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Foreword

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 PATAI
Jerusalem, September 1968



The Chemistry of the Functional Groups
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 func-
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—O-—C group is involved, as well as with the effects of the
C—O—C group on the reactions of alkyl or aryl groups connected to
the ether oxygen. It 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—G—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 on 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 at 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 at 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

ix



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 characterization 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.

(e) Special topics which do not fit any of the above sections, such as
photochemistry, radiation chemistry, biochemical formations and reac-
tions. Depending on the nature 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 Carbonyl 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
‘Tetraaminoethylenes’ 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 planned parts of a volume, it is
found that either owing to non-delivery of chapters, or to new develop-
ments in the subject, sufficient material has accumulated for publication
of an additional part, this wi!l be done as soon as possible.

It 1s hoped that future volumes in the series ‘The Chemistry of the
Functional Groups®’ will include the topics listed below:

The Chemistry of the Alkenes (published)

The Chemistry of the Carbonyl! Group (published)

The Chemistry of the Ether Linkage (published)

The Chemistry of the Amino 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)
The Chemistry 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—-Carbon Triple Bond

The Chemistry of the Azido Group (in preparation)

The Chemistry of Imidoaies and Amidines

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, SO., —SO:H and —SO3H Groups
The Chemistry of the —OCN, —NCO and —SCN Groups
The Chemistry of the —PO3H, 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 stafi-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 partanership of my wife.

The Hebrew University, SAuL Patal
Jerusalem, ISRAEL
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2 Massimo Simonetta and Sergio Carra

1. INTRODUCTION

The carboxyl group is one of the most interesting entities met in organic
molecules, especially from the physicochemical point of view. Some inter-
esting features emerge even from the study of its geometry. There are two

carbon-oxygen bonds, with different lengths. The value of the OCO angle
and the distance to the carbon to which the group is directly bound have
some significance. The group is planar and the hydrogen atom might be
in the cis or the rrans position with respect to the carbonyl bond. The pre-
sence of a carboxyl group makes a molecule an acid, and it is of interest to
know how the nature of the fragment to which the carboxyl group is con-
nected influences the acidic properties. The group can also participate in
hydrogen bonding, acting as a hydrogen donor and/or acceptor.

Carboxylic acids show a tendency to dimerization 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 thermedynamic investigations. The dimeri-
zation constants also show the influence of the radical to 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 through the n-z" or the z-7" mechanisms. and
many examples of charge-transfer bands have been identified. When the
group is bound to a residuc able to undergo conjugation (e.g. phenyl),
charge transfer can occur and show up in the appropriate band. Analysis
of infrared spectra permits a study of the bonds present in the group, in-
cluding hydrogen bonds, and the determination of the vibrational force
constants.

By esterification, the carboxyl group can be converted to the —COOR
group, and it is important to show how the different properties of the group
are changed and how the nature of R influences these changes.

It seems to us useful to start the theoretical study of the carboxyl group
with a review of some of the most important physicochemical properties.
Instead of discussing many examples we prefer to discuss in some detail a
few of the most fundamental ones. For this reason, in the experimental
data quoted, only such examples are included which are interesting and
necessary for the discussion.
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At the end of the chapter. a theoretical discussion of the electronic pro-
perties, based on quantum mechanics, is given. In ihis field also the car-
boxyl group has many special characteristic features. It is a system for
which the o—z approximation may be appropriate, but the inclusion of the
lone pair etectrons does not involve insurmountable difficuities. The varia-

tion of the OE_‘O angles in different compounds can be related to the hy-
bridization of the carbon atom. The problem of the presence of hetero-
atoms is encountered, with the two oxygens offering to the t-electron sys-
tem one and two electrons respectively. It is worthwhile to notice how
many of the problems of quantum chemistry show up in the discussion of
such a simple system as the carboxyl group.

1I. GEOMETRY, ENERGY AND POLARITY
A. Geometry and Structure

The geometry of the carboxy) group can be experimentally determined
by means of x-rays. clectron diffraction and microwave spectroscopy. The
first method is used with acids or esters in the crystalline state, while the
latter two methods are particularly useful for investigations in the gas or
liquid phase. Interatomic distances 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 a wide number of carboxylic acids and their
esters have been investigated. For the determination of the geometry of
the carboxyl group, the principal data are the CO,,. CO,,, distances and

N
the O,,,CO,, angles (sce I).

On,--H—O
C --c< Sc—c
Ou - H---07
%))

The length of the adjacent carbon-carbon bond and the position of the
hydroxylic hydrogen (when known) is also relevant.

A sample of values taken from the literature from the most recent sour-
ces is shown in Table 1. The range of the C -0 bond-length is 1-187-1-26 &;
the average valuc is 1225 over 27 mcasured groups. The corresponding
values for the C--O bond are 1-237-1-37 and 1-303 A as shown in Figure 1.
In most cases one of the twvo carbon-oxygen bonds is considerably shorter.
One remarkable exception is formic acid whose structure was determined
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at —50°c: C—O, = 1-23£0-03 A and C—O0, = 1:26+0-03 A The mol-
ecules are linked by hydrogen bonds at both ends to form infinite chains.
The structure of liquid formic acid was also determined by means of
x-rays?®. 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:0 z-C
i
1225 | ~303
gV
s )
18 (¥4 126 126

e
Bono Lengtn {A;

FiGuRre 1. Occurrence 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 (C3 to C;) 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 8 form
the cyclic hydrogen-bonded system typical of monocarboxylic acids is pre-
sent; the dicarboxylic acids are arranged in infinite chains. In the « 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 f form is the most stable, but in oxalic acid o is the stable
form?2?; 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 in maleic acid show very small differences as compared
with corresponding ones in fumaric acid.

Maleic acid also shows a very short intermolecular hydrogen bond. It
was suggested that the essential equivalence of single and double carbon—
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FIGURE 2. Dimers present in crystals of propionic, butyric and valeric acids;
C : oxygen atom, @ : carbon atom.

FiGure 3. Crystal structure of a-oxalic acid; C: oxvgen atom, @ : carbon atom

TaBLe 2. Comparison of single and double carbon-carbon bond-
lengths in fumaric and maleic acids

Triclinic fumaric  Monoclinic fumaric

Mualeic
1-460
C—C (A) 1-490 1-462 -4
1-473 1-465
1-361
C=C(A) 1-:315 1-334
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o: (C Oo
@OH O.‘H2O

FiGure 4. Crystal structure of oxalic acid dihydrate.

carbon bond-lengths in maleic acid might indicate the presence of aroma-
tic character in this ring-like structure!®.

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 stearate3® the C—O,,, and C—O,, distances 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 the lengths of the carbon-carbon
bond adjacent to the carboxyl group it seems that in non-conjugated mole-
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 structural study of meso-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,
RS
C—0,,, = 136 A, 0,,,CO,,, = 122:4°. No 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. All these mole-

cules have an approximately planar skeleton, apart from the hydrogen
atoms.

TasLe 3. Bond-lengths and angles in various methy! compounds

C-Oq) C~0O¢2) N
Compound O(1H)CO(y
(A) (A) (degrees)
Methyl] formate 1-22 1-37 123
Methyl acetate 1-22 1-36 124
Methylchloroformate 1-19 1-36 126

3. Microwave spectroscopy

The structure of formic acid has been the subject of extensive investi-
gation by means of microwave spectroscopy®® 3. The results favour a
planar molecule with the hydroxylic hydrogen cis to the doubly-bonded
oxygen and the O—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 to this torsional oscil-
lation has been estimated to be at least 17 kcal/mole. This suggests a large
amount of double-bond character in the C—O,, bond for which a length

FiGURe 5. Bond lengths and bond angles of methy! formate dectermined by
microwave spectroscopy, ® : carbon atom, O: oxygenatom, O : hydrogen atom.
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N
of 1-343 A was found. The values of the C—O,y, distance and the O1yCOy,,

angle are 1-202 A and 124°53’ respectively.

The structure of methyl formate has also been determined by the inter-
pretation of its microwave spectrum3®. The values of bond-lengths and
angles are shown in Figure 5. The C——Ou) bond is found to have about
207, 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=0O bond, that is,
hydrogen appears to be repelled by oxygen. The barrier to internal rota-
tion of the methyl group was estimated to be 1-19 kcal/mole. This is in
good agreement with the more recent determination by far-infrared spec-
trum®. The question of why the cis contformer is more stable than the
trans 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 (—AH;) of a number of monocarboxylic acids were calculated3s.
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 (1), where AHis in kcal/mole, n is the number of

—AH = 109:5+6-1n—A, M
CH. groups and A, a correction 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 the correction factor A, for equation (1)

to derive a mean value for the heat of formation of the carboxylic group:
~AHJCOOH] = 35-71 kcal/mole.

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 at 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 - Xt +Y+2e 2)

The heat of formation of the ion X™ can be calculated by equation (3)
AXT] = AHX* 1+ AH{Y]1-AH{X - Y]+ Ex 3)

where AH([ ] 1s the enthalpy of formation of the appropriate species

and £, 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.

TaBLE 5. Heats of formation of ions of carboxylic acids

and estcrs
Parent molecule —AH (eV) Reference
HCOOH —-713 40
HCOOCH, —~7-19 40
CH,COOH ~580 10
CH,=CHCOOH -7-50 41
CH,CH,COOH —5-49 40
HCOOC,H; —~676 40
CH,;COOCH, - 639 40
CH,CH.CH,COOH -52 40
iso-C,H,COOH —~4-88 10
CH,COOC.H, ~5-55 40
C,H,COOCH;,; ~3593 40
HCOOCH,C.H, —~65 10

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 O—O bonds* (equation 4). The O—O bond dissociation energies (Ep)

2AH{[RC(0)0O’] = Ep[RC(O)OO0C(O)R]+ AH{RC(O)OOC(O)R] (4)
have been determined by the kinetic method, on the assumption that they
are equal to the activation energies of the unimolecular fission of the per-
oxides into two acyl radicals. The following results were obtained for the
radicals in gas phase:

AH{CH;COO'] = —45+2 kcal/mole
AH]C2H;COO’] = —54+2 kcal/mole
AHC3H,COO’] = — 6012 kcal/mole
AHPhCOO°'] = -21 kcal/mole
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From these data and from the known values of AH, for the alkyl and
phenyl radicals it is possible to calculate the heat involved in the decom-
position of radicals according to equation (5).
RCOO* - -— R +CO, ()
It appears that reaction (S) is a strongly exothermic process (AH =
— 15 kcal/mole) for the alkyl radicals, while it is almost thermally neutral
for the phenyl derivative. This confirms the relative chemical stability of
these radicals.
The heats of formation of the radicals can be used in conjunctioir with

the heats of formation of the gaseous acids to calculate the dissociation
energy of the acids:

RCOOH (gas) - —- RCOO" (gas) + H-* (gas) (6)

The results are:
Ep[R=CHgs} = 1i1-53 kcal/mole
Ep[R = C2Hjs] 109-5 kcal/mole
Ep[R=C3H;) = 102-5 kcal/mole
Ep[R = Ph} = 102 kcal/mole

Ii

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 O—H bond dissociation energy in
alcohols (100 kcal/mole). The fact that in aqueous solution it is much easier
to abstract a proton from carboxylic acids than from alcohols is due to
the high value of the electron affinity and solvation energy of the car-
boxyl radical.

An 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 COs,
and the addition reaction of the benzoyloxy radical to the styrene mole-
cule’3. From these values a dissociation energy of 86+3 kcal/mole was
calculated for benzoic acid.

The kinetic method has also been used for the determination 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/mole respectivelys.

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, (kcal/molc), of esters

Ester Formateds Acctatess Propionatets Butyratets Benzoatet®
Methyl 83-71 99-39 105-18 110-92 717
Ethyl 88-09 106-77 113-69 120-14 79-1
n-Propyl — 112-99 118-53 125-91 —
n-Butyl — 119:22 — — —_
Isopropyl — 115-99 — 128-21 —_
Isobutyl — 121-30 126-67 - 132-83 —
Isoamyl —- 127-52 — —_— —

of formation of acyl and alkyl radicals the enthalsy changes for reaction
R’'COOR -——— R’CO" +RO° )]

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

TasLE 7. Values of dissociation energy of
the C—O bord

’ Ep[R"COOR
R’COOR ([:c[callmolc) :
HCOOCH, 91
CH;COOCH, 97
CH;COOC,H, 96
CH;COO-n-C;H, 98
CH,;COO-iso-C;H, 97
CH;COO-n-C,H, 98
CH,COO-iso-C,H, 99
PhCOOCH, 90
PhCOOC,H, 88

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 thermodyvnamic properties of
some acids were calculated. They are reported in Table 9.
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TABLE 8. Ionization potentials for acids and esters

7

Compound (V) Method® Reference

HCOOH 11-05 P 47
11-33 S 48

11-05 I 40

CH,COOH 10:35 P 47
10-37 1 40

10-88 1 49

C.H;COOH 10-24 1 40
n-C,H,COOH 10-1 1 40
CH.,=CHCOOH 10-90 1 41
iso-C,H,COOH 9-98 i 40
PhCOOH 9-73 1 49
HCOOCH, 11-14 1 50
11-1 1 51

10-815 P 40

HCOOC.,H;, 10-16 I 50
10-50 | 51

10-61 P 40

CH,COOCH, 10-58 1 50
10-95 | 52

10-51 I 53

10-5 1 51

10-27 P 40

CH,;COOC,H, 10-13 | 50
9-97 1 41

10-67 1 52

10-11 P 40

10-09 P 47

NH.C,H,COOCH;, 8-08 1 49
CH,OC,H,COOCH, 8-43 1 49
CH,C,H,COOCH, 8-94 I 49
PhCOOCH, 9-35 I 49
NO,.C,H,COOCH, 10-20 I 49

® | = electron impact, P = photoionization, S = spectroscopy.

C. Dipole Moments

The dipole moments of a number of carboxylic acids and esters have
been measured by the usual technigues, thatis, 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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TasLe 9. Thermodynamic properties of some acids at 25°¢34

Compound® —3HY $° - AGY
(kcal/mole) (cal/>k mole) (kcal/mole)
Formic (1) 101-52 30-82 86-39
Formic monomer (g) 90-49 59-45 83-89
Formic dimer (g) 195-12 82-89 171-19
Acetic (1) 115-7 382 93-1
Acetic monomer (g) 103-8 67-5 89-9
Acetic dimer (g) 2230 96-7 183-7
Butyric (1) 127-2 54-1 89-9
Palmitic (s) 211-2 104-8 75-1
Lactic (s) 165-89 34-0 1250
Lactic (1) 161-1 459 123-7
Benzoic (s) 91-812 40-04 59-11
o-Hydrobenzoic (s) 140-0 42-6 100-0
m-Hydrobenzoic (s) 141-1 42-3 1010
p-Hydrobenzoic (s) 142-0 420 101-8
Oxalic (s) 196-7 287 1659
Fumaric (s) 193-83 39-7 150-2
Maleic (s) 188-28 38-1 150-2
Succinic (s) 224-77 420 1785
Phthalic (s) 186-88 49-7 61-30
8 s = solid. 1 = liquid, g = gas.

esters exist in only one conformation (cis), with a high energy barrier
hindering rotation around the C—O bond?2.

R’ O R’
\C// \\ C,// ©
o o
R \R
(trans) (cis)
(2a) (2b)

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

D. lonization and Dimerization Equilibria
1. lonization

The equilibrium constants for the ionization of most carboxylic acids
Lhave been measured. The pK values at 25° for the reaction (8) of some

RCOOH -+ H,O0 ... 77 RCOO™ +-H,0* (8)

carboxylic acids are reported in Table 11.
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TasLe 10. Electric dipole moments of carboxylic acids and esters

Compound Dipole moment
(Debye)
HCOOH 1-35
1-7
{-78
2:00
(HCOOH)., 0
CH,COOH 1-75
1-92
2:17
(CH,COON), 0-84
177
{-64
C,H;COOH 212
1-86
(C¢H,COOH), 0-97
HCOOCH, 1-77
CH,CH.COOH 1-76
1-23
HCOOC.H, 1-94
1-96
1-96
CH,COOCH, 1-706
1-74
1-77
CH,CH,CH,COOH 1-23
1-9
(CH;),CHCOOH 1-09
CH,COOC.H, 1-78
2-05
1-88

State
or solvent

Gas

Gas
Benzene
Dioxane
Gas

Gas
Liquid
Liquid
Benzene
Dioxane
Benzene
Benzene
Dioxane
Benzene
Gas
Gas
Liquid
Gas
Liquid
Benzene
Gas
Liquid
Benzene
Liquid
Benzene
Liquid
Gas
Liquid
Benzence

Temperature?
(°C)

— (M)
— (M)
30
35-75
20
20
60
20
30
15-45
25
15-45
— (M)
25
20-160
25
25-50
34-110
40
25
25
30
25
30-195
20
50

Reference

Ss
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

o Except when indicated by M (microwave) the reported values were obtained [rom measuremeats of

dielectric constants.

The higher acid strength of carboxylic acids as compared to that of
alcohols may be understood, apart from solvation effects, in terms of
a-electron delocalization. The resulting effect is the presence on the hy-
droxyl oxygen of a positive charge which repels the proton.

Acetic acid has a higher pK 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 ali-
phatic carboxylic acids the pK values are almost constant.
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TaBLE I1. Thermodynamic data for dissociation of some
carboxylic acids

. , —AHe -
Acid K
P (keal/mole) Reference

Formic 3-752 -0-07 73
Acctic 4-756 0 74
Propionic 4-875 0-12 75
Butyric 4-818 0-61 76
Valeric 4-843 0-61 75
Isovalcric 4-781 I-11 75
Trimethylacetic 5-032 0-61 75
lodoacetic 3-182 1-31 77
Bromeacetic 2-902 [-13 77
Chloroacetic 2-868 1-01 77
Fluoroacctic 2-586 1-28 77
Bcnzotic 4-213 -0-53 78
p-Bromobenzoic 4-002 —-0-22 78
p-Chlorobenzoic 3:986 -0-34 78
m-Chlorobenzoic 3-827 0-07 78
m-Bromobenzoic 3-809 —-0-05 78

p-Nitrobenzoic 3-442 -0-14 78

° Enthalpy variation tor reaction (8).

The fact that benzoic is a stronger acid than acetic can be explained n
terms of delocalization energy. The gain in dclocalization energy on going
from benzoic acid to the benzoate ion is larger than when going from acetic
acid to the acetate ion. The effect of halosubstituents on benzoic acid 1s
in the same direction as in acetic derivatives, but it is smaller in magnitude
since it is counteracted by the delocalization of the =t electrons of the halo-
gen atoms.

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

In dicarboxylic acids the second dissociation constant is smaller than the
first one, but the effect 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 acids??

Acid n(CH,) pK, pK. ApkK
Oxalic 0 1-23 4-19 2:96
Malonic 1 2-83 5-69 2-86
Succinic 2 4-19 5-48 1-29
Adipic 4 $-42 5-41 0-99
Azelaic 7 4-55 5:41 0-89

2. Dimerization

The equilibrium constants of the dimerization reaction (9) have been
..H—O

O.
2RCOOH .. — R——-C/ e R (9)
(o]

NO—H...
determined in the pure acids and in their solutions.

The most widely used methods are the investigation of pressure-volume-
temperature relations, density determinations and infrared 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 — AH for a number of compounds are
shown in Table 13. These data show that for the energy of the hydrogen

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

—AH
Acid K (kcal/mole Refcrence
H bond)

Formic 260 (atm ~ !, 300°k) 7-05 80
Acetic 539 (atm " !, 300°Kk) 68 8l
Propionic 1258 (atm ~}, 300°k) 7-6 80
Butyric — 69 82
Trimethylacetic 1296 (atm ~ !, 300°x) 7-0 83
Trifluoroacetic 177 (atm " ?, 300°Kk) 7-0 84
Acetic (liquid) 43-6 (m.f. - 1, 303°k)° 31 85
Propionic (liquid) 868 (m.f. 1, 304°k)°* 4-6 85
Stearic (liquid) 400 (m.f. 1, 365°K)* 6-7 86
Benzoic (in benzene) 589 (m.f. 1, 300°k)°* 4-02 87

2 m.f. = mole fraction.

bond in gaseous dimeric carboxylic acids 7 kcal/mole is the most useua
value.
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1lil. SPECTROSCOPIC PROPERTIES
A. Infrared

The internal force field of the carboxyl group has been investigated by
infrared studies of carboxylic acids in 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 phase®® and in a solid nitrogen
matrix8,

The observed frequencies and the geometry as obtained by microwave
spectroscopy3® were used for a detailed analysis leading to the frequency
assignments and force constants given in Tables 14 and 15. This calcula-

Tasre 14. Comparison of calculated and observed
frequencies of the formic acid monomer

e
3597 3570 »(O—H)
2981 2943 wC—H)
1781 1770 »(C=0)
1381 1387 8(HC—0)
1254 1229 4(COH)
1134 1105 W C—0)

624 625 6(0CO)

TabLE 15. Force constants of formic acid?°

Stretchiog Bending Repulsive

(105 dyn/cm) (105 dyn/cm) (105 dyn/cm)
K (O—H) = 690 H(O—C--0) =050 F(C...H) =055
K (C—0) = 4-60 H (H—C-—-0) = 0-19 F(H...0,) = 060
K(C=0) = 1}1-20 H (H—C--0) = 0-25 F(H...O) = 080
KH—-C= 4-00 H (C—O—H) = 040 F(O,...0,) = 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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S] = AI', V(O—-H)\ So = Ad), l’(C—O)
S3 = Adg, l’(CZO); S4 =A D, V(H-—C)

Ss = A0, 8(C—0—H):S; = (1/1/6) (2 Aa—AB—Ay),
8(0—C—O0)

S; = (1/4/2) (AB—Ay), H(H—C—O0)
Ss = (1/4/3) (Ax+AB+Ay) = 0 redundant

ll

(10)

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:

b= Z [Kirig(Ari)+ 1[2Ki(Ari)?)
+Z (H!r&(Ax)+ 1[2H, ra(Am)?]

