figurc 32); the reaction involves oxygen 
and NADPH. A transamination reaction (b) produces p-liydroxyphenyl- 
pyruvatc: this intermediate undergoes an interesting series of conversions 
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COOH COOH COOH 

OH OH 

phenylalanine tyrosine B-hydroxyphenyipyruvate 

4-fumaryl- 4-maleyl- 
acetoacetate acetoacetate homogentisate 

,COOH 

i i  T CH,COCH,COOH 

7 
Yo 

COOH 

fumarate acetoacetate 

FIGURE 32. Metabolism of tyrosine and phenylalanine 

(decarboxylation, oxidation, side chain migration and ring hydroxylation) 
all of which are apparently catalysed by a single copper-containing enzyme. 
The product, homogentisate, undergoes oxidative ring opening (d) to 4- 
maleylacetoacetate; a cis-trans isomerism (e) then yields 4-fumarylaceto- 
acetate. Reaction e is catalysed by a specific isomerase which requires 
glutathione as coenzyme. Finally, 4-fumarylacetoacetate is cleaved hydro- 
lytically to fumarate and acetoacetate (f), which may be metabolized by 
the usual routes. 

Similar oxidative and hydrolytic carbon-carbon bond cleavage reactions 
are involved in some of the important reactions of tryptophan metabol- 
ism176 (Figure 33). Tryptophan oxygenase catalyses an oxidative cleavage 
of the indole ring to produce N-formylkynurenine (a). Deformylation (b) 
catalysed by kynurenine formylase yields kynurenine which may be cleaved 
hydrolytically to anthranilate, the main excretion product of tryptophan 
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in mammals, and alanine. Alternatively, kynurenine may be hydroxylated 
in the 3- position (d) and the product cleaved to 3-hydroxyanthranilate 
and alanine (e). Oxidative cleavage of 3-hydroxyanthranilate (f) produces 
the highly reactive intermediate 2-acroleyl-3-amino-fumarate; this may 
either undergo spontaneous ring closure (8) to yield quinolinate, or decarb- 

NH, 

tryptophan 

ant hran i la te 

+ CH3CHCOOH 
%O 

OH 

3-hydroxyanthranilate 

b. 1;"'" 
HCOOH 

NHY 

kynurenine 

quinolinate 

picolinate 

FIGURE 33. Important pathways in tryptophan degradation 
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oxylation at the 2- position (h), followed by ring closure (i) to yield picoli- 
nate. The reaction resulting in quinolinate is biologically the most impor- 
tant, since this species is the precursor for NAD+ biosynthesis. In outline, 
quinolinate reacts with phosphoribosylpyrophosphate (PRPP) to produce 
quinolinate ribonucleotide which is decarboxylated to the nicotinate ana- 
logue (equation 169). Nicotinate ribonucleotide and ATP react to  yield 
desamido-NAD’, and the latter is amidated to  NAD+ by amide transfer 
from glutamine (equation 170). 

PRPP  coo" ocoo* 
COOH *- ‘i-COOH - + co ( 1  69) 

I 
ribose- @ 

PP; I 
ribose- @ 

VI. FATTY ACIDS O F  BIOLOGICAL IMPORTANCE 

A. Types and Distribution 

This section is concerned with an account of the long-chain fatty acids 
which occur in the complex lipids (see section Vl l ) .  These compounds 
have been the subject of extensive  review^^'^-'^^. 

A list is presented in Table 4 of the most common, and some of the more 
rare, fatty acids which have been isolated from natural sources. The most 
widely occurring fatty acids are those containing an even number of carbon 
atoms in an  unbranched chain, e.g. .  palmitic and oleic acids. Considerable 
quantities of short chain acids are found in the milk of ruminants and long 
chain acids (CX-zi) are of importance in brain lipids. Straight-chain fatty 
acids containing an odd number of carbon atoms were originally consid- 
ered to be very uncommon, but modern techniques havc shown that small 
quantities of these species are ot’ universal occurrence. Branched-chain 
fatty acids do not seem to be widely distributed; the occiirrence of iso- 
valeric acid in porpoise fat has been recognized for some time, but of 
greater interest arc the two series of branched-chain acids (the is0 acids 
(C,,,,) and ante-iso acids (C,-,,)-Tablt. 4) shown by WeitkamplB1 to be 
present in wool was. 
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TABLE 4. Somc naturally occurring fatty acids 

Fatty Acid Structure Occurrence 

~- -___- ____-___ 

(a) Saturated 

Myristic 
Palmitic 
Stearic 
'is0 acids' 

'ante-iso acids' 

(b) Unsaturated - 
Palmitoleic 
Oleic 
Nervonic 
Linoleic 
Linolenic 
Arachidonic 
a-Eleos tearic 
Mycomycin 

(c) Carbocyclic 

Lact obacillic 

S te rcu I ic 

Chaulmoogric 

CH3(CH?),:+COOH 
CH3(CH?),,COOH 
CH,(CH,),,COOH 
CH,CH(CH,),COOH 

I 
CH, 

CH ,CH ,CH(CH ,),COOH 
I 

CH, 

CH,(CH~),CH-CH(CH,),COOH 
CH3(CH,),CH=CH(CH,),COOH 
CHj(CHZ),CH=CH(CHZ) 13COOH 
CHj(CHJ,(CH,CH-CH)p(CHJ,COOH 
CHj(CHzCH=CH)3(CHJ7COOH 
CH,(CH,)3(CH,CH=CH),(CH,)3COOH 
CHJCHz),(CH=<H)3(CH3,COOH 
CHEC- C* CCH-=€>CH(CH=CH)Z-- 
CH,COOH 

General 
General 
General 
Wool wax, 
microorganisms 

Wool wax, 
microorganisms 

Macadamia nuts 
General 
Brain lipid 
Seed oils 
Seed oils 
Animal tissue 
Tung oil 
Nocardia 
acidopfrilus 

Lactobacilli 

Stercrclia 

Oleic acid is usually accompanied by small quantities of palmitoleic acid 
(cis-9-hexadecenoic acid); macadamia nuts, Iiowcver, contain palmitoleic 
acid as a major component. Also of considerable importance is the Cps 
nervonic acid (cis-1 5-tetracosenoic acid), a major constituent 01' brain lipid. 

Poly-unsaturated fatty acids are of' some irnportancc. Linoleic acid 
(cis, cis-9, 1Zoctadecadienoic acid) occurs widely in seed fats, as does the 
tri-unsaturated linolenic acid (cis, cis, cis-9,12,15-octadecatricnoic acid). 
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The former is ciaimed to be an essential growth factor for young mammals 
where it acts as a precursor for the biosynthesis of arachidonic acid (cis, 
cis, cis, cis-5,8,11,14-eicosatetraenoic acid); the importance of arachidonic 
acid remains to be explained. A iew polyunsaturated fatty acids have been 
characterized in which thc double bonds are conjugated; an example is 
a-eleostearic acid (cis, trans, trans-9,11.13-0ctadecatrienoic acid) which is 
a major component of tung oil. This acid is also unusual in that two of the 
double bonds have the trans configuration rather than the usual cis. 
Mention should be made of the remarkable fatty acid mycomycin (trideca- 
3,5,7,8-tetraene-l0,12-diynoic acid) which has been isolated from cultures 
of Nocardia acidophilus; this compound contains two acetylenic linkages 
and is optically active by virtue of its allene structure. 

A few fatty acids containing carbocyclic structures have been isolated 
from natural sources. Three-carbon rings are the interesting feature of 
lactobacillic acid (from several species of Lactobacilli) and sterculic acid 
(from seed oils of Stercrclia species); in the former case the ring is saturated 
and in the latter unsaturated. Chaulmoogric acid contains the cyclopen- 
tenyl ring system; this acid is a major component of the oil from various 
Flacorrrtiaceae species, where it is frequently accompanied by the doubly- 
unsaturated gorlic acid. 

0. Degradation of Fatty Acids 

I n  all forms of life, the main route for the degradation of saturated long- 
chain fatty acids is the so-called /?-oxidation pathway originally proposed 
by Knoop in 1904182. Knoop postulated oxidation of the fatty acid to  the 
/?-keto derivative, followed by removal of the carboxy-terminal two-carbon 
fragment as acetate and repetition of the reaction sequence. This theory 
resulted from feeding experiments with w-phenyl-substituted fatty acids. 
w-Substituted fatty acids with an even number of carbon atoms in the side 
chains were degraded to phenylacetate whilst those with an odd number of 
carbon atoms were degraded to benzoic acid. These metabolites formed 
condensation products with glycine (phenylaceturate and hippurate re- 
spectively, reactions 171, 172) and these products were identified in the 
urine. The results are consistent with the step-wise removal of two-carbon 
fragments from the carboxy-terminal end of the fatty acid. 

PhCH,COOH +- N H 2 C H z C O O H  ---- PhCHZCONHCHaCOOH (171) 
P h C O O H +  NH,CH,COOH - -  - - -  PhCONHCH,COOH i( 172) 

A critical assessment of Knoop’s hypothesis could not be made until 
cell-free preparations were obtained which were capable of carrying out 
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the oxidation of fatty acids. Such a preparation was obtained from guinea 
pig liver by Leloir and M ~ f i o z ' ~ ~  in 1939. A problem then arose, however, 
in that none of the expected intermediates of the oxidation process or any 
fatty acids of intermediate chain length could be detected. This conundrum 
was resolved in 1951 by Lynen and ReichertI84 who recognized that the 
active form of the substrate for oxidation is in fact the acyl-CoA derivative 
rather than the free fatty acid, and that the intermediates in the oxidation 
are similarly bound to CoA. This means, of course, that the intermediates 
of the oxidation process can never be present in quantities greater than the 
amount of CoA in the preparation. Once this hurdle was surmounted, 
progress on the confirmation of Knoop's scheme and on the isolation of 
enzymes catalysing the individual reactions was rapid. 

The reactions involved in @-oxidation of fatty acids are shown in Figure 
34. The sequence is initiated by formation of the acyl-CoA derivative 
(reaction a) ; this then undergoes a,P-elimination (b), hydration (c). oxida- 
tion (d) and finally thiolytic cleavage by CoA (e) to yield the acyl-CoA 
containing two carbon atoms less than the starting material and acetyl- 
CoA. The cycle is repeated until the four-carbon acyl derivative is obtained 
when thiolytic cleavage yields two molecules of acetyl-CoA. It  is interesting 
to note the similarity between. reaction sequence b-d and the sequence 
involved in the oxidation of succinate to oxaloacetate in the citric acid 
cycle (Section IV. A.2). 

Lack of space precludes a detailed account of the properties of the indi- 
vidual enzymes catalysing the reactions in Figure 34, but some of the more 
interesting features will be mentioned. A general review of the enzymes has 
been given by Green and Waki11s5 and the properties of the individual 
enzymes have been Bruice and Benkovic"' have discuss- 
ed the reactivity of thiolesters. 

Three distinct ATP-dependent thiokinases catalysing reactions of the 
general form shown in equation (173) have been characterizedLsG. 

RCOOH + ATP + CoASH RCOSCoA + AMP + PP, (173) 

Acetate thiokinase from yeast activates acetate, propionate and acrylate 
but not fatty acids of greater chain length. Medium-chain fatty acid 
thiokinase is active with acids containing from four to twelve carbon 
atoms and also with the corresponding phenyl-substituted, p-hydroxy-, 
../I- and p,y-unsaturated and branched-chain acids. Finally, a long chain 
fatty acid thiokinase (Cs-C22) has been isolated from mammalian liver. 
In all cases, the enzymes are specific for ATP and show a dependence on 
Mg2+ ions for activity. It is generally accepted that reaction (1 73) occurs 
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CH,(CH,CH,),,,CH,CH,COOH 

1. ; P O A s H  I 

CH,(CH,CH,),-,CH,CH,COSCoA 

b.!(EFAD j EFADH, 

CH,(CH,CH,),-,CH-CHCOSCoA 

v 

CH,(CH,CH,),-,CH(OH)CH~COSCoA 

d. j 
I !( NADH,H* NAD+ 

CH,(CH,CH,),-,COCH,COSCoA 

CoASH 

=. I( CH,COSCoA 

CH,(CH,CH,),-,COSCoA 
T 

f. Repeat b-e i 
CH,(CH,CH,),-,COSCoA -!- CH,COSCoA 

: (n-3) cycler 
+ 

CH,COSCoA + CH,COSCoA 

Reaction Enzyme E.C. Number 

a. Thiokinase 6.2.1 . I ,  
6.2.1.2, 
6.2.1.3 

b. Acyl dehydrogenase 1.3.2.2 
C. Enoyl hydratase 4.2.1.17 
d. @-hydroxyacyl dehydrogenase 1 . I  . I  .35 
e. @-ketoacyl thiolase 2.3.1.16 

FIGURE 34. Oxidation of fatty acids 

in two stages. In  the first step (Mg2'-dependent) an enzyme-bound acyl 
adenylate is produced (equation 174) which, in the second step, reacts with 
CoA to  yield the acyl-CoA derivative (equation 175). Both steps are freely 
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reversible. 
Mg'+ 

RCOOH i ATPi- E ;----: E.AMP-COR+ PP, (174) 

(175) 

More recently, a GTP-specific: thiokinase has been isolatcd from beef 
liver rn i to~hondr ia '~~  (equation 176); the specificity with respect to the 
acyl group is unknown. 

E.AMP-COR+COASH RCOSCoAtAMP; E 

RCOOH i- GTP+ CoASH <, RCOSCoA; GDP+ Pi 

Most cells capable of oxidizing fatty acids contain at  least two and some- 
times as many as four distinct acyldehydrogenases (reaction 177) which 
differ in  specificity for the chain length of the acyl-CoA derivative. For 
example, pig liver mitochondria contain three such enzymes with specs- 

(1  77) RCH,CH,COSCoA + E.FAD RCH=-CHCOSCoA+ FADH, 

cities for CI to CS, CS to CIZ and C12 to Cle acyl-CoA derivatives respec- 
tively. The enzymes have, however, many important properties in com- 
mon. First, the unsaturated product in each case has the tram-configura- 
tion; this is of importance in the next step in the reaction sequence. The 
acyl dehydrogenases each contain two moles of bound FAD per mole of 
protein: evidence is accumulating that the two molecules of FAD cooper- 
ate in the oxidation of one molecule of substrate and are reduced to  the 
semiquinone free radical stage (cf. glucose oxidase, section V. B. I), during 
the reaction. I n  the presence of'substrates, the reduced form of the enzyme 
will not react with any o t the  usual electron acceptors (oxygen, ferricyanide, 
elc.)  to  an appreciable extent, neither can reoxidation be brought about 
by direct coupling to the electron transport system of the mitochondrion. 
Instead, reoridation is brought about by a specific flavoprotein (electron 
transter tlav0protein~~3 (ETF), reaction 178). this protein in turn being 
oxidized by the terminal electron trailsport system. 

