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Foreword 

Two main purposes were to be served by publishing a second volume 
to The Chemistry of the Carbonyl Group, namely, to include chapters 
which failed to materialize in the first volume, and to widen the scope 
of the original plan. 

Thus, a chapter on ‘equilibrium additions’, dealing with a group 
of fundamental reactions of carbonyl compounds, appears now. On 
the other hand, the commitment to write a chapter on the syntheses 
and applications of isotopically labelled carbonyl compounds re- 
mained, as before, unfulfilled. 

The topic ‘oxidations of carbonyl compounds’ was restricted in 
the previous volume to the oxidation of aldehydes by the transition 
metals. In this volume the behaviour of many other oxidants is 
considered, and ketones are also included as substrates. A chapter is 
dedicated to ‘enolization’, one of the most widely studied organic 
rearrangements, which undoubtedly deserves special attention in a 
treatise on the carbonyl group. 

In the first volume a chapter dealt with the effects of ultra-violet 
and visible radiation on carbonyl compounds. The effects of other 
types of radiation are considered here in two chapters, one on ‘ra- 
diation chemistry’ and one on ‘mass spectroscopy’. The latter also 
affords an extension to the coverage of the analytical aspects of the 
carbonyl group presented earlier. 

In most volumes in the series The Chemistry of Functional Groups, 
certain classes of compounds related to the functional group under 

consideration are assigned separate chapters. The chemical beha- 

viour and properties of the ‘oxocarbons’ are treated in this volume. 

Owing to technical reasons this volume appeared one year later 

than scheduled. I would like, therefore, to express my obligation to 

the contributing authors for their forbearance of such a delay. 

I wish to thank Professor Saul Patai for his advice and also my 

wife for her encouragement and patience. 

The Weizmann Institute of Science 
Rehovoth, 1970 Jacos ZABICKY 
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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 impor- 
tant functional groups in organic chemistry. The emphasis is laid on 
the functional group treated and on the effects which it exerts on the 
chemical and physical 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 coverage 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—O—C functional group. 
A further restriction in the treatment of the various functional 

groups in these volumes is that material included in easily and gen- 
erally available secondary or tertiary sources, such as Chemical 
Reviews, Quarterly Reviews, 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 coverage of his 
subject, but to concentrate on the most important recent develop- 
ments 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 address 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 chapters, while at the same time preserving the read- 

Vill 
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ability of the text. The Editor set himself the goal of attaining 
reasonable coverage with moderate overlap, with a minimum of cross- 
references between the chapters of each volume. In this manner, 
sufficient freedom is given to each author to produce readable quasi- 
monographic chapters. ‘ 

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

(a) An introductory chapter dealing with the general and theo- 
retical aspects of the group. 

(b) One or more chapters dealing with the formation of the func- 
tional group in question, either from groups present in the molecule, 
or by introducing 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 physi- 
cal methods, ultraviolet, 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, transformations and rearrange- 
ments 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 
reactions. Depending on the nature of each functional group treated, 
these special topics may include short monographs on related func- 
tional 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., ‘ Poly- 
ethers’ 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 
1* 
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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 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 developments in the subject, sufficient material 
has accumulated for publication of an additional part, this will be 
done as soon as possible. 

The overall plan of the volumes in the series ‘The Chemistry of the 
Functional Groups’ includes the titles listed below: 

The Chemistry of the Alkenes (published in two volumes) 
The Chemistry of the Carbonyl Group (published in two volumes) 
The Chemistry of the Ether Linkage (published) 
The Chemistry of the Amino Group (published) 
The Chemistry of the Nitro and Nitroso Group (published in two parts) 
The Chemistry of Carboxylic Acids and Esters (published) 
The Chemistry of the Carbon—Nitrogen Double Bond (published) 
The Chemistry of the Cyano Group (in press) 
The Chemistry of the Amides (in press) 
The Chemistry of the Carbon—Halogen Bond (in preparation) 
The Chemistry of the Hydroxyl Group (in press) 
The Chemistry of the Carbon—Carbon Triple Bond 
The Chemistry of the Azido Group (tn preparation) 
The Chemistry of Imidoates and Amidines 
The Chemistry of the Thiol Group 
The Chemistry of the Hydrazo, Azo and Azoxy Groups 
The Chemistry of Carbonyl Halides (in preparation) 
The Chemistry of the SO, SOz, —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 
continued, 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 
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advise me. The efficient and patient cooperation of several staff- 
members of the Publisher also rendered me invaluable aid (but un- 
fortunately 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 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 partnership of my wife. 

The Hebrew University, SAUL Patar 
Jerusalem, IsRAEL 
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CHAPTER 1 

Equilibrium additions to 

carbonyl compounds 

Yosuiro OGATA and AtTsusHI KAWASAKI 

Nagoya University, Chikusa-ku, Nagoya, Japan 

. INTRODUCTION 

ADDITION OF WATER 

A. Equilibria 
B. Kinetics and brediatian® 

ADDITION OF HyDROGEN PEROXIDE . 

ADDITION OF ALCOHOLS . 

A. Hemiacetal and Premera Formanon 

B. Acetal and Ketal Formation 

. ADDITION OF HyDROGEN CYANIDE 

A. Equilibria é 
B. ee and naechanians d 

. Aldehydes 
_ Ketones 

C. Asymmetric Syatheses of Cyauelvduns 

ADDITION OF BISULPHITE. 

A. Equilibria ; 
B. Kinetics and hicchaniaee ; 

ADDITION OF MiscELLANEOUS ACIDS . 

ADDITION OF THIOLS AND HyDROGEN SULPHIDE . 

A. Equilibria 3 
B. Kinetics and Meckasinuts : 

ADDITION OF AMMONIA AND AMINES . 

A. General Considerations 

B. Addition of Melamine, Urea br Agudes to Aldehydes 5 

C. Addition of Ammonia to Aldehydes 

D. Structural Effects on Equilibria and Rates 
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X. REACTION WITH HALOGENS. ; 5 ‘ : . 58 

XI. AcKNOWLEDGEMENTS 7° ; ® : 2 é ; 59 

XII. REFERENCES , . ; , ; E : P 59 

I. INTRODUCTION 

The reversible additions to carbonyl double bonds (equation 1) at 
room temperature include reactions such as the formation of gem- 
glycols, hydroxyhydroperoxides, acetals, cyanohydrins, thioacetals, 
amino alcohols, etc. Some of them have been extensively studied by 
physical-organic chemists as typical polar reactions to elucidate 
structural effects or acid-base catalysis. Reviews on acetals* and 
Schiff bases? have already appeared in this series, and some physical- 
organic aspects of the reactions leading to their formation will be 
emphasized here. 

Nees +XY == Seany (1) 
a 
x 

6+ b= 
Since the carbonyl group is strongly polarized to Sexo: the anionic 

portion X of the reagent becomes attached to the carbon atom, while 
the cationic portion Y becomes attached to the oxygen atom (usually 
Y =H). The polarity of the C—O bond makes this addition much 
easier than the addition to a non-polar C=C bond. For example, 
hydrogen cyanide or ammonia does not add to ethylene at room 
temperature, while they can add to formaldehyde very rapidly, 
forming methylene cyanohydrin and hexamine, respectively. 