+Z [Fiqi(Ag;)+ 1/2F(Aq:)?]

(rn

Ar;, Ax; and Agq,; are the changes of bond lengths, bond angles and all
distances between non-bonded atoms. Symbols K, H; and F; 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, r,, r,, and g, are introduced to
make the force constants dimcnsionally consistent.

In Table 15 only the K;, H, and F, force constants arc reported because
K, and H, can be exprcssed in terms of F, by the equilibrium conditions,

H
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while F; was assumed to be (— F,;/10) as it follows from a repulsive energy
between non-bonded atoms proportional to 172,

To get definitive assignments of low frequency bands, a calculation of
the potential energy distribution® was necessary. It 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,
the C—H bending motion and the O—H torsional vibration,were 1041 cm ~!
and 669 cm™!, respectively®8. A potential constant equal to 0-14X
1071 erg/rad® was obtained for the torsional vibration. For the experi-
mental frequencies and the moments of inertia the standard entropy of
HCOOH was evaluated (S°g4.16 = 59-43 cal/°k mole). From thermal data
a value of 59-44 was obtained®. 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®® . 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

%0 3 M
Ca(lz:‘la_llc)d Ot:;:;\_/c‘d) Assignment

3597 3577 r(OH)
1803 1799 r(C-=0)
1321 1279 HC—0) <+ »{CH;—C) + 6(C—O—H)
1175 1192 S(C—O—H)

873 846 v(CH,—C)

667 654 S(CH,—C—O0)

552 536 5(0—C--0)

lation indicates that C—O stretching, CH3—C stretching and C—O-—H
bending modes are coupled in the 1279 cm ™1 band.

The infrared spectra of dimeric formic acid and its deutero-analogs
have been measured by Millikan and Pitzer®s and Miyazawa and Pitzer9,

A normal coordinate analysis including all the atoms has been carried
out for the 17 in-plane vibrations, using a modified Urey-Bradley force
field¥?. 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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TanLe 17. Force constants of formic acid dimer®? (10° dvn/cm)

Stretehing Bending Repulsive
K(O—H) = 470 H(O—C-=0) =045 F(C...Op---H) = 060
K(C—-0) = 550 H(H—-C—0) =019 F(H...C...0pn) = 060
K(C=0) = 10-00 H(H—-C:=0) =025 F(H...C...0y,) =070
K(H—-C) = 400 H(C—O—H) =045 F(O,,---C...0(,) = 0-80
K(O...H) = 036 H(C—O...H)=001 F(C...Op,---H) =001

H (O—H...0) = 0015

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—O
H—c? \C——H —m—H_C \c H 12)
\o H...0” < H— o/ (

tautomerism is such that the identities of C=0 and C—O 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=0O stretching force constant decreases upon formation
of the hydrogen bond, indicating that the bond orders of C—=0O and C—O
tend to average in the dimer. The O...H bond force constant is about 5%
of the O—H stretching force constant of the monomer.

From the study of the out-of-plane vibrations® it was found that on
dimerization there is an increase of 399/ in the O—H torsional frequency,
corresponding to an increase of 909 in the force constant. Since the value
of the O—H torsional potential constant is 0-:21 X 107! erg/rad?, that is,
only 509 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 dirmer*
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 in the vapour phase were recorded and discussed®®. The infrared
spectra of sixty carboxylic acids in thin liquid or solid films, have been
recorded®®, and the presence of five bands as tests to identify the carboxyl
group has been suggested? ', The position of these bands is shown in
Figure 7.
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FiGuREe 7. Characteristic infrared frequencies of the carboxyl group.

For substituted benzoic acids, linear relationships have been established
between the pK values and the O—H and C=—=0 stretching frequencieso.

B. Ultraviolet

In the ultraviolet spectra of saturated carboxylic acids and esters two
bands have been clearly identified. The first band is due to a n —~* tran-
sition, that is, a transition from an oxygen 2p lone-pair orbital to the car-
boxylic antibonding z* orbital. It is found at about 210 myu with a molar
extinction coefficient ¢ = 40-60. The second band corresponds to a &= — =*
transition; it is located ai about 160 mg with ¢ = 2500-4200.

The n — a* transition in formic acid is blue-shifted with respect to the
same transition in formaldehyde!®. This effect is similar to the one observ-
ed in acetaldehyde and acetone but more pronounced. In both cases it is
interpreted as due to a raising of the carbonyl z* orbital owing to the inter-
action with the adjacent occupied =z orbital.

The highest occupied methyl orbital is about I €V more stable than the
non-bonding 2p orbital in oxygen, as shown by the difference of ionization
~ potential for ethane (11-7eV) and methanol (10-9 eV). This explains the
fact that the shift is larger in formic acid. The same band is blue-shifted
in the spectrum of the dimers of formic and acetic acids as compared with
the corresponding monomers!2, This can be explained through stabiliz-
ation of the 2 orbital on hydrogen bond formation.

The effects of alkyl substitution and solvent polarity on the same elec-
tronic transition of carboxylate esters have been studied¥3. The effect of
alkyl substitution in the acy! group on the spectra in different solvents is
shown in Table 18.

TABLE [8. n — 3* Absorption maxima of methyl esters104

Isooctane Ethanol
Ester ————— —— e ————
Zm“ (mu) . Zm‘“ (m;1) 2
Formate 2152 7 213-0 77
Acetate 209-7 57 207-2 57
Propionate 211-0 6l 208-7 60
Isobutyrate 212-8 77 210-5 80

Pivalate 213-7 97 211-6 100
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There is a considerable shift to shorter wavelengths on going from for-
mate to acetate and the effect is probably due to hyperconjugation between
the carbonyl groups and the alky! groups. Further substitution on the meth-
yl group shifts the transition energy back towards lower values, probably
as a consequence of inductive eftects, whilst the hyperconjugation effects
remain roughly constant.

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

The n —a* iransition energy Ej 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)!%3, Values of the slope n
are given in Table 19.

TABLE 19. Values of the slope m for
equation (13)

Ester m
Methyl formate 4-25
Methyl acctate 4-79
Methyl propionate 4-37
Methyl isobutyrate 4-13
Methyl pivalate 3-27
Ethyl acetate 4-31
Isopropyl acetate 5-10
7-Butyl acetate 4-36
Er = mZ+b (13)

The 7 — 2* bands for formic acid, acetic acid and ethyl acetate are shown in
Figure 8193,

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 O—H group has been shifted to the electron acceptor
C=0 group.

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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benzoic acid and methyl benzoate in n-hexane solution are shown in
Figure 9%, Three bands appear at about 280, 230 and 200 m. 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 at circa
280 mp 1% 198 At relatively high concentrations (107°-107% mole/i)
only dimeric molecules are present in solution, whose spectrum is shown
in Figure 9. On decreasing the concentration the band at 283:5 myu is

3t

™ 2

o

x

“

0 NN R
150 170 190
X (mu)
FiGURE 8. Vacuum ultraviolet absorption spectra of (1) (— — — — — ), formic
acid (2) aceticacid ( . . . . . ), and (3) ethyt acetate (————).

U S S,

200 250 300
?L(mp,)

FIGURE 9. U!lraviolet absorption spectra in n-heptane of: (1) benzoic acid
(dimer) ( ) and (2) methyl benzoate (. . . . . ).
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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 1074
(mole/t) at —180°c the band of the dimer largely predominates, while at
90°c only the monomer band appears, at 281-5 mu. 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 at — 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 to the
species 3. The effect of a proton-donating molecule such as trichloroace-

//O
o.__H.... o

\
C:Hs
3)

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

OCHj 0]
Q’ / \\
Q Cc C-CCy,
A\ /
Q----H—O0
4)

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 dimer.

The 230 mu. band of benzoic acid is also concentration-sensitive (Figure
10), and is also affected by variation of temperature or by addition of
proton acceptors. This band has been interpreted as an intrainoiecular
charge-transfer band, and is used for the spectroscopic determirnation of
the monomer-dimer equilibrium?°®,

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

The charge-transfer band in mesitoic acid is very weak at 243 my,
& = 4800 in n-heptane (as compared to 12,800 for benzoic acid). This fact
was attributed to steric hindrance, which decreases the conjugation between
the benzene ring and the carboxyl group®!. Comparing the spectra of the
two acids in concentrated sulphuric acid with those in aqueous solution
is interesting. The three bands in the spectrum of benzoic acid are shifted
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TasLE 20. Ultraviolet absorption bands of some substituted benzoic

acids
Substitucat Solvent Lmax log e Reference
(myu)
— Ethanol 226 3-99 109
272 2:93
2-CH, Ethanol 228 3-81 109
278 3-08
3-CH, Ethanol 230 3-95 109
280 3-06
4-CH, Ethanol 235 4-15 109
280 2-72
4-C,H, Ethanol 233 4-08 109
280 2:76
4-CH(CH,), Ethanol 235 4-11 109
280 2-81
4-C(CHy); Ethanol 235 4-11 109
280 2-80
2-NO, Water 270 3-72 110
3-NO, Water 214 4-38 110
265 395
4-NO, Water 278 392 110
|
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FIGURe 10. Concentration effect on the  FIGURE 1 1. Raman spectra of benzoic acid,
charge-transfer band of benzoic acid in (1) in carbon tetrachloride solution
n-heptane (30°c). The curves correspond  (——————) and (2) in 959 sulphuric acid
19 the following benzoic acid concentra- solution ( . . . . ).
tions: (1) 1:04 < 10-* mole/l (————),
(2) 1:04X10-* mole/l (— — — —),
(3) 1-04x10~-4 mole/l (— — —) and

(4) 1-:04x 10 > mole/l (. . . .).
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towardslongerwavelengths. The greatestshiftisfor the charge-transferband,
from 228 my to 262 my, 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 I1). The band observed at
1650 cm™! 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

[¢] OH
V4 £
-C - C<*
™ OH, OH
5) 6)

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

.

260 300
A (mw)

Ficure 12. Ultraviolet absorption spectra of (1) mesiloic acid in concentrated

sulphuric acid (—), (2) mesitoic acid in trifluoroacetic anhydride( . . . . ),

(3) mesitoy! chloride in stannic chloride (— — —) and (4) mesitoic 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 mesitoic
acid-trifluoroacetic anhydride and mesitoyl chloride-stannic chloride
(Figure 12). For these systems the following reactions have been demon-
strated:

RCOOH - (CF,CO),0 - - RCO* +-CF,CO,” +CF,CO,H

(14)
RCOCI+SnCly — --— RCO* +5nCly
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C. Nuclear Magnetic Resonance

Chemical shifts as measured by n.m.r. spectroscopy were found to be
useful in the investigation of dissociation, chemical exchange and dimeriz-
ation of carboxylic acids. In non-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 7 =
—2:2U2.113 " 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°c. The observed shift of the carboxylic proton

6 = (mfa) dm+ [(@a—m)/a} dp (15)

is given by equation (15), where 0,, and oy are the monomer and dimer
shift respectively, a is the total number of moles of acid and m the number
of moles of the monomer form. From an analysis of the effect of concen-
ration on the dimerization equilibrium, é,;, and &, were obtained!!4.
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. In 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 singie
line is an average of the resonance frequencies of the nuclei in the absence
of chemical exchange. For acetic acid in aqueous solution there was, apart
from the line for the protonin the methyl group, one concentration-depend-
ent line due to the proton in the carboxylic acid group and the water!!3,
Since dissociation of acetic acid was negligible in the experimental con-
ditions the concentration dependence of the resonance will follow the law
as shown in equation (16), where p; and p. are the proton fractions in the

6 = p1dua+p20n.0 (16)

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

When using a polar aprotic solvent, n.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 solutions!16,

The n.m.r. spectra of 17O carboxylic acids and esters show the presence
of a single absorption band’'”'"*, suggesting that the two oxygen atoms
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are structurally equivalent, probably due to resonance between forms 7a

o o-
R——C< rRo-c
.
OH OH
(7a) (7b)
06+

. 04:
€
a
3 .
~— 02‘_
e} H
0i T s

0 02 04 06 08 10
Py
F1GURE 13. Concentration dependence of the chemical shift é of proton magnetic

resonance of acetic acid in aqueous solution: p, is the proton fraction in the
acid.

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

TasrLe 21. Some characteristic 17O chemical shifts in carboxylic
acids and esters

Range of
chemical shifts Compounds Type of O atom
(p.p.m. from water)

—130 to —150 Methyl csters —0—
~160 to —180 Ethyl, propy! esters —0—
—240 to —260 Acids —0—
~350to0 —370 Esters Oo-—-

1IV. 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 o—: separation!®. In this approximation
the system of o electrons is treated as a rigid non-polarizable core, building

a field in which the motion of = electrons is described. For the carboxyl
group, neglecting hyperconjugation effects, the problem is reduced to
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a four electron and three orbital system. One electron comes from oxygen
atom (1), one from carbon aiom (2) and two from oxygen atom (3).

O )

-<£ (8)
(2) ~o-H

3
In the molecular orbital theory the electrons are assigned to orbitals built
as a linear combination of atomic orbitals (LCAO approximation) as in
equation (17)

¥ = Cop+ Ciaga+ Cisys i=12 an

where 7, , , are the 2p_ atomic orbitals, usually Slater orbitals.
In the Hiickel approximation!!? the energies ¢, of the molecular orbi-

t

tals are obtained by solution of the secular matrix (18):

‘oy—¢& Pz 0 !

Pn wa—e  pay =0 (13)
0 532 s3—E ‘

where z, are the Coulomb integrals:

Yp = f 7007 p 4T (19)
and f3,, the resonance integrals:

Boy = [ 159614 d1 (20)

40 is an eflective one-electron operator that contains some average of elec-
tron interaction terms and dz is the element volume for one electron,

A precise evaluation of the values of the energies ¢; depends on the em-
pirical choice of the parameters =, and j3,,. Despite this difficulty it is
interesting to investigate the rclative values of the molecular orbital

energy levels; a reasonable choice of empirical parameters is shown in
(2')12().

13 = ac+2 (21)
B2 =7
Pey = 0-88

The energy level diagram obtained is shown in Figure 14,
The four 1 electrons are piaced in orbitals ¥, and ¥ with energies ¢,
and ..
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A more refined analysis can be performed applying the self-consistent
molecular orbital method introduced by Roothaan!?!, through which it is
possible to take into account explicitly the electron interactions.

——
z
c
3 1 - v,
< —
S—r” .
> 0 _ N - X 2
o e
rY .
2 .
w -1 - __1_4\\ /,/ .'.'...
™ 1)
\\___5_/_.
i X,
-2 ~3
v, |

FIGURE 14. Hiickel cnergy levels diagram of formic acid.

The wave-function for the ground state of the overall system of = elec-
trons 1s constructed from normalized antisymmetrized product functions
of the type (22) where

(D) Pul)Bwr)  Pal)a(wr) ¥a(l)Blwr)!

b - l/\/i‘ii V12 a(ws) Y1(2)Blwe) Pa2) x(wz) Fa(2)Blws) | 22)
| Vi) a(ws) Ph(3)Blws) Pa(3) elws) ¥2(3) Blws)

[ P1d) a(ws)  Wi(4) flws) Wa(4)x(ws) Wa(4) Blws) !

the numbers 1, 2..... stand for the space coordinates of the electrons
and  is the spin coordinate. = and f are the usual spin functions and ¥,
are the previously defined® molecular orbitals.

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

E = j(b‘]?[(l) dT] d‘t-_)_ d‘E;; dT; (23)
subjected to the conditions:
J W) Wip) dr, = Y. CiySpeCig = 8ij (24)
Pq

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

Spa = | 75(u) 1o() d., (25)
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and H is the Hamiltonian operator:

- 4 _ 2
H=Y Hw+12 ¥ er. (26)

=1 myv=1
HnFEY

where the operator H (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 tollows:

FCi=eSC: (i=1,2) @n

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

e
Ca;i
24 (28)
IC |
F is the Fock matrix with elements:
n Frq = HpatGpy (29)
where
o = J T + Ud)] 1a(p) d. (30)
2 3
=S S Ci2pairt)—(pt/rg)] Ci a1
i=1r, =1

1n the equations (30) and (31) T(u) is the kinetic energy operator, U.(u) is
the core potential for electron u and (pg/rt) are electron interaction inte-
grals defined in equation (32):

(pqirt) = [ xp (1) xa(n) €/rumy" (v) 2:(v) dz,, d, (2)
They may be classified as follows:

Coulomb integrals if p =g and r =1,

hybrid integrals if p=4¢q and r =,

exchange integralsif p =% ¢q and r =t

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

F=eS| =0 o

Once the &’s are known they are introduced into equation (27) and the
coefficients C,, can be calculated. However the matrix elcments F,, cou-
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tain the coefficients C,, so the problem must be solved by an iterative
procedure.

One must start with arbitrary C; matrices, subject to equation (24). The
F matrix can then be calculated and used in the solution of equation (27).
A new set of coeflicients C,, 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 acid!?? the geo-
metry of the molecule reported by Lerner, Dailey and Friend3* was assumed
and the two hydrogen atoms were neglected throughout the calculation.

Theoretical values were used for overlap integrals’?® and Coulomb
integrals!?4 125, Approximate values for hybrid and exchange integrals
were obtained from overlap and Coulomb integrals through the Mulli-
ken approximation (equation 34)126,

7o) %a(1) = (Spal2) [7p(1) + 73(10)] (34)

The integrals H,, express the potential energy of electrons in the core of
charged nuclei, i.e. inner shell and o electrons. According to Goeppert—
Mayer and Sklar!??, they can be evaluated by means of the expression (35),

Hpg = SpWo—Y [ a(u)UF" (1) xalp) d, 35)

r>p

where U;’+ is the potential energy of one electron in the field of atom r
with charge z* - W, is the ionization potential of atom p in its appropriate
valence state.
The following values were used for ionization potentials:
C@trd, p;, Vi) —— CH(ar3, V3) —11-54 eV
O(s2p2p,p:. Va) — — O*(s*p2p,, V1) —17-28 eV (36)
O (spxpyp:0 Vs) ~— O (s?ppy, Va) —34-14€V
Penetration integrals appearing in equation (35) were calculated with
formulae given in the literature!?®. The initial set of molecular orbitals
was obtained through a Hiickel calculation with inclusion of overlap inte-
grals in the secular equation. The final SCF orbitals are:
Y, = 0-355129%:+0-55282%2+ 06172373
Yo = 0:67665y,+0-23897%>—0:69102%3 a7
Y, = 0:68007y;—0-84146%2+ 041003

and the corresponding energies are:

ep = —15911 ¢2 = —9:092 3 = 8-86]
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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.

The charge density distribution in the molecule is, according to Mul-
liken'??, expressed by the gross population, given by:

qp = ¥ Z Ci,-}- 2 Z Z (Cpicrispr) (38)

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

gy = 1-304;: ¢g» = 0926; g3 = 1770
The bond orders defined from the relation (39)!20:

Pro = 2 ViCpiCyi (39)
were found to be:
c—o = 0-35: Pc=0 = 0-71

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

O o(-)
H-.. c{ — - H-—C< (40)
O—H O+IH
(9a) (9b)

Bond orders are in good agreement with values deduced from inter-
atomic distances™,

A modified Hiickel treatment has been used to investigate the clectronic
structure of the —COOH group?. Bond orders were calculated and
correlated with bond-lengths using order-length relations characterized
by a o-skeleton parameter yy = \/3‘;?8 where S, and Sj are the s characters
of the two orbitals used in forming the o bond and are obtained from expe-
rimental bond angles!I2.

z-electron energies in HCO,;, HCO2 and HCO, were calculated' 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 upproximations in their capability of reproducing the
effect of electron correlation.