€.FAOH,+ ETF ;:e E.FAD+ ETFH, (178) 

Enoyl hydratase18* diflers from the enzymes described above in that a 
single enzyme appears to hydrate all a,/?-unsaturated acyl-CoA derivatives 
(equation 179) irrespective of chain length. 

RCH=CHCOSCoA + H,O r . 2  RCH(OH)CH,COSCoA (.I 79) 

The hydration reaction is stereospecific and the product is the L-P-hy- 
droxyacyl-CoA. 
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The next enzyme in the sequence, 8-hydroxyacyl dehydrogenase (equa- 
tion 180) is similarly unspecific as regards the chain length of the substrate 

RCH(OH)CH,COSCoA -!- NAD' 5 RCOCH,COSCoA + NADH + H+ ( 1  80) 

but is, on the other hand, completely specific for the cofactor (NAD') 
and the configuration of the substrate (L-). The equilibrium position of 
reaction (1 80) is pH-dependent. 8-hydoxyacyl-CoA formation bzing favo- 
ured at pH 7 whilst the reverse reaction is favoured a t  pH values greater 
than 9. 

The sequence of reactions in Figure 34 is concluded by thiolyticcleavage 
of the /3-ketoacyl-CoA derivative. the thiol group of CoA displacing the 
terminal -CH2COSCoA moiety (reaction 181). In most tissues, a singie 

RCOCH,COSCoA f COASH - RCOSCOA f CH.,COSCoA (181) 

8-ketothiolase catalyses the cleavage of the whole range of @-ketoacyl-CoA 
derivatives from Cj  upwards, but some tissues (for example, heart) appcar 
to contain in addition a thiolase specific for the clea>Jage of the four- 
carbon acetoacetyl-CoA. I t  should be noted that, although the reverse of 
reaction (181) has been demonstrated in the case of acetoacetyl-CoA pro- 
duction, the equilibrium position of the reaction is very strongly in favour 
of production of acetyl-CoA. 

Reference to Figure 34 shows that three main requirements must be met 
to allow fatty acid oxidation to proceed in vivo. A supply of ATP must be 
available for the activation reaction, CoA must be released from the 
product acetyl-CoA and provision must be made for the reoxidation of 
ETFHz and NADH. All of these requirements may readily be met since 
the site of fatty acid oxidation is located in the mitochondrion. The reduced 
species (NADH and ETFH2) are reoxidized by the terminal electron trans- 
port system and the necessary ATP is generated by concomitant oxidative 
phosphorylation. Acetyl-CoA is condensed with oxaloacetate to yield 
citrate and free CoA, the citrate then being metabolized by the citric acid 
cycle, whilst the CoA is available to participate further in fatty acid oxida- 
tion. 

In the case of fatty acids with an odd number of carbon atoms, the 9- 
oxidation pathway is again employed. but the final product in this case 
is one molecule of acetyl-CoA and one of propionyl-CoA; the metabolic 
fate of propionyl-CoA has already been described (section 11. C.2) .  The 
mode of oxidation of unsaturated fatty acids is not yet knownLg4. 

PA final point of interest in connection with the oxidation of fatty acids 
is the accumulation ir. the liver, particularly under the abilormal conditions 
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of diabetes, of large amounts of free acetoacetate. Lynen and his cowork- 
~ r s 1 ~ 5  argue that this compound is not formed by direct deacylation of 
acetoacetyl-CoA, bur by  the combination of reactions (182) and (183), 
( H  MG-CoA represents ,%hydroxy-b-met hylglutaryl-CoA). 

acetyl-CoA + acetoacetyl-CoA - HMG-CoA -+ CoA (182) 
HMG-CoA acetoacetate t- acetyl-CoA (183) 

Distinct condensing and cleaving enzymes catalyse reactions ( 182) and 
( 183) respectively. Reaction (1 82) is of considerable importance since 
HMG-CoA is the precursor for the biosynthesis of mevalonate which in 
turn js  the precursor for the biosynthesis of cholesterol and, in plants, the 
terpenes. 

C. Biosynthesis of Fatty Acids 

Early studies of fatty acid biosynthesis in microorganisms and whole 
animals showed that the entire carbon chain is derived from acetate. 
Similarly, Stadtman and BarkerloG showed that extracts of the microorga- 
nism Clostridiwn kluyveri catalysed the formation of butyric and caproic 
acids from ethanol or acetate; these studies implicated acetyl-CoA or 
acetyl phosphate as the precursor for fatty acid synthesis. The subsequent 
elucidation of the 8-oxidation pathway of fatty acid degradation led quite 
naturally, therefore, to the suggestion that the biosynthesis of these species 
occurs by a rcversal of this route. It now appears, however, that the de 
novo synthesis of fatty acids occurs by a different pathway, the reversal of 
p-oxidation only being of importance in the elongation of preformed fatty 
acids by condensation with a c e t y l - C ~ A ' ~ ~  ; the latter process occurs in the 
milochondrion. 

Wakil and his c o l l a b o r a t ~ r s ' ~ ~ - ~ ~ "  studied the synthesis of fatty acids 
as catalysed by purified extracts of pigeon liver. These workers showed that 
the synthesizing system is of cytoplasmic rather than mitochondria1 origin. 
The biosynthetic process showed an absolute requirement for carbon di- 
oxidezu1, and biotin was shown to be an essential component of the enzyme 
systern2Oz; these observations were rationalized by the discovery of acetyl- 
CoA carboxylase (reaction 1 84)203 and the demonstration that malonyl- 
CoA rather than acetyl-CoA is the effective precursor for fatty acid bio- 

CH,COSCoA + CO, + ATP + H,O -- COOHCHZCOSCoA + ADP + Pi (184) 

synthesis. Several groups of workers were able to show, however, that the 
methyl-terminal pair of carbon atoms are derived from acetyl-CoA directly, 
and not via malonyi-CoA (see review by WakiIzo4). 
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a. 
CH,COSCoA + CO, ?- ATP z - z - 6  COOHCH,COSCoA -!- ADP + Pi 

b. 
CH,COSC~A + ACP-SH ==- CH,COSACP+ C ~ A S H  

HOOCCH,COSCoA + ACP-SH :-. -L- HOOCCH,COSACP + CoASH 

HOOCCH,COSACP+ CH,COSACP -F=I? CH,COCH,COSACP I ACPSH + CO, 

CH3COCH,COSACP +- NADPH -+ H+ ?>=:: CH,CHOHCH,COSACP + NADP+ 

CH,CHOHCH,COSACP d CH,CH=CHCOSACP + H,O 

CH,CH=CHCOSACP+ NADPH + H+ =:.% CH,CH,CH,COSACP+ NADP+ 

CH,(CH,CH,)COSACP + (n-l)HOOCCH,COSCoA + 2(n-1)NADPH + 

d. 

f. 

Reactions 
Z(n-l)H+ -- 

c. d. e. f, g. 

CH,(CH,CH,)nCOSACP; (n-1)CoASH + (n-l)CO,+ Z(n-l)NADP+ + (n-I)H,O 

Reaction Enryme 

- - _ _  
a. acetyl-CoA carboxylase 
b. acetyl transacylase 
C. malonyl transacylase 
d. p-ketoacyl-ACP synthetase 
e. P-ketoacyl-ACP reductase 
f. P-hydroxylacyl-ACP dehydrase 
g. enoyl-ACP reductase 

FIGURE 35. Biosynthesis of fatty acids in E. coli 

Further progress on the elucidation of the pathway of fatty acid biosyn- 
thesis depended on the purification and characterization of the synthesiz- 
ing systems. Three such systems have been studied in detail, namely those 
from pigeon liverzo5, yeast2n6 and E. c0liZo7. The system from yeast behaves 
as a single multienzyme complex of molecular weight 2,300,000 which has 
resisted fractionation into active subunits; the system from avian liver has 
been fractionated into only two components. The fatty acid synthesizing 
system of E. coli has, on the other hand, been fractionated into its individ- 
ual components, thus allowing a cornplete investigation of the reactions 
involved to be carried out. 

The E. coli synthesizing system contains a small, hat-stable protein 
whose function is t o  act as a carrier of the acyl intermediates of fatty acid 
biosynthesiszO*. The role of the acyl carrier protein (ACP) was shown by 
experiments in which substrate quantities of the protein were incubated 
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with acetyl-CoA and malonyl-CoA; the products of the reaction were 
acetoacetyl-ACP and carbon dioxide (equation 185), the acetoacetyl moiety 
being bound to ACP via a thiol ester linkage. lncubation of radio-labelled 

ACP-SH t CH,COSCoA-C COOHCHaCOSCoA -:& CH,COCH,COS-ACP 

t CO, + 2 CoASH (185) 

acetoacetyl-ACP (prepared by reaction 185) with unlabelled malonyl-CoA, 
NADPH and the enzymes of the E. coli fatty acid synthesizing system led 
to the rapid production of radioactive vaccenic acid (cis-1 1,12-octadece- 
noic acid). Degradation of the vaccenic acid showed that the labelled aceto- 
acetyl-ACP was incorporated intact into the methyl terminal group of the 
product fatty acid. 

The availability of purified ACP allowed the synthesis of possible ACP- 
acyl intermediates of fatty acid synthesis to be undertaken; use of these 
intermediates then allowed the identification of the individual steps in the 
process (Figure 35). 

Reaction a (Figure 35) is catalysed by acetyl-CoA carboxylase; the prop- 
erties of this enzyme have been described in a previous section. Reactions 
b and c involve the transfer of acetyl and malonyl moeities respectively 
from CoA to ACP; it has been shown that separate enzymes exist for the 
catalysis of these two reactions200’. A condensation-decarboxylation reac- 
tion (d) yields the p-ketoacyl-ACP derivative ; the enzyme catalysing this 
reaction is specific for the acyl-ACP derivatives of acetate and malonate, 
and is completely inactive with the corresponding acyl-CoA compounds. 
It is of interest to compare the redox reaction (e) with the corresponding 
reaction of the /3-oxidation pathway. In the present case the reductase 
employs NADPH as the coenzyme and the prociuct of the reaction is the 
D( -)-/I-hydoxyacyl-ACP derivative; the enzyme in the &oxidation se- 
quence is active with NADH and the P-hydroxyacyl-CoA substrate is of 
the opposite configuration, namely L( ;). 

The /3-ketoacyl-ACP reductase is active with the corresponding CoA 
esters but, in the case of acetoacetyl-CoA, for example, the rate of reduction 
is some sixty times less than with the true substrate. More complete sub- 
strate specificity is shown by the next enzyme in the sequence, namely 
P-hydroxyacyl-ACP dehydrase, which appears to be without activity with 
the corresponding CoA derivatives as substrates. Finally, reduction of the 
enoyl-ACP derivative (reaction g) is catalysed by an NADPH-specific 
rcductase. Again it is interesting to compare this reaction with the corre- 
sponding step in the b-oxidation pathway where a flavoprotein enzyme is 
involved ; this ditference probably reflects the different subcellular localiza- 
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tions of the two systems, since reoxidation of reduced flavoproteins re- 
quires close contact with the mitochondria1 electron transport system. 

A considerable amount of information concerning the acyl binding site 
of ACP is available. EarIy work suggested that the single sulphydryl group 
of ACP was part of a cysteine residue, but more recent studiesZ1"* have 
shown that the sulphydryl-containing moiety is /%mercaptoethylamine. 
H ydrolysates of ACP contain, in addition to p-mercaptoethylamine, one 
mole each of 8-alanine, pantoate and phosphate per mole of protein 
(9500 g). The presence of these species suggested that the prosthetic group 
of ACP is 4'-phosphcpantetheine (cf. the side chain of CoA), a hypothesis 
which has been amply substantiated by Vagelos and his coworkerszo8. 

-gl y.-a1a.-asp.-ser.-leu.- i ;H. TH 

O=POCH,C-CHCONHCH,CH,CONHCH,CH,SH 
I I 
OH CHa 

FIGURE 36. Structure of the active site of the acyl carrier protein from E. cofi 

These authors have also shown that the 4'-phosphopantetheine residue is 
linked to a serine residue in the protein by a phosphate ester bond, and 
have established the sequence of amino acids in the tetrapeptide containing 
this serine residue. The structure of the acyl binding site is shown in 
Figure 36. 

ACP has been shown to  be a component of the fatty acid synthesizing 
systems of a variety of bacteria; in the case of the multienzyme systems 
from yeast and liver, however, the establishment of ACP as a functional 
component of the systems rests on the identification of 4'-phosphopante- 
iheine and pantothenate as degradation products of the protein complexes. 
I t  is, however, widely held that ACP is present in the fatty acid synthesizing 
systems of plants, microorganisms and animals, and that the reactions in 
Figure 35 provide an accurate description of the biosynthetic process in 
these species. 

Straight-chain fatty acids with an odd number of carbon atoms arise 
from substitution of a propionyl moiety for acetyl in the initial condensa- 
tion reactiofiz'z. By analogy with reaction d of Figure 35 the process may 
be represented by reaction (1 86). 

CH,CH,COSACP + HOOCCH,COSACP L- CH,CH,COCH,COSACP+ ACPSH f CO, 

( 1  56) 
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Reduction of the 8-ketovaleryl-ACP and chain elongation by successive 
condensations with malonyl-ACP leads to  a fatty acid with an odd 
number of carbon atoms. Biosynthesis of the branched-chain is0 and 
ante-iso acids may be explained in a similar fashion213. Substitution of 
isobutyryl-ACP or L-a-methylbutyryl-ACP fcr acetyl-ACP leads to the is0 
and ante-iso series respectively (reactions 187 and 188). 