Most of these additions and their reverse reactions are subject to 
general base and/or general acid catalysis. The necessary conditions 
for the reversibility of addition reaction (1) are that Y should easily 
be eliminated as a cation and that X should be stable as an anion or a 
nucleophile, e.g., OH-, OR~, CN-, SO,H~ or NH. If X~ is an 
unstable anion such as hydride ion or carbanion, the adduct 

ex—O¥ is stable, the addition being irreversible. Most of these 

additions and their reverse reactions are subject to general base and/or 
general acid catalysis. The basic catalyst is used to abstract cation Y+ 

(usually H+), then the formed anion De ye is stabilized by 
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leaving X~, if X~ can be eliminated as a stable anion. On the other 
hand, the acid catalyst acts to protonate (partially) X, pulling to 
cleave it as XH, if X~ is a stable anion. Hence the adduct which is 
stable in a neutral state may decompose on addition of acid or base. 

It can be expected that the electron-releasing resonance form of OH 
groups (equation 2) may contribute to the cleavage of the C—X bond 
(the less electron-releasing halogen group is a poor activator of the 
cleavage as compared to OH)®. 

con —— Pps (2) 
Ve x 

x XS 

The addition products of XH are a-substituted alcohols, and are 
sometimes easily dehydrated either intra- or intermolecularly to give 
a double bond or an ether linkage, for example, in the formation of 
Schiff bases or acetals. 

Il. ADDITION OF WATER 

When dissolved in water, ketones and aldehydes undergo hydration, 

yielding gem-diols or hydrates *: 

Ri Ng OH 
oa A 

C—O 1. Cc (3) 

aS 
R2 R2 OH 

The extent of hydration and stability of the gem-diol depend on the 

structure of the carbonyl compound. Aldehydes having strong electron- 

attracting groups (for example chloral) give stable solid gem-diols, but 

even acetaldehyde hydrate may be obtained as crystals at low tem- 

perature ®. 
The departure from linearity of density and refractive index, the 

molecular weight determined by cryoscopy® and ebullioscopy”®, and 

the ultraviolet9?° and Raman" spectra of the carbonyl group reveal 

that formaldehyde in aqueous solution is almost completely hydrated. 

Oxygen isotope exchange is observed between H,'°O and some 

aldehydes and ketones, suggesting the reversible formation of an 

hydrate intermediate *?"*. 

Ri Resour Rt 
AS 

Ben ap Oe GS ——_ isms + H,O (4) 

R2 R2 OH R2 
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A. Equilibria 

The hydration of carbonyl compounds reaches equilibrium very 

rapidly. The equilibrium constants may be estimated as follows: (a) 

By measuring the absorbance of carbonyl (n—> 7*) at 270-320 my . 

which disappears on hydration!®-??, (b) Since proton magnetic 

resonance absorptions (aldehyde or «-proton) of free and hydrated 

carbonyls are different, the ratio of two peak areas gives the ratio of 

free to hydrated carbonyls2*-**, E.g., the methyl proton band shifts 
0-9 p.p.m. and that of the aldehyde proton 4-9 p.p.m. in the hydrated 
form as compared to the free form of acetaldehyde*. (c) Similarly 
the ratio of two peak areas in the ?”O nuclear magnetic resonance 
spectrum ?® using carbonyl-17O can be used. (d) The determination 
of free aldehyde by polarography ?®-*1. The hydration equilibrium (3) 
is very sensitive to temperature; consequently rigorous control is 
necessary 21’22 when measuring the equilibrium constants. Ultraviolet 
spectrophotometry is a convenient and extensively used method. Its 
main shortcomings are (i) that it arbitrarily assumes the identity of the 
extinction coefficient of carbonyl in aprotic solvents, for example 
n-hexane, and in water?®, and (ii) that sometimes the overlapping 
of the n + 7* absorption with others makes measurements difficult. 

The dissociation constant of gem-diol (the reverse of reaction 3) in 
an excess of water is given by equation (5). If the carbonyl compounds 
are insoluble in water, the constant may be determined in a mixed 
solvent like dioxan—water?®??, 

— [R*R?C—O] = 1 

~ [RtR?C(OH)2] Ka 
The observed constants K, (Table 1) tend to increase with increasing 

electron-releasing power of substituent, for example ”®: 

ClsCCHO < CICH2,CHO < CH3CHO 

HCHO < CHsCHO < CH3CHgCHO < (CH3)2CHCHO < (CHs3)sCCHO 

Kg (5) 

No simple Taft equation ** can be applied to the dissociation con- 
stants of these aliphatic carbonyls, and steric and hyperconjugative 
effects have to be taken into account. The former effects are considered 
by Bell in the following equation?: 

—log Ky = p* Do*® + 8D E,+C (6) 

where o* is a Taft polar substituent constant, E, is a steric substituent 
constant, p* = 2°12°+:0-29, -és= 1512 + 0-26 and C = —2-10 = 
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Taste 1. 17O magnetic resonance spectra (O.m.r.) and K, of carbonyl com- 
pounds in aqueous solution?®, 

O.m.r. chemical shift (p.p.m.)* 

gem-Diol Carbonyl 
No. Compound oxygens oxygen Ka 

LeCHeO —51 (140) a SHO OS 
2 eCHCHO — 67 (190) — 550 (45) 0-7 
3  CH3;CH,CHO —65 (245) — 538 (70) 1-4 
4 CH 3(CH,2),CHO 2-1 
5 (CH 3;)2,CHCHO 2-3 
6 (CH ;)3GCHO 4-1 
7 CH,CICHO 2318X Ose 
8 CClz;CGHO — 56 (360) e 3-6 5a 1052 
9 CH;CGOCH; 4 — 523 (90) oe 102 

10 CH,CICOCH; y — 528 (235) 9-1 
11 (CH,Cl),CcO — 67 (525) —521 (440) 0-10 
12. Cl,CQHCOCH, 0-35 
13. CHs3sQCOCOCH, — 59 (595) — 530 0-50 
14 CH;GOCOOCH, 0-32 
15 CH;COCOOH? — 68 (~ 480) —555 (780) 0-42 
16 CH3;COCOONa B — 534 (410) 18. 

¢* Values in brackets are the widths of the bands at half of their maximum intensities. 
> Not detected. 
© Chemical shift of carboxylic carbonyl oxygen —245 (400). 

0-42. On the other hand, the Greenzaid—Luz—Samuel equation is 
based on the measurements using +H or 1"O n.m.r. 

—log Ky = phi > o* 3 CO (7) 

where 4 is the number of aldehyde hydrogens (ketones, 0; formalde- 
hyde, 2; other aldehydes, 1). p* = 1-70 + 0-07, B = 2:03 + 0-10 and 
C = —2-81 + 0-13. B represents the stabilization of unhydrated 
carbonyl group due to substitution by an alkyl group?®°°, i.e. the 
effect is consistent with the adjacent bond interaction ***-” in its 
direction and magnitude, which is estimated to be 2-8 kcal per alkyl 
group. A similar effect of alkyl groups has been observed with other 
carbonyl reactions*°-%°, Table I shows the observed Kg values and 
Figure 1 the agreement between these values and those calculated 
according to equation (7), over a range of 10’. 

It is of interest to note that 1/Kg or Ky, of pyruvic acid is directly 
proportional to [H,O]*; this suggests two hydrogen bonds being 



6 Yoshiro Ogata and Atsushi Kawasaki 

formed between a molecule of pyruvic acid hydrate and two molecules 

of water 22-26 (equation 8). 