The modification of Lcao-mMo0 theory known as the m-technique!™
was used to calculate the ionization potential in many benzene derivatives
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including methyl benzoates'®. The standard Hiickel technique has been
modified as follows.
The Coulomb integrals are given by:

27 = oao+/Ba+01Y hsfo (41)

and the resonance integrals by:

ﬂr.\' = kr:ﬂﬂ (42)
2o and fp are the Coulomb and resonance integrals for benzenic carbons
(29 = —9-878 eV. o= —2-11 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 4, is an empirical parameter. The values of this para-
meter are shown in Table 22. Taking x = (#9—¢€)/fo the secular matrix

TasLE 22, Comparison between the calculated and experimental
values of the ionizztion potentials of benzoic ester derivatives

i Experimental
Calculated - L

Substituent q, Koy (?o:\u:;:cnll?:ll'z:; lonlzallil:]r:'polcn-

(cV) (cV)

NH, 2 0-85 8-31 8-08

OH 2 0-65 8-99 8-76

OCH, 2 0-5 8-64 843

CH, 2 0-75 8-97 8-94

H 0 1-0 9-09 9-35

Br 2 0-25 9-12 9-40

Cl 2 03 9-1§ 9-45

CN 2 0-91 9-62 9-24

can be written as tollows:
o — & \ | i
( 5 _L_\" /\’12 klﬂ ........... /\],, ;
: Po / |
' ]
: X2 — %o | |
A B kog ... ... .. ko, :
1 A ( Ifo T ) 23 A1 i _ O (43)

...................................................... l
. |
X, — A '
Koy Kps oo (--'-'--4---- 4 .\-) :
fo :

After solution of the secular equation charge densities were calculated

using the expression: ,
gt =Y r(Cu)* (44)
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where the sum is over the occupied levels and v, is the number of electrons
in the i-th molecular orbital.

Then the Coulomb integrals are modified as follows®

«; = a+o(g —q°) fo @5)

where the value used for w is 1-4. The number ¢° of electrons participating
in the m system are also reported in Table 22. The calculations are then
repeated in a new cycle, and so on, until consistent values for the charge
densities g, are reached. The total energy of the =z system is given by:

E =} viei = Y afao+ xifo) (46)

where x; are the roots of the secular matrix (43), at the last cycle.
The ionization potential 7 evaluated as the difference in energy between
the molecules and their positive ions is then given by:

I = —[ap+(Et—E)Bol (47)

where £7 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
« and B were performed on the benzoate ion!®. Bond orders p were calcu-
lated and converted into bond lengths / using the expression:

(s—d)
l=5s— —0 "1 (48
{+k(I—p)ip *
where s and d are single and double bond-lengths respectively, and k was
assumed equal to 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.

Oa\cz/o\
3
5 5
6 s
?
(10)

These distances can be compared with the ones obtained from the crystal
structure study of potassium hydrogen dibenzoate!®’. The distances of this

molecule are: C—C in the ring = 1-38 A, C,,—C,, = 1'53A, C(,,—0,,,
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TasLe 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

7 1-398

= 122 A, C,,—O03, = 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 to
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 Tsukomural®, in which the molecules in molecules
method!3® has been applied. Formic acid was separated into electron donor
(OH) and electron acceptor (C=0) 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, at
7-92 ev.

|
—— —-— H—e
0-H 0-H 0-H
> Y i ¥, w— ¥
-0 | <0 c:0
¢G ¢CT ¢LE

FiGure 15. Electronic configurations of formic acid: @: ground state, Pcr:
charge-transfer state, @ g: locally-excited state,
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To evaluate the energy of the charge-transfer configuration the molecular

orbitals for the C--0O group are needed. These were taken as the wave-
functions evaluated by Kon'?® for formaldehyde:

ya = 0-54727c+ 0837070

(49)
Wa = 08370XC—0547220
where vy is the bonding and y, the antibonding molecular orbital.
The energy for the charge-transfer configuration is then given by
Ecr = In— Ac-0—(0-3472) (aa/bb)—(0-8370)% (aa/cc) (50)

where (aa/bb) and (aa/cc) arc the electron repulsion integrals defined in
(32).

I, was taken to be equal to the ionization potential of water which is
12-59 eV: Ao wasassumed to be — 1-2eV, the mean value of electron affi-
nity of the carbonyl group in a series of compounds. The electron repulsion
integrals were cvaluated accordingto Pariser and Parr'%. A value of 6-63eV
was obtained for E.q. The off-diagonal matrix clements were calculated
according to Longuet-Higgins and Murrell*38. The solution of the secular
equation leads to the following eigenvalues and eigenvectors:

Eo = —1-156eV; &, = 0:9300Pg +0:3632Pcr—0-0548P ¢
£y = 6:572eV: ® = 030125 —0:6688Pcr +0-6797%Le  (51)
Es =  9-132eV: ©®. = 0-2013D5—0-6489Pc1—0-73120 ¢

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

Ficune 16. Encrgy level diagram of formic acid, after configuration inter-
actions.
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X of each configuration to the ground and excited states are given in Table 24.
ft is seen that in both excited states there is a substantial contribution

TaBLe 24. Contributions X to the ground and
excited states

Xy Xer X

(%) (%) (%)
E, 8649 1319 0-30
E, 9-07 4473 4620
E, 4-05 42-11 53-47

of charge-transfer and locally excited configurations.

The molecules in molecules method has also been applied to substituted
benzoic acids!®!, 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 -t — t* transitions in substituted
benzoic acids

Substituent AE (C?J;‘;‘awd) AE (o(te;i:’:)rved) Reference

H 5-42 5-37 141
p-NH., 4-54 4-46 141
p-OH 4-83 492 141
p-Cl 5-20 525 141
p-Br 5-18 515 141
p-NO, 4-80 4-46 110
m-NO, 4-94 4:67 110
0-NO, 4-37 4-59 110

clearly indicates that the transition is of the charge-transfer type. Agreement
is in fact 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

Hydrogen 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 Donohue!4?
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and more recently by Fuller:43. The histograms of Figure 17 from which
the distribution of the hydrogen bond-lengths is apparent are taken from
the second of these reviews.

(@)

...... H
O
or OH---0
5'# d=2-55*005 A
245 250 2%5 260 265 270 275 280 285 290

aky
()

FIGURE 17. Histogram of the occurrence of the O...O distance in dimers of
carboxylic acids. Black rectangles represent bond lengths with estimated limits
of error of less than 005 A.

The dependence of the O—H stretching frequencies on the O—H...O
distance has also been investigated. The frequency shift as a function of the
hydrogen bond-length is shown in Figure 1844, The dependence is linear in
the range 2:45-2-75 A; then the frequency shift becomes less sensitive to

Q 3.5 -
N 4
S
]
w 30}
°
2 .
@
2'5 = N
1 R 1 o -
0 1000 2000

Ay (Cm"1)

FiGcure 18. Frequency shift versus O—H...O bond distance in hydrogen bonds.
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distance. From a similar analysis Pimentel and Sederholm!4® derived the
following relationship:

Av = 4-43X10%(2:84—R,) (52)

where R, is the O—H. ..O distance in Angstrom, and Av is in cm ™.
The relationship between the O—H...O distance and the O—H dis-
tance!* is shown in Figure 19.

115}t
110t

1-05}

0-H distance (ﬂ)

100+

095L L T
25 27 29
0-H.-0 distance(ﬂ)

FIGURE 19. O—H...O distance versus O—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 intramolecular
hydrogen bond in salicylic acid AH was found to be of the order of
-5 kcal/mole!8; 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 —COUTC.H;.

Theoretical work on the hydrogen bond has been reviewed by Coulson'4?,
Four energy contributions have been recognized as significant; these are the
electrostatic energy, the delocalization 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 molecules!®. 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 kcal/mole!#®. The
increase of the O—H distance can also be satisfactorily calculated with
this mode}13°, which, however, is unable to account for the large increase in
intensity of the O—H stretching band.
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An aiternative description may be given by a valence bond scheme in
which the following structures are included:

() O,—H O, covalent O—H bond

2) Og H*-. O, ionic (no charge transfer)

(3) Og, H —Og, covalent H—O bond (with
charge transfer)

“4) 03, H™--.0,,, ionic (no charge transfer)

(5) Oy H- 0§, covalent O—O bond
| ! (with charge transfer)

106 —
80} qu@librium .
| position of H °

o 807
40+
207
0 F
0 05 10 15 20 25

Position of H

FIGURE 20. Weight of the structure (3) as a function of the position of the proton
along the O...0 line.

Calculations of this kind were carried out by Coulson and Danielsscn!®!
who considered only structures (1), (2) and (3) and obtained the weight of
structure (3) as a function of the position of the proton along the O...0O
line for an O. . .O distance of 2-5 A (Figure 20). At the equilibrium position
of the hydrogen atom, the weight of structure (3) isabout 11%{. The calcula-
tion also showed thatas the O...Odistance decreases, the equilibrium posi-
tion of the proton changes in such a way as to increase the O—H distance.

Improved calculations were performed by Tsubomural4? 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 (1), (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 difficult to evaluate such a term since the two atoms are partially bond-
ed. An estimate by Verwey?s? gives a value of 8-4 kcal/mole for ice. Ver-
wey also evaluated the attractive dispersion forces and obtained 2-7 kcal/
mole. Coulson4? suggests 3 kcal/mole as a reliable value. Considering all
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energy terms, the sum obtained for the hydrogen bond iniceis: 6 +8 — 84 +
3 = 8:6 kcal/mole, which is of the order of the experimental value.

A semiempirical treatment of the hydrogen bond has been developed?s3,
based on the Lippincott potential function?®4, originally formulated for di-

atomic molecules:
—_ 2
U(r) = Do{n—exp |- nlr—ro) ]} 53

2
where Dq is the dissociation energy, ro the equilibrium distance and
n = ko"o/Do (54)

where kg is the force constant. The potential energy for the O—H...O
system can be written as follows:

v(r, Re') = Do{l—exp [ —_'_1(_’_2_’-;0)2_]}

55
n(R,—r—rp)? 3)

+ O(RDy {1 ~exp |~ Lo b wir

R, is the equilibrium O...O distance; the factor C(R,) takes care of the
fact that even at equal distances the O—H bond is stronger thanthe H...O
bond and is chosen to give the correct r, value, since:

dV(R,, r) B

where r, is the equilibrium O-—H distance in the hydrogen-bonded mole-
cules. W(R,) represents the non-bonding interaction energy between the
oxygen atoms and has the form:

W(R) = ——2595/R6+4.55Xloee—4.3R 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

V(R., r.)—U(re) = E (58)

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 R, 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 R, = 2-42 A,
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In calculating these energies allowance has been made for change of both
the O—H and O...O distances; the same values of W have been used as in
equation (57). By means of this diagram the infrared spectra due to O—H
stretching can be explained. Broadening and intensity increase of the band
corresponding to O—H stretching are observed in hydrogen bonds as com-
pared to 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

(M B 2)

O(I) t2)

(b)

FiGure 23. 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 O—H bond-lengths change very slightly with O...O
distance in such bonds.

From the potential surfaces for individual hydrogen bonds an estimation
of the O. . .0 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™1.

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 molecular orbitals have the form:

unsymmetrical symmetrical

¥, (bonding) (fi=cigz)+cas  (—z2)+ars
¥, (non-bonding) Caxr+ %z Y1472
¥, (antibonding) Grr—caxa)—css  (gi—y2)—cas

where #; and y» are the 2pa oxygen orbitals, s the is hydrogen orbital and
Cy, Co oo ... are numerical coefficients!55,

Assuming the O...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 oy and a2

:al—E ﬂu 0 |
lﬂu as—E 0 =0 (59)
L0 0 «—E|
w—E £ 0,
| Bs w—£ B =0 (60)
s 0 ﬂ.\ 7~|—'Ei

are the Coulomb integrals for 2pc oxygen and Is hydrogen orbitals respec-
tively, and 8, and f3, are the exchange integrals for unsymmetrical and sym-
metrical bonds. The roots are given in equations (61) (unsymmetrical case)
and (62) (symmetrical case).

2y +ote e

Ev= 2o —1/24/(x, —x,)* + 48% bonding (61a)
E: = a non-bonding (61b)
Es = 2% L 1/2\/(@, =P + 452 antibonding 61e)
Er= "% 12 /(s —a* + 88 bonding (622)
Es = x4 non-bonding (62b)
Eq = -“-!;“'“’ +1/24/ (g —25)2+ 887 antibonding (620)

Since each system contains four electrons, the unsymmetrical situation has
lower energy if |3,' > \/2(3,!. In the isolated molecule 3 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 1solated molecule. In the case of car-
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boxylic acid dimers where rq,; =~ 1-1 A, 8, is 101 kcal. Hence at the symmet-
rical-unsymmetrical transition point, 8, = 71-5 which corresponds to a
value of r,=1-22 A, that is R, = 2-44 A. This is consistent with the fact
that the proton is unsymmetrically placed (R, =~ 2-6-2-7 A)136,

In carboxylic acid dimers where two hydrogen bonds are present, when
one hydrogen moves from one molecule to 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 (12).

C. Reactivity

The theoretical approach to the interpretation of the chemical reactivity
of organic compounds is one of the most difficult 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 in 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 simplifications!®"-1%9

The most successful theory has been the LcaA0-M0 method for conjugated
systems, mainly aromatic compounds. The first theoretical discussion is
perhaps the one given by Wheland and Pauling!®? for orientation in aromatic
substitution; they used the Hiickel theory to calculate charge densities at
different sites. which, when modified by the polarizing effect to the

0----H=-0

H—¢Z~ 2 t—H
NO=Hy07.
Tk N )

Energy

A~

Q. 0

Position of H1

FIGURE 24. Potential energy for double migration of protons in formic acid
dimers.
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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:

F,=1/3-Y p,. (64)

where p,, is the bond order of the bond g—r. The sum is to be taken over
all the bonds starting from atom gq.

A different reactivity index is the localization energy!®! which is the differ-
ence between the t-electron energy in the initial molecule and the transi-
tion state in which the atom at the site of the reaction has been removed
from the conjugated system. The number of 7z electrons in the transition
state is equal to, or one less, or 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 Moser!3®
evaluated charge densities, free valencies and localization energies for nuc-
leophilic, radical and electrophilic reactions. No definite conclusions can
be obtained from this calculation as to the chemical reactivity at different
sites because the results depend on the assumptions involved.

The dissociation constants of benzoic acid and its derivatives have been
taken by Hammett2%2 as the basis for the dcfinition of o constants.

The o values may be chosen as a sensitive gauge for the choice of the nu-
merical values for the « and 3 parameters of the Hiickel method for benzoic
derivativesi®3: 164,
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I. INTRODUCTION

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 =r-
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 an ideal case, the result of the electron transfer
will be a cationic, radical, or anionic intermediate, which, after leaving the
electrode surtace, will undergo further chemical changes in the solution sur-
rounding the electrode, or, in favorable cases, accumulate in 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 ina number of ways. First of all, a number of simple and versatile
synthetic methods have been developed! 2. 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 Perrin® 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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species?. Thirdly, polarographic investigations in combination with mole-
cular orbital theory have made possible some remarkably good corrobora-
tions of the simple molecular orbital calculations'™ !

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 elecirosynthesist?, 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-
cles®® 1% 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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I1. DEFINITIONS

The Kolbe electrosynthesis is not actually an oxidation of the carboxylic
acid itself, but rather of its ion. Without immplying anything about the poten-
tial-determining step (the mechanism will be discussed in section 1V. B)
for the moment, we shall write the reaction as an initial discharge of the
carboxylate ioni® 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" +e¢~ )

RCOO* —— R*+CO, (€9
(equation 3), such as that formed by hydrogen abstraction from solvent or
solute C—H bonds. The isolation of R: (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 inequation (3)

Coupling R—R

Disproportionation
.

RH+RH -H,

_—__! Atcack en C—H RH 3)

R*-

! Abstraction of H*

RH ~H,

or a mixed coupling between two different radicals produced by coelectroly-
sis of two acids!®~ 13,

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

However, products are very seldom limited to the above-mentioned types.
It was early observed!? that electrolysis of RCOO™ in aqueous solution
often produced an alcohol ROH in 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 Muhs!® on the electrolysis
of some cycloalkaneacetic acids, Walling!¥ 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*4e- (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 laboratories?® 2},
the final experimental verification being provided by Corey and coworkers?°.
| Rearrangement R7*+ R”OH, RCOO - R‘OR’’ + RCOOR’

. (%)

| _RTOH. RCO0O =~ . ROR’ +RCOOR

R’ =H, Me, Ac

R*

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 intermedi-
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 carbonium
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.

Il. EXPERIMENTAL CONDITIONS

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, erc., an electrochemical



58 Lennart Eberson

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 reviews'>~!® 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 total 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 /.r. drop in the solution.

A. Anode Potential and Current Density

In aqueous solution, a plot of anode potential versus 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

24}

Ethane evotuticr:
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FIGUrRe 1. Anode potential (referred to the hydrogen electrode) versus the
logarithm of the current density for the electrolysis of 0-5 m agqueous sedium
acetates,
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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 +2-3V (this is commonly referred to 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
mcthanol 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 at platinum anodes: it takes place at a very high positive
potential, above +2-3V (in actual preparative runs, probably in the region
between +2-5and +3:0V), and can almost totally suppress other electrode
processes which normally occur at miuch lower potentials, ¢.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.

B. Anode Material

In aqueous solution, only a smooth platinum or iridium anode will sup-
port the formation 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 to be the predominant
reaction, as has been demonstrated by Koehl?? 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 to suppress the radical pathway, which is sometimes the case in
anodic acetoxylations (section V. A). In non-aqueous solvents, the choice
of anode 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 at an
appreciable rate has been observed in some cases?®. In normal laboratory
practice this phenomenon can be 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 carbonium ion-based products. The pH 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
tons, the acid will be continuously transformed into its salt until all of it
has been consumed at 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 reascn 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) carboxylicacid in aqueous solution as electrolyte?’. The alkali metal
formed at the cathode forms an amalgam with mercury and does not give
hydroxide ions by reaction with water. This method is also advantageous in
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 to 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)**~3!. This
reaction will be discussed in connection with anodic acetoxylation (sec-
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tion V. A).

CH, CH; _ CH,OCOR
HCON< o~ HCONC T 4 H* +2e- RE9OT pcond

(6)
CH, \CH, \CH,

Acetonitrile has been used in a few cases?* 32:33 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 acetamides?? (equa-
tion 7). This reaction is analogous to the Ritter reaction (synthesis of an

_ -2 - CH,CN
RCOO™ 5= R¥ =

R—N i —C—CH, -"=°2

8 ))

RNHCOCH, )

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 carboxylates®*®~*?, 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 CH3COOH is not too large. The reaction scheme
is outlined in equation (8).

RCOO- R- "¢ R+ SHCOOH pococH,
-
+ ——e 4
- CO,
CH,COO~ CH; (8)
:
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. Woolford? and Woolford,
Arbic and Rosser3® have described several cases where a small change in
temperature causes a very marked change. As an example (equation 9), the
electrolysis of 11-bromoundecanoic acid in methanol® at or below 50°
produced a good yield of the coupling product (2), whereas at 65° methyl
l1-bromoundecanoate (3) and methyl 11-methoxyundecanoate (4) were
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formed exclusively.
Br(CH,),,COOH Mj;;‘. Br(CH,)(cCOOCH, + MeO(CH,),,COOCH,

' 3) )
50° McOH 71 2:4
} % % (9}
Br(CH,);oBr
(2)
64%

The possible mode of formation of the ester of the solvent methanoti 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-agueous 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®**, Mn**, Cu®*, Fe*t,
and Co*™*, suppress the Kolbe reaction completely or almost so, presum-
ably because the platinum anode js 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 | is a summary of experimental factors and their influence on the
mechanism of the Kolbe process. It should be stressed that experimental
factors can be used to modify the outcome of the reaction to a limited

TaBLE 1. Expcrimental factors and their influence on the radical and carbonium ion
pathway in the Kolbe electrolysis of carboxylates, RCOO ~

Experimental factor Formation of R* l'avored by Formation ot 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 -— Clo,, SO}-, HCO;, H,PO_,

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

IV. MECHANISTIC CONSIDERATIONS
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 background and main interests®. Three general
approaches to the problem of organic electrode mechanisms are recogniz-
able.

(1) Elucidation of the chemical 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 carbenes?, but not otherwise of importance for
the reaction.

(2) Study of the elecirochemical 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. with 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 an assumption necessary, and we shall there-
fore regard the postulate as a valid first approximation. However, before
considering the chemical reaction mechanism, some features of the clec-
trochemical mechanism must be discussed.

B. The Electrochemical Mechanism

In section il the Kolbe reaction was written as involving an initial
discharge of the carboxylate ion onto the electrode surface (this theory
is often denoted ‘the discharged ion theory’ and was proposed as early as
1891 by Brown and Walker!®) to form an acyloxy radical which then under-
goes further reaction. Although other theories have been proposed’®~1%
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 III. 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 to the Kolbe reaction. In non-aqueous solution
the formation of Kolbe product (C.F¢) has also been observed in the low-
potential region®! in the system CF3;COO~/CF3;COOH. 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 potentialst® 4, Pro-
pionate and butyrate do form olefins at low anode potentials in aqueous
solution, but there is still a critical potential for the formation of coupled
product?®.

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 at 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



Electrochemical reactions of carboxylic acids and related processes 65

TaBLE 2. Critical potential for the formation of R, by electrolysis
of RCOO ~ at a platinum anode

Critical potential

R in RCOO - Solvent versus the hydrogen Reference
electrode
CH, H,O 2:5 46
CH, H,O 2.7 47
CH, H,O 2:1-2-2 48
CH, H,O 22 49
CH, H.O 2:1-2-2 4s
CH, HOCH,CH,0H 2-1 50
C,H; H,O 2:7 51
C.H, H,O 2-8-30 47
n-C, H, H,O 21 44
n-C,H,, H,O 2:2 44
n-C,H,, H,O 22 44
n-C,H,, H,O 21 44
n-C,,H., H,O 2-7 52
EtOCOCH. H,O 2-8 53
EtOCOCH, HOCH,CH,OH 34 54
CF, CF,COOH 23 41

proved to be wrong. For acetate electrolyses in aqueous solution, Dickin-
son and Wynne-Jones*> 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 methano! was believed to occur via coupling of
simultaneously formed methyl and hydroxy!} radicals (at an anode poten-
tial intermediate between the low- and high-potential region).