CH,CHCOSACP + HOOCCH,COSACP + CH,CHCOCH,COSACP 
I I 

CH3 (1  87) 
+ ACPSH + CO, 

CH,CH,CHCOSACP + HOOCCH,COSACP CH,CH,CHCOCH,COSACP 
1 i 

Two biosynthetic routes to the unsaturated fatty acids have been recog- 
nized, one of which involves desaturation of preformed fatty acids whilst 
the other involves introduction of the double bond during chain elonga- 
tion. The former route (reaction 189) was first demonstrated in Saccharo- 
myces cerevisiae by Bloomfield and Bloch214, and has subsequently been 

0 NADPH 
CH3(CH1),CH,CH,(CHJnC0SCoA -fl--- CH,(CH,),CH-CH(CH,),COSCoA 

(1  89) 

implicated in the production of unsaturated fatty acids by a variety of 
microorganisms, plants and animals under aerobic conditions (see reviews 
by Lennarz2I3 and Vagelos215). The enzyme catalysizg reaction (189) is 
particle-bound and has yet to be solubilized and characterized ; information 
available at present suggests, however, that the reaction requires FAD and 
ferrous ions. 

Evidence for a route to unsaturated fatty acids involving @,?-dehydration 
of ,9-hydroxy acids of intermediate chain length was obtained by Bloch and 
his coworkers216. Clostridium butyricum grown in the presence of [ l-14Cc]- 
octanoic acid produced [9-14C]-9,10-hexadecenoic and [ 1 1-14C]-1 1,12- 
octadecenoic acids in addition to the corresponding cl6 and CIS saturated 
fat ty  acids; these results were explained on the basis of the scheme shown 
in Figure 37. Support for this scheme was provided by B a r o n o ~ s k y * ~ ~  
who showed that cis-3,4-decenoic acid was converted only to unsaturated 
fatty acids by C. butyricion. 

Further evidence for the pathway shown in Figure 37 has been obtained. 
Crude extracts of E. coli catalyse the production of tmns-a,p-decenoyl- 
CoA and cis-@,y-decenoyl-CoA from ,9-hydroxydecanoyi-CoA218; separa- 
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tion of the two enzymes catalysing a$- and ,&y-dehydration of D( -)$- 
hydroxydecanoyl thioesters has been achieved by Bloch and his co- 
w o r k e r ~ ~ ' ~ .  The products: of a& and Ppdehydration of P-hydroxydeca- 
noyl-CoA do not act as precursors of long chain fatty acids; Bloch and his 
colleagues220 have shown, however, that the corresponding a,& and P,y- 
unsaturated decenoyl-ACP derivatives do serve as precursors for the bio- 
synthesis of saturated and unsaturated fatty acids respectively. Thus the 
intermediates and products of the reactions shown in Figure 37 should be 
written as the corresponding acyl-ACP derivatives. A 

i 
CH,(CH,),CH,"CHOHCH~COOH 

CH,(CH,),CH,"CH-CHCOOH CH,(CH,),CH='*CHCH,COOH 
! 

i t 

CH,(CH,),CH,"CH,(CH,),COOH CH,(CH,),CH='4CH(CH,)7COOH 

i t 

CH,(CH,),CH,'4CHz(CH.),COOH CH,(CH,),CH-'4CH(CH,)vCOOH 

elongation. 

FIGURE 37. Biosynthesis of saturated and unsaturated fatty acids by C. butyricum 

\ 

Reaction sequences represented by broken arrows are the usual reactions of chain 

The biosynthesis of cyclopropane fatty acids from unsaturated straight 
chain species is of interest. Early work (reviewed by Kates221) showed that 
the ring methylene group is derived from the methyl residue of methionine. 
Zalkin222 and his colleagues showed that extracts of Serratia rnarcescens 
and C. butyriczrm catalyse the incorporation of the methyl group of S- 
adenosylmethimine into cyclopropane fatty acids. In the case of extracts 
from C. butyricum an absolute requirement for a phospholipid containing 
an unsaturated acyl group was demonstrated, and the reaction product 
was shown to be a cyclopropane-containing phosphatidylethanolamine 
derivative. These observations led t o  the formulation of the biosynthetic 
process as shown in equation (190). 
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RCOOCH, CH, RCOOCl ') 
/\ i 

... __ 0 ;  

I 

CH,(CH,),CH-CH(CH,),COO~H CH,(CH,)mCH-CH(CH,),COOCH 

0 1  li 
N H ,CH ,CH ,O POCH , NH,CH,CH,OPO~H, 

I 
OH OH 

( 190) 
.t CH,-S-adenosine - S-adenosine 

I 

CHz f H+ 

CH ,CH N H ,COO H 

I 

i I 
CH, 

CH,CHNH,COOH 

Chung and Lawzz3 have partially purified the cyclopropane fatty acid 
synthetase catalysing reaction (190). Phosphatidic acid and phosphatidyl- 
glycerol are good substrates for the enzyme, but the corresponding phos- 
phatidylserine and lecithin derivatives are notZz4. Hildebrand and Law225 
have studied reaction (190) with positional isomers of the phospholipid 
substrates ; generally cyclopropane fatty acyl groups are formed preferen- 
tially from unsaturated acyl groups in the /3-position of phosphatidyl- 
ethanolamine whilst in the case of C.  hzrtyricztni the y-position is favoured. 
These specifcities are by no  means complete, however, and a mixture of 
products is invariably formed. 

VII. T H E  C O M P L E X  LIPIDS 

A. Introduction : Limited Importance of Simple Esters 

With a few notable exceptions, esters of short chain acids and alcohols 
have no recognized biological function, and hence will not be discussed in 
detail. Such esters are toxic to higher organisms and are removed from 
the system by hydrolysis (reaction 19 1 ) ;  enzymes catalysing reaction (191) 

R,CO.OR, + H,O ;= 5 R,COOH + R,OH (191) 

(carboxyl esterases, E.C. 3.1.1.1) have been found in many spccies (ani- 
mals, plants, yeasts. moulds) but have not in general been well character- 
ized. Webb22G has studied the substrate specificity of the carboxyl esterase 
from horse liver. Both aliphatic and aromatic esters are liydrolysed by 
this enzyme; in the case of aliphatic esters, the rate of hydrolysis increases 
with chain length of both the alkyl  and acyl functions up to betwecn four 
and six carbon atoms and then drops off rapidly. This broad specificity 
is consistent with the proposed rolc of the enzyme in detoxication pro- 
cesses. 
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One of the most widely studied enzyme-catalysed reactions is the hydro- 
lysis of esters (e .g .  phenol esters such as p-nitrophenyl acetate and the 
esters of N-substituted tryptophan and tryosine derivatives) by chymotryp- 
sin (E.C. 3.4.4.5). Many reviews of this subject have been presented (e.g. 
Bender and KezdyzZ7) and the topic was discussed in a recent symposium228. 
This topic r i l l  not be dealt with here, since chymotrypsin is in fact a 
protease rather than an esterase and the true biological substrates for the 
enzyme are proteins and peptides. 

Complex lipids containing choline will be discussed in the next section, 
but it is appropriate at  this juncture to  mention briefly acetylcholine. 
which is concerned with the transmission of impulses at  the synaptic and 
effector junctions in the parasympathetic nervous system and is also in- 
volved in the passage of impulses along nerve fibresZ2O. Choline is formed 
by three successive methylations of the base ethanolamine by S-adenosyl- 
rnethionine (192) and the ester produced by transfer of the acetyl function 
from acetyl-CoA ; the latter reaction is catalysed by choline acetyltrans- 

+ + 
HOCH,CH,NH, + 3 CH,-S-adenosine - -- HOCH&H,N(CH,), 

+ 3 RS-adenosine + 2 H+ (192) 
i 
R 

HOCH,CH,N(CH,), + CH,COSC~A -- CH,COOCH,CH,N(CH,), 

4- COASH (193) 

ferase (E.C. 2.3.1.6). 
Consistent with the proposed role of acetylcholine in nervous function. 

brain and nervous tissue contain large quantities of the enzyme cholinester- 
ase which catalyses the hydrolysis of acetylcholine to  choline and acetate. 
The electric organ of Electrophorus electricus is a particularly good source 
of this enzyme. Other organs of animals contain a similar enzyme, pseudo- 
cholinesterase, which catalyses the hydrolysis of analogues of acetylcholine 
and of simple esters such as methylbutyrate. The mechanism of action of 
these enzymes has been discussed by Davies and GreenZ3O. 

B. Structures, Distribution and Functions of Complex Lipids 

The structures of many of the important naturally-occurring complex 
lipids are shown in Figure 38. The most wide spread lipids are the triglyce- 
rides. In general, depot fats consist of a complex mixture of mixed tri- 
glycerides (that is, R,, R, and R, are different). Many attempts have been 
made to predict the distribution of fatty acids in triglycerides from the 
composition of the mixture of fatty acids obtained after hydrolysis of 
depot fats ; the various methods have been critically reviewed by LovernZ3'. 
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(a) Triglycerides 

CH,O.COR, 
I 

R,CO.OCH 

CH,O .CO R, 

R,CO. R,CO, R,CO-fatty acyl residues 

(b) Phospholipids - 
CH,O .COR, 
I 
I 4 

I 

R,CO.OCH 0 

CH,O POR’ 

OH 
R’ = -H phosphatidic acid 

R’ = -CH2CH(NH2)COOH phosphatidylserine 

R’ = -CH,CH,NH, phosphatidylethanolamine (cephalin) 

R’ = -CH,CH,NHCH, N-methylphosphatidylethanolamine 

R’ = -CH,CH,N(CHJ, N,N-dirnethylphosphatidylethanolarnine 

R’ = -CH,CH,A(CH,), phosphatidylcholine (lecithin) 

R’ = -CH,CHOHCH,OH phosphatidylglycerol 

CH,O.CO R, 
1 

II I 
0 CHO.COR, 

disphosphatidylglycerol (cardiolipin) R’ = -CH,CHOHCH,OPOCH, 
I 

OH 

R‘ phosphatid ylinositol 

OH OH 

(c) Plasmalogens 
CH,OCH--CHR, 
I 

R,CO.OCH 0 
I 1; 

I 
OH 

phosphatidalethanolamine 

FIGURE 38. Structures o f  some complex lipids 

CH,OPOCH,CH,NH, 
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Chemical methods for the determination of the structures of triglycerides 
have been reviewed by the samc author. 

The phospholipids are an even more diverse class of compounds than 
the triglycerides. The parents of these compounds may be considered to be 
the phosphatidic acids (Figure 38) in which the 8- and y-positions of 
glycerol are esterified with long-chain fatty acids whilst the a-position 
carries a phosphate residue. Phospholipids have a centre of assymetry at 
the p-carbon atom and are usually of the L-configuration. A recent mono- 
g r a ~ h 2 ~ ~  has been devoted to  the phospholipids and their chemistry has 
been reviewedm3; Lennarz213 has discussed recent advances in the study of 
bacterial phospholipids. 

Phospholipids have been found in every cellular organism so far exa- 
mined, but their functions in these organisms are still far from clear. I t  is 
thought that these compounds are important structural components of 
cell membranes (where they may be involved in active transport pheno- 
mena) and of other functional units such as mitochondria and chloro- 
pIa~ts.2~2 

In many tissues, the most abundant phospholipids are the phosphatidyl- 
cholines (Figure 38), that is, the diacyl derivatives of L-z-glycerylphospho- 
rylcholine. Tissues containing phosphatidylcholines invariably contain 
phosphatidylethanolamines and small quantities of the mono- and di- 
methylphosphatidylethanolamines ; it is probable that the mono- and di- 
methyl derivatives are intermediates in the biosynthesis of phosphatidyl- 
choline from phosphatidylethanolamine. Small quantities of phosphatidyl- 
serine are also usually found; the relationship between phosphatidylserine 
and phosphatidylethanolamine has been discussed in section IV. €3.1. The 
other phospholipids shown in Figure 38 are of more limited distribution. 

A somewhat different structure is encountered in the plasmalogens 
(Figure 38), which occur in large quantities in brain tissue. The structure 
shown for ethanolamine plasmalogen is similar to  that of phosphatidyl- 
ethanolamine except that the substituent on the y-position of glycerol is a 
long-chain vinyl ether rather than the usual fatty acyl group. 

The list of complex lipids in Figure 38 is far from complete and many 
interesting species such as the sphingomyelins, cerebrosides, gangliosides 
and sulpholipids have been omitted; the chemistry of these compounds 
has been reviewed by Ansell and Hawthorne23* and Hanahan and Brocker- 
h 0 ~ 3 3 .  
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C. Degradation of Complex Lipids 

1. Triglycerides 

In animals, the degradation of ingested triglycerides occurs mainly in 
the small intestine and is catalysed by the enzyme pancreatic lipase (E.C. 
3.1.1.3). The positional specificity of this enzyme has been the subject of 
much 235; these studies have been greatly complicated by the fact 
that the enzyme acts readily only on an emulsion of the triglyceride and 
by the readiness with which mono- and diglycerides undergo intramoleculzr 
acyl shift reactions. It is now generally agreed, however, that the enzyme 

CHIOCOR1 
I 

I 
R1COOCH 

CH1OCOR3 

CHIOH 
I 

I 
RlCOOCH 

CH1OCOR3 

CHZOH 
1 

I 

I 
I HOCH 

CH20COR2 I / 
cH20H\ I :!..j// I CH2OCOR2 

HOCH 

HOCH + RlCOOH 
I 

CHlOH 

FIGURE 39. Probable route for the degradation of triglycerides by pancreatic lipase 
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rapidly hydrolyses the Q- and x'-ester bonds in triglycerides but acts slowly, 
if at  all, on ester linkages at  the P-position. Consistently, large quantities 
of 8-monoglycerides are found in the intestines of animals after fatty meals. 
The positional specificity of hydrolysis by pancreatic lipase is now so 
widely accepted that it is frequently iiiade use of in studies of the structures 
of mixed triglycerides. 

The complete degradation of triglycerides to glycerol and fatty acids by 
pancreatic lipase has been studied, but it is uncertain whether the enzyme 
catalyses the hydrolysis of ester linkages in the /%position of monoglycer- 
ides or acts on thecx-esters formed by intramolecular migration of the acyl 
function. Benzonana and his colleagues235 favour the latter view, but until 
this problem is finally settled it is appropriate to represent the pathway 
for complete degradation of triglycerides by the scheme shown in Figure 
39. (This scheme should be extended to include possible acyl shift reactions 
of the intermediate a$- and a'$-diglycerides.) 
An alternative route is available for the degradation of triglycerides 

when these species are associated into chylomicrons (triglyceride aggre- 
gates with an associated protein moiety). In this case, the triglycerides are 
hydrolysed by the enzyme lipoprotein lipase, and the hydrolysis appears 
to proceed without accumulation of intermediate mono- or diglycerides. 