OH:::OHz 

CH,COCO,H + 3H,O === CH,—C—CO.H (8) 
| 
OH-:-OHg 

log K, (calculated) 

log Ky (observed) 

FicurE 1. Comparison of observed and calculated values of Kg. 
(The numbers correspond to those in Table 1.) 78 

B. Kinetics and Mechanisms 

Both the hydration of aldehydes and ketones and the reverse 
reaction are very fast but a number of methods have been devised for 
measuring their rates®’: (a) measurement of volume change on 
hydration by dilatometry**-*°; (b) measurement of temperature 
change caused by the heat of hydration in an adiabatic system 
(thermal method) **~*%; (c) measurement of n.m.r. line-broadening 
assigned to protons or *"O in free and hydrated carbonyl com- 
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pounds **~#8; (d) ultraviolet spectrophotometry of the free carbonyl 
absorption (n—>7*)*; (e) the chemical scavenging method by 
which a free carbonyl is rapidly converted into a semicarbazone, 
oxime or phenylhydrazone, its concentration being monitored 
continuously by ultraviolet spectrophotometry®°; (f) infrared spec- 
trophotometry of the rate of oxygen exchange via hydration, using 
the frequency shift between C=!®O and C=18O bonds (C=!°O, 
1664 cm~* and C—18O, 1635 cm~? in benzophenone **) ; (g) measure- 
ment of oxygen exchange rate by mass spectrograph or pressure float 
apparatus*®; (h) polarographic determination of free carbonyl ®2-®; 
(i) refractive index measurements**; (j) conductivity measurements 
of the shift in the equilibrium induced by an abrupt pressure change 
(pressure jump method) ®. Thus, for example, the hydroxonium 
ion-catalysed dehydration of acetaldehyde hydrate has been estimated 
to be 380 1 mole~+ s~? by the thermal method, 565 1 mole~?s~* by the 
scavenging method and 490 1 mole~! s~1 by n.m.r., all of which are 
virtually identical and show the reliability of these methods *°. 

TABLE 2. Acidity constants K,, acid catalytic constants k, and base cataltyic 
constants of conjugate bases /, (1 mole~+ s~+) for the hydration of acetaldehyde*?. 

Acid oe ka kp 10°Kakp/ka 

1 H,O+ 55.5 930 0.00014 8-4 
2 Formic L.Jp x ADS 1.74 0-065 6-6 
3 Phenylacetic 4.88 x 10-5 0-91 0-054 2-9 
4 Acetic loipaxelOS> 0-47 0-157 5-8 
5 Trimethylacetic VAX 10TS 0-33 0-161 4.6 
6 Pyridinium G07 10=4 0-138 0-177 7-7 
7 B-Picolinium Bore LOGS 0-115 0-26 6-5 
8 «-Picolinium 1-10 x 10-8 0-063 0-20 3-5 
9 y-Picolinium E05 Feelin’ 0-087 0-23 2-8 

10 2,5-Lutidinium 4-0 x 10-7 0-046 0-163 1-4 
11 2,4-Lutidinium erat KL 0-040 0-275 1-6 
12 2,6-Lutidinium PO 1077 0-029 0-130 0-9 
13 2,4-Dichlorophenol 1-8 x 1078 — 3-0 — 
14 Water 1-8 x 10-16 (0-00014) 8 x 104 —_ 

The hydration reaction is both general acid- and general base- 
catalysed, the rate in a single buffer solution being expressed 
ag 13,30-43,49,50,62. 

2 Ree RIO y+ HsOn- 7s (t. £4, Hu) [HA] @) 
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kos ke» Kou ka and k, are catalytic constants of solvent, hydronium 

ion, hydroxide ion, general acid and base, respectively. Table 2 and 

Figure 2 show these constants and a Bronsted plot. 

log A, 

log A, 

Ficure 2. Acid catalytic constant k, versus acidity constant K, for the hydration 
of acetaldehyde. (The numbers correspond to those in Table 2.) *? 

The Bronsted catalysis law®* (equation 10) is applicable to the 
hydration reaction of acetaldehyde. 

k qk, 
log 4 = alo = + log G, (10) 

k, is the acid catalytic constant and K, the acidity constant of the 
acid catalyst, G, is a constant; p and q are statistical factors, p being 
the number of protons to be abstracted and g the number of atoms to 
which the protons add (for example, p = 1 and g = 2 for monocar- 
boxylic acid). The value of « represents the sensitivity of the catalytic 
constant to a change of acidity of the acid catalysts, and is a measure of 
proton transfer from acid to substrate in the transition state; the values 
of « are 0°54 for acetaldehyde *®:* and 0-27 for 1,3-dichloroacetone*?. 
The corresponding values (f) in the base-catalysed hydration are 0°53 
for acetaldehyde *°, 0-55 for ninhydrin ®*, while the value for the de- 
hydration of methylene glycol®?-®” is 0-41. 

The solvent isotope effect, ky,o/kp,0, for the hydration of acetalde- 
hyde has a considerably large value, 3-6-3-9, which suggests the 
participation of a water molecule as a proton donor or acceptor®. 
These observations lead to the following mechanisms which may 
operate simultaneously °°. 
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General acid catalysis 

R R 
INN slow x iz 

HO + ae + HA ==~ H,0—C—OH + A- (11) 

H : v 

R R 

+ fast | 
eae er +A- = seen cas + HA (12) 

H H 

General base catalysis 

R R 
oe slow b 

B+H-O+ “C=O —— HO—C—O- + HBt (13) 
| y | 
He gor H 

R R 
| fast | 

ere - hot SS eta +B (14) 

H H 

These mechanisms lead to the rate equation consisting of a sum of 
several terms (e.g., equation 9), but the contribution of a term 

kap[ HAJ][B] is little or not observed**, hence the concerted mechan- 

isms involving a transition state such as 1 cannot be accepted ®’. 

R 
o+ ae 
Boni Oe. A 

on 
Hie 

(1) 

However, a cyclic mechanism (equation 15) involving a few molecules 

of water and a molecule of catalytic acid cannot be excluded ®*. 

ji ham lcodbal 
O--- H—O---H O—H::-O—H,, 

pe A = Reg A (15) 
reaA nea: No mesa H 

H H 

The rate constant for the imidazole-catalysed hydration of 1,3- 

dichloroacetone in 95%, dioxan is expressed as follows (Im = imida- 

zole) : 
k = k, [Im] + kz [Im]? (16) 
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However, other secondary or tertiary amine catalysts including 
N-methylimidazole have no second-order term, hence 2 represents 
the transition state that seems to be involved in the imidazole cat- 
alysis ®°, 

21300 Sakae opolihig Tt Ni axste anil coats 
aa bas Si 

(2) 

The slow proton transfer in hydroxonium ion-catalysed hydration 
of acetaldehyde is not surprising, because the aldehyde is a much 

weaker base (pX, for CH,CHOH, —8) than water (pK, for H,O*, 
— 1-74). In support of this, little decrease in the catalytic constant of 
H,O+* has been observed with increasing acidity function from 2-15 
to 3-10*". If a mobile equilibrium were involved, an increase of 1-0 
in the acidity function should decrease the concentration of pro- 
tonated acetaldehyde to 55 of its original value. 

The transition state acidities* suggest the probable transition states 
for acetaldehyde, namely the hydroxonium ion-catalysed rate is 
determined by proton transfer, while the hydroxide- and water- 
catalysed reactions have a concerted mechanism 2°, 

The rate constant of oxygen exchange of acetaldehyde (ca. 470 
I mole~*s~*) measured by 1”O n.m.r. is consistent with the rate constant 
of hydration (480-670 1 mole~+s~+) #?-46-47 and this fact shows that the 
oxygen exchange occurs via hydration followed by the dehydration #°. 
The pseudo first-order rate constant of oxygen exchange in methy]l- 
ene glycol (2 x 10~%s~+) is approximately one half of that of its de- 
hydration (5 x 107*s~1), suggesting that the rate of dehydration 
determines the rate of exchange, since the glycol, having two hydrox- 
yl groups, can form an aldehyde by the scission of either of them 4*. 