Conway and Dzieciuch3® studied the anodic-:-zidistion of formate, ace-



66 Lennart Eberson

tate, and trifluoroacetate ions in ihe corresponding anhydrous acids or in
aqueous solution and concluded that the transition region corresponds to
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 at variance with the obser-
vation that C.Fg is actually formed from CF3COQO ~ in CF;COOH 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 Wynne-Jones%? 4 have confirmed that
the formation of ethane from aqueous acetate requires a build-up of cer-
tain critical conditions at the electrode surface, analogously tc the mechan-
isms discussed above. However, the formation of an 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 1073 sec, whereas
electrolysis times of the order of 1074 sec or less produced no ethane, no
oxygen, but an amount of carbon dioxide corresponding to a complete,
non-specific oxidation of acetate ion.

Thus, starting with an uncovered platinum anode, acetate ron is initially
oxidized to carbon dioxide, presumably at ‘pure’ platinum sites. Within a
period of 1073 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 Eberson3®.
The calculated standard potential for the process CH;COO~ - CH;COO
+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 +CO,+e- (10)
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was calculated to be +1-55 V). This would be attractive both from ener-
getic and kinetic points of view, since the decarboxylation of the acetoxy
radical is exothermic by =~ 17 kcal/mole3” and its half-life time is of the
order of 1071% sec®, It should be noted, however, that such calculations,
and reasoning based on them, pertain to free, solvated species participat-
ing in 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 RCOOQ. and R*).

It has often been claimed that the acetoxylation of added aromatic sub-
strates’” %% ¢ g naphthalene or 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 to be an ini-
tial oxidation of the aromatic substrate to form a cationic intermedi-
ate® 32 61-63 \which then reacts with acetate ion (section V.B). From this
point of view, no objection can be raised against the concerted mechanism.

C. The Chemical Reaction Mechanism

In 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 homogencous 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.

1. Radical aspects

a. Radical disproportionation and attack on solvent. The intervention of
radicals R* as product-forming intermediates from the anodic oxidation of
RCOO™ is so well demonstrated by now!®~!* that only a selection of the
most important arguments will be provided here.

By inference from the behavior of radicals in homogeneous solution,
one would expect to find R—R, the coupling product, and RH and
RH — Ho, the products resulting from disproportionation, hydrogen atom
abstraction by R from another molecule, and/or hydrogen atom loss from
the f carbon of R (equation 3), from anodically generated radicals also.
Indeed these three types are found in most cases among the products
isolated, although it must be stresscd that only the formation of R—R can
be considered an unambiguous proof for theintermediacy of R’. In principle,
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an alkene RH — H, might be formed via R*, whereas RH might be formed
by asecondary 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 can be reduced on
platinized platinum?, 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 tetradeuterated®, consistent
with the known tendency of radicals to attack CH bonds in preference to
OH bonds (equation 1 1).

CD,COO0- _"cf)‘ cD;

CD;+ CD,CO0O~ (or CD,COOH) - -—+ CD,+'CD,COO~ (or 'CD,COOH) (1)

Aqueous electrolysis of deuterium-labelled propionate furnished evid-
ence®® (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 the 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,CO0~ - —- CH,CD, --— CH,—CD,+CH,CO,H (12)
CD,CH,COO~ .~ CD,CH.2 -—-—~ CD,—CH, + CD,CH,D a3)

ed that hydrogen atom loss from the 8 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 insection 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 wasinexcellent agreement with that of dideuterioethylene). Other elec-
trode processes of the concerted type have been considered in the propio-
nate caseS6,

b. Additive dimerization. Another characteristic radical reaction
which can be performed during Kolbe electrolysis is additive dimeriza-
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tion®-%%. This type of reaction takes place in homogeneous solution “be-
tween aliphatic free radicals and 1,3-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).

R°+M ———~ RM' (14)
(%)

2RM° — . RMMR (15)

RM" +R RMR (16)

Lindsey and Petersen® electrolyzed CH3COOH /[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 consisting of C,e die-
nes, the major part of which was 3,7-decadiene (equations 17, 18, and 19).
CH3+ CH,=CHCH=CH, — [CH3CH,CHCH—=CH, CH,CH,CH=CHCH;]

(6) (17)
2 CH,CH,CH=CHCH; —+ EtCH-=CHCH,CH,CH=CHEt (18)
CH,CH,CH:=CHCH; + CH; —— EtCH=—CHEt (19)

Small amounts of isomeric branched-chain C,o dienes were also obtained but
notidentified. Similarly, 1,1,1,10,10,10-hexafluoro-3,7-decadiene was identi-
fied among the products from the electrolysis of CF;COOH /CF3;COO™
and butadiene in methanol. An interesting development of this reaction
was the isolation of a 40% yield of diethyl 3,7-decadiene-1,10-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~ —— COOEt+CO,+e~ (20)
The same reaction was investigated at the same time by Smith and
Gilde®” %8, By electrolysis of acetate and butadiene in methanol at pH
6-8 they obtained a complicated mixture of products, among which [-pen-
tene (and no 2-isomer), 3-methyl-1-pentene, rrans-3-hexene (and no cis), 3,7-
decadiene, and 3-ethyl-1,5-octadiene were 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 1-pen-
tene being formed by a hydrogen atom abstraction reaction.
In addition, a mixture of unidentified acetates was isolated. Hydrogena-
tion and hydrolysis of this fraction gave a mixture of l-butanol, 2-methyl-
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1-butanol, and l-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 rrans isomer only of 3-hexene led Smith and Gilde
to extend their study to isoprene, which on coelectrolysis with acetate in
methanol gave the ¢is isomer only of 3-methyl-3-hexene. Similarly, coelec-
trolysis of butadiene and propionate in methanol gave the rrans isomer
only of 4-octene. The cyclic diene, 1,3-cyclohexadiene, after being sub-
jected to electrolysis together with acetate in methanol gave a product
which after hydrogenation contained, among other produsts, methyl-
cyclohexane, cis- and rrans-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 systems®?, 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’® (equation 21).
In addition, an acetate (7) was identified, the possible mode of formation
of which will be discussed in connection with anodic acetoxylation (sec-
tion V. A).

PhCH-—CH, _SHs PhCHCH,CH, - —— Ph-~CH—-.CH-—Ph Q2
Lo
meso and df
CH,COOCH,CH(Ph)CH,

o)

An additive dimerization product was also isolated from a similar experi-
ment in C.HsCOOH /C.H;COO~.
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c. Initiation of polymerization. Goldschmidt and Stdckl? also isolat-
ed small amounts of polystyrene (molecular weight = 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-
ers’™ ™ 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 1¥C,
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. Qualitarively, 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 at least semiquantitative aspects. Do we make an unsound as-
sumption when we postulate that products are formed from radicals in
solution ?

d. Comparison between anodically and chemically generated 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 the 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, ezc. 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 19 or less, thus ensuring
that the primary reactant is present in large excess all the time.

One obvious prediction from 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 Haas’® 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 acid??

Composition of product Composition of product
Product from decomposition of from clectrolysis of

1 mole of (C;H,COO), 2 moles of C.H,COO ™
CO, 61-6° 63-4°
C,H, 3.0 5-6°
C;H, 28-1° 14-0*
C,H, — Very little
CH,o 6-9° 15-8°
CO+0, 0-4° 1-0°
Ethyl propionate 0-13 mole 0-02-0-06 mole
sec-Butyl propionate — Traces
Diethyl ketone 0-:001 mole Traces
Propionic acid 0-28 mole Not detectable
Methylethylacetic acid 0-038 mole 0-002-0-014 mole
Ethylpropylacetic acid 0-0006 mole Traces
2,3-Dimethylsuccinic acid 0-106 mole 0-00015-0-002 mole

4 Percentage of total gaseous products.
® Percentage of anode gases.
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tween C,H; and solvent is less favored in the electrolytic reaction. In addi-
tion, it is noticeable that the fate of the CH3CHCOOH 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,Hj is very low, thus favoring the formation of 2,3-dimethyi-
succinic acid (equation 23).

e . CH,

CH COO~ 5 CuHy SHEHEOOM e vy 4 cH,EHCOOH - SHiL >CH—COOH
! CIHS

(22)

(CHCO0), —2 . C,H; SHCH.COOH - i+ CH,EHCOOH (23)

®

icu,éucoowi
CH,—C{ZH—COOH
CH,—CIH—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, butis most likely a carbonium ion mediat-
ed product (section I1V. C. 2).

Alkylation of an added aromatic substrate is occasionally observed
during electrolysis of carboxylates, and can also be accomplished by de-
composing acy! peroxides in the appropriate solvent or solvent mixture.
Goldschmidt and Minsinger?* 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,

TasLe 4. Yields of alkylpyridines and isomer ratios in the decomposition of diacyl-
peroxides and in the electrolysis of carboxylate ions, respectively, in pyridine?¢

Reaction Total yicld of 2- and Isomer ratio, 2-/4-alkyi-

4-alkylpyridines (%% pyridine
Elecirolysis of CH,COO -~ (100°) 3-5 2-8
Decomposition of (CH,;COO). (100°) 86 7-6
Electrolysis of C.H;COO ~ (100°) 87 1-4
Decomposition of (C,H,CO0), (100°) 87 2-1
Electrolysis of n-C;H,COO ~ (100°) 4-4 5-1

Decomposition of (n-C,H,COO), (100°) 84 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 Bunyan? 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 homolytic 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 methods?3

Isomers (%)

Method —_—
2- 3- 4-
Benzoyl peroxide 54 32 14
Lead tetrabenzoate 52 32'5 15-5
Phenyl iodosobenzoate S8 28 14
Electrolysis of PhCOO — 56 35 9

all cases and demonstrate the close similarity between anodically and che-
mically 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 PhCOOQO" being of the order of seconds®®, compared
to that of CH3COO", 107°-1071% sec) and can diffuse away from the
electrode and decarboxylate in the bulk of the solution (i.e. > 100 A from
the electrode), thus creating a phenyl radical in essentially the same sur-
roundingsasoneformed inahomogeneous 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 é-phenyl-
valeric acid?®,

Azobisisobutyronitrile (9) is thermally decomposed (equatfon 24) in
carbon tetrachloride to give initially a ketenimine (10) in an estimated
549, yield and tetramethylsuccinonitrile in 469 yield, corresponding to
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carbon to nitrogen and carbon to carbon coupling of the intermediate
cyanoisopropyl radical (11)77.

CN CN
(CH,),C—N—N—&(CH,), = Ny + [(CH;),E—C=N «—— (CH,),C=C=N"]
(9) (a1
CN
R i ; (CH,),C—CN
— =2 o (CH,),C—~C=N—C(CH,), + | (24)
(10) (CH;),C—CN

Anodic generation of xz-cyanoalkyl radicals from two =«-cyanoacetic
acids, NCCH.COOH and +-BuCH(CN)COOH, in methanolic solution’® 7
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
t-Bu). The nitrile amide was evidently formed by addition of water to the

R(;HCOO~ _co, RCH" R?HCN

} ——

— | | + RCH,CONHCH(CN)R (25)
CN CN RCHCN
(12)

initially formed ketenimine. Cyanoisopropyl radicals generated by electro-
lysis of dimethylcyanoacetic acid?”® 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.

e. Stereochemistry of anodically generated radicals. Little is known
about the stereochemistry of radicals formed in the Kolbe electrolysis.
Kharasch, Kuderna, and Urry®® have reported that optically active mono-
ethyl methylethylmalonate gives inactive diethyl 2,3-dimethyl-2,3-diethyl-
succinate, and Wallis and Adams®! 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 inactive®®. 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 meso and dl forms and would be anyway
expected to possess small specific rotations, thus making it possible that
some 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 at least some retention of configuration.
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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 electrolysis®? 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 > 90%¢ in 13 and 14.

EtCH=—=CHCH,COO~

1
—

\ -Co,

+

coupling
—_— .

[EtCH=CH—CH; EtCH—CH=CH,]

EtCH==CH—CH, EtCH=CH--CH, EtCH—CH==CH,
| + i + i (26)
EtCH=CH— CH, EtCH—CH=CH, EtCH—CH-=CH,
13) 14) (15)

On the other hand, generation of the same allylic radical by electrolysis
of RCH(COO™)CH=CH, 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. Introductory discussion. As mentioned above, Walling!® 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 followed?9, and it also became evident that most of the ‘by-products’
foundin 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 1V. B, it was mentioned that the formation of methanol
from acetate ions was considered to occur by reaction between simulta-
neously generated methyl and hydroxy! 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 immedia-
tely causes serious, if 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 (Rj)
contains unrearranged R groups. Thus, one is forced to assume 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, no case of a radical rearrangement has been found in the Kolbe
reaction, if the only unambiguous criterion for the occurrence of such a
rearrangement is rigorously adapted, {.¢. it must be demonstrated by ana-
lysis of the self-coupling product (R.) 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 1V. 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 Kooyman3® coelectrolyzed 3-phenylisovaleric acid
with acetic acid in methanol and obtained r-amylbenzene (16) as the sole
mixed coupling product and bineophyl (17) as the sole self-coupling pro-
duct (equation 27). Eberson and Sandberg® electrolyzed a number of
malonic half esters of the general formula RC(CH3).CH(COO~)COOEt

e
'(|Z—CH2Ph
s CH,
T”J CH, (27)
Ph(lZCHZCOO' PhCCH; CH, CHy  CHs
e |
CH, S5~ CH; PhCCH,CH « Ph('ZCHZCHz(lZPh
—co; '
T ‘. CH, CH;  CHy
CH,C00 cH;

(16) 17



78 Lennart Eberson

(R = Me, Et, Pr, iso-Pr, Ph) and obtained unrearranged coupling pro-
ducts only. Muhs!® isolated bineopentyl as the only coupling product from
the Kolbe electrolysis of t-butylacetic acid. Also, neopentyl-type radicals
formed from alicyclic acids (e.g. equation 28) gave unrearranged dimers
only18,

CHJ CHJ

@CH coo” -coz @cuz . @mzc“@ (28)

(18)

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. In equation (5), two possible rearranged products are shown
(R'OR"”” and R'OCOR), and we can also add the rearranged alkene
R'H — Y, formed by proton loss from R’*. The unrearranged products in
equation (5), ROR’ and ROCOR, are in all probability formed from R*,
but it must be stressed that radical processes cannot a priori be excluded
(i.e., R"+OR” -~ ROR"”; R"+ RCOO -~ ROCOR). Any unrearranged al-
kene, RH — Hj, 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 inequimolar 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 carbontum 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.e. products which are
obviously of radical origin will be omitted) in order to facilitate compari-
son with other carbonium ion reactions.

b. Fatty 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. [t must be remembered
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TasLE 6. Carbonium ion mediated products (except the gaseous ones) in the electrolysis
of fatty acids or in the corresponding deamination reaction

Products, yields in mole ¢, within

Reaction
parenththeses

Reference

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, CH? “CH,OH (98), "*CH;CH,OH (2) 85

Electrolysis of n-PrCOO - iso-PrOH (82), n-PrCOO-iso-Pr (13), 86
n-PrCOO-n-Pr (5)
Deamination of n-PrNH, iso-PrOH (70), n-PrOH (30) 87

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 in the two cases, and it is especially
interesting to note that cyclopropane formation is observed in electrolysis

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

respectively¥®
Reaction
Product Deoxidation of 2-me-  Electrolysis of 3-me-
thyl-1-butanol, yields thylvaleric acid, yiclds
(%) (%)
2-Methyl-1-butene 48-2 364
2-Methyl-2-butene 11-3 9-3
trans-2-Pentene 13-5 8-5
cis-2-Pentene 79 6-6
1-Pentene 12-3 16-1
Ethylcyclopropane 2-1 3-0
1,2-Dimethylcyclopropane 20 3-0
3-Methyl-1-butene t-2 1-9
Minor unidentified products t-5 15-6
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also, uemonstrating the close similarity between cations produced by elec-
trolysis and deoxidation.

Koehl*? investigated the electrolysis of three isomeric C;s acids at a
carbon anode (which strongly promotes the formation of carbonium ion
mediated products: see section I1II. B ). Table 8 gives the results obtained

TasLe 8. Gaseous and liquid products formed in the electrolysis of C; acids**

Composition of gaseous products

(mole %)
. Total yield of
Acid gaseous products Buteaes Methylcyc-
1- iso- trans-2 cis-2 lopropanc
Valeric ~35 58-3 3-0 19-2 9-5 8-4
2-Methylbutyric ~35 51-5 2:2 27-1 12-7 49
3-Methylbutyric ~ 35 30-7 19-5 249 11-9 9-3
Composition of liquid products
L2
Total yield of 9
Acid liquid products Butanols Esters
(%)
- 2- 1- - . 2- 1-
Valeric ~10 — 15-0 — —_— 55-9 11-0
2-Methylbutyric ~20 — 40-0 — 2-1 39-8 5-4
3-Methylbutyric ~20 54 19-5 — 129 50-6 —

® Compound formed in trace 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
deoxidation®® and deamination of the corresponding alcohol and amine,
respectively. The comparison is based on the 2- to l-butene and trans- to
cis-2-butene 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* +2¢~, 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 isobuty!
cations produced by electrolysis, dcamination, or deoxidation

Butene ratios Yield in 9 of
Reaction methyl- Reference

2-/1- trans-/cis- isobutene cyclo-

propane
Electrolysis of n-BuCOO - 0-5-0-7 1-5-2:0 34 8-13 23
Deamination of n-BuNH, 0-41 22 0 — 90
0-67 1-7 — -— 91
Deoxidation of n-BuOH —. 1-85 -— 2 89
Electrolysis of sec-BuCOO — 0-6-0-8 1-9-2:2 2 3-5 23
Deamination of sec-BuNH, 3-0 29 —= — 90
3-55 2-1 — — 91
Deoxidation of sec-BuOH — 1-67 — 05 89
1-37 1-66 —_ Trace 23
Electrolysis of iso-BuCOO - 0-7-1-2 I-6-2-1 20-30 7-10 23
Deamination of iso-BuNH, 2-67 1-40 34 — 92
Deoxidation of iso-BuOR — 1-82 —a 4 89
0-77 1-60 55 5 23

¢ Compound formed in trace amounts.

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

R—Nj ——~ R*+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™*. In
the former case the oxidation of alkyl radicals by copper(1l) salts®® should
be a better chemical analogue to electrolytic carbonium ion oxidation.
However, although the butene ratios found in the oxidation of sec-butyl
radicals by simple cupric 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.

c. Substituted aliphatic acids. We shall deal with a-substituted alipha-
tic acids only, since there is ample evidence that substituents which lead to
anomalous results in the « position, exert only a minor influence when
further removed from the carboxyl group’® %, i.e., such substituted acids
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behave similarly to the unsubstituted ones. It is in the « position 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 = substitution.
The results are presented as total yields of products formed via the radical

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

Isolated yield of pro-

Isolat ield of ts
solated yield of products ducts formed via car-

R io RCQO™ formed via radicals . . Reference
bonium ions
(%) (%)
R‘CONHCH, <15 60-80 34
R’(CH,),CCH(COOEY) 20-85 3-16 83
(CH,),CCH(CONH,) 55 ~20 94
PhCH, 5s 07 37
4-NO,C,H,CH, 33 16 95
2-NO,C H,CH, 0 17 95
4-CH,OC,H,CH, 0 88 96
Ph,CH 8 3s 97
Ph,CH 0 80 26
Ph,C 0 60 37
PhCH(OCH)) 0 62 98
Ph,C(OCH,) 0 74 98

and carbonium ion pathway, respectively. It is evident that certain substi-
tuents (CN, COOR, CONH_.) 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 ior reaction.

d. Alicyclic and bicyclic acids. The chemistry of alicyclic and bicyclic
compounds is abundantly rich in carbonium ion rearrangements, and it
is therefore not surprising thata 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 series?°.

Anodic oxidation of cyclobutanecarboxylic acid in aqueous solution2®
afforded a 309 yield of a mixture of cyclopropylcarbinol, cyclobutanol,
and allylcarbinol identical in composition with that resulting from deami-
nation of cyclobutylamine.
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Electrolysis of | methylcyclohexaneacetic acid (18) in methanol*® pro-
duced dimer (587%), 1-methylcycloheptene (11%), and methy! 1-methy!-
cycloheptyl ether (13 9,), 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.