2. Phospholipids 

In spite of the extensive studies which have been carried out in recent 
years on enzymes catalysing the hydrolysis of phospholipids (i.e. phospho- 
lipases), the number and precise specificities of these enzymes is still un- 
certain. (Early work in this field has been reviewed by KatesZ3$.) Recent 
work tends to indicate that five distinct phospholipases 237. Four 
of these enzymes act on native phospholipids; the most widely accepted 
nomenclature for these enzymes is shown in Figure 40. The fifth enzyme, 
lysophospholipase, catalyses the hydrolysis of the remaining fatty acyl 
ester linkage of lysophospholipids (e.g.  reaction 194). These enzymes are 

CH,OCOR, CH,OH 
I 

I I! 

(194) 
I 

I il 
CH,OPO R' 

I 

HOCH 0 +H,O ---- HOCH 0 LR,COOH 

CH,OPO R' 
! 

OH OH 

discussed briefly below. 
Phospholipase A is widely distributed, being found in animal and plant 

tissues and in large quantities in the venoms of snakes, wasps and bees. 
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1. 
! 

I il 
C H , 3  P CH’ 

Position of 
Hydrolysis 

Enzyme 

2. Phospholipase A 
1 and 2. Phospholipase R 

3. Phospholipase C 
4. Phospholipase D 

FIGURE 40. Specificities of the phospholipases 

Few attempts have been made to  obtain the enzyme in a homogeneous 
state and the studies reported below have mainly been carried out with 
impure venom extracts. The enzyme removes both saturated and unsatu- 
rated fatty acid residues from phosphatidylcholine (hence the trivial name 
‘lecithinase A’) phosphatidylethanolaniine and plasmalogens, but not from 
phosphatidylinositides; the hydrolysis of the latter class of compounds is 
not well understood. Only one fatty acid residue is iemoved per molecule 
of substrate and early work tended to suggest that the ester linkage cleaved 
was at the y-position of the phosphatide. This conclusion was questioned 
when it became apparent that the fatty acyl residues of plasmalogens, 
which are cleaved by phospholipase A, occupy the /?-position in the mole- 
cule (Figure 38). Exhaustive studies of the action of phospholipase A on 
natural and synthetic lecithins of known structure have now shown that 
it is, in fact, the ester linkage at the /?-position which is h y d r ~ l y s e d ~ ~ ~ - ~ ~ ~ .  

Lysophospholipases have been found in many animal tissues241 and in a 
variety of moulds such as Penicilliirm notatun12~~. These enzymes hydrolyse 
saturated and unsaturated fatty acyl linkages in lysophospliatidylcholines 
and lysophosphatidylethanolamines. None of the enzymes has been obtain- 
ed in a pure state and the details of substrate specificity and the action 
of activators and inhibitors are somewhat uncertain. 

There is still considerable doubt as to whether phospholipase B activity 
(the Ilydrolysis of both fatty ester linkases in phospholipids-reaction 
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195) is due to a single enzyme, or to  an unresolved mixture of phospholi- 

CH,OCOR, CHaOH 
I I R,COOH 

I I1 R,COOH 
CH,OPOR’ 

R,COOCH 0 + 2 H 2 0  - HOCH 0 + (195) 
I II 

I 
CH,OPO R’ 

I 
OH OH 

pase A and lysophospholipase. K a t e ~ ~ ~ ~  has argued that the activities are 
the property of a single enzyme on  the basis that the pH optimum of 
phospholipase B is much lower than that of phospholipase A and that 
phospholipase B is not activated by ether or by calcium ions as is phospho- 
lipase A. H a n a h a ~ ~ ~ ~ ~ ,  however, has taken the opposite view. This problem 
cannot be resolved until further purification of phospholipase B is carried 
out. 

The enzyme which catalyses the hydrolysis of phosphatidylcholine to 
yield phosphorylcholine and a diglyceride (reaction 196) is referred to  here 

CH,OCOR, CH,OCOR, 
I 
I 

fH,O -- RaCOOCH 
I 

I II 
CH,OPOCH,CH,~(CH,), 

I 

R,COOCH 0 

CH,OH 

OH 

0 
I 

I 
+ HOPOCH,CH&CH,), (196)  

OH 

as phospholipase C. The enzyme was first identified in the a-toxin of 
Clostridium perf ring en^?^^ and has subsequently been found in plant and 
animal tissues234. In addition to phosphatidylcholine, the corresponding 
ethanolamine and serine phospholipids are hydrolysed, as in sphingo- 

sphingomyelin + H,0 - N-acetylsphingosine+ phosphorylcholine (197) 

myelin (reaction 197). The enzyme will not, however, catalyse the hydroly- 
sis of glycerylphosphorylcholine. 

The remaining enzyme, phospholipase D, is of more limited distribution 
having been found so far only in plant tissues. The enzyme was first identi- 
fied in cabbage leaves and carrot roots by Hanahan and C h a i k ~ f f ~ ~ ~ ,  and 
was shown t o  cleave choline from phosphatidylcholine (reaction 198); 
serine and ethanolamine phosphatides are also hydrolysed as is cholirie 
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CH,OCOR, CH,OCOR, 
I 

I I I  

I I 

+H,O -- R,COOCH 0 
I 

I II 
CH,OPOCH,CH,~(CH,), 

R&OOCH 0 

CH,OPOH 

6 H  OH 

+ HOCH,CH,&(CH,), (198) 

plasmalogen. Glycerylphosphorylcholine and phosphorylcholine are not 
hydrolysed. 

In many tissues, the degradation of phospholipids leads to  the produc- 
tion of glycerylphosphorylcholine and glycerylphosphorylethanolamine. 
D a w ~ o n 2 ~ ~  has shown that animal tissues contain a single enzyine, glycero- 
phosphorylcholine diesterase (E.C. 3. l .4.2), which catalyses the hydrolysis 
of either of these compounds to  glycerophosphate and the free base (e.g. 
reaction 199). 

CH,OH CH,OH 
I 

H o C H  o +H.O - HOCH 0 . *  

I II 
CH,OPOCH,CH,~~(CH,), 

I 

I \I 
CH,OPOH 

I 
OH OH 

+ HOCH,CH,~~(CHJ, (199) 

D. Biosynthesis of Lipids 

1. Phosphatidic acids 

Phosphatidic acids are the key intermediates in the biosynthesis of both 
the t r i g l y c e r i d e ~ ~ ~ ~  and the  phospholipid^^^^: it is appropriate, therefore, to  
consider first the route by which thcse compounds are formed. 

The precursor of the phosphatidic acids is glycerophosphate ; two routes 
for the formation of this compound are known. Meyerhof and K i e ~ s l i n g ~ ~ "  
showed in 1933 that glycerophosphate is formed in tissue homogenates by 
reduction of dihydroxyacetone phosphate. Subsequent work250 has shown 
that the reaction may be formulated as in equation (200); the product 

CH,OH CH,OH 

CO 0 +NADH+H+ HOCH 0 t N A D +  (2W 
i I 

I : I  
CH,OPOH 

I 

I I /  
CH,OPOH 

I 
OH OH 

of the reaction is L-a-glycerophosphate. A product with the same config- 
uration is obtained by the direct phosphorylation of glycerol by ATP (reac- 
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tion 201) catalysed by glycerol kinase (E.C. 2.7.1 .30)251. The enzyme re- 

CH,OH CH20H 

(201) 
I 

I /I 

I 

CHOH TATP - HOCH 0 +ADP 

CHaOH CH,OPOH 

OH 

quires Mg'+ ions for activity and also catalyses the phosphoryiation of di- 
hydroxyacetone and glyceraldehyde. I t  is thought that the phosphorylation 
reaction is of importance in liver and kidney whilst the reductive route to 
glycerophosphate predominates in adipose tissue and the intestinal mu- 
cosa. 

Conversion of glycerophosphate to a phosphatidic acid is believed to 
involve two acyl transfer reactions from fatty acyl-CoA derivatives to the 
hydroxyl groups of glycerophosphate, the reaction (202) being catalysed 
by glycerophosphate acyl-transferase (E.C. 2.3.1. 15)251. The order of esteri- 
fication of the hydroxyl functions is not known. 

CH20H CH,OCOR, 
I 

HOCH 0 + 
I 'I 

CHoOPOH 
I 

OH 

R, COSCoA I 

R,COSCoA I 1 1  

-- R,COOCH 0 + 2  COASH (202) 

CH,OPOH 
I 

OH 

The origin of the acyl-CoA derivatives involved in reaction (202) is of 
some interest. Kornberg and PricerZs2 showed in 1953 that a soluble 
extract from liver catalyses the formation of acyl-CoA derivatives from 
fatty acids (C5-C22) in the presence of CoA and ATP (reaction 203). 

RCOOH + COASH +- ATP - RCOSCOA + AMP + PP, (203) 

This route is no doubt of importance, but an alternative and so far 
unevaluated route may be available. I t  wi l l  be recalled that the product of 
fatty acid synthesis in E.  coli and probably in mammalian tissues is the 
corresponding acyl-ACP derivative (section VI. C); it seems likely that 
these compounds may undergo acyl exchange reactions with CoA resulting 
in the production of acyl-CoA derivatives (reaction 204). The obvious 
advantage of reaction (204) in the biosynthesis of lipids from endogenous 

RCOSACP+ CoASH RCOSCoA+ ACPSH (204) 

fatty acids is that no ATP is used during the process. 
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This argument may be taken a step further by assuming that acyl-ACP 
derivatives can replace acyl-CoA derivatives in reaction (202). G ~ l d f i n e * ~ ~  
has presented evideuce which implicates palmitoyl-ACP in the synthesis of 
a lysophosphatidic acid by extracts of E. coli, but the general involvement 
of ACP derivatives in these processes has yet to be demonstrated. 

Hokin and Hokin2j4 have presented evidence for an alternative mode of 
phosphatidic acid biosynthesis. These workers have identified an enzyme 
in brain microsomes which catalyses the transfer of a phosphate group 
from ATP to the terminal hydroxyl group of diglycerides which contain 
unsaturated acyl groups (reaction 210). The relative contributions of this 

CH,OCOR, CH,OCOR, 
I 

I (210) 

I 
+ATP - R2COOCH 0 + A D P  

I " 

RZCOOCH 
I 

CH,OH CH,O~OH 
I 

OH 

and the previously described route to phosphotidic acid formation in 
animal tissues has not been established. 

2. Triglyceridesass 

The synthesis of triglycerides from phosphatidic acid involves an initial 
hydrolytic cleavage of the phosphate moiety to yield a diglyceride (reaction 
21 1); the reaction is catalysed by phosphatidate phosphatase (E.C. 3.1.3.4). 

CH,OCOR, CHzOCORl 
I 

-+ H,P04 (211) 
I 

R~COOCH o +H,O - R,COO&H 
I It 

CH,OPOH 
1 

I 
CHaOH 

I 

OH 

Subsequently, the free hydroxyl group is esterified by transfer of an acyl 
group from acyl-CoA (reaction 2 12). The biosynthetic sequence is summa- 

CH,OCOR, CH,OCOR, 

+CoASH (212) 
I 

R,COOC!H + R,COSCoA -- R,COOCH 

CH,OCOR, 
I 

CH,OH 

rized in Figure 41. 
It  should be mentioned that although the principal route to the diglycer- 

ides involved in reaction (212) is via the corresponding phosphatidic acid, 
there is evidence250 that monoglycerides formed in the intestine auring di- 
gestion of fats may be directly acylated to yield diglycerides (reaction 213). 

Triglyceride formation may then occur as in reaction (212). 

monoglyceride+ acyl-CoA - diglyceride -+ CoA (21 37 
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dihydroxyacetone a-glycerophosphate 

h D P  A l p  
phosphate -* 

NAD* 
Zacyl-CoA 

NADH.  
H' 

CDP-dig1 yceride 6- phosphatidic acid 

pp, CTP 

ATP 

inosicol 

CMP 

phosphatidy linoritol phosphatid ylcholinc 

CDP-ethanolamine 

CMP 
trig1 yceride 

phosphatidylethanolanllnc \\ 
c 0 2  

phosphatid ylcholine 

phosphatidylrerine 

a-glycerophosphate 

CMP 

Ph osphatidylglycerylphosphate 

Hd'Ol 

phosphatid ylglycerol 

FIGURE 41. Main routes for the biosynthesis of complex lipids 

3. Phospholipids 

The conversion of phosphatidic acids to the various phospholipids is a 
subject of considerable interest, but, since it is not of direct relevance to the 
subject of this review. will be dealt with very briefly. A review of this topic 
has been given by Ansell and Hawthorne257, and Lennarz213 has surveyed 
recent studies i n  the biosynthesis of bacterial phospholipids. 

In animal tissues, the biosynthesis of both phosphatidylcholine and 
phosphatidylethanolamine proceeds by transfer of the phosphorylated 
base from the corresponding cytidine diphosphate derivative (CDP-cho- 
line or CDP-ethanolamine) to the terminal hydroxyl group of a diglyce- 
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ride; the possible sources of diglycerides have been discussed above. In the 
case of phosphatidylcholine, the process may be represented by equations 
(214-216). Choline is phosphorylated by ATP in a reaction catalysed by 

0 
+ + I I  

(CH&NCH,CH,OH .+- ATP --- (CH&NCH2CH,OPOH + ADP (214) 
! 

OH 

c (CH,)&CH~CH~OCDP + PP; 

CH,OCOR, 
+ 

4- (CHa),NCH,CH,OCDP --- CMP+ 
I 
I 

R,COOCH 

CHpOH 

CH,OCOR, 
I 

I i l  + 
R,COOCH 0 

CH,OPOCH,CH,N(CH,), 
I 
OH 

choline kinase (E.C. 2.7.1 .32)258. The product, phosphorylcholine, reacts 
with CTP to produce CDP-choline with the elimination of pyrophosphate 
(equation 21 5); the reaction is catalysed by cholinephosphate cytidyltrans- 
ferase (E.C. 2.7.7.15). Finally, the phosphorylcholine residue is transferred 
to a diglyceride by cholinephosphotransferase (E.C. 2.7.8.2) and CTP is 
regenerated by phosphorylation reactions involving ATP. Analogous reac- 
tions are involved in the biosynthesis of phosphatidylethanolamine. 

A somewhat different reaction sequence appears to be involved in the 
biosynthesis of phosphatidylinositol in animal tissues. Paulus and Ken- 
nedyzsu have proposed a scheme in which the CDP-diglyceride acts as an 
intermediate as originally postulated by Agranoff and his coworkers280. 
CDP-diglyceride is formed by the reaction of phosphatidic acid and CTP 
(equation 217); transfer of the phosphatidic acid residue from CDP- 
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diglyceride to  inositol (reaction 218) results in the production of phosphat- 
idylinositol. 

phosphatidic acid + CTP W CDP-diglyceride+ PP; (217) 

CDP-diglyceride-t inositol --- CMP; phosphatidylinositol (2 18) 

I t  is of interest that the biosynthetic route described by reactions (217) 
and (218) appears to be used in E.  coli for the synthesis of phosphatidyl- 
glycerol (reactions 219. 220) phosphatidylserine (reaction 221) and hence, 
by the previously described decarboxylation reaction (222), phosphatidyl- 
ethanolamine261. 