The biologically important hydration of carbon dioxide also has a 
mechanism similar to that of carbonyl hydration, and it is subject 
to general acid-base catalysis and to oxygen isotope exchange !-70-75, 

As to the effect of structure on the rate of hydration, the time to 
reach practically equilibrium in 0-001n HCl in tetrahydrofuran has 
been found, by the infrared method involving 18O exchange de- 
scribed above, to be as follows®!: acetaldehyde (immediate) < benz- 

NH 

* If the rate constant is expressed as in equation (9), and K,, is the dissociation 
constant of water, the acidities of the hydroxonium ion-catalysed (pKy*) and 
the uncatalysed (pK) transition states are given by: 

pKy* = log (ky/ko) and pKot = log (ko/ky) + pKwy 
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aldehyde (20 min) < 2-naphthaldehyde (25 min) < |-naphthalde- 
hyde (35 min) < 9-anthraldehyde (45 min) < 9-phenanthraldehyde 
(55 min). This order agrees with that of the ability to delocalize the 
positive charge introduced on protonation of the carbonyl oxygen, 
i.e. the longer conjugate systems favour the dispersion of the positive 
charge and discourage the nucleophilic attack of water. 

The times necessary to virtually attain the pyridine-catalysed 
hydration equilibrium of some ketones are®?: acetone, ninhydrin (8) 
(immediate) < cyclohexanone, cyclobutanone (10 min) < 2-cyclo- 
pentenone (15 min) < cyclopentanone, fluorenone (1 h) < indanone 
(35h). 

Oo 

O 

(3) 

Acetone is most reactive, due to its low steric hindrance and the 

absence of a strongly electron-releasing group; ninhydrin (3) because 

it contains three highly electrophilic keto groups. The order of 

reactivity of the cyclic ketones suggests that the release of internal 

strain by hydration is an important factor in the rate of hydration. 

Indeed, cyclopropanone, the most strained cyclic ketone, exists only 

as its hydrate”®. The O—C,,,—O bond angle formed in the hydrate 

is 110°. Cyclohexanone is more reactive than cyclopentanone probably 

because some steric strain is released in the former but acquired in the 

latter on formation of the gem-diol*?. 

Ill. ADDITION OF HYDROGEN PEROXIDE 

Typical reactions of aldehydes with aqueous hydrogen peroxide are 

as follows"’: 
OH 

ky ve 
RGHO-- FLO... =—— .REH (17) 

k-1 

OOH 

(4) 
OH 

val ke 
RCH + RCHO == RCH—OO—CHR (18) 

ae l 
OOH OH H 

(5) 
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For example, a mixture of Me,;CCH,CHMeCH,CHO (150 g) 
and 90% H,O, (22 ml) in ethereal solution gives at 5° the hydro- 
peroxide 4 (R = Me,CCH,CHMeCH,) ”, while a mixture of 30% 
H,O, (2 moles) and 6% aqueous HCHO (1 mole) gives at room 
temperature crystals of 5 (R = H), which on further addition of ° 
H,O, (1 mole) followed by standing for several days affords the 
hydroperoxide 4’°. These peroxides generally tend to decompose. 

The equilibrium constants of equations (17) and (18) for formalde- 
hyde at 25° are 29 and 23 1 mole~}, respectively”®, and those for 
acetaldehyde at 0° are 48 and 10-2 1 mole™?, respectively ®°. 

The reaction of hydrogen peroxide with formaldehyde in alkaline 
solution is fast, and it may be used for the analysis of both reactants, 
while the same reaction in acid solution is slower, the rate being thus 
easily measurable®+, The rate with formaldehyde measured by u.v. 
spectrophotometry is expressed as a second-order equation”?: 

v = k, [H,O,] [HCHO] (19) 

The reaction is subject to acid catalysis. The rate constant /, in an 
aqueous solution at 25° is expressed as: 

k, = 0-08(1 + 53[H*]) 1 mole~+min=+ (20) 

The reverse of reaction (18) with R = H is also subject to acid 
catalysis, the rate being: 

k_g = 9-0 x 1074(1 + 53[H*]) min-? (20a) 

The equations for k, and k_,, together with the values of K, and Ko, 
give the values of k_, and k, as follows7?: 

k_, = 0-0024(1 + 53[H+]) min-? (21) 

ka = 0-021(1 + 53[H*]) | mole~? min-? (22) 

On the other hand, independent workers’ postulated for the 
reactions of formaldehyde, acetaldehyde and propionaldehyde a 3- 
oe rate dependence in aldehyde in neutral or acid solutions at 

v = k[H,O,][aldehyde]?* (23) 
The equation suggests a more complex nature of the reaction, possibly 
associated in some way with the formation of polymeric materials. 
The values of k in equation (23) are as follows: Formaldehyde, 0-11 
(25°); acetaldehyde, 0-61 (25°); propionaldehyde, 0-75 (20°). This 
order is not in accordance with the electrophilicity of the carbonyl 
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groups, but if the occurrence of a concurrent hydration reaction is 
taken into account (formaldehyde > acetaldehyde > propionalde- 
hyde; section II.A), the increasing concentration of free aldehyde 
reactive towards H,O, could explain the observed results. 

The reaction does not have radical nature, i.e. it is insensitive to 
ferric ion, and it is acid catalysed. Therefore, the acid catalysis may 
proceed via the transition state 6. 

R R 
al e | Ba Gis taut a eta HO al +HA (24) 

HH H 
(6) 

In alkaline solution 5 (R = H) decomposes rapidly evolving 
hydrogen ®?. The reaction is accelerated at first by the addition of 
alkali, but it is retarded by an excess of alkali. A mechanism involving 
a rate-determining attack (26) of a hydrate anion on a molecule of 
hydrogen peroxide was postulated 52. 

HCHO + OH- ===» HCH(OH)O- (25) 
| : 

HCH(OH)O- + H,0, =——* HCH(OH)O’ + OH- + ‘OH (26) 
‘OH + HCH(OH)O- ——» HCH(OH)O" + OH- (27a) 

2 HCH(OH)O* ——> HOCH,0OCH,0H ——> 2 HCO,H + H. (27b) 

The addition of alkali tends to increase the concentration of 
HCH(OH)O~ but to decrease the concentration of free H,O,, 
hence the rate, as observed, increases with increasing [OH~] at first 
and then decreases. However, the following ionic mechanism for the 
formation of HOCH,OOCH,OH seems to be more probable because 
the nucleophilicity of HOO is higher than that of OH-. 

| 

HOO- + HCHO ——* HOOCH,O- = -OOCH,OH (28a) 
H,0 

HCHO + ~OOCHZOH =~ ~OCH,O0OCH.2OH — HOCH200CH2ZOH = (28b) 

The increase of [OH 7] results in an increase of [HOO~] and at the 
same time a decrease of [HCHO] by the formation of HCH(OH)O-, 
hence a maximum in rate with increasing [OH~] is observed. Both 
mechanisms agree with the observation that no deuterium is incor- 
porated in the evolved hydrogen gas when the reaction is carried out 
in deuterium oxide®?’, 
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Some aldehydes and ketones undergo irreversible reactions with 

H,O,, such as the Baeyer—Villiger reaction 84-86, in which esters are 

produced irreversibly via hydroperoxide adducts, for example. 

rearrangement 
————— PhCHO + H,O, ===> PhCH(OH)OOH 

HCOOPh + PhCOOH + H20 (29) 

The formed esters are easily hydrolysed to give the corresponding 

acids and alcohols (or phenols) in aqueous solution. Another reaction 

is the formation of several peroxides®’*°; for example, the following 

is the reaction of acetone at 0° in a 1:1 molar ratio: 

OH 

CH,COCH, + H,O, === CHs,—C—CH, ——» (CH,),¢—OO—C(CH,), (30a) 

OOH OH OOH 

He (8) 
(7) ase OO 

(CH3)2C faut (30b) 

i 
Se 

RO dual CHE 
(9) 

IV. ADDITION OF ALCOHOLS 

For another review in this series see reference 1. 