CH; CHy
O<CH; - QQHZCH’)O

an

Anodic oxidation of exo- or endo-norbornane-2-carboxylic acids2° (19
or 20) gave exo-norbornyl methyl ether (22) in 35-409/ yield as the sole
volatile product with no endo isomer detectable (equation 32).

b 20 m MeOH (32)
coo” —CO; ......... ., OMe

(19) (20) (21) (22)

Moreover, the exo methyl ether 22 obtained from optically active 20
was racemic. Electrolysis of exo- or endo-5-norbornene-2-carboxylic
acid?® (23 or 24) gave 3-methoxynortricyclene (26) in 569 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

)
,'| M20
py Dy 2l Ty we ) 3
AN LTUDT o A \{ -CO, TN A{/
cce”

(23) (24) (25) (26)
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of structural integrity (e.g., optically active endo-norbornylamine on dea-
mination in acetic acid?® gives 5% of the endo-acetate and 959 of an exo
-acetate with 199/ retention of optical activity, a total of 249 retention of
structural integrity). This difference further illustrates that the behavior of
anodic and deamination carbonium itons 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 (33%), 1-apocamphyl methyl ether (329(), and 1-apocamphyl
apocamphane-l-carboxylate!®, showing that even highly strained carbo-
nium ions can be generated by anodic oxidation of carboxylic acids.

CHy CH,

00"
27

Electrolysis of AS-cholestene-38-carboxylic acid (28) in methanol*®: 190
gave a mixture of 6f8-methoxy-3,5-cyclocholestane (29, isocholesteryl
methyl ether), 6f8-methoxy-A¢-cholestene (30), and 4S-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

. N LN oS

“0,C
OMe OMe OMe
(28) (29) (30) (31) (34)

tosylate. These results indicate that the cholesteryl radical (32) can be
oxidized anodically with or withcut direct participation of the A® double
bond, i.e., either from the 8 or « side of the molecule, oxidation from the
B side giving rise to the homoallylic carbonium ion 33 and from the
side to a classical ion which rearranges to the allylic cation 34 via a
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MeO!
“ MaOH_ g
ot
.60\\0 -

'\\ 33)

‘o,
%,
(32) %, \\ \\
—_ “ MeOH_ (30y+ (31

(34)

(EL))

4 —~ 3-hydride shift. Oxidation from the g 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 C,.

The electrolysis of cis- and trans-bicyclo[3.1.0]Jhexane-3-carboxylic acid
(35 and 36) has recently been investigated®:. This reaction is of particu-
lar interest since the 3-bicyclo[3.1.0]hexyl cation generated by solvolysis of
cis-3-bicyclo[3.1.0]hexyl tosylate has been postulated to be a homoaro-
matic species (37)1027104,

bCOOH bH
H COOH
35) 36) a7

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. It 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-
rential 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 stercuspecificity, 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[3.1.0]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,, 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,0 ;Z \
+C0;, o :*/
|

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{3.1.0]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 3f-acetoxybisnorallocholanic acid
(40)19¢ and isostevic acid (41)1%?7 in methanol has been shown to give 70-
859 yields of carbonium ion mediated products.

(39)
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COOH

AcO

(40) (41)

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 reaction?®~13 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 1,2-diacids
by lead tetraacetate (see section VII.) could be duplicated anodically
under certain conditions. Thus, electrolytic oxidation of meso- and d!-2,3-
diphenylsuccinic acid in 909/ pyridine-wateri® with an excess of triethyl-
amine present gave 369/ and 409 yield, respectively, of rrans-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

PhACHCOO™ _ _ PhCH Ph
' — N\ +COo, (38)

[ —=5—
PhCHCOO- ~°:  phcHCOO- CH—=CH

Ph

of other examples of anodic bisdecarboxylations are known!3~1%-108
1,2-Ethylenedicarboxylic acids give alkynes by this method?3.

Lactone formation has been observed in a number of anodic oxidations
of 1,3- and 1,4-dicarboxylic acids. a-Truxillic acid (42) gave at least eight
products on electrolysis in methanoll!® the major component being the
lactone (44). Formation of a carbonium 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.



Electrochemical reactions of carboxylic acids and related processes 89

COOH COOH COOH

PR Ph Ph o,
‘<>' electrolysis <>| QCHPh
ooPh Ph
COOH
(42) y (a3) 1 (9
COOH
<o

co-0
Ph \
\ CHPh

Ph
(45) (44)

The only hitherto reported case of an internal coupling reaction was
found in the electrolysis of trans, trans, trans-1,3-dicarboxyl-1,3-dicar-
bomethoxycyclobutane (46)11°, The major product was the bicyclobutane
derivative (47). The reaction is formally an intramolecular coupling pro- -
cess, but in view of the results in the 1,2-diacid series an ionic mechanism
is also feasible (equation 40).

co0”
co, CO,Me COMe
electrolysis M¢02C®C02M¢ (40)
CO,Me COsMe or
(46) . 47)
CO;Me COsMe

On electrolysis in methanol, poly(methacrylic acid), which has its
carboxyls in 1,3-positions, is eventually converted into a polymer?! con-
taining 5-6% of its carboxyl groups as free COOH, 35-40%/ as y-lactone
functions, and 309/ as ester groups. The rest was converted into parti-
ally unsaturated hydrocarbon groups. The formation of this product is
best formulated as a carbonium ion reaction (equation 41).

CH, CH, CH, CH,
' i ve- ] 5
~~CH,—C—CH,—C—CHyor e~ -~ CHy—C—CH;—C—CHyn ———
coo- C¢oo- coo- @
CH,  CH, qgj CH’\\?H,
. ! MeOH
-«-«-CH,—C—CHTT(IZ——CH,'- —— +‘-CH,——C< /C—CH,W ——e——v*/—HO ester
|

CcoOo- co—0
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The perhydrodiphenic acids?* 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, 459 of the y-lactone 49, and 20-259( of a polymeric
material, probably according to the ionic mechanism outlined in equation
(42). Overberger and Kabasakalian?' did mention the possibility of this
mechanism but preferred an alternative one involving radicals.

. O
\
Co. CO,

Co; CO; 2
| | @
1
Oad B
CO-0 co-0
(48) (49)

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

OH OH

o (]
(1) Reformatski (\( electrolysis . 45-53°%, Ozo
e glectrolysis il
(2)Hydrolysis |\/ CH,COOH CH,

43)

On electrolysis y-hydroxy acids undergo an interesting C,-C, cleavage
reaction!!?, first demonstrated for the acid 50 and later investigated in
more detail with 51, y-benzyl-y-hydroxyvaleric acid?®!® (equation 45,

CH,
“oH —= (44)
0

ele
-~
CH;

CH,
electrolysis
T

(50)
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yields are based on unrecovered starting material). Deamination of the
amine corresponding to S1 gave the two rearranged ketones but no cleav-
age product190,

OH OH
| eleccrolysis I
PhCH,CI?CH,CH,COO‘ “— " PhCH,CCH,CH; —— PhCH,COCH,+ CH,=CH,
| i
CH, CH, 80%
(s1) !
| (1) hydride shift
(2) PhCH, or Me migration (45)
CH,

|
PhCH,COCH(CH,),+ PhCH,CHCOCH,

5% 11%
The y-hydroxy acid 52 could be converted into frans-5-cyclodecenone
(56) by electrolysis in methanol (equation 46)!13.

co; R
: ‘ |
(o7 ] OH 0
(52) (53)

g. Comparison between anodic and non-anodic 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 to estimate effects due to the heterogeneous
nature of the electrode reaction. The 2- to [-butene and the trans- to cis-2-
butene ratios shown in Table 9 as well as the partial stereospecificity observ-
ed in the bicyclo[3.1.0]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 to 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. Asanexample, nodieneis 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 annde for the electron transfer to occur.

The other possibility, that the cation is formed by decarboxylation of an
acyloxonium ion RCOO*, was discussed by Gassman and Zalar'% in con-
nection with their explanation of the partial stereospecificity observed in
the bicyclo[3.1.0]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’
typel4, 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 (sectionIV. C. 1), it is, however, a
fair approximation to discuss anodic carbonium ions without any conside-
ration of anode effects in the light of present evidence.

h. Radical versus carbonium ion path. 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
shown®® 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 resonance-stabilized radicals of the type RCHX (CH.CN
10-87, MeCCN 9-15 eV). Ionization potentials for radicals of the type
R,CCOOEt and R;CCOHN?, are not known, but the good to moderate
yields of coupling products in the clectrolysis of substituted malonic half
esters and malonamic acids is an indication that these radicals belong to
this group.
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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 (benzyl 7-76, benzhydryl 7-32 eV).
Radicals with ionization potentials around 8 eV constitute borderline cases.

V. ANODIC ACYLOXYLATION AND RELATED REACTIONS
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 evidence®” 3% for
the intermediacy of acetoxy radicals in the Kolbe reaction (equations | and
47). It has later been shown?3! that a number of organic compounds, among

OCOCH;

QO

them napthalene and anisole, display polarographic waves in CH;COO ./
CH3COOH far below the critical potential (section 1II. A ) fordischarge of
acetate ion. Table 12 is a compilation of anodic half-wave potentials obtain-

TaBLE 12. Half-wave potentials for the oxidation of organic compounds in HOAc-0-5 m
NaOAc at a rotating platinum clectrode®!

Ey2(V) versus E1a(V) versus
Compound sauturated calomel Compound saturated calomel
electrode electrode
Mesitylene 1-90 Pyrene 1-20
Durene 1-62 Triphenylene 1-74
Pentamethylbenzene 1-62 Perylene 1-00
Hexamethylbenzene 1-52 Fluoranthene 1-64
Naphthalene 1-72 Anisole 1-67
1-Methylnaphthalene 1-33 Phenyl acetate 1-30
2-Methylnaphthalenc 1-55 trans-Stilbene 1-51
Biphenyl 1-91 1,1-Diphenylethylene 1-52
Biphenylene 1-30 Biphenyl-2-carboxylic acid 1-71
Acenaphthene 1-36 Azulene 0-91
Acenaphthylene 1-53 Cyclooctatetraene 1-42
Fluorene 1-65 Furan 1-70
Anthracene 1-20 2,5-Dimethylfuran 1-20
Phenanthrene 1-68 DMF 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 process®'"®. Unambiguous proof
of this was obtained by controlled potential electrolysis®, 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 to

the reactions discussed in section I1V. C. 1) could be demonstrated by run-

ning the reaction at different anode potentials. Ata 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).

= CHJCOO_
(54)

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

@_, 'H%’@CE ~te (55 (49)

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

In 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 115).

H QOCOCH; OCOCH,
\ |

Mook

(55) (49)

CHs CH CHz CH, ] CH,CA:=

-2e” | H /h\ll %\ D iose (50)
= (| OO0 =0
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Mango and Bonner have investigated the electrolysis of trans-stilbene
and 1,1-diphenylethylene in anhydrous and wet CH3;COO™ JCH3COOH118,
The stereochemistry of the products formed from trans-stilbene is in
agreement with the assumption that a cyclic acetoxonium ion is the pro-
duct-forming intermediate (equation 51). 1,4-Addition of two acetoxy
groups is also observed in the anodic oxidation of furan in CH;COO™/
CH3;COOH"Y?,

AcO ,Ph
\
_..lc——c\-—H
NS H”
% OAc
~.~ Wi . cooda
“ -2¢” c—
CH,CO0™ é\()'c—c"h S
PR~ o A
o
%
% AcO ’Ph
C—— C —=OH
Hf \
Ph H

Cyclooctatetraene (COT) is of particular interest, since removal of two
electrons might possibly give the planar six -electron system COT2* as an
intermediate. On controlled potential oxidation in CH3COO~™/CH3;COOH,
COT gives predominantly a mixture of 56, 57, and 58 (equation 52)118_ 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 CH3COOCH;,
to COT, presumably via attack of a methyl radical

OAc QAc

CH,C00" T ‘ ‘
N / X “OAc OAc
(56) (57) (52)

CH,

@»cmmc), . ©_—_f
2

OAc
(58) (59)

(from the Kolbe process) on COT, followed by a second electron transfer,
ring contraction, and reaction with acetate ion. Accordingly, this reaction



96 Lennart Eberson

could be totally suppressed by running the electrolysis with a carbon anode,
which is known to inhibit the formation of radicals (section III. B).

The formation of acetates from the electrolysis of butadiene®?, styrene??,
(section IV. C. 1) or alkenes!!® in CH;COO/CH3COOH presumably
occurs via a similar ionic mechanism.

On anodic oxidation in CH3;COOH/CH3COO~, phenols are converted
into a mixture of o- and p-quinol acetates!?®, This reaction has been shown
to be ionic, and a phenoxonium ion has been postulated to be the inter-
mediate (equation 53).

OH (o] (o] (o} (o]
H
~2¢ CH,COOH . OAc
Y (53)
H OAc

Amides, especially DMF, have attracted considerable interest as sub-
strates for anodic acyloxylation?-3°, On the basis of polarographic mea-
surements and controlled potential electrolysis, Eberson and Nyberg3! pro-
posed that acyloxylation, except possibly formyloxylation, of DMF pro-
ceeds via the cationic intermediate 60 (equation 54). Anodic formyloxy-
lation,

CH, _ CHy CH,OAc
Hcon? == neon” O ycon” (54)
CH, \cH, 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-
nism?®3°,

Anodic aroyloxylation can be achieved by coelectrolysis of benzoate ion
and a suitable organiccompound (naphthalene 12!, anisole!?2) 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 more
attiractive.

Various cases of intramolecular anodic acyloxylations have been descri-
bed, e.g., from biphenyl-2-carboxylic acid3! (equation 355), B-(p-hydroxy-
phenyl)-propionic acid'® *** (equation 56) and 3,3-diphenylpropionic
acid?® (equation 57). All these reactions probably conform to a mechanism
similar to that given in equations (48) or (49).
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€Oz

HO@CHZCHZCOO' =2 . o@(—_‘ (56)
0—co
Ph
PR CHCH,C00T — = 57
0o

B. Anodic Cyanation

Nitriles, and consequently carboxylic acids, can be prepared by electro-
lytic cyanation of certain organic compounds in the presence of cyanide
ion'®* 1% and again a mechanism involving electron transfer from the or-
ganic substrate rather than cyanide ion is probable!?? (equation 58). This

method has great potential synthetic value.

H CN
CN
O=Q=Q=Q =
t

OCH, OCH, OCH, OCH,

Vi. ANODIC ESTERIFICATION, ALCOHOLYSIS AND
HYDROLYSIS

It has sometimes been noted that esterification of the starting acid occurs
during Kolbe electrolysis'® % 3% 3% or that alcoholysis of an ethyl ester
takes place when methanolis used as solvent!28-12%-130_f the reaction is run
in a divided cell, esterification or alcoholysis occurs in the anode compart-
ment only!3% 131 In a suitable solvent, such as dioxane-water, it is also
possible to hydrolyze an ester function anodically!®. A probable mechanism
for these reactions involving anodic acyl-oxygen cleavage is outlined in
equation (59).

’

R”OH
RCOOR’ ——-— RCO*+ ROt +2¢~ — RCOOR" + H* (59)
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Vil. ANODIC VERSUS LEAD TETRAACETATE OXIDATION
OF ORGANIC COMPOUNDS

Itis 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 oxidations!32. 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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I. 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 hydrolysis’~*. 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 1), or with a carboxylic acid
in the acidolysis reaction (equation 2), or with another ester in the redistri-
bution reaction (equation 3).

R'COOR?+ RIOH = R'COOR?+ R?*OH (n
R'COOR?+ R*COOH = R*COOR?+ R'COOH 2)
R'COOR? + 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-catalysedreaction. Acidolysismayinvolveacarboxylateionora 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-

o] o]
A i
R?0 + C—OR' " R20—-C + OR' acyl-oxygen fission (4)

L] P
H R R H
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O O
1 i
RO + R'O—C < R?0—R' + HO—C alkyl-oxygen fission 5)
| i |
H R R

oxygen fission yields an alcohol and an 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
(A1, Aa2, Byl and B, 2) and four involving acyl-oxygen fission(A .1,
AAc2, B, 1, B, 2).

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).

o OH o
I [ I

R—C—OR! =—— R—C—OR' =——= R—C+ HOR! 6)
+ | |

H—OR? OR? 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 Al routes and the possibility of varying the
nucleophile. 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. In alcoholysis, the rates of both
reactions can be measured if R! 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 molecules.

Alcoholysis 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.
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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 are 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 far®~? 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 cons-
tants of redistribution reactions will be discussed.

Il. EQUILIBRIA IN ALCOHOLYSIS, ACIDOLYSIS AND
REDISTRIBUTION REACTIONS

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
pot 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 butyrate?®.

2. 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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formamide!!. In initially different alcohol-ester mixtures constant values
of the equilibrium constant have been obtained!® 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’® '3, 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 K and Ky of the two hydrolysis
reactions (8) and (9) of the esters involved because K7 = Kg/Kp.

R'COOR? + R*0OH = R'COOR?+ R2OH 0
R'COOR?+H,0 = R'COOH + R?OH (8)
R'COOR?+ H,0 = 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 altered!4. However the ratio Ky, /Kg, 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 mixtures?$. For example, Ky, /Kg, is equal to 0-67 and 0-63
in alcohol-water mixtures containing a mcle 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
Ky /Kg, = 0-67 calculated using the equilibrium constants of the hydro-
lysis of methyl acetate, Ky, = 0-173, and of ethyl acetate, K¢, = 0:257%, is
close to the experimental value K = 0-66 of the relevant alcoholysis reac-
tion!s,
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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 formate (calculated using values of equilibrium
constants of hydrolysis reactions4), acetate!'® propionatel® and butyratel®
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-pentanol)®.
Decreasing K values of 1, 0-66 and 0-30 were obtained for the alcoholysis of
methyl acetate in methanol, ethanol and isopropanol respectively!S.

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 allyl and benzyl alcohols respectively!®.
A linear relationship has been established!” 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 example!8, the equilibrium
constant of the two different monoesters of glycerol and stearic acid at
100°c is K = 1-monostearate [2-monostearate = 9. Two different diesters
are also known!® and the equilibrium constant at 165°c is K = 1,2-disteara-
te/1,3-distearate = 0-72!8. Values of 8-9 and 0-72 have been reported!? for
the respective equilibrium constants for the two glycerides of linseed oil
at 235°c.

The equilibrium constant of the alcoholysis of methyl myristate by su-
crose to give sucrose monomyristate!! in N, N-dimethylformamide at 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 studied®° in methanol
ethanol and isopropanol at 25°c and the values of the equilibrium constants
obtained are K = 0-136, 6-117 and 0-091 M~ ', respectively.
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B. Equilibria in Alcoholysis and Redistribution Redactions

No values relating to acidolysis or redistribution reactions seem to 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 those of alcoholysis equilibria are
therefore expected to 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 to unity. A random distribution has been
assumed to be valid for the redistribution reactions of esters?!, 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.

l1l. BASE-CATALYSED ALCOHOLYSIS BY Bac. MECHANISM

Uncatalysed bimolecular alcoholysis of esters is very slow compared to
base-catalysed alcoholysis, because the alkoxide 1on is much more nucleo-
philic than the alcohol molecule. However, the uncatalysed unimolecular
alcoholysis of some esters may occur at 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 80-labelled esters®?. The simultaneous alkyl-oxygen fis-
sion involving attack of the nucleophile at the alkoxyl carbon atom of the
ester usually occurs at a much slower rate than the B, 2 alcoholysis. This
B,,2 alcoholysis has only been observed in a few cases.

Alcoholysis by B,.2 mechanism usually proceeds by formation of a
tetrahedral intermediate 1% °.
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o o- o
R'O- + lc“—o 2 ::—_' R'O—(:Z-—OR’ _b, R'O—(;‘_! + ~OR? (10)
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The experimental rate constant k,,, can be expressed using a steady state

approximation:

exp

ki
S S an
Kexp 1 +koky

A. Substituent E ffects

1. Substituents in the acyl group of the ester

Electron-withdrawing substituents in the acyl group of the ester accele-
rate its alcoholysis (Table 1). The ethanolysis of para- and meta-substitut-
ed 1-menthyl benzoates follows the Hammett equation (12)23:

log k = log ko+ po (12)

The value of the constant g is 2-530 at 25°c. Similar values of o have been
obtained for hydroxy! ion catalysed hydrolysis of esters, e.g. 0 = 2:373
for ethyl benzoates®*~?® and o = 2-305 for methyl benzoates®* *’ both
in 56%; acetone-water mixtures, and o = 2-498 for ethyl benzoates in
87-8%; ethanol-water mixtures®>**. The substituent effects are almost
identical for both alcoholysis and hydrolysis, indicating a similar mecha-
nism for both reactions.

TaBLE |. Methanolysis of esters by B, 2 mechanism, catalysed by sodium mcthoxide
in methanol

73 ». .

Ester CO (I/moll(: I;cc) (kcaﬁ;.rlnolc) (caf/ﬁcg.) Reference
Methy! p-methoxybenzoate 30-1 106 14-3 —-20-3 28
Methy! benzoate 30-1 481 12-7 —-22-8 28
Methyl p-nitrobenzoate 30-1 41 600 81 -29-5 28
1-Menthyl p-methylbenzoate 30 0-218 17-43 -22-4 29
1-Menthy] benzoate 30 0-519 1691 —-22-4 29
I-Menthy! p-nitrobenzoate 30 58-9 14-21 -219 29
1-Menthyl o-methylbenzoate 30 0-0383 17:56 —24-6 29

r-butyl 2,4,6-trimethyl-

benzoate 65 0-01 - - 29

Triphenylmethyl acetate 20 4-0 - - 30
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The effects of substituents on the experimental rate constant k., are
due to changes :n all three rate constants ky, ko and k3 in equation (10).
Jones and Sloane? measured the rates of a symmetrical alcoholysis reac-
tions, i.e. the methanolysis of para-substituted methyl benzoates in metha-
nol catalysed by methoxide ions. As R! = R? in equation (10), k2 = k;
and k., = k1/2. The substituent effects observed are then caused by chan-
ges in the rate constant k; only. The values of the constant in the Hammett
equation are o = 2-41, 2:32 and 2-18 at 30-1°c, 41-0°c and 51-7°C respec-
tively.