CDP-digiyceride t- a-glycerophosphate -- phosphatidylgiycerylphosphate + CMP 
(219) 

phosphatidylglycerylphosphate + H,O - phosphatidylglycerol + H,PO, (220) 

CDP-diglyceride; serine - .  -- phosphatidylserine+ CMP (221 1 

phosphatidylserine ----- phosphatidylethanolamine+ CO, (222) 

Also of interest is the fact that the major route to phosphatidylcholine 
in bacteria is by methylation of phosphaticlylethanolamine rather than the 
direct synthetic route found in animals. 
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.4node potential, effect on carboxylatc 

electrolysis 58, 59 
Anodic reactions-scv individual reac- 

tions, subheading anodic 

action 401 

Anschutz structure 283 
Appearance potential 9 
Aprotic solvents, solvent effect of 528 
Arginine, biosynthesis of 971 
Arndt-Eistert synthesis, of dicarboxy- 

Aromatic acids-see Carboxylic acids, 

Aroyloxylation, anodic 96 
Arrhenius equation, for acid ester 

hydrolysis and esterification 553 
Arylal kyl compounds, substituent effect 

of COOH(R) group 815-820 
on S,v I reactivity.8 15-820 

lic acids 199 

aromatic 

Association constants 239 
Atomic refraction constant, of a 

ATP. formation in bacteria 976 
carbonyl oxygen atom 773 

hydrolysis of 930, 932 
in metabolic reactions 930 
synthesis of 987 

Baeyer-Villiger oxidation, of aldehy- 

Baker-Nathan effect 579 
Bases, hard and soft 71 1 
Basicity, of ketals 652 

des and ketones 674 

of leaving group in  ester hydrolysis 

of orthocarbonates 652 
of ortho esters 628, 629, 652 
of xanthic esters 751 

536 

Benzilic acid rearrangement 342. 357, 
361 

reverse 357 
Benzoic acid, crystal structure 7 
S-Benzylthiuronium salts, in COOH 

Bimolecular hydrolysis, of esters 57 
of &lactones 573 

Bimolecular nucleophilic substitution, 
of esters 573 

Himolecular reaction 809 

Biosynthesis, of carbamyl phosphate 

group characterization 878, 

of alkyl halides 811 

969-971 
of  fatty acids 1037-1043 
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Biotin 1037 
dependence of enzymes o n  940 

Bjerrum cquation 237 
Bond angles, in carboxylic acids 4 
Bond lengths, in  carboxylic acids 4 
Bond order 34. 770 
p-Bromophenacyl esters, for COOH 

Bronstcd acids 387 
Bronsted-Bjerrum equation, for medi- 

um effects on reaction rate 524 
Bronsted coefficient. for general acid- 

catalysed ester hydrolysis 653 
for general base catalysis 533 
for orthocarbonate hydrolysis 65 1,  

Bronsted equation, applied to catalys- 

applied to neutral ester hydrolysis 

for nucleopliilic catalysis of ester 

Bronsted plot, for base attack on 

group characterization 876 

653 

ed heterolysis 380 

534 

hydrolysis 536 

phenyl acetate 427 
for ester solvolysis 424 

for unimolecular hydrolysis 565 

stereoselective synthesis of 3 13 

Bunnctt's o values 567, 568, 560 

I ,3-Butadicnes, I ,Csubstituted 

Calvin-Benson cycle 953-955. 959 
Carbamate kinasc 969 
Carbamic acid 969 
Car.bamyl phosphatc, anabolic func- 

tions of 971-973 
biosynthesis of 969-97 I 

Carbamyl phosphate synthetase 969 
Carbohydrates. convcrsion to esters 

Carbon acids, effect of carboxylic sub- 

Carbonation, of organometallic com- 

Carbon dioxide ligases 939-943 
Carbon dioxide-oxygen cyclc 589, 590 
Carbon isotopes, production 454 

natural abundance in carboxylic 

123 

stituent on acidity 806-809 

pounds 455, 456 

acids 465 

630 
Carbonium ions, alkoxymethyl 629, 

spectral investigations 633, 
stabilization energies of 63 1 

comparison of anodic and non-ano- 

clectrolytic formation from ali- 

p-fluorophenyldialkoxymethyl 630 
formation at  anode 55, 57. 81 
in acid ester hydrolysis 566-568 
in  the Kolbe reaction 76 
trimethoxymethyl 630 

dic 91, 92 

phatic acids 78-81 

Carbonium ion mechanism, condi- 

Carbonium ion rearrangements 82 
Carbon-oxygen bond cleavage, in 

acetal and ortho ester hydroly- 
sis 634 

Carbonoxy sulphide, conversion to  thio 
acids 717 

Carbon reduction cycle 953-958 
Carbonyl group. olefination of 296- 

tions favouring 92 

314 
mechanism 301-303 
stcrcochemistry 304-3 14 

reactivity in carboxylic acids 824- 
83 1 

Carbonyl-oxygen cxchange. in acid 
ester hydrolysis 549, 55 1 

in alkaline ester hydrolysis 5 10 
rate coefficient for 512 

in ncutral ester hydrolysis 530 
Carboxydismutase 955, 959 
Carboxylascs, acetyl-CoA 939, 1037, 

1039. 
methylcrotonyl-CoA 939 

in  catabolic reactions 966 
phosphori bosyl-aminoimidazole 

937. 968 
propionyl-CoA 939 
pyruvate 939 
ribulose diphosphate 937 

mechanism of action 938 

CI!' . -?rnpx. ds wit:. a-tive hydrc- 
Carboxylation, direct 

geq 165, 166 
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Carbox~lation,--Corrr. 
of hydrocarbons 168 

with ethyl sodium carbonate 167 
with methyl magnesium carbonate 

with oxalyl chloride 167 

steric effec:s on 261 

I66 

Carboxyl group. acidity of 212-288 

cis and rratts conformation 225 
determination in  an ester 895 
electronic structure of 29-39 
geometry of 3-9 
hydrogen bonding in 2 12-288 
qualitative analysis of 873-88 1 
quantitative analysis of 881 -897 
structure of 3-9 

Carboxylic acids. acetylenic 
oxidative dimerization 181 
synthesis by olefination 332 
synthesis from organometallic 

compounds 157-161 
alicyclic, acidity of 795-797 

anodic oxidation of 82-87 
biosynthesis of 1041 

aliphatic, acidity of 791. 792 
biological importance of 1030- 

biosynthesis of 1037-1043 
degradation of 1032-1037 
oxidation study using 14C-labd- 

al ky I-subst i t u ted aliphatic, acidity of 

alletiic, synthesis by olefination 333 
analysis of 872-9 17---siJe also specif- 

aromatic. acidity of 799-803 

compounds 146-149 

1043 

led acid 463 

793-795 

ic tests 

synthesis from organometallic 

as  acylation cataiysts 378 
bicyclic, anodic oxidation 82-87 
bond lengths and angles 4 
branched-chain. synthesis by olefi- 

catalytic ketonization of 362-370 
conjugated polyenic. synthesis by 

olefination 327, 328 
conversion to peracids 670 

nation 330 

72  C.C.A.E 

dimerization of 17, 179-1 82 
dipole moments 13-1 5 
divinylethanic, synthesis by olefi- 

divinylmethanic. synthesis by ole- 

electrochemical processes 53-98 
energy of 9-1 3 
enthalpies of formation 9-1 I 
esterification of-see Esterification 
formation in biological systems 

heterocyclic, decarboxylation of 

heterolysis of 377 
hydrogen bonding in 39-47 
iot tization 785-802 

labelled see-Isotopically labelled 

labelling of 454-459-see also Iso- 

rnonoenic, synthesis by olefination 

non-conjugated acetylenic. syn-  

non-conjugated olefinic. synthesis 

nucleophilic attack by carbon 432 
reactions of, with acyl azides 413 

with acyl halides 388, 389, 406 
with aliphatic hydrocarbons 442- 

with alkyl halides 388 
with ammonia and primary ami- 

witharomaticcompounds 433-440 
with carbodiimides 412 
with carboxylic anhydrides 405, 

with concentrated sulphuric acid 

with hydrazines 425-428 
with hydrogen halides 385 
with hydrogen peroxide 399-401 
with inorganic halogen compounds 

with isocyanic esters 413 

nation 329 

fination 328 

1005- I030 

600-605 

kinetics of 233-235 

carboxylic acids 

topic labelling 

325-327 

thesis of 161-165 

of 154-157 

446 

nes 408-410 

406 

407 

390-392 
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Carboxylic acids,- Cont. 
with ketene-iniines, allcnes and 

with olefinic halides 387 
with olefins and acetylenes 410- 

with other carboxylic acids 401- 

with secondaryand tertiaryamines 

with water 396-399 

cyanamides 41 3 

442 

405 

420-425 

saturated. synthesis from organo- 

separation processes 897-905 
solid derivatives used in analysis 

spectra 18-29, 905, 917 
structure determination of 3-9 
synthesis, by carbonyl olefination 

by direct carboxylation 165- I69 

metallic compounds 139-146 

875-878 

3 14-330 

thermodynamic functions 227-230 
unsaturated, acidity of 797-799 

a,/?-unsaturated, P-chloro derivative 
biosynthcsis of 1041 

332 
decarboxylation. of 607 
z-halogen-substituted 32 1 
heterocyclic 3 17 
/?-substituted derivative 322-324 
synthesis by olefination 31 5-324 
synthesis from organometallic 

P,y-unsaturated, decarboxylation of 
compounds I 50- 1 54 

607 
synthesis by olefination 324 

Carboxylicesters,acidolysis of 126-1 32 
alcoholysis of 104-126 
allyl. thermolysis mechanism 35 1 
analysis of 872-9 17-see nlso specif- 

t r a m  configuration preferred 38 1 
cyclic, synthesis by alcoholysis 124 
enthalpies of formation 9-12 
gas phase decomposition 493, 494 
hydrolysis of-see Ester hydrolysis 
labelled --see Isotopically labelled 

ic tests 

labelling of 481, 482-see d s o  Iso- 

long-chain polymeric, synthesis by 

rcactions of, with acyl halides 390 
with aliphatic hydrocarbons 442- 

with alkyl halides 388 
with amino acids 41 1 
with ammonia 410 
with aromatic compounds 433- 

with carboxylic acids 403 
with compounds containing ‘ac- 

tive’ C-H bonds 444-446 
with concentrated sulphuric acid 

407 
with hydrazincs 425-428 
with hydrogen cyanide 447 
with hydrogen halides 386, 387 
with hydroxylamines 428-430 
with inorganic halogen com- 

with olefinsand acetylenes 440-442 
with organometallic compounds 

with primary amines 411 
with secondary and tertiary ami- 

topic labelling 

alcoholysis 124 

346 

440 

pounds 392 

443 

nes 420-425 
separation processes 897-905 
solvolysis of 894. 825 
spectroscopic analysis of 905-9 I7 
substituted, alcoholysis of 126 
synthesis by alcoholysis 121-123 
a,/?-unsaturated, a-substituted 31 9 
vinyl, thermolysis mechanism 350, 

35 1 
Carboxyltransferases 939-943 
Carboxy-lyases. enoyl 936-939 

phosphoenolpyruvate 936, 937 
Carotenoid acids, synthesis of 324 
Catabolism. of isovalerate 966. 967 

of leucine 966, 967 
products of 928, 983 

acidity 792 
Chain length, effect o n  carboxylic acid 

Chargc distribution, of thiocarbonyl - 
carboxylic esters compounds 707 
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Chemical shifts, in carboxylic acid 

Chemosynthetic bacteria 958-960 
Chlorophyll 945 
Chloroplasts, electron flow in 947 
Chugaev reaction 756 
from-Cinnaniic acid, synthesis by ole- 

fination 317 
Citric acid cycle 984, 985 
Claisen condensation, of thiocarboxy- 

lic esters 723 

spectra 28, 29 

th io lo  728 
thono 745 

Claisen rearrangement 35 I 
Clemniensen reduction, of dithioben- 

zoic acid 750 
of dithiocarboxylic esters 757 

Coenzyme A, structure of 932 
C==O group. stretching frequency 769 

correlation with acidity 773 
Colorimetry, for COOH(R) group de- 

termination 891, 892 
Column chromatography, for carboxy- 

lic acids and esters separation 
901, 902 

Condensation, leading to r,p-unsatu- 
rated acids 315 

of th io  acids 723 
Configuration effect, on  alkaline ester 

Conformation, cis and Iram in the 

of bromo- and chloroacetyl halides 

of cyclopropane carboxaldehyde 224 
of 2-halocyclohexanones 223 
of propionic and isobutyric alde- 

of substituted acetophenoncs 223 
Conformational effect, on acidity 

o n  alkaline ester hydrolysis 521. 
522 

o n  cis-2-methylcyclohexane carbox- 
ylic acid 260 

Conformational equilibrium. i n  intra- 
molecularly catalyscd ester 
hydrolysis 541 

hydrolysis 521, 522 

carboxyl group 225 

223 

hyde 223 

222-225, 255-261 

Conjugative effect 768 
of the carboxyl group 770 
on acidity 270-273 
relay of 800 

Conjugative interaction, in unsaturated 
acids 797 

second-order SO4 
Corticrocin, synthesis via dimerization 

Criegee decomposition of peresters 686 
Current density, effect on carboxylatc 

Cyanation, anodic 97 
Cyanoalkyl radicals 75 
Cyclizat ion, by internal proton trans- 

leading to lactone formation 841 
Cyclodehydration reactions 346, 347 
Cyclopropanone. synthesis of 342 
Cyclopropyl groups, as intermediates 

in ester solvolysis 571 

181 

electrolysis 58, 59 

fer 860 

Deamination. products compared 
with electrolytic products 80, 81 

Debye-Hiickel theory 524 
Decarbonylation, mechanistic study 

462, 467, 468 
Decarboxylases, acetoacetate 100 I 

amino acid 989-996 
biological significance of 996- 

specificity of 989 
1001 

aspartate 996 
nieso-2,6-diaminopimelate 996, 997 
dopa( 3,4-dihydroxyphenylalanine) 

glutamate 996 
sc-ketoglutarate 981 
oxa loacetate 1001 
pyruvate 98 I 

999 

Decarboxylation, by chemical means 
98 

catalysis of 364 
I3C isotope effects in 465-481 
deuterium isotope effects in 477,478 
in carboxyl group determination 