A. Hemiacetal and Hemiketal Formation 

When a carbonyl compound is mixed with an alcohol, the alcohol 
molecule adds to the carbonyl double bond to form a hemiacetal or a 
hemiketal (equation 31), which, in the presence of acid, readily 
condenses with another alcohol molecule, dehydrating to an acetal 
or a ketal respectively (equation 32). 

OH 

RaR2C=0*- ROE == RIRIC” (31) 
’ 
OR 

OH OR 

te a 
RIR2C He ROi Sa RIS + H,O (32) 

ne N 
OR OR 



1. Equilibrium additions to carbonyl compounds 15 

Hemiacetals, like gem-diols, are generally too unstable to isolate. 
However, their existence is suggested by a number of physical proper- 
ties of mixtures of carbonyl compounds and alcohols, for example, 
cryoscopic measurements °%°-%1, the heat of mixing °?»°3, the deviation 
of refractive index and density from additivity 9*-®°, the decrease of 
the carbonyl absorption (n—>7*) in the ultraviolet region 190-107, 
the decrease in the intensity of carbonyl absorption bands and the 
increase in alcohol and ether bands in the infrared region 1°%-199, the 
shift in n.m.r. spectra’, and the decrease of carbonyl in the measure- 
ment of optical rotatory dispersion 14, 

Generally, ketones cannot form hemiketals to an appreciable extent, 
while aldehydes can form hemiacetals more easily, especially hemi- 
acetals of aldehydes having electron-attracting groups, and hemi- 
acetals with a cyclic-bound ether linkage are stable; for example, 
hemiacetals of chloral*’*, glyoxylate11*, cyclopropanone?!*, hetero- 
cyclic aldehydes*’® and also five or six-membered cyclic hemiacet- 
als116-118 are isolable. 

The equilibrium constant of reaction (31) is increased by electron- 
attracting a-substituents in the carbonyl compound?-119, and 
decreased by electron-attracting substituents in the alcohol. It also 
decreases with a-alkyl substituents in the alcohol in the following 
order, suggesting a steric requirement %*:1°1,119; 

EtOH > i-PrOH > ¢#+BuOH 

4-Hydroxybutyraldehyde (10a, n = 2) and 5-hydroxyvaleralde- 
hyde (10a, n = 3) exist mainly as the cyclic hemiacetal (10b), while 

(CHa)n 
HOCH,(CH,)aCH=O === H,C CH (33) 

er 
OH 

(10a) (10b) 

their higher (n > 3) or lower (n < 2) homologues have a lower 
content of their cyclic forms 10*/105,120-122, 
Dihydroxyacetone exists mainly as a dimeric hemiacetal (11) 1°. 

BY i DSile- OH 

HO ‘oO CH,OH 

(11) 
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Glucose undergoes the mutarotation reaction (34) via an aldehyde 

intermediate (12) 12?-1?°, 

CH,OH CH,OH CH,OH 

HG He Hea OH bey PHO 2m OH 

HO? NOH wai 7\ iat, NOH LH Her Oi Sara ne OT Fe 

H OH H OH H OH 

a-D-glucose (12) B-D-glucose (34) 

The assumption that cyclohexanone or cyclopentanone can form 

hemiketals in an acidic methanolic solution’+?1791%! is dubious 

since virtually no hydration of these ketones occurs and a trace of acid 

cannot stop the reaction at the stage of hemiketal; the main products 

should be the ketals. 
The formation and decomposition of hemiacetals follow first-order 

kinetics and are subject to general acid and general base catalysis. 

They obey the Bronsted catalysis law 9%:9°109-197:79°. ‘The mechanisms 

of hemiacetal formation are analogous to those of hydration and the 
transition states are illustrated as follows: 

General acid catalysis 

Ri 

eon ee 

hooks 
(13) 

General base catalysis 

(14) 

In an aprotic solvent such as benzene, however, the mutarotation 
of glucose is considered to proceed through a concerted mechanism ?22, 
For example, 2-hydroxypyridine, which is a ca. 10,000-fold weaker 
base than pyridine and a ca. 100-fold weaker acid than phenol, has 
much stronger catalysing ability (ca. 7,000-fold) for the mutarotation 
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of tetramethylglucose than a mixture of equivalent amount of pyridine 
and phenol, which suggests the cyclic transition state 15 1%4, 

B. Acetal and Ketal Formation 

Acetals are formed via hemiacetals from mixtures of carbonyl 
compounds and alcohols in the presence of a trace of acid (equation 
35). At room temperature a mixture of aldehyde and alcohol without 
acid reaches equilibrium only after a long time 119-136, 

OR 
H+ JA 

RIR2C—O + 2 ROH —— R'R2C + H,O (35) 
MS 
OR 

Acetals are more stable than hemiacetals, and can bé isolated by 
distillation without decomposition after neutralizing the acid. Ion 
exchange resins as well as strong acids may be used as catalysts for 
acetal formation ***-187, A lower temperature favours the reaction. 

Acetals can be identified and determined by infrared 1*°, mass 137-138 
and n.m.r. spectroscopies +*°. The latter has the advantage of enabling 
the simultanteous determination of aldehyde, alcohol, acetal and 
hemiacetal, as shown in Figure 3. 
When using ultraviolet spectrophotometry, the following procedure 

may be useful to distinguish whether the decrease in carbonyl absorb- 
ance is due to hemiacetal or acetal formation (or both): hemiacetal 
alone is formed in neutral or basic media, but both hemiacetal and 
acetal may be formed in acidic media. Consequently the difference 
in absorbances between neutral and acidic media is assigned to 
acetal formation?®?14*1, Chemical methods such as oximation in 
neutral or basic media can be used to determine acetals but not 
hemiacetals1*1, 

The results from these measurements indicate that most aromatic 
aldehydes and acyclic ketones form acetals, but hemiacetal formation 
is very poor 107-136,139-143, Fiowever, strong electron-attracting groups 
in these carbonyl compounds favour the formation of hemiacetal more 
than that of acetal1°7-142, 

2+C.C.G. 
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The equilibrium constant, K, for acetal formation tends to increase 

with increasing electrophilicity of carbonyls and with increasing 

nucleophilicity of alcohols‘**1*°, In the Taft equation, log (k/ko) = 

p*o*, the p* value is +3-05 for substituted carbonyls. «,6-Unsatu- 

rated and aromatic aldehydes do not undergo facile acetal forma- 
tion 145+150, 

-CHs 

27 cps. 

Pure acetaldehyde 

-755 p.pm. O 
CHSOH CHsCH(OH)(OCHs) 

CHsaCH(OH)(OCHs) _ CHsCH(OCHs)2 

60 mol % -OH 

CHO 27 cps. 
j 9.97 |--246 ; 

-747 287 ! 2 ~4.4g-|'-109 Oo 

10 mol. % 

CH3sCH(OH)(OCHs) 

HzO | 
\ 

-3-98 I 3:88 

Ficure 3. N.m.r. spectra of acetaldehyde and its methanol solution *?®. 