Electron-withdrawing substituents decrease the activation enthalpy and
entropy, whereas in methanolysis of 1-methyl benzoates?? 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 ortho-substituted benzoates strongly retard alcoholy-
sis reactions by B, .2 mechanism?® (Table 1). No alcoholysis of r-butyl
2,4,6-trimethyl benzoate was observed in methanol containing sodium
methoxide, although the methanolysis of -butyl benzoate proceeds easily?,
No base-catalysed alcoholysis of ¢-butyl 2,4,6-triphenyl benzoate was ob-
served in methanol3l. Methyl 2,4 6-triphenylbenzoate, however, reacts
with methoxide ions in 909, methanol-water mixture by a B,,2 mecha-
nism, the B,_2 reaction being sterically hindered by two bulky ortho
substituents?!.

2. Substituents 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 study?® shows that
methyl substituents in the alkoxyl part of the ester do not strongly retard
the B, 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 esters32. Electron-withdrawing substituents in the alkoxyl groups
of the ester accelerate hydrolysis3® and probably also alcoholysis.

B. Reactivity of Nucleophiles toward Esters

1n 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 increass
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-

ROH + ~OH RO~ +H,0 (13)
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TaBLE 2. Relative rate constants of the reactions of p-nitrophenyl acetate (A), phenyl

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 new values®?® of pKrom

Relative rate constants
Parent alcohol pKRrop3d 3.3

Ade BI? c*". as
Phenol 10-0 0-075 0-020 —
2,2,2-Trichloroethanol 12:24 2-25 — —
2,2,2-Trifluoroethanol 12-37 4-3 —_ —
2,2,3-Tetrafluoropropanol 12-79 4-] _ —
2-Propyn-1-ol 13-55 28 — —
Choline 139 139 — -
2-Chloroethanol 14-31 7-3 — —
2-Methoxyethanol 14-8 60 — —
Methanol 15-09 16 — 1-95
(Water) (15-75) (1-00) (1-00) (1-00)
Ethanol 15-93 14-6 — 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 Murto34.

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 polarizability3s.

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 at least equal to that of the attacking base3®,

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

General base catalysis by pyridine and methyl-substituted pyridines has
been observed in the ethanolysis of ethyl trifluoroacetate™ °. 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 Johnson?® 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-

o) o
I {
C,Ds0H+ B+ C—OC,H; —— C,D,0—C...OC,H; ==

| N
CF, B...H CF,

o-
|

T C,D,0—C—OC,H;+BH* — + products (14)
|
]
CF,

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 z-butanol3,
probably due to its low values of acidity and dielectric constant com-
pared with ethanol or methanol #! 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 z-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-dinitrophenold?,
2,4,6-trinitrophenol*? and y-phenoltetronic acid enol*® are pK, = 4-0,
0-77 and 3-76 respectively. All are good leaving groups in alcoholysis.

The Brensted 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 ¢ = 0-92. The Bronsted equation is obeyed in general
base-catalysed reactions, and also usually in nucleophile-catalysed reac-
tions but the values of o are generally about 0-7-0-8 for the latter”-*8,

The low values obtained with 2-methyl- and 2,6-dimethylsubstituted



114 Jouko Koskikallio

TasLE 3. Rate constants, 10% £, (1/mole sec), of the methanolysis of 2,4-dinitcophenyl
acetate (DNPACc), 2,4,6-trinitcophenyl acetate (TNPAc), 2,4,6-trinitropheny! benzoate
(TNPBz), y-phenyltetronic acid enol acetate (PTAc) and y-phenyltetronic acid enol
benzoate (PTBz), catalysed by pyridine (Py), picolines (Pi), lutidine (Lu) and collidine

(Col)

Ester T7¢COC) Py 2-P; 3-Pi 4-Pi 2,6-Lu 2,4,6-Col Reference
DNPAc 45 5-60 0-269 15-0 313 0-207 273 42, 44
TNPAC 0 781 38-0 — - 10-1 279 45
TNPB:z S4 381 17-2 - - 6-0 129 45
PTAc SS 44-5 7-5 — — 20-8 39-7 46
PTBz 55 21-5 329 - - 389 102 43

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 pheny! 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 B,y 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 B,_2 alcoholysis.
For example, at 100°C methanolysis of methyl benzoate catalysed by sodium
methoxide occurring by the B,.2 mechanism is 4-3X10° times faster
than methanolysis by the B,,2 mechanism?*%. Alcoholysis by the B,,2
mechanism is therefore only observed when the B8,.2 reaction is sterically
hindered*® 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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TasBLE 4. Methanolysis of esters by B,,;2 mechanism, catalysed by sodium methoxide
in methanol

108k i .
Ester T¢C) (1/mote sec) (kc::/,:nole) (ca‘:fdes) Reference

Methyl benzoate 100 9 - - 48,49
Methy! p-nitrobenzoate 65 215 — — 52
Methyl 2,4,6-trimethyl-

benzoate 100 2 - — 49
Methyl 2,4,6-tribrom-

benzoate 100 50 - - 49
Methyl 2,4,6-tri-s-butyl-

benzoate (in 909,

methanol-water) 95 120 24-5 -11-0 50
Methyl ¢-butylacetate 65 0-1 - - 53

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

Steric effects of subsituents near the carbonyl group have a very pro-
nounced retarding effect on reactions occurring by :he B,.2 mechanism,
whilst in B,,2 reactions they are hardly detectable because the substituents
are further away from the reaction centre. The somewhat slower metha-
nolysis of methyl 2,4,6-trimethylbenzoate compared to methyl benzoate
(Table 4) is at 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-¢-
butylbenzoate by the B, .2 mechanism is completely inhibited by the bulky
t-butyl substituents and only B,,2 methanolysis has been observed'.

The alcoholysis of S-propiolactone with phenolate ions occurs®® 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 B-propiolactone by bimolecular attack at 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 By 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 nucleophiles 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-bﬁtalysed reactions. With primary and secon-
dary alcohols the rates of uncatalysed alcoholysis of the ester RCH,CO2Et
decrease in the order of R: CgHs;CO) CH3CO) EtO.C) EtO) CN) CeHs5)
Me*® %% 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 acids® %’

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 diethylacetoacetate®, but is probably not present,
since copper and aluminium chelates of the ester decrease rather than in-
crease the rate of alcoholysis®8. Alcoholysis of 8-keto esters in ¢-butanol are
slow and do not go to completion®. Too few kinetic results are available
to decide whether these uncatalysed reactions occur by a bimolecular or
unimolecular mechanism, although the B,.2 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 B,, mechanism*®. 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 B, .2 mechanism.
In the methanolysis of picryl acetate, a much higher value, AS® =
—4-2]1 cal/deg., was obtained*> and the reaction possibly occurs by a
unimolecular B, ! reaction.

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

[ 3% . -
Ester (‘1;:) t(l)/scck) (kc:l’7mole) (caAlfdeg.) Reference
2,4-Dinitrophenyl acetate 55-1 4-64 18-14 - 30-29 42
Picryl acetate 54-1 5260 21-10 —4-21 45
Picryl benzoate 54-1 163 — — 45
y-Phenyltetronic acid enol
acetate 55 146 — — 46

y-Phenyltetronic acid enol
benzoate 55 22-5 — — 43
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VIi. UNCATALYSED ALCOHOLYSIS BY B, MECHANISM

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

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

Sy & H* .

Ester ("7(:‘) (l?/secl; (kcaAl/’t{nole (calA/f!es.) Reference
Triphenylmethyl acetate 35-1 994 19-89 —8-50 30
Triphenylmethyl acetate® 25 560 — — 60
Triphenylmethyl acetate? 25 473 — —_ 60
Trimethylphenyl benzoate* 54-5 179 — —_ 61
1-Butyl benzoate 646 <]0 — — 29
¢-Butyl 2,4,6-trimethyl-

benzoate 64-6 <1 — _ 29
Picryl benzoate 54-1 20 - — 45
a-Methyl-y-phenylaliyl

p-nitrobenzoate 65 15-1 —_ -—_ 62
a-Phenyl-y-methylaliyl

p-nitrobenzoate 65 83-8 —_— — 62
a-Methyl-y-p-tolylallyl

p-nitrobenzoate 65 127 — —_ 62

ln 96 %, methanol-water.
¢In ethanol.
cln 509 ethanol-methylethylketone.

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 reaction® (Table 1).

Alkyl-oxygen fission has also been observed in the uncatalysed alcoho-
lysis of picryl benzoate?l. Since a B,,2 reaction would be sterically hin-
dered by the two nitro groups in the ortho position, the uncatalysed alco-
holysis probably occurs by a B,,;] mechanism.

The reactivity of a carbon atom in small-ring compounds is well known.
The uncatalysed methanolysis of g-propiolactone occurs by alkyl-oxygen
fission®" %% %  In the uncatalysed hydrolysis of this compound, alkyl-
oxygen fission was shown by H,'®O experiments, and a B,,2 mechanism
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is in accordance with the negative activation volume (AV* = —10-2+
0-S cm?/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 methano! 2 B,.2 mechanism is found?'. 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 atom®: 8465,

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)

S
R—X =—=—= R.--X T°=% R*X~ == R*SX- ——= R*+X- (15)
IN N IN
RN+ RN+ RN~

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 or ion pairs
with nucleophiles. Rearrangements of the carbonium ions may occur
before they react with the nucleophiles®® ®. The two oxygen atoms of the
ester become identical in the carboxylate anion, and products where they
are exchanged are obtained®”. In methanolysis of a-phenyl-y-methylallyl
p-nitrobenzoate®® ® (RX) in methanol, 24:9%] of unrearranged methy]
ether (RS), 47-7%, of rearranged methyl ether (R’S) and 27-7% of re-
arranged ester (R’X) are obtained.

Ar Ailr ?r
I
0" S0 07 >0 07>
H\(I: c/H r— _— H\C ((,‘/H '
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sit
(RX) RS=—R'SX™—=R’'S (R'X)

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

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-separated ion pairs or free ions which
produce the two ethers by reacting with methanol. When for example,
azide ions are added to the reaction mixture, alkyl azides are produced.
The amount 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.

Vil. ACID-CATALYSED ALCOHOLYSIS BY Ay 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 ratio of the rate constant k of the alcoholysis of the
protonated ester and the acidity constant K, of the ester, i.e. k., = k/K,
in solutions where the ester is protonated to a small extent only, asis usually
the case. The effect of substituents, solvents, electrolytes, temperature erc.
on the rate of an acid-catalysed alcoholysis of esters in then twofold:
changes in both k and K|, affect &, ,. 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
alcohols®-7! and phenols? usually occur by acyl-oxygen fission (A,.).
The low values found® 7> 72 for both activation enthalpy (12-13 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-butyl acrylate is almost zero?, 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 g-naphtyl esters of carboxylic acids is
retarded by o-methyl substituents in the acyl groups, and also by methyl
substituents in the « position of the attacking alcohol?.

Similar results were obtained in the acid-catalysed alcoholysis of methyl
acetate’” and menthyl formate’ ?® 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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TasLE 7. The cffect of a-methyl substituents in the acyl groups and methyl sub-
stituents in the @ position of the attacking alcohol on the acid-catalysed alcoholysis of
B-naphthyl esters

CHsCOOR MeCH,COOR Me,CHCOOR Me,CCOOR
Relative rates
in MeOH 100 63 14-5 0-71
in CHOH CH,CH,0H CH,CH,CH,OH (CH,),CHOH
Relative rates of
CH,;COOR 100 24 23 1-44

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 equilibriaand side-reactions.
Only one case has been reported, the alcoholysis of methyl benzoate with
-naphtol catalysed by sulphuric acid yielding 2-naphtyl benzoate?®. 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 l-octanol h s been studied in
toluene using m-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 —— ROH + CH,COO(H *)CH, 17)

equilibrium (equation 14). The alcoholysis probably occurs between an
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 f8-propiolactone occurs by acyl-oxygen
fission®*** although the uncatalysed reaction occurs by alkyl-oxygen fis-
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sion® ', The acid-catalysed hydrolysis of S-butyrolactone occurs by the
A ..l mechanism? and a similar unimolecular mechanism can also be
assumed for the acid-catalysed methanolysis. The acid-catalysed alcoholy-
sis of 3-propiolactone in phenol also occurs by acyl-oxygen fission®" %%, The
alcoholysis of jS-propiolactone is an interesting example of solvolysis
reactions occurring by different mechanisms, B, .2, B,,2 and A, 1, in alka-

line, neutral and acid solutions, respectively.

Viil. ACID-CATALYSED ALCOHOLYSIS BY A, MECHANISM

Alcoholysis reactions occurring by the B,,1 mechanism are often very sen-
sitive to acid catalysis, which usually involves a unimolecular (A,;1) 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 measured by conventional
methods in methanol or 509 benzene-methanol mixtureS..

The values of activation enthalpy, AH® = 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 959, methanol-water mixture 31 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).

1X. 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®? or
p-toluenesulphonic acid’® ®, acidic ion exchange resins®® and basic
catalysts, such as sodium alcoholate™ -8 aluminium alcoholate™ or potas-
sium cyanide® have been used. Ina few cases the reaction is fast even without
a catalyst®® % # Strongbasic catalysts have to be avoided when undesiderab-
le sidereactions, such as elimination®, C-alkylation3 or polymerization?®
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 t-butyl alcohol are obtain-
ed in high yields when large amounts of potassium ¢-butoxide are used®” .
Large amounts of alkoxide are probably also needed in order to alter
the unfavourable alcoholysis equilibrium by the additional alkoxide equi-
librium (equation 18).

MeOH +t-BuOK === MeOK +t-BuOH (18)

Because methanol is more acidic than s-butanol this reaction proceeds far
to the right?!.

Alcoholysis has been used to prepare, for example, methyl m;}ristate",
esters of acrylic acid’ %, alkylbenzyl phthalates®, alkyl-8-ketoesters® 88,
dialkyl oxalates®®, alkyl p-methoxypropionates®?, dialkyl phthalates®®,
esters of cholesterol® and esters of s-butyl alcohol®”"?°. Phenyl esters® and
esters of tertiary alcohols® are usually difficult to obtain by alcoholysis and
special methods are needed™: .

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

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 group®4.

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 mixture®.

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).

3RCOOR' + AI(OR?), - = = 3 RCOOR? + Al{OR"), (19)

If RCOOR? is more volatile than RCOOR!, the yields can be improved by
removing the former by continuous distillation®® %3, By this method, for
example, -butyl formate has been obtained from n-butyl formate and alu-
minium f-butoxide in about 45% yield®3. Esters of isopropyl alcohol have
been obtained in the same way®>, 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 alcoholysis®®. Alkoxides of titanium, zirconium and

hafnium give facile alcoholysis reactions, whereas tetraalkoxy silanes do not
react??,

B, Esters of Polyhydric Alcchols and Monocarboxylic 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 glycerides®. 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-
hols?®. Esters of unsaturated fatty acids react more slowly in alcoholysis
than do the esters of saturated fatty acids!®, Intramolecular exchange of the
alkoxy groups has been observed with triglycerides in the presence of so-
dium methoxide'®! or acids!®2. 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 in the ethanolysis!o3,

2. Esters of carbohydrates

Alcoholysis of alkyl esters of fatty acids by carbohydrates has been used
to prepare esters of carbohydrates. In dimethylformamide as solvent and
with potassium carbonate as catalyst at 100°c, a mixture of 819 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 distillation!%. A random distribution of mono-, di-, and tristearides
of glucose has been reportedi®. A second-order reaction has been ob-
served between sucrose and methyl stearatel®®. Tricarbonates of D-glu-
citol, galactitol and D-mannitol have been obtained by alcoholysis of di-
phenyl carbonate with the respective alcohols in dimethyl sulphoxide or
N,N-diethylformamide as solvent!9’ 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 an extent of about 509 only%.
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C. Esters of Dihydric Alcohols and Dicarboxylic 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).

K

Me0OC COOMe o HOCH, ~CH,OH ——

O

(20)
MeOOC COOCH, ~CH,0H + MeOH

K
COOCH; = CH0H + HOCH,~CH,0H ===

(21)

HOCH,~ CH,00C -—@ COOCH; — CH,OH + MeOH ,
k3 22)
COOCH, — CH,0H » MeOOC COOMe « MeOH s—= 2

COOCH,— CH,00C @coom + 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, k; = 7-1X117° and k» = 23X 107° 1/mole sec!,

Various catalysts have been used for this reaction, e.g. salts of copper,
manganese (II), zinc, cadmium, lead and cobalt!l® 1 oxides such as PbO
and Al,031127114  p.toluenesulphonic acid!?3, lithium hydroxide!4 and
jodine!’®, Salts of mercury (I1) nickel, iron (1), antimony, germanium,
copper or sodium do not catalyse the reaction!19, 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 glycol!1?, 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 kcal/mole!?s,

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 phthalate!!l 113,

Me00C

olo

MeQOC

MeQOC

00
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but the opposite order has also been reported for dimethyl isophthalate and
phthalate'!?. There are only small differences in the rates of alcoholysis of
dimethy] terephthalate with alcohols such as ethylene glycol, 1,3-butanediol,
1,4-butanediol, benzyl alcohol or octyl alcohol!!! 117,

Polyethylene terephthalate has been prepared using the product of reac-
tion (20), bis(2-hydroxyethyl)terephthalate, as starting material!'®, 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
or lead? 120 sodium methoxide or sodium hydroxide!?!. The reaction is
bimolecular and the activation energy is 32 kcal/mole in the absence of ca-
talysts1?22 and 13-18 kcal/mole with sodium hydroxide as catalyst!?!, Poly-
hexamethylene sebacate has been depolymerized by cetyl alcohol'23, When
two polyesters are mixed in liquid form, redistribution reactions occur pro-
ducing new polyesters®,

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 used24.
Sodium methoxide!?* and copper acetate!?® have been used as catalysts. The
reaction?® 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 polycarbonates'?’ 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
309, of potassium hydroxide!?’.

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 (£ = 14-98 kcal/mole)'?®, sodium hydroxide
(E = 12:80 kcal/mole)'?® or by anion exchange resins (£ = 14-59 kcal/
mole)12?. In 40 : 60%, methanol-water mixture!3° 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 chains'3. Methanolysis
of cellulose triacetate in chloroform has also been studied!?2,
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D. Alcoholysis of Esters Containing Additional Functional Gorups

When the ester contains a primary or secondary amine group, both intra-
or intermolecular aminolysis reactions may occur simultaneously with the
alcoholysis. Alcoholysis only was obtained (95%; yield) in the reaction be-
tween the methylester of leucine and n-hexanol 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 diethylaminoethanol’?*® and in some
other reactions'> 3¢, However, in the alcoholysis of acrylic or methyl-
acrylic esters with 2-alkylaminoethanol, aminolysis dominates unless the
alkyl group is highly branched. With t-alkylaminoethanol only, products of
alcoholysis are obtained when aluminium isopropoxide is used as catalysti34,
Intramolecular catalysis of the alcoholysis by a tertiary amino group in the
ester molecule was observed in the alcoholysis of diethylaminoethyl p-nitro-
benzoate'3? 138,

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 ocfurs'3% 140,

X. ANALYTICAL USE OF ALCOHOLYSIS REACTIONS

Alcoholysis has been used in the analysis of fats and high molecular
weight polyesters to 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 as
hydrochloric acid'¥! =% and basic catalysts such as lithium methoxide44
or sodium methoxide'? *>14% have been used in addition to boron tri-
fluoride* 7 for the methanolysis of fats’!~'*  cholesteryl esters'4? or
polyesters**>. When acid catalysts are used, 2,2-dimethoxypropane can be
added to the reaction mixture to obtain i1sopropylideneglycerol which can
be used as the internal standard in the gas-chromatographic analysis!43, The
same method could obviously be used to identify esters of glycols and other
diols.

X1. ACIDOLYSIS REACTIONS

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

O O O O
] ] I
R'—C-—-OR + RZC—OH .” "= R'—C—~OH + R*—C-—OR alkyl-oxygenfission (23)



Alcoholysis, acidolysis and redistribution of esters 127

(o) O R'—C=0
| I AN
R'—C—OR - R2—C-—OH == O + ROH (24)
R2_C=0
R*—C=0 (@) (o)
. 3
O + ROH === R'—C—OH + R*—C—OR acyl-oxygen fission (25)
R*—C=0

In alkyl-oxygen fission acidolysis the exchange of the carboxyl group can
occur 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 alcohols!48.