888, 889 
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Dccarboxylat ion-Coni. 
in metabolic processes 974-1005 
isotopic tracer studies of 364 
leading to alkanophenoncs 365 
leading to benzophenonc 362. 363 
leading to  hydrocarbons 363 
leading to ketones 363 
mechanism of 466, 591-608 
of amino acids 989-1001 
of ( I)-2-benzene sulphonyl-'-met hyl- 

of o-benzoylbenzoic acid 607 
of benzylmalonic acid 614. 615 
of camphor-3-carboxylic acid 591. 

of cinchoninic acid 600 
of cyclohexylmalonic acid 61 2, 61 3 
of 1,Zdiacids 88 
of dibrornomalonic acid 600 
of 2.4-dihydroxybenzoic acid 597. 

of n-hexylmalonic acid 61 2, 61 3 
of isoquinaldinic acid GOO 
of P-keto acids 10G1-1005 
of a-keto glutarate 974-983 
of maloanilic acid 614, 615 
of malonic acid 470-474, 593, 599. 

of cr.-methyl-x-2-pyridylbutyric acid 

of or-nitroacetic acid 600 
of oxalic acid 596 
of oxaniic acid 596, 612, 613 
of oxanilic acid 612, 613 
of picolinic acid 474, $75, 478-48 I .  

of pyridine carboxylic acids 602 
of 4-pyridylacetic acid 601 
of pyruvate 974-983 
of quinaldic acid 474. 475 
of quinaldinic acid 600 
of thiazole carboxylic acids 602 
of thiazolylacetic acids 602 
of trichloroacetic acid 598, 599 
of trinitrobenzoic acid 600 
of z,p- and B,y-unsaturated acids 

relation to other bimolecular hcte- 

octanoic acid 606 

595 

615 

603, 608, 610 

60 1 

600. 602, 603. 605 

607 

rolytic reactions 616-619 
P-Decarboxylation, of aspartate 994 
Dchydrasc, P-hydroxyacyl-ACP 1039 
Dehydrogenasc, acyl 1035 

aldehyde 1019-1022 
dihydrolipoate 981 
glucose-6-phosphate 1010, 1012 
glutamate 974 
glyceraldehyde-3-phosphate 1014 
histidinol 1006 
P-hydroxyacyl 1036 
isocitrate 934 
malatc 927. 934 
NAD +-dependent isocitrate 986 
N A D  -'-dependent malate 987 
phosphogluconate 934 
semialdchyde 1019 
uridinc diphosphoglucose 1006 
xanthine 1022 

Dehydrogenase complex, a-ketoglu- 
taratc 981, 986 

pyruvate 976, 981. 983 
Deoxidation, of an alcohol 80, 81 
Desulphurization. of thioacetic acid 

Deuterium isotope effect 477, 478 
72 3 

in carboxylic ester hydrolysis 497- 

Diacyl disulphides, obtained from 

Diacyl sulphides, conversion to thio 

499 

thio acids 723 

acids 715 
obtained from thio acids 721 

Dicarbonatc esters. neutral hydroly- 

Dicarboxylic acids, alicyclic 
sis of 574 

synthesis by oxidative methods 

aliphatic. synthesis by CO carbox- 

synthesis by a Friedcl Crafts 

synthesis by hydrolysis of carbon- 

synthesis by hydrolysis of halo 

synthesis by oxidative methods 

189-1 9 1 

ylation 176, 177 

reaction 187 

yl compounds 192, 193 

compounds 191, 192 

189-191 
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Dicarboxylic acids.-Conr. 
anodic oxidation of 88-90 
aromatic. synthesis by oxidative 

methods 189-191 
synthesis by thioi mides liydroly- 

sis 197 
arylaliphatic, synthesis by thioimi- 

des hydrolysis 197 
aryl-substituted, synthesis by CO, 

carboxylation 177. 178 
critical separation of groups 789 
cyclic, synthesis by a Diels-Alder 

synthesis by lactone hydrolysis 
reaction 186 

197, 198 
esterification 194 

partial 199 
heterocyclic, synthesis by thioimides 

intramolecular hydrogen bonding in 

izonization constant data 274-276 
long-chain, synthcsis by a Friedel- 

synthesis from dicarbonyl com- 

synthesis from organometallic 

hydrolysis 197 

273. 284 

Crafts reaction 187 

pounds 193 

compounds 184 
polyenic, synthesis 18 1 

synthesis of, by acyl chloride hydro- 

by anhydride hydrolysis 194- I96 
by the Arndt-Eistert method 199 
by a Diels-Alder reaction 187 
by dimerization 179, 180 
by ester hydrolysis 193. 194 
by the Kolbc method 184 
by the Michael addition 188. 189 
by nitrile hydrolysis 198 
from pyruvate 960-963 
by the Reformatsky reaction 185 

unsaturated, condensation with 
dienes 186 

a,p-unsaturated. synthesis by malo- 
nic acid condensation 183 

synthesis by olefination 317 
Dicarboxylic acids menoester, syn- 

synthesis by olefination 3 I6 

lysis 196 

thesis of 202 
by acidolysis 13 1 
by anhydride or lactone alcoholy- 

sis 200, 201 
by diacid/diester interaction 200 
by hydrogenolysis 200 
by partial esterification or  partial 

hydrolysis 199. 200 
Dicarboxyl ic esters, aromatic 

condensation 183 
synthesis by the Knoevenagel 

Fries rearrangement of 349 
heterocyclic, synthesis by additive 

or intramolecular cyclization 
188 

hydrolysis of 193 

polyenic, synthesis by the Wittig re- 

synthesis of. by amide alcoholysis 

partial 199, 200 

action 185. 186 

I97 
by esterification 194 
by lactone-ester hydrolysis 198 
by nitrile alcoholysis 198 
by salt alkylation 194 

unsaturated, synthesis by electrol- 
ytic condensation 184 

synthesis by the Wittig reaction 
185. 186 

unsymetrically substituted, syn- 
thesis by the Wittig reaction 186 

Dieckmann condensation 342-345 

Diels-Alder reaction. leading to  cyclic 
I ,2-dicarboxylic acids 186, I87 

Dimerization, of acetylenic acids and 
esters 181 

of carboxylic acids and esters 17. 

reaction conditions for 345 

179-182. 240 
oxidative 18 I 
radical 179. 180 

of thiocarboxylic acids 719 
Dimerization constants. for carboxylic 

meso-3.4-Dimethyladipic acid. crys- 

3,5-Dinitrobenzoates, for ester group 

acids 239 

tal structure of 7 

characterization 880 
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Dioxolanes, hydrolysis of 637. 638 
Dioxolones, acid hydrolysis of 569 
Dipole moments, effect of COOH 

of czrboxylic acids and esters 13- 15 
of peracids 672 

destabilizing in the salicylate ion 

in the alkylamnionium ion 803 
i n  the carboxylate anion 791. 792 
in the  dicarboxylatc anion 787. 788 
in the para dicarboxylate ion 800 

Dispersion effects, acid-base equilib- 

Dissociation constant-we Ionization 

Dissociation energy, of the C--0 bond 

groups on 772 

Direct field effects 784, 785 

806 

ria 252 

Const Bn t 

12 
of the 0 - H  bond I I  

Distillation, for separation of carbox- 
ylic acids and esters 904, 
905 

Dithioacetic acid, ethyl ester 
absorption maxima 714 

p-hydroxyphenyl ester 747 
synthesis from P,S, 747 

Dithioacylals, formation of 724 
from thiocarboxylic acids 730 

Dithiobenzoic acid, methyl ester 
absorption maxima 714 

reduction of 750 

heavy nietal coniplexes of 749 
Dithiocarbamic acid 746 

Dithiocarboxylic acids, acidity of 747, 
748 

oxidation of 750 
synthesis from carbon disulphide 

747 
Dithiocarboxylic estcrs 752-757 

absorption maxima of 714 
synthesis of, from dithio acid salts 

752 
from iniinothio ethers 753 
from thioamides 753 
via acid chlorides 753 

Di thiomalonic ester, hydrolysis of 
715 

z Effect, in hydrazineattack on esters 

ortho Effect 599, 835 
427 

in alkaline ester hydrolysis 520 
on acidity 775 

Electrode processes, organic 54 
Electrolysis, for chemical reaction 

Electron correlation 34 
Electron diffraction, of carboxylic 

Electron spin resonance, for chemical 

for study of electrode processes 

Electron transfer, by a flavoprotein 

Electron transport system 987, 1017. 

Electronic structure, of the carboxyl 

mecnanism study 63 

acids and esters 7, 8 

reaction mechanism study 63 

54 

1035 

1036 

group 29-39 
in the  excited state 37-39 
in the ground state 29-37 

Electrophilic addition, to acetylenic 

to olefinic carboxylate compounds 

kinetic substituent effect 841, 

mechanism of 839. 840 
products of 841, 842 
rcaction order 840 

acids 856-861 

838-842, 844-853 

842 

to olcfins 850-853 
Electrophilic substitution, in carboxy- 

substituted aromatic compounds 
83 1-838 

mechanism of 833 
partial rate factors for 832. 834 
selectivity of 833 

Electrostatic interaction. in carboxy- 
substituted esters 826 

in  unsaturated acids 797 
Electrostatic model 267 
Elimination, leading to olefinic carbox- 

Elimination-addition mechanism. in 

Embden-Meyerhof pathway 101 7 

ylate compounds 861. 862 

alkaline ester hydrolysis 514 
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Enol esters, acid-catalysed rearrange- 
ment 349 

intramolecular pyrolysis of 349 
photolysis of 352 
sulphonation of 407 

Enthalpy change, due to intramolec- 
ular hydrogen bonding 786 

in  substituted benzoic acids 780 
Enthalpy of formation, determined by 

the kinetic method 10 
of carboxylic acids and esters 9-12 

Enthalpy values, for alcoholysis reac- 

Entner-Doudoroff pathway 1014 
Entropy change, due to intramolecu- 

of substituted benzoic acids 780 

tions 107 

lar hydrogen bonding 786 

Enzymat ic hydrolysis 486 
Epoxidation, by peracids 673 
Equilibrium constant. evaluation of 

for acidolysis reactions 109 
for alcoholysis reactions 107 
for redistribution reactions 109 

Ester group, qualitative analysis of 

quantitative analysis of 88 1-897 
Ester hydrolysis 193, 194, 562. 563 

acetate ion catalysed 485 
acid-catalysed 549-565. 567 

addition intermediates in  383 
base-catalyscd 508-529 

classification of mechanisms 508 
electrophilic-nucleophilic catalysis 

enzyme-catalysed 486, 548 
general acid catalysed 554 
general base catalysed 532-535. 541 

873-88 I 

mechanism of 482-485, 549-554 

mechanism of 482-485 

542 

by carboxylate anions 532 
by hydrogen phosphate 533 
by imidazole 532 
reaction mechanism of 535 

inhibition of 548 
intramolecular catalysis of 539-548 

by carboxylate ions 539-543 
by hydroxyl groups 543 
by nitrogen-containing groups 

545 
by phosphate ions 548 

mechanism of 73 1 
metal ion catalysed 538 
neutral 507, 529-532, 577 

nucleophilic catalysis of 535-538, 
mechanism of 535 

542 
by amidines 537 
b y  carboxylate anions 536 
by imidazole 537 

synchronous catalysis of 41 7 
unimolecular 564, 565 

Esterification, anodic 97 
by acyl-oxygen fission 549-565 
classification of mechanisms 508 
eqilibrium constant for 552 
general acid catalysed 554 
of anhydrides 196 
of dicarboxylic acids 194 
partial, of dicarboxylic acids 199 

Et hanolysis, of substituted benzoyl 

lAO Exchange reaction 484 
chlorides 618, 619 

Fatty acids-sce Carboxylic acids. 
aliphatic 

Favorsky rearrangement 342 
Ferredoxin 948, 976 
Ferric hydroxamate test 874, 875 
Force constants 19. 21 
Forniic acid. cis-trotis conversion 225 

Formic esters, alkaline hydrolysis 

Formyloxylation. anodic 96 
Free energy relations, for acetal. ketal 

and ortho cster hydrolysis 636 

Friedel-Crafts dithiocarboxylation 
752 

Friedel-Crafts oxygenation reactions 
685, 6S6 

Fricdel-Crafts reaction, leading to 
aromatic carboxylic acids 149 

leading to long-chain aliphatic di- 
carboxylic acids 187 

structure of 4. 5 

rates 519 

limitation of 834 
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Fries rearrangement 347-354 
alkyl migration during 348 
catalysis of 347. 348 
leading to fi-diketones 349 
leading to hydroxy ketones 347 
mechanism of 348 
of diesters 349 

thermic 349-352 
photo- 350, 352-354 

Fumaric acid, structure of 5 

Gas chromatography, for separation 
of carbosylic acids and esters 
898 

Gibbs effect 955 
Gluconeogenesis 96 1 
Gluconokinase 101 I 
Glycerides, alcoholysis of 123 
Glycollic acid, radioactivity in  956 
Glyoxalate cycle 963 
Grignal-d reagent, carbonation of 455 

reaction with perestel-s 683, 684 
used for ester group determination 

896 

Half-wave potentials, for anodic oxi- 

a-Haloal'kyl esters, hydrolysis of 577- 

Halo carboxylic acids, decarboxyla- 

Halo compounds, hydrolysis of 191, 

Haloformate esters, solvolysis of 575 
Hamiltonian operator 32 
Hanimctt acidity function 559 
Hanimett equation 780. 833 

dation 93 

579 

tion of 598-600 

192 

for ester hydrolysis 5 14-5 16, 523, 

for csterification 555 
including the resonance effect 516 

Hammett substitucnt constants 637, 

Ham met t -Ta ft type correlations 424 
Heat capacity change, due to intra- 

molecii la r hydrogen bond in g 
786 

555 

773. 780, 781 

Henkel reaction 148, 149 
Heterolysis, of carboxylic acids 377 
Heterolytic reactions, catalysis of 