The relationship between the equilibrium constant of ketal for- 
mation and the ring size of cyclic ketones is similar to that of cyano- 
hydrin formation (section V.A), i.e. the constant is maximum for 
cyclobutanone and cyclohexanone and decreases with increasing 
ring size. Four and six-membered cyclic ketones favour ketal formation 
by virtue of the release of internal strain, while an increase of internal 
strain by the ketal formation of five, seven and eight-membered 
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cyclic ketones results in a decrease in the equilibrium constant 190141, 
Thus, 3-methylcyclohexanone (16) yields 93% ketal at equilibrium in 
methanol, while 3-methylcyclopentanone and heptanone yield only 
24 and 21%, respectively 111, 

The introduction of a methyl substituent in an a position reduces 
the yield of ketal, for example, 2,5-dimethylcyclohexanone (17) affords 
only 25% ketal, and 2,2,5-trimethylcyclohexanone (18) cannot give 
ketal at all4!4, The conformation of cyclic ketones also affects the 
equilibrium of ketal formation. Thus, the yield of ketal from 8,9- 
dimethyl-trans-3-decalone (19) is 68%, while the yield from its 
isomeric 2-decalone (20) is only 9% due to the 1,3-diaxial interaction 
between 9-methyl and 2-methoxy groups1"1, 

Me Me Me Me Me 
: Me Me 

e a) ES ° 
Me Me H 

Me 

(16) (17) (18) (19) (20) 
When acetals are hydrolysed in 1O enriched water (reaction 36), 

the resulting alcohols contain little 18O, suggesting that the fission 
takes place at the bond between the aldehyde carbon and oxygen 151, 

Rt HOR Rt 

nen oH Oe Nou189 + 2ROH (36) 
aN 

H OR H 

In further support of this, the acetal of optically active (— )-c-phenyl- 
ethyl alcohol is hydrolysed with retention of configuration 152-155, 

Kinetic studies on acetal formation are few 9°193,140,151,156-158 yt 
the reverse reaction, i.e. the hydrolysis of acetals, has been extensively 
studied *°°-159-18°, ‘The formation of hemiacetals is subject to general 
acid and general base catalysis, but acetal formation 157-158 and the 
hydrolysis of acetals1®°-15°-166 are subject to specific oxonium ion 
catalysis, and the following relationship between rate constant and 
acidity function H, is observed 1614-162,166, 

log k = —H, + constant 

The solvent isotope effect, ky,o/kp,o, for the hydrolysis of ethylene, 
diethyl and dimethy] acetals in H,O and D,O is observed to be about 
4, which is ascribed to the lower concentration of protonated substrate 
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in H,O than in D,O1. All these results point to a mechanism 

involving a carbonium ion intermediate (21) as follows: 

OR 

RRC” «Ht <——* [RIR2CmOR]* + H2O (37) 

OH (21) 
OR 

sl 4 

[RIR2C-—-OR]* + ROH ———> RIR?C (38) 
slow y 

(21) oh 
H 

OR OR 
ye Za 

RIR2C = == BIRCH (39) 
+ *% OR OR 

H 
The structural effects on the rate constant for the acid-catalysed 

hydrolysis of diethyl acetals of aliphatic aldehydes and methyl ketones 

can be expressed as: 

log - = p*(> o*) + (n — 6)h (40) 

n is the number of a-hydrogen atoms, ky is the rate constant for acet- 
onal [Me,C(OEt),], 2 is a constant (0-54 + 0-06), representing the 
hyperconjugative effect of an a-hydrogen atom on the stabilization of 
the transition state, and p* value is calculated to be —3-600 for the 
substituents in carbonyl!®!», A very large negative Taft p* value 
(—4-173) has been obtained with substituent R for the hydrolysis of 
formals, CH,(OR),159:161*, Hence, electron-releasing groups in both 
aldehyde and in alcohol promote effectively the hydrolysis of acetals. 
This may be explained by assuming the electron-releasing groups not 
only increase the concentration of the conjugate acid of acetal (reverse 
of equilibrium 39) but also promote the cleavage of the conjugate 
acid (rate of reverse of 38), by stabilizing the carbonium ion-like 
transition state. The substituent effects on both the equilibrium and 
the rate of hydrolysis are in the same direction (p* < 0), but for 
acetal formation the effect of substituents on the equilibrium is 
positive while that on the rate is negative 1®!». The rates of hydrolysis 
of ethylene acetals of substituted benzaldehyde are lower by a factor 
of 30 than those of the corresponding diethyl acetals, because the 
former have higher entropy of activation!®, 
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V. ADDITION OF HYDROGEN CYANIDE 

The addition of hydrogen cyanide to a carbonyl compound (reaction 
41) produces a cyanohydrin. 

OH 
a R*R2C=O + HCN === R?R2C (41) 

CN 

The reaction is reversible, but with the lower aldehydes it goes 
virtually to completion and may be used for the quantitative analysis 
of formaldehyde (Romijn’s procedure) 167@-», The addition is both 
acid and base catalysed. The ordinary preparation of cyanohydrin 
consists of the addition of aqueous sulphuric acid to a mixture of 
aqueous alkali metal cyanide and an excess of carbonyl compound at 
room temperature. ‘Thus acetone cyanohydrin is obtained in 77-787, 
yield at 20° (R* = R? = CH; in reaction 41)16%, Lactonitrile is 
prepared by the sodium hydroxide-catalysed reaction of hydrogen 
cyanide with acetaldehyde (R1 = CHg, R? = H in reaction 41) 1, 

In general, the rate of reaction satisfies the second-order equation 
(42a), but alkali metal cyanide alone cannot give an appreciable 
amount of cyanohydrin (section V.B.1). An abnormal rate law 
(equation 42b) is often observed for the addition catalysed by quinine 
in chloroform?”° (section V.C.) 

v = k[carbonyl][CN~] (42a) 

v = k[carbonyl] [base] ? (42b) 

The reaction of benzaldehydes in the presence of catalytic amounts 
of cyanide in alkaline solution, at rather higher temperatures, leads to 
the addition of the cyanohydrin to a second molecule of benzaldehyde 
giving a benzoin (22) reversibly 171-1"*; 

ArCH=O + CN- ==> Ar—CH—O- ==» Ar—C—OH (43) 

CN N 
OH O- 

= @) | (b) 
Ar—C—OH + ArCH=O —— i ae = 

CN CN H 
O OH 

fe ehk. +CN- ((44) 
| 
H 

(22) 
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The rate satisfies the kinetics: v = k[aldehyde] ? [CN ~ ], which suggests 

that step (a) is probably rate-determining1"*. The reaction in the 

absence of water is possible and seems to occur on the surface of 

alkali metal cyanide, the rate equation being the same as that in 

solution 174, The reverse reaction, i.e. the decomposition of benzoin to 

benzaldehyde, occurs smoothly in the presence of alkali metal cyanide, 

but heating benzoin alone, even to 300°, gives only about 107% 

benzaldehyde together with other products*’®. Usually, the reaction 

does not occur in the presence of nucleophiles other than cyanide 

ion. Ifa mixture of benzaldehyde and a substituted benzaldehyde is 
treated with alkali cyanide, a mixed benzoin is formed*”*. 