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 acetate?4®. 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

10%&

Ester Solvent T(°c) (1/sec) Reference
p-Chlorbenzhydryl acetate CH,COOH 75 1-00 149
Triphenylmethyl acetate CH,COOH 25 7890 60
Cyclohexylphenylmethyl acetate CH,COOH 100 0-8 150
Methyl-a-naphthylmethyl acetate CH,COOH 80 12 150
Cyclohexylphenylmethyl acctate HCOOH 17 160 150
Methylphenylmethyl acctate HCOOH 19 120 150
Methyl-x-naphthyimethyl acetate HCOOH 15 1800 150
Cyclohexylphenylmethyl formate HCOOH 21 200 150

Methylphenylmethyl formate HCOOH 21 420 150
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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
acetate'® occurs by unimolecular alkyl-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 f-acetoxy-
propionate ions!3!, This reaction is expected to occur by alkyl-oxygen
fission, as do reactions of the lactone with other weak nucleophiles such as
phenolate ions®2.

B. Acidolysis by Acyl-Oxygen Fission

1. Intermolecular acidolysis

Acyl-oxygen fission has been observed in a few cases of ester acidoly-
sis!®2-1%  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 fission!3>. Acyl-oxygen fission is also
assumed to occur in the acidolysis of esters of acetoacetic acids!38. Catalysis
by sulphuric acid has been observed in the acidolysis of ethyl stearate with
succinic or adipic acids'3?’. 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»'80 it has been shown that the hydrolysis
of 2,4-dinitropheny! benzoate, catalysed by acetate ions'®? and the hydro-
lysis of acetyl salicylate catalysed intramolecularly by the carboxylate ion
in the ortho position!*® occur by an acidolysis mechanism involving inter-
mediate anhydride formation (equation 26).

In nucleophilic catalysis both acids become labelled by 180, whereas in
base-catalysed hydrolysis of esters only the carboxylic acid derived from
the ester becomes labelled by 180.

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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R'--C—OR + R%.-C--O-~  — R?_-C + R- OH
I
C
(26)
(o] (o]

Hyro 4 R1-=C ~1%0—H + R*—C.-O.—H

NRI.C -O--H + R*~-C—'"O—H
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o o

occur though intermediate anhydride formation!®2. The activation enthal-
pies are AH® = 166 kcal/mole and 153 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 the order usually observed for a
salt effect33,

2. Intramolecular acidolysis

A suitably situated carboxyl group in an 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'®® ¥ Intramolecular catalysis of a carboxyl group in
either unionized or ionized form has been observed!®®. 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 group!'®®. Esters derived from weakly acid alcohols such as
methyl hydrogen phthalate and chloroethyl hvdrogen phthalate are catalys-
ed by the unionized carboxyl group!®, Simultaneocus 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-
rect’®. Nucleophilic catalysis is expected tor the intramolecular carboxy-
late ion catalysis with intermediate anhydride formation. For the intra-
molecular carboxylate-ion catalysed hydrolysis of phenyl hydrogen phtha-
late the observed rate constant, ko = 0-276 min~' at 257°¢, is close to the
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rate of hydrolysis of phthalic anhydride, k2 = 0-739 min~! at 30°cC, and
the anhydride hydrolysis becomes almost rate-determining in the hydroly-
sis of this esterl60,

Hydrolysis of alkyl hydrogen phthalates, intramolecularly catalysed by
the carboxyl group, does probably not involve a nucleophilic acidolysis
reaction yielding anhydride as intermediate, since the nucleophilicity of an
unionized carboxyl group is much smaller than that of the carboxylate!60.
The observed cffect is possible due to acid catalysis by the carboxyl group.
The increase of the acidity of the alcoho! by electron-withdrawing substi-
tuents 1n alkyl hydrogen phthalates accelerates the hydrolysis catalysed by
a carboxyl group. However, the reactions catalysed by the carboxylate
group are much more sensitive towards changes in the acidity of the alco-
holic part of the ester molecule. Such a difference 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 hydrogen 3,6-dimethylphthalate yields 3,6-di-
methylphthalic anhydride which is not completely hydrolysed in water to
the corresponding carboxylic acid®!. 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,
ki = 0-37 min~!, is rapid compared to the rate of disappearance of the
ester, & = 0-040 min~! (at 25°).

The hydrolyses of phenyl hydrogen succinates and phenyl hydrogen
glutarates are intramolecularly catalysed by a carboxylate groupi®?, 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 5 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 intramolecular
reactions are then expected to occur by a similar mechanism involving a
formation of a tctrahedral intermediate from an ester and a hydroxyl ion
or from an ester and a carboxylate ion. For the intramolecular carboxylate-
catalysed hydrolysis of phenyl hydrogen succinates and glutarates a differ-
ent mechanism has been proposed, involving a direct substitution of the
phenoxy group by a carboxylate group'®®.
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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 on 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 15-7 kcal/mole and for the intramolecularly catalys-
ed hydrolysis of p-nitrophenyl hydrogen glutarate 19-1 kcal/mole. The
intramolecular reaction occurs by an encrgetically 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 8 mole/l of acetate ions would occur at a rate equal to the
hydrolysis of acetyl salicylate involving intramolecular catalysis by the
carboxylate ion!%2. Similarly, the hydrolysis of p-nitrophenyl acetate would
require a solution containing 600 mole/l of acetate ions in order to 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-
tions'>2,

Intramolecular catalysis of the hydrolysis of partly-esterified polymethyl-
metacrylic acid by carboxylate groups has been used to investigate the
steric structure of the polymers'® 164,

C. Acidolysis Reactions in Preparative Chemistry

Acidolysis of esters has been used as a synthetic method in organic
chemistry. For example, monoesters of dicarboxylic acids have been pre-
pared by heating the diester with a dicarboxylic acid, using sulphuric
acid®% or a cation-exchange resin in acid form as catalyst!®®. Boron tri-
fluoride has becn used as catalyst!®? in the acetolysis of n-butyl formate
and lithium or sodium salts have been used in the redistribution reactions
of two glycerides®. Acidolysis has to be used instcad of the usual alcoholy-
sis reactions in preparing vinyl esters because of the instability of vinyl
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alcohol. Mercury salts, sulphuric acid and bases have been used as catalysts

for such reactions

—_ 1 - - . -
168171 = 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 acid?2,
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1. INTRODUCTION

The carbonation of organometallic compounds 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 organometallic species, very little is known about the
overall mechanism of the process. The present chapter treats of the use of



The formation of carboxylic acids 139

the carbonation and related processes as a preparative route to carboxylic
acids. Particular empbhasis is placed on the general conditions, the scope
and, when possible, the overall steric course of the reaction.

. 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 30-609,, and with aralkyl metal derivatives 70-90%;.

1. Reaction conditions

The preparation of alkyllithium, -sodium and -potassium compounds
has been reviewed’ 4, and may be summarized as follows (the first three
methods are best adapted for the preparation of alkyl metal compounds).

a. Halogen—metal exchange. (RBr+2 M -~ RM + MBr). The metal and
the alkyl chloride or bromide are allowed to interact in an inert solvent
(e.g. benzene, hexane®~7).

b. Metal-metal exchange. (RoHg+ 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 interconversion. (R,M+R'M’' == R,_ R'M + RM"). This
reversible reaction between two different organometallic compounds (e.g.
an organolithium with an organotin or -mercury compound) is of limited
application. It has, however, been used successfully in the preparation of
some alkyllithium compounds!.

d. Metralation. (RM+R’'H =2 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)*°.

Na CH3 CH,COOH
. (1) Reflux (1)
(2) CO;
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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
an 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 to pre-
pare organolithium compoundsi® but has not been so widely used in the
preparation of alkylsodium or potassium compounds.

J. Addition. Organometallic compounds add to 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
metalation can occur (equation 3)!1,

(1) CgHsli Cotls s

= ————-———.s 3 ! _

CeHsC= CCeHs o /c c, @
CeHs COOH
n- Bu\ /CGHS

£gHsC = CCeHs 8%—&3,”—“* C=¢C 3)

\
@ COOH
COOH

The carbonation of the organometallic compound is best effected 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 to saturated carboxylic acids. The main disadvantages are
(i) the methods of preparation of the alky!l alkali metal compounds (re-
stricted to reactions @, b and ¢ 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 malonic acids, ketones and carbinols!2,
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RCH,M S22, RCH,cOOM @
M cooM
co, co
RCH,M -SPL. RCH,M+RCH,COOM . .—. RCH,+RCH “:, RCH
\coom \coom
&)
CO,
RCH;M -7 RCH,M+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 acid®™® ', In
general, however, the overall yield of carboxylic acid, based on alkyl halide
used, is in the order of 30-60%% % 1° whilst with aralkyl halides itisin the
order of 70-90%,*°. The steric course of the preparation and carbona-
tion of alkyl- and cycloalkyllithium compounds has been investigated and
reviewed'®Y. This topic will be discussed later in the section dealing
with alkyl- and cycloalkylmagnesium halides.

B. Alkyl Alkaline Earth Metal 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 alkyl 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 an
alkyl halide and magnesium in an inert solvent, has been reviewed®:**,
Recently, however, it has been shown that organomagnesium halides can
be prepared by the interaction of a Grignard reagent and an olefin in the
presence of titanium tetrachloride (equations 7-9)** 26,

TiCl,

n RCH,CH,MgBr '“'“. (RCH,CH,),TiCl.., - RCH--CH,+H,TiCl,_, (7)

HaTiCly_p+ R'CH-.CH, -+ (R'CH,CH,) TiCl,_ (8)
RCH,CH,MgB )

(R'CH,CH)TiCle_n -~ 27 B4 R’‘CH,CH,MgBr + (RCH,CH,),TiCl, )

® Itis stated that organoberyllium halides arc inert to carbon dioxide!s.

t The volatility of the olefin RCH- “CH., derived from the original organomagne-
sium compound favors the formation of the ncw organomagnesium compound,
derived from the added olefin R“"CH—=CH..
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Organomagnesium halides, which are thus accessible from either alkyl
halides or terminal olefins, can be readily converted to carboxylic acids or
their derivatives by any one of the following reactions (Scheme 1).

€o, RCOOH? 10(a)
0COCHs), RCOOC,Hs?® 10(h)
RMgX cicoocHs RCOOCHs™ 10(¢)
ArNco RCONHAr ™ 10(d)
€S, RCSSH™ 10te)
Scheme 1.

The factors influencing the yield of carboxylic acid obtained by the
carbonation of organomagnesium halides have been reviewed®:3*. When
a slow stream of carbon dioxide is passed through the reaction mixture the
two competing reactions are again (i) ketone and carbinol formation®* %
and (ii) formation of malonic acids® (equations 4-6).

2. Scope of the reaction

Despite the fact that the reactions (10a)-(10e) have been used extensively
for the preparation of carboxylic acids and their derivatives®” % 3 little
is known concerning the mechanism of the reactions. It has been suggested
that the carbonation of organomagnesium compounds involves the rear-
rangement of a four-membered transition state complex (1) (equation 10f)38.

g —X R
(l:—O——MgX (10f)
V4
(o]

CO,
o=

RMgX

O 1D

7
£

o

n

The steric course of the formation and carbonation of alkyl- and cyclo-
alkyllithium and -magnesium compounds has, however. been investigated
and recently reviewed!”. There are three discrete aspects of the reaction
which have to be considered: (i) the formation of the organometallic com-
pound, (ii) its configurational stability and (iii) its carbonation. No syste-
matic study has been made concerning the steric course of the formation of
alkyl and cycloalkyl metal compounds. The available information indicates
that the halogen-metal cxchange reaction when used in the preparation of
alkyl magnesium halides is not sterecspecific¥. However, the metal-metal
interconversion and halogen-metal interconversion reactions when used in
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the preparation of alkyllithium and alkylmagnesium halides proceed with
some degree of stereospecificity3**!,

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'’: *°. Configurational stability of the alkylmetallic compound
is favored in hydrocarbon solvents and at low temperatures.

The available experimental data imply that the carbonation of alkyl-
lithium and alkylmagnesium halides takes place stereospecifically.

With substituted cyclopropyl hzlides it is found that the halogen-metal
exchange reaction is non-stereospecific (equation 11)*2 whereas the metal-
metal interconversion (equation 12)%* and the halogen-metal interconver-
sion (equations 13 and 14)™ !¢ are stereospecific (100%).

CeHs CeHs
CH, (1) Mg/THF CH;,
@ co; (11)
CeHs CeHs
Br COOH
Optically active 5694 Retention
CeHs CoHs CeHs
CH;MgBr CO,
CH —2.. CH
CHs o MgBr, . A (12)
CsHs CeHs CeHs
Li MgBr COOH
Optically active 2) 100 % Retention

CH;

CH, CHy a3
i )
Br\p/ i-CoHyLi L'\p/ co, uooc\p/
cis 3)
CsHs
CeHs
i

iy

aiva
3'°3

c CsHs
CHy % D-Bubi | oy, 7% COz_ cH, (14)
CeHs CgHs
Br L COOH
Optically active “) 100°%; Rctention

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
solvent and temperature'®~'".
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T..e 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 configuration?®: 16 42,

Alkylzinc and -cadmium compounds are stable to carbon dioxide under
normal conditions of temperature and pressure. It is reported, however, that
in pyridine solution methylzinc iodide reacts slowly with carbon dioxide to
yield acetone?®.

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.

1. Reaction conditions

Alkylaluminum compounds can be prepared from both alkyl halides and
olefins4. In the pure state they react with carbon dioxide to give the trialkyl
carbinol. In the case of triethylaluminum 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 16)*%1¢.

(CHSCH)AI S22 (CH,CH,),AIOCOCH,CH, (15)

20°
(5)

2 (CH,CH,),Al

(CH,CH,),A1.0.CO.CH,CH, ~ (CH,CH,),AIOAI(CH,CH,),

(CH,CH,),AIOC(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 complex®®*?.

a. Use of solvent. The carbonation of a trialkylaluminum compound in
a hydrocarbon solvent furnishes, after hydrolysis, the carboxylic acid and
the hydrocarbon*® (equation 17, R = iso-octyl, n-octyl, iso-butyl, n-butyl,
l-vinylcyclohex-3-ene).

1) CO,/octane

(
R,Al @ HO RCOOH +2 RH Qan
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b. Variation in aluminum complex. Alkylaluminum etherates, which
are inert to carbon dioxide at low temperatures, are smoothly carbonated at
high temperatures to give one mole of acid (equation 18)*% % It has also
been claimed that lithium aluminum alkyls are carbonated to a mixture of
acid and ketone (equation 19).47 In the two former reactions (equations 17
and 18) only one of the alkyl groups in the trialkylaluminum is converted

(1) CO,/100-120° )
R,Al Et,O —~@Ho RCOOH + 2 RH (18)

CO,
LiAIR, ---— RCOOH + R,CO (19)

to the carboxylic acid, the other two being lost as hydrocarbon. However,
if the carbonation mixture is treated with oxygen, the acid and alcohol
are the final reaction products?® %9,

c. Reactions under pressure. 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)%: %052,

C0O,/220°

RaAl =306 A~ 2 RCOOH (60%) (20)
R,Al -f,_g"Tz‘LL. RCOOH (15%) R,CO (65%) (21)

d. Cther reactions. The interaction of one mole a trialkylaluminum
compound with ethylchloroformate gives one mole of the corresponding
ester (equation 22)%3,

R,Al SSO9 RcoOEr (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 lammable nature of these compounds, this reaction is of little prac-
tical use in the laboratory preparation of carboxylic acids. It does, however,
represent a route whereby olefins (by interaction with aluminum hydrides)
can be converted to the homologous acids.

D. Other 0-Bonded Organometallic Compounds

The scant information in the literature indicates that o-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"; »n = 4, 3, 2 respectively) the excess methyllithium is
selectively destroyed by gaseous carbon dioxide3t. A similar technique
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has been used to destroy the excess allylmagnesium chloride used in the
preparation of triallylchromium ({11)*".

co,
x LICH, +MCl, - — M(CH,),+ x—n LiCH, -~ == M(CH,),+ x—n LIOOCCH, (23)

itl. ARYLCARBOXYLIC ACIDS

Arylcarboxylic acids are conveniently prepared by the interaction of aryl-

metallic compounds and carbon dioxide. Therc are four distinct synthetic

routes involving essentially the carbonation of an ‘organometallic species’.
(i) Carbonation of true g-bonded organometallic compounds

(cHM =2 cH.coom)™.
(if) The Kolbe-Schmitt synthesis involving alkali phenolates
Co’ 57
(c,H,ONa =2. C,H, (ON2)COONa) .

(#ii) The Henkel reaction, involving the thermal disproportionation of
the potassium salits of arylcarboxylates

eat

h 58
(CH.COOK "o C H, + p-CiH(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
acid®® %,

A. Carbonation of Arylmetallic Compounds
1. Ary! 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® 8,

a. Reaction conditions. The preparation of arylmetallic compounds has
been reviewed> 3 % 10-3.2% The methods used are analogous to those em-
ployed in the preparation of alkylmetallic compounds (see section I1. A.1)
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 alkylsodium and -potassium com-
pounds enables them to even react with pure aromatic hydrocarbons
(equation 24)>3. Alkyllithium compounds however will only react with

CH, 0 (Z-TCC_'%N_’. C.H;COOH (78%,)* (24)
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those hydrocarbons which contain ‘active hydrogen’ (equation 25)% 2.

(1) n- Buli .
2y co, ' (75°%) (25)

COOH

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 tsolated depends not only upon the reaction
conditions (see later) but also upon the reactivity of various sites of the
starting material.

Aromatic halogen compounds are conveniently converted to the organo-
metallic species by either halogen-metal interconversion, or halogen—metal
exchange® % "% 24 |1 s normal laboratory practice to use either the
aryllithium compounds or the arylmagnesium halides. The former are
readily prepared from either aryl bromides or chlorides, by halogen—metal
interconversion'’, whereas the preparation of organomagnesium halides is
restricted to halogen-metal exchange with the aryl bromides? 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 organometallic species favors ketone formation’®, whereas spraying
the solution of organometallic compound onto a large excess of solid car-
bon dioxide favors acid formation'® =,

The preparation and carbonation of arylcalcium halides has recently
been discussed=2. 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). There is no
advantage to be gained therefore in using these compounds in place of the
more commonplace aryllithium and -magnesium compounds.

b. Scope of the reaction. The carbonation of arylmetallic compounds
has been used extensively both for characterization of the organometallic
species and for the preparation of carboxylic acids, or their derivatives. The
full scope of the reaction is described in the reviews already cited™ ¥ % 10-2%.24,
By analogy with alkvlmagnesium halides the arylmagnesium halides
and presumably the other arylalkali metal and alkaline earth derivatives
will react with cthyl chloroformate and ethyl carbonate and isocyanates to
give derivatives of carboxvlic acids (Scheme 1). It must always be borne in
mind, however, that the reaction conditions often influence the yield and
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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)84-6

COOH

(1) n-BuLi/20° o, 26
{1) n-Buli/-70°
U (2) COp/-40° ‘ 0%)}

CooH

2. Aryl transition metal compounds

There are two main types of aryl transition metal compounds, the o-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 ether?. Pure o-bonded triphenylchromium reacts slowly with car-
bon dioxide to give benzoic acid®®®. Carbonation of the intermediate lead-
ing to the =n-complex gives the m-benzoic acid-z-diphenylchromium
cation®8®: 8

COOH

0

el

:

The bis (arene) chromium m-complexes are stable to carbon dioxide and
may be metalated with amylsodium. Subsequent treatment with carbon
dioxide gives a mixture of arenecarboxylic acid-chromium s-complexes®?.

B. Kolbe-Schmitt Synthesis and Henkel Reaction

Both these reactions are high temperature and/or pressure reactions.
The first involves the carbonation of an alkali phenolate (equation 28), the
second, the thermal disproportionation of the alkali metal salt of a carboxy-
lic acid (equation 29).

@ ONa &. @ ONc o)
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COOK COOK
KOOT

In the case of the Henkel reaction the intermediate formation of an
organopotassium compound (equation 30) has been suggested?. Both reac-
tions have been reviewed and will therefore not be discussed in detail®® 71,

c°°K_L _ “ o

JC10H7COOK (30)

COOK COOK
00C

C. The Friedel-Crafts Reaction

Aromatlc hydrocarbons and carbon dioxide interact, in the presence of
aluminum chlorlde (or other Lewis acid) to give aromatic carboxylic acids*.
The mechanism of this reaction is not clearly understood, however a o-
bonded arylaluminum compound (Cg¢H;Al,Cls) has been suggested as an
intermediate®. 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 indetail®®, and are summarized in
Scheme 2; oxaly! chloride can be used in place of phosgene.

/ \ /\/C|

CO1Cl2 CsHleNO RNHCOC( ROOC Ct CGHL\ / N
(o}
0

CeHsCOOH  CgHsCONHCgHs CGHSCONHR C5H5C00R CsHsc—O—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
carboxylic acids (12 based on aluminum chloride’).
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IV. a, B-OLEFINIC ACIDS

The most versatile route to «,8-olefinic acids is carbonation of a metal ace-
tylide and subsequent reduction of the resulting «,f5-acetylenic acid. Cata-
lytic reduction usually gives the cis isomer and chemical reduction the
trans. The scope and applicability of this synthetic sequence has been
reviewed?.