377 
catalyst efficiency in 380 

Heterotrophic CO, fixation 960-968 
Hill reaction 939 
Histidine, biosynthesis of 1006 
Homoconjugated anions 239 

stability constants of 240 
Honiolytic decompositions 486488 
Huckel approximation 30 
Hunsdieker reaction 608 
Hydratase, enoyl 1035 
Hydrazides, used for COOH(R) group 

characterization 878, 879 
Hydrazinolysis, of esters 426-428 
Hydrogenation, of thicj acids 723 

Hydrogen bonding, effect on  acidity 

in carboxylic acids 39-47. 212-288 
intramolecular, critical separation 

of carbosylate groups 789 

of thiolo esters 729 

272-288, 798 

in acid anions 233 
in carbosylic acids 776-778, 786- 

in  carboxy-substituted esters 829 
in cyclopropane carboxylic acid 

in dicarboxylic acids 273 
i n  hydrogen maleate ion 797 
in hydroxy carboxylic acids 284- 

in  salicylate ion 806 
optimum geometry for 790 
stabilizing ctrect of 798 

of COOH with the solvent 861 
Hydrogen-bond lengths, in carboxylic 

Hydrogen bonds, energy values 41 
Hydro!ase, 2.4-diketo acid 1026 
Hydrolysis, anodic 97 

bimolccular, of carboxy-substituted 
esters 825-827 

of acyl chlorides 196 
of anhydrides 194-196 
of benzamide and derivatives 616 

79 1 

795 

388 

acid crystals 40 
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Hydrolysis,-Conr. 
of carboxy-substituted esters, intra- 

molecular catalysis of 827-831 
of diketo acids 1025-1027 
of halo compounds 191, 192 
of lactones, accompanied by rear- 

of mono- and dicarbonyl com- 

of monocarboxylic esters-see Ester 
hydrolysis 

of nitriles 198 
of thio acids and esters 715, 719, 

of xanthates 750-752 
partial, of dicarboxylic esters 199, 

rangement 197 

pounds 192, 193 

727, 730-736 

200 
Hydrophobic bonding 263 

effect on association constant 242 
in the carboxylic acid dimer 241 

Hydrophobic hydration 264, 268 
Hydroxy carboxylic acid, anodic car- 

bonium ion reactions 90, 91 
decarboxylation of 597 
intramolecular hydrogen bonding in 

isotopically labelled 457 
oxidation of 189 

284-288 

P-Hydroxy carboxylic acid, interme- 
diate in Varrentrapp reaction 
358 

a-Hydroxy carboxylic acid rearrange- 
ment 356 

Hydroxy ketones 347 
Hyperconjugation, in acid ester hy- 

drolysis 558 
of carbonium ions 845 
in carboxylic acids 808 
in x-C-C bonds in estcrs 558 
in H--0- 768 

‘i’ factor 630 
Imide, hydrolysis of 196 
Imidothiolocarboxylic ester, con- 

Iminocarboxylic esters, conversion 10 

version to thiolo ester 726 

thiono esters 741 

Iminothio ethers, conversion to  di- 
thicrcarboxylic esters 753 

Inductive effect 768 
in carboxylic acids 770 
of the carbonyl oxygen 771 
spatial relay of 785 

Infrared spectra, as evidence for hy- 
drogen bonding 786 

of alkoxymethyl carbonium ions 632 
of carboxylic acids and  esters 18-22, 

of ortho-substituted benzoic acids 

of peracids 672 
of thiolo-, thiono- and  dithiocarbox- 

ylic esters 713 
lnterinediate electron transfer com- 

plcx 948 
Intramolecular effects, with nitrogen 

nucleophiles 430, 43 1 
Ion-exchange resins, for  separation of 

carboxylic acids 902-904 
Ionization, of carboxylic acids 783, 

Ionization constants, apparent 21 5 

908-9 14 

776 

785-802 

classical 2 I3 
definition of 213, 214 
experimental determination of 21 3 
i n  mixed aqueous-organic solvents 

i n  the cyclohexanc/carboxylic acid 

mixed 21 3 
of 1,5- and 6-azulenecarboxylic 

of benzoic acids 776 

215-218 

system 255-257 

acids 271 

of cis- and 1r~r~s-4-t-butylcy~lo- 
hexane carboxylic acids 256, 
257 

of carboxylic acids 14-17 
of dicarboxylic acids 274-276 
of peracids 672 
of sulphocarboxylic acids 268 
relative 218 

of carboxylic acids 243, 246 
of phenols 243 

standardized measurements of 2 16 
statistically corrected 784 
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Ionization constants, -Con/.  
tables of 215 
thermodynamic 21 3 

Ionization equilibria, kinetics of for 
carboxylic acids 233-235 

of carboxylic acids 213 
of cyanocarbon acids 231 
of phenols and thiols 231 
thermodynamic functions of 225- 

Ionization potentials, of carboxylic 

Isocyanates, reaction with 14C-labelled 

232 

acids 13 

acids 463 
thio acid addition 722 

lsokinetic temperature 609 
lsomer proportions, in chlorobenzoic 

in electrophilic substitution of car- 

in phenylpropiolic acid nitration 

acids nitration 837 

boxyphenyl compounds 834 

838 
Jsotope dilution method 459, 460 
Isotope effect, on alkaline ester hydrol- 

on carboxylic acid reactions 464-48 1 
on carboxylic ester reactions 494- 

on ionization constants 253-255 
on or tho ester hydrolysis 635 

ysis 523 

499 

Isotope effects, in  decarboxylation 
468-48 1 

I4C Isotope effects 465468 
l 8 0  Isotope effects, in  decarboxylation 

Isotopes, radioacitive 465 
Isotopically labelled carboxylic acids 

468-48 I 

455 
tracer applications of 459-463 
in acid oxidation study 463 
in decarbonylation reactions study 

in decarboxylation reactions study 

in  isocyanate/carboxylic acid reac- 

in  ligand exchange studies 460 

462 

3 64 

tion study 463 

physical and analytical determi- 

nations 459 
in pyrolytic reactions study 461 
in reversible organic reactions 460 

Isotopically labelled carboxylic es- 
ters, tracer studies with 482- 
494 

in  acetate ion catalysed ester 
hydrolysis 485 

in  acetoxy exchange studies 488- 
492 

in alkaline and acid ester hydroly- 
sis 482485 

in enzymatic hydrolyses 486 
in homolytic decompositions 

in  mechanistic study of gas phase 

in peracid ketone-ester conversion 

in radioactivity rneasiirernents 

Isotopic labelling, of carboxylic acids 

by carbonation of organometal- 

by electric discharge 458 
by irradiation of an organic com- 

pounds mixture 458 
by nuclear recoil 457 
by radioactive nit rile hydrolysis 

486-488 

ester decomposition 493 

486-488 

492 

454-459 

lic compounds 455, 456 

45 6 
of carboxylic esters 481, 482 

Isotopic reactions rates 464 

Karl Fischer reagent, for carboxyl 
group determination 889, 890 

Ketals, basicities of 652, 654 
hydrolysis mechanism 632 

Keto acids, decarboxylation of 591- 
597, 974-983, 1001-1005 

hydrolysis of 192 
Keto dicarboxylic acids, synthesis of 

by lactone hydrolysis 197 
hy oxalic ester condensation 183 

Ketones, olefination of 322 
Kinetic isotope effects 464, 466 

experimental determination of 465 
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Kinetics, of methanolysis of tliioacid 
chlorides 742 

of transacylation 730 
Kirkwood-Westheinier treatment 238, 

Knoevenage! condensation 182, 183, 

Kolbe electrosynthesis 55, 56, 76, 77 
Kolbe-Schmitt synthesis 148, 149, 

Kolbe synthesis, of dicarboxylic acids 

267, 269 

662 

178 

I84 

I8O-Labelling, in  acid ester hydrolysis 

in alkaline ester hydrolysis 509 
Lactic acid, carbohydrate fermanta- 

tion product 984 
Lactones, alcoholysis of 108, 197, 

198, 200. 201 
Lactonization, of unsaturated acids 

43 6 
Lipids 1043- 1056 

549, 566 

biosynthesis of 1051-1056 
degradation of 1047-105 1 
structures, distribution and func- 

tions of 1044-1046 
Localization energy 48 
Lysine, biosynthcsis of 997, 998 

Maleic acid, structure of 5 
Malonic acid. aryl-substituted 177 

condensation with aldehydes 183 
highly branched unsaturated I78 
phenyl-subst ituted 178 

Mass spectrometer, for isotope ratio 
measurements 465 

Mass spectroscopy, of carboxylic acids 
and methyl esters 914-917 

Michael condensation, for di- and 
polycarbosylic acid synthesis 
188, 189, 335 

Microdeterminations, using l4C-Ia- 
belled carboxylic acids 459 

Microwave spectra, of formic acid 8 
of methyl forniate 9 

Molecular orbital theory 30, 55 
Molecular weight determinations, 

using 14C-labelled carboxylic 
acids 459 

Morpholine derivatives, for estergroup 
characterization 880 

NAD+ 928 

N A D P +  929 
Neighbouring group participation- 

see Anchimeric assistance 
Neutralization, for carboxyl group 

determination 882-886 
Newman’s ‘Rule of Six’ 557, 558 
Nitriles, conversion to isotopically 

labelled acids 456 
hydrolyis and alcoholysis of 

198 
z,P-unsaturated, synthesis by olefi- 

nation 331 
Nitro carboxylic acids, decarboxylation 

of 600 
Nitrogen acids, carboxyl group sub- 

stituent effect on acidity 802- 
805 

biosynthesis of 1030 

Normal coordinate analysis 19 
Nuclear magnetic resonance spectra, 

as evidence for hydrogen bond- 
ing 786 

of alkoxyniethyl carbonium ions 
632 

of carboxylic acids and esters 28, 
29, 914 

of phenylniethoxymethyl cations 
632 

Nucleophile basicity, effect on ester 
solvolysis rate 424 

Nucleophiles, reactivity with esters 
1 1 1  

substituents acting as  internal 809, 
859 

Nucleophilic addition, t o  olefinic alde- 
hydes 841 

to olefinic carboxylate compounds 

to substituted acrylic acids 854-856 
842-844 
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Nucleophilic catalysis, of acylation 
379 

of ester alcoholysis 112-1 14 
of a-haloalkyl ester hydrolysis 578 
of haloformate ester solvolyFis 575 

Nucleophilic inhibition. in x-haloalkyl 

Nucleophilicity, of ethers and thio 

of the nucleophile in  ester hydro- 

of O H -  and S H -  leaving groups 

of oxygen and sulphur compounds 

of thiones 709 
of thiono and dithio esters 755 

Nucleophilic substitution, i n  cerboxy- 
substituted aliphatic com- 
pounds 809-820 

in  carboxy-substituted aromatic 
compounds 820-824 

in a-haloalkyl ester hydrolysis 577 
Nucleoside phosphates, biosynt hesis 

ester hydrolysis 579 

ethers 725 

lysis 536 

733 

71 1 

of 967, 968 

0-H bond, dissociation energies of 1 1  
Olefination, leading to a,p-unsatu- 

rated amides 331 
of glyoxylic ester 315 
of ketones 322 

Optical configuration, retained in 
a-bromopropionate hydrolysis 
81 1 

Optical refraction. associated with the 
COOH group 769 

Organoalkali compounds, carbonation 
of 

acetylenic derivatives 157, 158 
alkenyl derivatives 152, 153 
alkyl derivatives 139-141 
ally1 derivatives 154, 155 
aryl derivatives 146-148 

Organoalkalinc earth compounds, 
carbonation of 

acctylenic derivatives 158-1 60 
alkcnyl derivatives 153, 154 

alkyl derivatives 141-144 
aryl dcrivatives 146-148 

Organoaluminium compounds, car- 
bonation of 

acetylenic derivatives 161 
alkyl derivatives 144, 145 
allyl derivatives 156, 157 
propargyl derivatives 164, 165 

Organolithium compounds carbo- 
nation of 456 

alkenyl derivatives 150, 151 
aryl derivatives 177 
propargyl derivatives 161, 162 

Organornagnesium compounds, car- 
bonation of 

ally1 derviatives 155, 156 
propargyl derivatives 161-164 

Grgatiomeraiiic compounds, carbona- 
tion of 455, 456 

alkenyl derivatives 154 
aryl derivatives 1.16-148 
o-bonded derivatives 145, 146 

fo r  di- and polycarboxylic acids 

ligand exchange studies i n  460 
reaction with carboxylic esters 443 

Organosodium compounds, carbo- 

inP,y-unsaturated acid synthesis 325 
Organo transition metal compounds, 

Organozinc compounds, carbonation 

synthesis 1 E 4  

nation of 161-164 

carbonation of 148 

o f  
allyl derivatives 156, 157 
propargyl derivatives 164, 165 

Orientation, in  iodination of  olefinic 
carboxylate ions 848 

Orthoacetates, ethyl ester 
activation entropy for hydrolysis 

hydrolysis rate 650 
reaction with aromatic Zniinc,  

64 1 

659 
methyl ester, basicity of 629 

Orthobenzoates, ethyl ester 
activation entropy for hydrolysis 

basicity of 654 
64 1 
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Orthobenzonates, ethyl ester,-Cont 
hydrolysis rate 650 
solvent deuterium isotope effect 

interconversion of methyl and di- 

methyl ester, activation entropy for 

o n  hydrolysis 643 

methyl ester 646 

hydrolysis 641 
hydrolysis of 643, 648, 649 
reaction with amines 656 
solvent deuterium isotope effect 

Orthoca rbona tes, basicities of 652, 
on hydrolysis 643 

654 
ethyl ester 630 

basicity of 654 
hydrolysis of 643 
hydrolysis rate 650 
solvent deuterium isotopc effect 

on  hydrolysis 642 
methyl ester 630 

basicity of 629 
hydrolysis of 634, 648, 649 
hydrolysis rate 652 

Ortho esters-see a/so individual com- 

acid-catalysed reactions of 628 
basicity of 628, 629, 652, 654 
bicyclic. synthesis by ortho ester 

carbonium ion formation 629-632 
cyclic, from 2-rnethoxy-5.6-dihydro- 

hvdrolysis of 632-656 

pounds 

exchange 627 

pyran 626 

mechanism and catalysis of 632, 

rate and product studies of 635 
rate-determining step 6 4 5 4 5 0  
transition states in  633 

miued, synthesis from ketene acetals 

peroxy, synthesis by ortho ester 

reaction with arnines 656-662 
leading to amidines 657. 655 
leacling to hydrazines 660 
leading to  oxadiazoles 659 
leading to pyrimidines 659 