A. Equilibria 

The formation of cyanohydrin from benzaldehydes (reaction 45) 
has been studied extensively in view of the substituent effects on rates 
and equilibria. The rate and equilibrium of the reaction may be 
followed by determining HCN according to Romijn’s method (titra- 
tion with AgNO,—-NH,SCN) 178277, 

k: 
XCgHaCH=O + HCN = XCgHszCHCN (45) 

—1 

OH 

Tas_Le 3. Equilibrium constants (K = k_,/k,), free energy differences (4F), 
and rate constants for substituted benzaldehyde—cyanohydrin formation and 

dissociation (reaction 45)178, 

F Cl 

X = p-Me p- m- p- m- 

108K (1 mole-*) 8-98 6-30 2-13 3-85 1-97 
10-2AF (kcal mole~*)° 27:5 29-5 35-9 32-4 36-3 
LO (moles ss*) 0-82 3-59 10-22 6-94 12-45 
LOPE (Sam) 0-74 2-26 2:18 2-67 2-45 

Br I NO. 

p mp mo 
108K (1 mole~?+) 3-26 1-88 3-13 2-02 3-4 2-9 
10-2AF (kcal mole~1)" 33-4. 36-6 = 33-6 = 36-2. 33-1 ~—-3549 
10°%, (1 mole-* s-*) 9.14 14.32 9-38 14-5 37-0 58-4 
10°K_, (s~) 2-98 2:69 2-94 2:92 12-6 12-3 
LS 

* Temperature, 20°; equilibrium catalyst, NPr3; rate catal yridine + pyridini € ? > t > 

een yst, Bt lyst, pyridine + pyridinium benzoate; 

> For dissociation. 
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The equilibrium constant K for the dissociation of benzaldehyde 
cyanohydrins (reverse of reaction 45) tends to increase by meta and 
para electron-releasing groups, for example CH3. This tendency, 
however, is not always present, as shown for example in Table 3, 
where K decreases in an order7®-178 somewhat different from that of 
the corresponding Hammett o values: 

p-Me > p-F > H > p-Cl > p-NO, > p-Br > p-I > m-NO, > m-F > 
m-I > m-Cl > m-Br 

The order of p-halogen seems to agree with the order of polarizability 
of carbon halogen bonds (C—X) and electron-releasing resonance 
effect, but not with that of electron-attracting inductive effect. The 
abnormally high value for p-F may be explained by its strong reso- 
nance effect. The order of m-halogen seems to represent the order of 
electron-attracting inductive effect, together with a second-order 
relay of mesomeric effect from a position ortho to CHO (28a and 23b), 
operating in the case of m-F and m-Cl. 

etn Cl Lesa 

(23a) (23b) 

The ratio of equilibrium constants for para and meta substituents, 
K,/K,,, represents the resonance effect free from the inductive effect 178. 
This ratio indicates that the resonance effect for halogens decreases 
with increasing size of halogen atom, i.e. K,/K, : H, 1; F, 2-98; Cl, 
1-96: Br, 1-73. 

Similarly, the same ratios, K,/K,,, for methoxy analogues are?”9: 

H, 1; MeO, 10-5; MeS, 9-36; MeSe, 8-98 

which show that their electron-releasing resonance effects decrease 
with increasing molecular weight, but the same groups in m-position 
have increasing electron-attracting inductive effects, i.e. their 10°K 
values at 25° are: 

H, 4:44; m-MeO, 4:27; m-MeS, 4-07; m-MeSe, 3-95 

Alkyl substituents in benzaldehyde tend to increase the 10°K 
values in 96% ethanol at 20° as follows *8°1®?: 

H, 4-47; Bu, 7-49; i-Pr, 8-04; Et, 8-18; Me, 8-98 
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This may be attributed to the stabilization of aldehyde by hyper- 

conjugation (equation 46) 18 being more effective than the stabili- 

zation of aldehyde due to an electron-releasing inductive effect of 

methyl group. 

l i 
Kany CHO <=> eco <— etc. (46) 

H H 

In general, an aryl-substituented cyanohydrin is less stable than 

the corresponding alkyl-substituted one, due to delocalization of the 

positive charge of the carbonyl carbon atom bound to the aryl group: 

i | 
(CC) > (=o <> etc. (47) 

Thus benzophenone, PhCOPh, cannot form cyanohydrin. This is not 
due to the steric hindrance, since the substitution of alicyclic groups 
of similar size (cyclohexyl) for one phenyl group, as in PhCOC,H,,, 
makes the cyanohydrin formation possible again. 

The dissociation constant 107K for CgH;COR, with various alkyl 
groups at 20°, increases in the order 18°: 

H, 0-28; ¢-Bu, 9; 7-Pr, 25; Et, 90; Me, 130. 

This behaviour may be explained as before by the hyperconjugative 
stabilization of the carbonyl form being more effective than the 
positive inductive stabilization of carbonyl form (equation 46). The 
relatively large dipole moment?® and the C—C bond shortening 184 
in acetaldehyde support the presence of hyperconjugation contribu- 
tions such as Ht CH,—CH—O-. 

These substituent effects on the equilibrium have been generalized 
in a Taft type equation 92/176; 

log (K/K,) = o*p* + nh (48) 

here, n is the number of C—H bonds available for hyperconjugation, 
h is a value corresponding to the energy of hyperconjugation, o* is a 
polar substituent constant and p* is a polar reaction constant. When 
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the o* value for H is 0, the h values are: Me, 0-07; Et, 0-062; i-Pr, 0-082. 
A claim that this effect of alkyl groups is due to a ponderal effect 185 rather than to hyperconjugation 18° was regarded as dubious since, except at quite low temperatures, there is no appreciable ponderal effect calculated by statistical mechanics on the basis of all vibrational frequencies corresponding to the force constants and molecular geometries assumed by the aldehydes and cyanohydrins 187, 
The dissociation constants 102K of cyclic ketone cyanohydrins in 96% ethanol at 22° vary with the number of ring carbons (n) as 

follows: 

fog Oe SOTO 12713. 14°15 16°17 18. 19:90 
10°K 2-1 0-1 13 86 170 © 112 31 20m Oe 11597119910) 1087 

The higher stability of free ketone for n = 9 to 11 has been attributed 
to the flexibility of the ring bonds 188, 

Carbonyl-cyanohydrin equilibria have been widely used for 
stereochemical studies, for example in cyclohexanones!88» and 
bicyclic ketones 188°, 

B. Kinetics and Mechanisms 

I. Aldehydes 

There have been a number of reports since 1903 on the kinetics of 
cyanohydrin formation1’”-16°-182. The rate constants k, in Table 3 
for the cyanohydrin formation measured by Romijn’s method show 
that electron-attracting groups apparently favour the reaction. This 
polar effect suggests a rate-determining addition of nucleophilic 
cyanide ion, formed by a basic catalyst, on a carbonyl carbon atom !2°, 

slow Ht 
ArCH=0 + CN~ === ArCH—O- === ArCHOH (49) 

CN N 

This simple mechanism cannot, however, explain the fact that the 
addition does not occur with potassium cyanide alone. F urthermore, 
it does not agree with the relation of rate versus pH observed in 
acetate buffer, i.e. the change of rate constant with increasing buffer 
concentration at a constant ratio of [AcOH]/[AcO-] points to 
general acid catalysis 19°». In addition to this, a specific oxonium ion 

Q* 
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catalysis by H,O* has been observed with acetaldehyde and acetone. 

These facts suggest that one of the mechanisms A or B, involving a 

general acid or oxonium ion in the transition state, is the correct one. 