The discovery that vinylic halides could be converted to alkenyl-metal
derivatives opened up new synthetic routes to x,8-ethylenic acids™® 74,
Since there are significant differences in the reactions involving the various
alkali metals and alkaline earth metals these will be treated separately in the
subsequent sections.

A. Alkenyllithium Compounds

Alkenyllithium compounds can be prepared by the interaction of a vinyl
halide or a vinylmetallic compound with either lithium metal or an alkyl-
or aryllithium compound (equations 31 and 32). Subsequent carbonation of

2 Li/Ee,O co,

RCH-CHBr 282 e RCH--CHLi -2 RCH=CHCOOH G31)
(RCH-—CH),Hg 1 e RCH ~CHLi -S%2. RCH—-CHCOOH  (32)

the organolithium compound usually results in moderate to good vields of
the =, -ethylenic acid.

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 recently?s;
the techniques used most frequently are illustrated in 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)7S.

Ph\c----c/ " (1) Bulir€r,O -35° Ph\c—-—CHCOOH + PhC- CPh (33)
P’ Npr PO S
The carbonation step is best effected 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 x, S-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-
tion”" 78, With arylvinyl halides the steric course of the reaction is determin-
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)*>. It has been suggested that the difference in configurational

Ph Ph
ether/-35° \C._ .C/ (100%,) (34a)
Ph PR | <O Hooc”  \H
ps —c< —-|
Li H l__T_'E/:f_‘_’_. \c c/ (99%) (34b)

€0, Hooc”  \ph

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 compounds?. Another advantage of the use of lithium al-

R R
\

/ /
R R

kenyls is that by careful control of reaction conditions (i.c. operating at
low temperatures) it is now possible to prepare otherwise difficultly access-
ible compounds, (equation 368, c.f. equation 33).

o COOH
\C C/ (1) Buli/THF -105 \C C/ 85%) (36)

ar”’ Na @, T LS Ncl

It is important to note that the carbonation of more highly substituted
lithium alkenyls, like the carbonation of lithium alkyls, often leads to mix-
tures of acids and ketones? (equation 37). This is due to the fact that the
lithium alkenyls are sufficiently reactive to react with the lithium salt of the

R,C—CH
R,C- CHLi °%. R,C -cHcooLi RE7CH, co 37
R,C--CH

carboxylic acid. Ketone formation can be kept to a 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 an alkene (CHy==CH,+MC;sH;; ~——~ CH,—=CHM)®" ®2, (ii)
reaction of vinylic halides with the metals (CH,—=CHCI+ M ——— CH,—
—CHM)®* ® and (iii) metal-metal exchange reactions ((CH.=—=CH].Hg +
+2M 2CH.==CHM + Hg)?8. Subsequent carbonation gives the «, -
ethylenic acids in good yields.

1. Reaction conditions

The preparation of alkenylsodium and -potassium compounds has re-
cently been reviewed® 3 ?® and will not be discussed in detail. The organo-
metallic compounds are usually prepared in a hydrocarbon or ether sol-
vent; however, owing to 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 to avoid side-reactions
(e.g. formation of ketones and alcohols).

2. Scope of the reaction

The high reactivity of organosodium and -potassium compounds occa-
sions side-reactions®* which severely limit the scope of the present reaction.
With the homologues of ethylene these are (i) double bond migration, (ii)
allylic metalation and (jii) dimetalation, illustrated in equations (38) and
(39)81. 85.

CH,;CH=CH, ﬁzz")‘fg’i:. H,C:= CHCH,COOH (69%) -~ Dicarboxylic acids (15%)
(38)
CH,(CH,),CH=—CH, _‘"(2“)“(:‘:(;'_*:. CH,(CH,),CH—CHCOOH - (6%)
*  CH,(CH,);CH=CHCH,COOH (32%)
CHy(CH),—CH—-CH--CH,  (S1%) 3
COOH
Dicarboxylic acids (11%)

Alkyl compounds of 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 8, y-olefinic acids as products (equation 40)5% 57,

(D MR CH,(CH,)sCH--CHCH,

M €O CH,(CH,),CH--CH,
CH,(CH,)sCH: —CHCH,COOH
CH,(CH,)s— CH—CH—CH, (40)

CH4(CH,)eCH-=CHCH,

COOH
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An interesting reaction is the synthesis of dibasic acids by the coupling of
butadiene®® # or styrene® in the presence of sodium terphenyl and sub-
sequent carbonation of the reaction mixture (equations 41 and 42).

CH,—CH—CH—CH,
!

M Na/o-terp;henyl/(EtOCH,),"

or (1) Na/p-terphenyl/(EtOCH,),*
(2) CO

S @1

3,7-decanedioic acid (38%,) (63%)

2-vinyl-5-octenedioic acid  (519%) (109%)

2,5-divinyladipic acid (11%4) (24%)

Q-

1) Nafo-terphenyl in (EtOCH,), . . S
(1) Nafo-terphenyl in (EXOCH.): | 1acemic and meso diphenyladipic acid (809%)"° (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
viny! 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 reviewed’® 7. The accumulated evidence indicates that the
solvent used plays a determining role in the success of the reaction. In
tetrahydrofuran or diethylene glycol diethyl ether the alkenylmagnesium
halides can be obtained in high yields (70-80",).

2. Scope of the reaction

The formation and carbonation of alkenylmagnesium halides are free of
the many side-reactions associated with the alkenylsodium compounds.
The good overall yields (50-809;)7% make this a potentially useful synthe-
tic route to o, B-ethylenic acids. To date, however, it has not been extensively
used for this purpose. From the existing data it would seem that in many
instances the conversion of the alkenyl halide to «, 3-ethylenic acid proceeds
with overall retention of configuration. Thus the organomagnesium deriva-
tive from zrans-2-bromobut-2-ene gives the rrans carboxylic acid (angelic
acid) on carbonation®!. In some instances however (equations 43 and 44)
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the steric course of the reaction is not so clear-cut®2, implying that certain

PhCH=—CHBr __‘.?’(T')‘!c’-g‘p PhCH-—CHCOOH - PhCH—CHCOOH  (43)

cis cis, 19%, trans, 9%

(overall yield of acid 35%,)

PhCH:—CHBr “zz’)"‘c’_f)ﬁ- PhCH- ~-CHCOOH + PhCH—CHCOOH (44)

trons cis, 209% trans, 30%

(overall yield of acids 629,)

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 arylvinvllithium compounds (see section IV.
A.2)

D. Other Alkenyl Metal Derivatives

Divinylzinc®® and trivinylaluminum® have been prepared and should
undergo reaction with carbon dioxide, under pressure, to give the a, 3-ethy-
lenic acids. Dialkylalkenylaluminum compounds are readily accessible® %
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 to the carboxylic
acid on carbonation.

V. NON-CONJUGATED OLEFINIC ACIDS

With the exception of 8, y-unsaturated acids, (equation 45, n = 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,)4CH, X~ -— RCH—CH(CH,)CH,M, <%, RCH--CH(CH,),CH,COOH
(45)
However, the high reactivity of the alkali metal compounds 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 = Lij,
Na, K, Rb, Cs). The organomagnesium compounds on the other hand do
not undergo these side-reactions and are therefore best suited for synthesis
of these unsaturated acids.

A. Allyl Alkali Metal Compounds

Allyl derivatives of lithium, sodium and potassium cannot be prepared
conveniently by the direct interaction of allyl halides and the metal. They
can, however, be prepared by the interaction of phenyllithium with the
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appropriate allyltin compound (equation 46, R=H or CH;3)¥’, or by the
cleavage of allyl ethers with the metal (equation 47, R = ally, M = Na or
K; R=CgHs, M = Li)*'% or in some instances by the allylic metalation
of olefins8 101,

(CeHs)iSNCH,CR — CH, <MY cH,—Cc(R)CH,LI (46)

CH,~ CHCH,OR - . CH,-CHCH,M @n

There is very little factual information available concerning the carbona-
tion of allyl alkali metal compounds and their homologues; allyllithium®?
and allylsodium® are carbonated to give vinylacetic acid (36% and 17%
respectively). Cinnamyllithium, -sodium and -potassium are reported as
reacting with carbon dioxide to give a mixture of acids consisting mainly of
f-benzalpropionic acid (PhCH=CHCHCOOH)!92, Similarly the potassi-
um derivative of 1,1-diphenyl-2-methylethylene gives on carbonation 4,4-
diphenylvinylacetic acid in 749/ yield, (equation 48)!°1, In these cases the
allylmetallic compound

Ph,C=CHCH,K - 2:. Ph,C —CHCH,COOH (48)

is carbonated without rearrangement. This is in sharp contrast to the reac-
tions of allylmagnesium and -zinc compounds both of which undergo car-
bonation with rearrangement (see sections V.B. and C).

B. Allylmagnesium Compounds

7, y-Unsaturated acids are readily accessible by the carbonation of allyl-
magnesium halides. The latter may be prepared by the interaction of an
allylic halide and magnesium in a suitable solvent. However, in contrast to
allyllithium compounds, the overall conversion of halide to acid may in
some instances involve skeletal rcarrangement (allylic rearrangement)
(equation 49).

RCH—CH--CHBr — 0

AN TERSD . RCH-+~CH—CH, (49)
RCHBrCH ~CH, - <% ' ‘

COOH
1. Reaction conditions

Allyl halides react with magnesium in an inert solvent to give either the
organomagnesium compound or the Wurtz coupling product (i.e. the
biallyl). The reaction has been reviewed!?3, 1°4 and it would appear that the
factors which favor the formation of the organomagnesium compound are
the ditution of the reaction mixture and the choice of solvent (e.g. diethyl-
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or di-n-butyl-ether or tetrahydrofuran)'® %, The use of tetrahydropyran
would seem to favor Wurtz coupling?®..

2. Scope of the reaction

The reaction sequence affords a practical route to 3, y-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 e-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 =CHj) or a rapidly equilibrating mixture of the linear and branched
forms, in which the former preponderates (equation 50, R = CHj3)'%: 1%,

RCH==CHCH,Br

Mg/Et,0
g ’/‘ RCH=CH—CH;MgBr S=<RCH-CH=CH,  (50)

M
RCH(BrICH=CH, — g8r

Q)] (8)

Similarly spectral evidence supports structure 7, R=CgHs, for cin-
namylmagnesium bromide!®, Nevertheless, both the butenyl- and cinna-
mylmagnesium halides give the branched acids (R—CH(COOH)—CH =
CHg, R =CHj or C¢Hj;) on carbonation. Of the many possible explanations
for this, the most plausible would seem to be either that (i) interaction of the
organomagnesium 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 to the branched-chain acid (equation 51)1%%-',

R — CH-CH=CH,
R— CH==CH — CH,MgX —= CH; —. 0t
\ —X \o—ng Gh

O

C. Allylzinc and -aluminum Compounds

Allylic halides react with zinc and aluminum in an inert solvent to give
the allylzinc and -aluminum compounds. Neither of these react with car-
bon dioxide under ordinary conditions; under pressure the organozinc
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compound gives good yields of acid (CH,—~CH—CH,COOH) whereas
the organoaluminum compound gives triallyl carbinol ([CHy=—=CH—
—CH.]3COH). With diethyl carbonate, both compounds give triallyl car-
binol, which is also obtained from the organoaluminum compound and
ethyl chloroformate!®”: 12333 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 3, y-unsaturated
acid. The overall reaction, from halide to acid is again accompanied by
allylic rearrangement (equation 52, R = CgH;)113.

(1) Zn/THF

RCH-~CHCH,Br - ~ RCHCH--CH,  (45%) 2
(2) €o, [

COOH

Vi a,8-ACETYLENIC ACIDS

A. Alkali Metal 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)!.‘.’A. 24, 61, 73.

RC--CM 2. Rc—.ccOOM (53)
The good yields and ready uccessibility of the alkali metal derivatives
make this the best synthetic route to z, 3-acetylenic acids. The reaction was
first used by Glaser'!s in 1870 for the preparation of phenylpropiolic acid
(equation 53, R=CgH;, 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 acids''®. The reac-
tion is therefore best carried out by either (i) first mixing the sodium salt
with sand and carbonating the mixture for prolonged periods (4-7
weeks)'® (ii) carbonating the sodium salt in the presence of a promoter
(¢.g. N, N-dimethylacetamide)''? or (iti) carbonating the sodium salt under
pressure (e.g. 800 p.s.i. for 8-40 h)!!% 119,
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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 gaseous’® 7 or solid carbon dioxide. The sodium acetylide can
cither be prepared directly in an inert solvent by the action of sodium or
sodamide on the acetylene, or by the interaction of the acetylene  1soda-
mide in liquid ammonia!?’. In the latter case the liquid ammor  nust be
replaced by an inert solvent (e.g. benzene or ether) before ca..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
on the other hand are best prepared by the interaction of an alkyl- or aryl-
lithium compound and the acetylene!®!. All these phenylethynyl alkali
metal compounds react smoothly with solid carbon dioxide to give
phenylpropiolic acid in about 609/ yield!=!,

2. Scope of the reaction

The scope of this reaction has been reviewed™: !**'*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 to give either the «, $-acetylenic carboxylic acids or the corresponding
esters (equations 54-56)'?% 1*>. With diethyl carbonate the reaction is more
complex and the final products are mixtures containing the substituted
ethoxyacrylates and diethoxypropionates (equation 57)'%¢.

EtSC=CH o EtSC--CCOOH (54a)
EtOC=-CH - 252 __ goCc- cCOOH (54b)
RC—~CNa — S¥€O%Et | Rc.—CCOOE: (55)
E¢SC- -CH -y i = EtSC—CCOOE (56a)
EcOC=—CH D CIC9% | Eroc-. cCOOE: (56b)
OEt
1
RCz=CNa —OSOEY: _ RC—CHCOOEL + RECH,COOE: (57)
! !
OEt OEt

B. Alkaline Earth Metal Derivatives of Acetylenes

The alkaline earth metal derivatives of phenylacetylene (equation S8,
M =Ba, Sr, Ca, Mg) in diethyl ether suspension, react with solid carbon
dioxide to give phenylpropiolic acid®. The yields, which vary with the

(PhC=C),M - 2% (Phc=CCOO),M (58)
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alkaline earth were found to be M =Ba 749, Sr 429%{, Ca 369, Mg 2192,
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 compounds? % 61. 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

RCo=CH — R8BSO poy. RCzzCMgX <2 RCz=CCOOH (59)
dioxide in an autoclave'>: '**| by pouring the reaction mixture on to solid
carbon dioxide!?? or by passing a stream of gaseous carbon dioxide through
the reaction mixture!30. In the latter case long reaction times are required
and the yield of acids tends to be low!30,

2. Scope of the reaction

The carbonation of alkynylsodium and -lithium compounds and of
alkynylmagnesium halides has been used extensively in the preparation of
a, B-acetylenic acids?™. 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 «, f-acetylenic acids thus produced is illustrated by
the transformation of the methyl esters (9, 10, R = CHj) to the lactones

RX (1) NaNH,

NaCz=CH ——+ RCz=CH - rug~- RC=CCOOH"® (60)

NaCz=CH 2UEHI0S peanc(CH,) ComCH (0 RC2:CCOOH™  (61)
CH, CH, CH,

NaC-=CH cH=temo CHy—CCHC2=CH™ O e CH,——-.(:Z(IZHC:-.:':-CCOOR‘”

on OH

9) (62)

NaC=CH P"M2 phCHCz=CH" .L‘(’z;‘ég:‘_& PhCHC=:CCOOR"** (63)

S OH

(10)
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_ (1) EcMg8Be .

RCHCH,C=CH s St RCHCH,C=CCOOH!™ (64)
I t

OH OH
. . (1) EcMgBr . o

EtOC—CHCS2CH —gieg sorig ™ E1OC™ “CHC=CCOOH'™ (65)

i

R R

R =Me, Et, n-Pr, i-Pr

CH,(CH,),C==CC==CH m—‘gf—;’%}r: CH,(CH,),C==CC==CCOOH. '3 (66)
¢4))
n=023
= (1) EtMgBr
C=cH (Zﬁaf—’ @czc—coou (67)
(12)

(13, 14) and of the methyl ester (10) to the keto ester (15). The «, S-acety-
lenic acids are valuable intermediates in the preparation of =, S-ethylenic

OCH, OCH,
i !
cH, L P
CH,~—~CH—CH CH PhCOCH=-CHCOOMe Ph—CH CH
| | l ?
0——CO O-—-Co
13) (15) (14)

acids?®. Thus catalytic reduction of the acids (11 and 12) gave high yields
of the ethvlenic acids (16 and 17)'2% 37 Treatment of the acetylenic Gri-

1
WCOOH
o
HOOCCH — CHCH = CHCH, /“\)\

(16) (17

gnard with ethyl chloroformate or ethyl carbonate yields directly the ethyl
ester of the «, $-acetylenic acid (equations 68 and 69)38 139,

CICOQ
RC=CMgX —22F*. RC. - CCOOE: (68)

OC(OEt),
CH,0CH=CHC=:CMgBr ——. cH OCH-—~CHC=<CCOOEt  (17%)  (69)
An interesting reaction sequence for converting a terminal acetylene to
a higher homologous acid is given in equation (70) (R =CH3;CH )40 .

(1) PBr,
RC-—CMgBr "M RC.-cCH,OH g;gag:_. RC.--CCH,COOH (70)
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C. Aluminum Acetylides

The aluminum acetylides AI{(C=CR);, 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°74!, The
complex sodium, lithium and potassium aluminoacetylides, on the other
hand, react with carbon dioxide to give the a, f-acetylenic acids (equation
71)142,

MAIH,+ HC=CR -—. MAI (C=CR), <% RC=CCOOH an

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 at 120-160° the overall yield of acids is much
higher (60-75%/,)42,

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.

V. NON-CONJUGATED ACETYLENIC ACIDS

With the exception of B, 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,)aCH;X — RC==C(CH,),CH,M —+ RC=C(CH,)a+.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, n = 0Q),
depends critically upon the structure of the starting material, the choice of
organometallic intermediates and the reaction conditions. Thus, when



162 R. P. A. Sneecden

propargylic halides containing an acetylenic hydrogen are treated with
lithium methyl (at —20° to —50°) and the reaction mixture carbonated,
o, f-acetylenic acids are obtained, (equation 73, R=R’=H and R=H,

R'ZK‘HS)MS.
R R
\C CeC—H (1) LiCH, N\, .
_ C--C— At I C—C—C-—-COOH (73)
2) CO, t
R'/ ! @ co R’) !

Cl Cl

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 f3, y-acetylenic acid
and the allenic acid, admixed with a dimeric species and traces of an x, 8-
acetylenic acid (equation 74)4 145,

Major products Minor products
HC-~CCH,COOH {CH,C'—;:.CCOOH (14)

(1) Mg/EL,O { .

CH.. CCH,Br DM8/ELO +
: €O |, Cc=:C=-CHCOOH | dimeric acid

Similarly, the more highly substituted propargylic halides are converted to

allenic acids by treatment with sodium amalgam and subsequent carbo-
nation (equation 75)4¢,

CHy _ <|:,Hs CH, _CeH,s
N ' ——— — — —_—

CHy-—C— C—-C—C—Br —aiTamn  GH—C (,: c C\CH 5

CHs" ‘ CaHs COOH o

at's C‘Hs

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 organomagnesium compound)

in T.H.F,

CO; HCECCH;COOH

HC=CCHyBr e Mg —F 7575, CH;=C= CHMgBr(?) ——
Qo (20°) CH,=C =CHCOOH
< Et20
. reflux gt,0 reflux
CH3C = CMgX

XMgC = CH,MgX

SCHEME 3.
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rature of the reaction''™ '*’. Under the conditions usually employed for
making Grignard reagents substituted propargylic halides are inert to-
wards magnesiumi48,

The introduction®® of high dilution techniques to this field makes it
now possible, however, to obtain the organomagnesium compound in
high yields!*®. More recently it has been found that the tertiary propar-
gylic halides (CH = C—CXR.) react smoothly with magnesium either in
diethyl ether (with irradiation)!! or in tetrahydrofuran solution!32,

* 2. Scope of the reaction

The carbonation of metallic derivatives of propargylic halides gives
mixtures of 3, v-acetylenic and allenic 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 =Na or Mg), or by interaction of the organometal-
lic compound with methy] chloroformate, to the ester, (equation 77)!4% 153,
Less highly substituted propargylic halides react to give organomagnesium

(1) M/Ec,O

R,CC-=CCX)R, 8. R,CC--C—CR, (76)
EOOH
R,CC—:CC(X)R, ‘T;’)-E’T‘éioi(fc—H~. R,CC--C —CR, (17
EoOCH,

compounds which, upon carbonation give moderate yields (40-70%() of a
variable mixture of f8, y-acetylenic acid (9-20%) and allenic acid (9-50%;),
(equation 78, (20 and 21) R =H)¥®* 1%’ The overall mechanism for the

lkc..-_CCHzMgBr RC=CCH,COOH

+ U8  co, [ (20)

™M
RC . CCH,Br —& (78)

)
RC--C—-CH, IRC—C— CH,
i i
MgBr COOH
(19) a1

conversion of a propargylic halide to the corresponding carboxylic acid,
by the above routes, remains uncertain. Two main problems are involved,
the first is the structure of the intermediate organometallic speci