635, 653 

626 

exchange 627 

leading tosubstituted formamidine 

leading to tetrazoles 660 
leading to thiadiazoles 659 

660, 661 

reaction with carbon nucleophilic 

reduction to  acetals 663 
synthesis of, from imido ester hyd- 

rochlorides 625 

reagents 662, 663 

from ketene acetals 626 
from orthothioformates 627 
from polyhalides 625, 626 

activation entropy for hydrolysis 

basicity of 654 
reaction with primary aromatic 

aiiiilies 657 
solvent deuterium isotope effect 

on  hydrolysis 643 
synthesis of, from benzotrichloride 

625 
from I,],]-trichloroethane 625 

conversion to orthoformates 627 

Orthoformates, ethyl ester 

64 1 

Orthothioformates 724 

Oxalic acid, crystal structure of 5 
Oxalic ester condensation 183 
Oxidases. aldehyde 1022 

glucose 1011 
xanthine 1022 

Oxidation, anodic 54 
of carboxylic acids 55,  82-90 
versus chemical 98 

leading to di- and polycarboxylic 

of alcohols in  biological systems 

of aldehydes 1014-1023 
of alkyl radicals 81 
of thiocarboxylic acids 723 
of thiolo esters 729 

acids 189 

I 006- 1009 

,?-Oxidation pathway, for degradation 

Oxidative cleavage leading to carboxy- 

of aromatic compounds 676, 677 
of carbonyl compounds 674, 675 
of unsaturated compounds 675,676 

of fatty acids 1032 

late formation 1024, 1025 
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Oxidative decarboxylation 980 
Oxygen acids, carboxyl group substi- 

tuent effect on acidity 805, 806 
Oyxgenases 1024, I025 

Pantothenate 997 
Paper chromatography, for separation 

of carboxylic acids and esters 
900, 901 

Pentose phosphate pathway 1012, 
1013 

Peptide synthesis 411, 412 
Peracid ketone-ester conversion, mech- 

Peracids, structure of 672 
anism of 486-488 

synthesis of, by aldehyde oxidation 
67 1 

from acid chlorides 671 
from carboxylic acids or acid an- 

hydrides 670 
from organic peroxides and alco- 

holates 671 
uses of, in epoxidation of unsaturated 

compounds 673 
in hydroxylation of unsaturated 

compounds 673, 674 
in oxidation of organic sulphur, 

nitrogen and iodine compounds 

in oxidative cleavage reactions 
677-680 

674-677 
Perester reaction 689-696 

catalysts for 689 
mechanism of 695, 696 
U.V. irradiated 696 
with alcohols and mercaptans 691 
with aldehydes, ketones and esters 

with benzylic ethers 692 
with cyclic ethers 693 
with dialkyl and aryl alkyl ethers 693 
with non-olefinic hydrocarbons 

with olefins 689, 690 
with organic nitrogen and silicon 

694 

690, 691 

compounds 695 
with sulphides 693, 694 

Peresters, reaction with Grignard 

reaction with nucleophilic reagents 

synthesis of 681 -683 
uncatalysed decomposition of 686- 

reagents 683, 684 

684 

688 
Peroxide decomposition 73 
pH, effect on carboxylate electrolysis 

Phenol ester, photolysis of 352 
Phenols, substituent effect ofCOOH(R) 

Phosphatidic acids, in biosynthesis 

6-Phospholgluconate, formation of 

60 

group 805, 806 

1051-1053 

1009-1 01 2 
metabolism of 1012-1014 

Phospholipids, degradation of 1048- 

structure and distribution of 1C.16 
synthesis from phosphatidic acids 

Phosphorus ylides, in monoenic acid 

structure and properties of 299-301 
Photochemical reaction, of peresters 

Photo-Fries reaction-see Fries reac- 

Photophosphorylation 951-953 
Photosynthesis, in  plants and bacteria 

pH-rate profile. for o-carboxy-diphe- 

1051 

1054-1056 

synthesis 326 

696 

tion, photo- 

943-960 

nylacetylene rearrangement 
859 

ysis 827 
for carboxy-substituted ester hydrol- 

for fumaric acid hydration 849 
Pigment systems I and I1 947 
Pinner synthesis 615 
Polar effect, of carboxyl groups 767- 

772 
internal 768-770 
overall 770-772 

on acidity 265-3-70 
on carboxylic acid/hydrogen pel-0s- 

ide interaction 401 
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Polar effect ,--Couf. 
o n  ester hydrolysis. acid-catalysed 

base-catalysed 381, 382. 514-520 
separation from steric effect 557, 

Polarography. for  chemical reaction 

Polar substituent constant 557 
Polycarbonates. obtained by alcoholy- 

Polycarboxylic acids. ionization of 

partial ester, by poly acid/polyester 

synthesis of, by ester hydrolysis 193. 

381, 382. 554 

558 

mechanism study 63 

sis 125 

800 

interaction 200 

194 

189 
by the Michael addition 188, 

by nitrile hydrolysis 198 
by oxidative methods 189-191 

r,,%unsaturated, synthesis by malo- 
nic acid condensations 183 

aromatic, formation by the Knoeve- 
nagel condensation I83 

heterocyclic, synthesis by additive 
or  intramolecular cyclization 
188 

Polycarboxylic esters 123 

hydrolysis of 193 
intramolecular condensation of 182 
synthesis by alcoholysis 124, 125 

Polyhydric alcohols. intramolecular 
alcoholysis 108 

Polymerization, initiation of in electro- 
chemical processes 7 I 

Polyspirotetracarboxylates, synthesis 
through organometallic com- 
pounds 184 

‘Precursory’ catalysis 380 
Pressure effect, on acid ester hydroly- 

Propionate metabolism 963-965 
Proteins, as acyl carriers 1038 

sis 553 

catabolism of 983 
synthesis by ester acylation of amino 

acids 41 
Protonation, of esters in  acid ester 

hydrolysis 550 
Pyridine, alkylation of 73 

Pyridinium ions, substitucnt effect 
of COOH group 805 

Pyrimidine nucleotides, biosynthesis 
of 971-973 

Pyrolysis, studied using labelled car- 
boxylic acids 461, 462 

Pyruvate, as  product of carbohydrate 
catabolism 983 

carboxylation of 960-963 
oxidation of 983 
reduction of 984 

phenylation of 74 

Radical mechanism, conditions favor- 

Radical reactions, of thio- and dithio- 

Radicals, additive dimerization of 

anodically and chemically gener- 

disproportionation of 67, 68 

ing 92  

carboxylic acids 71 3 

68-70 

ated 71-75 

Radioactivity measurements, using 

Raecke process 355, 356 
Rate constants, for acetal and ketal 

labelled carboxylic esters 492 

hydrolysis 637 
for acid ionization 233, 806, 807 
for acid recombination 233 
for alkaline ester hydrolysis 513 
for ketal and ortho ester hydrolysis 

Reaction mechanism-see nlso indi- 
637, 649 

vidual reactions 
chemical 63, 67 
electrochemical 63-67 
energetic 63 

Reaction parameter 780 
Reaction rate, for addition to olefinic 

carboxylate compounds 850- 
856 

197 
Rearrangement, in lactone hydrolysis 

of benzene carboxylic acids 178 
of cis cinnamic acids 855 
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Rearrangement, - Cotit. 

of thiono esters 745 
Recoil labelling 482 

of carboxylic acids 457, 458 
Redistribution reactions 109 
Reductase, $-ketoacyl-ACP 1039 
Reductase-transacetylase, lipoate 98 I 
Reductase-transsuccinylase, lipoate 

Reduction, of thiolo esters 729 
Reductive carboxylases 934-936 
Reformatsky reaction 185 
Resonance, (double bond)-(no bond) 

98 I , 

65 1 
in  -COS- group 724, 726 
in dithiocarboxylic esters 746 
in thiolocarboxylic esters 713 
related to acid strength 754 

Resonance effects, in acid ester hydrol- 

in alkaline ester hydrolysis 516. 517 
in esterification 555 

Rcsonancc energy, of dithiocarbamate 

of S-acyl, 0-acyl, N-acyl systems 728 
of thiocarbonyl compounds 707 
of thiocarboxylic acids 710 
of thiones 707-709 

ysis 555 

ions 751 

Saccharidc esters, acetoxy exchange 
488-492 

acetoxyl exchange 49 1 
Salt cffect, o n  acid ester hydrolysis 

559 
o n  alcoholysis equilibria 106 
o n  alkaline ester hydrolysis 524, 

on carboxylatc electrolysis 62 
on neutral ester hydrolysis 532 

Saponification, for ester group deter- 
mination 892-895 

Schonberg rearrangement 756 
Secondary deuterium isotope effect, 

o n  ketal hydrolysis rate 643 
Selectivity, in substitution of carboxy- 

phenyl compounds 834 
Selectivity factor 833 

525 

for electrophilic aromatic substi- 
tution 835 

Self-consistent molecular orbital 
method 31 

Simon’s rules 261 
Solvation, abnormal 787 

Solvation cffect, in the dicarboxylate 
of the carboxylate ion 778 

anion 788 
on acidity 778-780 

Solvent deuterium isotope effect, on 
ortho ester hydrolysis 632, 642, 
643 

Solvent effect, electrostatic theories 

of dipolar aprotic solvents 528 
o n  acid ester hydrolysis 560-562 
o n  acidity constant values 243, 246 
on alcoholysis equilibria 106 
o n  alkaline ester hydrolysis 525- 

o n  carboxylate electrolysis 60, 61 
o n  carboxyl group acidity 236 
on intramolecular hydrogen bond- 

on unimolecular ester solvolysis 571 
Solvent isotope effect, on acid ester 

hydrolysis 558, 563, 569 
on alkaline ester hydrolysis 523 
on general base catalysis 533, 538 
on intramolecularly catalysed ester 

on neutral ester hydrolysis 532 
o n  nucleophilic catalysis 535 

Solvent-solute interactions 238-252 
Solvolysis, of esters 824. 825 

acid-catalysed 825 
base-catalysed 824 
catalysed by imidazoles 421 
nucleophilic catalysis of 424 

Stereochemistry, of anodically gener- 

of carbonyl olefination 304-314 
Stereospecificity. of th io l  additions 

Steric effect, in  2-methylcyclohesane- 

of inorganic salts, on carbonyl ole- 

of 236-238 

529 

ing 790 

hydrolysis 547 

ated radicals 75, 76 

722 

carboxylic acid 264 
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Steric efTect,--Cout. 
fination 3 11-3 I4 

of oiriro-methyl group 779 
on acid ester hydrolysis 555-557 
on  acid ionization 220 
on acidity 794 
on cis or  r m t i s  addition 842 
on alcoholysis 115 
on alkaline ester hydrolysis 520, 

on cis and trans-3-alkylacrylic acids 

on benzoic acids acidities 265, 271 
on bimolecular es:er hydrolysis 

on carbonyl olefination 3 1 1-3 14 
on carboxyl group acidity 261 
on carboxylic acid/secondary amine 

on conformation of i)ic*so- and rm- 

on cyanoacetic acidities 363 
on di- and trialkylacetic acid acid- 

on electrophilic addition 851 
on esterification 555-557 
on general base catalysis 534 
on resonance 774-777, 788 

of aromatic acids 800, 802 
of cis carboxylic acids 798 
of dicarboethoxy compounds 827 
of  ortho dicarboxylic acids 802 

of alkylammonium ion 803 
of aromatic acids 800 
of carbonyl olefination reaction 

of carboxylate anion 808 

52 I 

265 

573 

interaction 420 

2,3-dialkylsuccinic acids 283 

i t y  262 

on solvation 785, 793 

309, 310 

separation from polar effect 382, 

Steric requirements, of alicyclic rings 

Steric substituent constant 557 
Stretching frequency, of carboxylic 

acid O-H and O-D bonds 
255 

557 

796 

of C-0  group 769, 773 
of C--S group 715 

Structural effect, on alkaline ester 

on neutral ester hydrolysis 530, 531 
on unimokcular ester solvolysis 571 

Structure-reactivity correlations, for 
acetal and ketal hydrolysis 

for ortho ester hydrolysis 632, 635 
Substituent constants 770, 780, 782 
Substituent effect, on  acidity 775, 

hydrolysis 514-523 

650-653 

788, 791, 792 
abnormal 792 

pGunds 436 

116 

on acylation of arorna!ic com- 

on  alcoholysis 108. 110, 1 1  1, 114, 

o n  amide formation 409 
on ester/amine interaction 419 
o n  ester/hydrazine interaction 435 
on esters as acylating agents 381- 

on exchange rate of benzoic acid 397 
on  imidazole-catalysed ester hydrol- 

on substrate reactivity 383 
statistical factors 783, 784 

constant data 268 

730 

383 

ysis 422 

Sulphocarboxylic acids, ionization 

Sulphydrolysis, of carboxylic esters 

aromatic 716 
of iminocarboxylic esters 741 
of phenyl ester of amino thiocarbo- 

of thiolocarboxylic esters 717 
xylic acids 719 

Swain equation 813 
Swain-Scott equation 645 
Symmetry, effect on acidity 219-222 
‘Synchronous’ catalysis 380, 417 

Taft equation, f x  ester hydrolysis 
523 

acid-catalysed 557 
neutral 530 

for csterification 557 
Taft-lngold equation, extended for 

for catalysed ester hydrolysis 557 
hyperconjugation 558 
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Taft's steric parameter 401 
Tautomerism, ring-chain 849, 850 

Temperature effect, on carboxylate 

Tetrahedral intermediate, in alkaline 

thiole-thione 709 

electrolysis 61 

ester hydrolysis 510 
in ortho ester hydrolysis 646 

Thermic-Fries reaction-see Fries 

Thiamine 977 
Thin-layer chromatography, for sepa- 

ration of carboxylic acids and 
esters 899, 900 

reaction, thermic- 

Thioacetic acid 713 
acidity of 718 
f-butyl ester of 728 
hydrogen bonding in 719 
hydrolysis of 719, 732 
proton-transfer constants 7 18 
synthesis from H,S and ketene 717 

conversion to dithiocarboxylic esters 

in imino ester sulphydrolysis 741 
synthesis from dithiocarboxylic es- 

ters 755 
synthesis from thiocarboxylic acids 

720 
Thio anhydrides, hydrolysis accom- 

panied by desulphurization 195 
Thiobenzoic acid, acidity of 718 

Thio amides 707, 749 

753 

aminolysis of 730 
esters of 727 
hydrogen bonding in 71 9 
hydrolysis of 724, 732 
proton-transfer constants 718 

Thiocarboxylic acids-see also Thiolo- 
carboxylic acids and individual 
compounds 

addition reactions of 720 
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