Mechanism A199193; 

Ar Ar 
A. slow L 

H—Cé+ + CN- == H—C—CN + A- (50a) 

acide) Lee) 

Mechanism B: 

Ar Ar 
slow | 

A—H + H—C—CN == H—C—CN + A- (50b) 

a H—O 

Neither the rate data nor consideration of substituent effects for 
the forward reaction can help to distinguish between the two mechan- 
isms, but, as will be seen later, the substituent effect for the reverse 
reaction together with the principle of microscopic reversibility seem to 
favour mechanism B. It is rather unusual that proton abstraction by 
a weakly basic cyanohydrin anion should be rate-determining, but 
the cyanohydrin anion seems to be stable enough to attack another 
benzaldehyde molecule (reaction 44) before becoming protonated. 
However, it is more probable that the actual activated complex is 
intermediate between that of mechanisms A and B, i.e. a concerted 
type (24), in which the C:--CN partial bond is more complete than the 
H:--O partial bond 

ArHC:++CNé- 

eens 

(24) 

As for the effect of substituents in benzaldehyde, it is known that 
p-halogens enhance the rate in the order?"* H < F < Cl < Br <I, 
which is not consistent with the order of electron-attracting inductive 
effect, thus implying the overlap of an electron-releasing resonance 
effect. The same order is also observed with m-halogens, suggesting 
the overlap of the inductive effect with the second-order relay of 
resonance effect, for example, in 23. It is surprising to see that 
p-NO, < m-NO,, since p-NO, is usually more electrophilic than 
m-NO,. This has been explained by assuming that the carbonyl 
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6+ 6- 
polarization, >C—O, is suppressed by introducing a strongly electro- 
philic ~-NO,, thus lowering the electrophilicity of the carbonyl 
carbon, as has been observed in some Sy2 reactions !%*, It seems more 
probable, however, that the higher solvation (for example, hydration) 
of a carbonyl group attached to a p-nitrophenyl group results in a 
lower concentration of free carbonyl to which the cyanide ion can 
add. 

The effect of ring substituents on the reverse reaction, i.e. decom- 
position of benzaldehyde cyanohydrins, can be calculated from the 
equation k_; = Kk,; the k_, values have the following order: 

p-Me « H < m-and f-halogen < m-NO, < p-NO, 

The fact that electron-attracting groups accelerate the reaction 
suggests that the abstraction of proton from cyanohydrin by a base 
(or solvent) is rate-determining1”* or, more probably, that in the 
activated complex (24) the O---H bond is stretched more than the 
C---CN bond. 

2. Ketones 

The rate of formation of ketone cyanohydrin also follows a second- 
order equation: v = k,[ketone][CN~]. Therefore, the sodium hyd- 
roxide-catalysed reaction of acetone with hydrogen cyanide in an 
aqueous solution follows the rate law18®.189; y» = k[acetone] 
[NaOH ].toicn,, but not v = k,[acetone][HCN],toicn.- The & value for 
weaker bases such as ammonia is less than that for stronger bases like 
sodium hydroxide. 

The reaction is slow in the absence of ionizing solvents like water. 
As shown in Figure 4, the rate constant increases with increasing 
dielectric constant1®1:19° of solvent, suggesting that the dissociation 
of cyanide ion is necessary for the reaction to occur. 

Table 41%? lists the second-order rate constants for the formation 
of ketone cyanohydrin in aqueous ethanol at 10°. Alkyl substituents in 
acetone tend to lower both the energy and entropy of activation, 
resulting in small differences in the rate constant, the only exception 
being ¢-Bu-CO-Bu-t. «-Substitution favours cyanide addition by 
lowering hyperconjugation, but discourages the addition by intro- 
ducing steric hindrance. «-Chloro substitution, except in C1IMe,CCO- 
Pr-i, raises the reactivity, due to the increased electrophilicity of the 
carbonyl group?%. 
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In the reaction with alicyclic ketones in aqueous ethanolic acetate 
buffer (pH 4) at 27°, the reactivities relative to cyclopentanone are 195; 
cyclohexanone, 23-7; trans-2-decalone, 23-2; cis-2-decalone, 7:5. 

log kA 

O 20 40 60 80 

Dielectric constant 

Ficure 4. Relation between the second-order rate constant (* expressed in 
terms of 1mole~*s~+) and solvent composition for acetone cyanohydrin 
formation at 20°193, © dioxan water; catalyst: NaOH. For the 9:1 mixture 
(« ~ 20) LiOH, CsOH, Ba(OH), and Sr(OH), were also used as catalysts. 
A dioxan—water; catalyst: MeBuz3NOH. @ dioxan—water; catalyst: EtgN. 
A methanol; catalyst: cinchonine. O dioxan—acetonitrile-water (46:46:8); 

catalyst: EtsN. O Chloroform—water (98:2); catalyst Et,N. 

C. Asymmetric Syntheses of Cyanohydrins 

Optically active cyanohydrins may be formed when some optically 
active bases are used as catalysts for reaction (45) 19-199, For example, 
optically active cinchona alkaloids (25) lead to the formation of 
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active benzylidenelactonitrile in chloroform solution. The active 

cyanohydrin, however, may be racemized, since the addition is 

reversible. 
H 

CHCl, 
PhCH=CHCHO + HCN === PhCH—=CH—C*—OH 

CN 

Quinine (25, R’ = CH—CH,, R”’ = OH, R” = OCH) and its 

N-monomethyl iodide can be used for the asymmetric synthesis, but 

its N,N’-dimethyl dichloride cannot form an optically active product, 

unless an inactive amine, for example, triethylamine, is added to the 

reaction mixture?2°°, Hence, 25 acts as a base to abstract the proton 

from HCN on one hand, and its protonated form acts as an acidic 

catalyst for the asymmetric synthesis on the other. It is interesting 

to note that the rate of reaction when only the basic catalyst is optically 

active depends on the concentration of base, while the optical yield 
is independent of the concentration of optically active catalyst (Figure 
5). The rate for the reaction using an inactive base and active am- 
monium ion depends on the concentration of base, and the optical 
yield depends on the ratio of both catalysts (Figure 6). Therefore, the 
inactive amine abstracts the proton from HCN and accelerates the 
reaction, but it cannot give an asymmetric product, while the optically 
active ammonium ion can act to form active cyanohydrin?°°. Some 
inactive cations, e.g.2°° Et,N*+ and Li*, or even an active amine 
without a suitable configuration’®*, can suppress the asymmetric 
synthesis. Prelog?°°, on the basis of equation (42b) 17°, and of the ion 
pair formation (base-H* CN ~) in chloroform, postulated a mechanism 
involving a rate-determining attack of the ion pair on the complex of 
carbonyl-ion pair, where the asymmetric configuration of HB* 
enables the stereospecific addition of cyanide ion: 

slow 
Bash OSM im <=> R—CH—OH + (HB*CN-) + B (51) 

CN-BH+t CN 
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0:04 

0:02 

O2 06 10 

(C,+C) 

Ficure 5. Effect of optically active base (X = quinine) and optically inactive 
acid (Y = cinnamic acid) as catalysts for the asymmetric synthesis of benzyli- 
denelactonitrile?°°. ¢, = [d-cyanohydrin]; c_ = [l-cyanohydrin]; @ [X] = 

6-20, [Y] = 5-43; © [X] = 1-20, [Y] = 0-43; 0 [X] = 0-77, [Y] = 0. 

0-08 

(C+—C-) 0-04 

O2 O-6 410 

(6, +c) 

Ficure 6. Effect of optically inactive base ([Me;N] = 0-076) and optically 
active ammonium salt (X = quinine dimethiodide) as catalysts for the asym- 
metric synthesis of benzylidenelactonitrile?°°. ¢, = [d-cyanohydrin]; c_ = 
[/-cyanohydrin]. Concentration of quinine dimethiodide: @, 1-6; ©, 0-33; 

O, 0-16. 
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The presence of an optically inactive base B’ causes the competition 
between HB* and HB’*} reducing the optical yield of cyanohydrin. 
On the other hand,.Hustedt 19%? postulated an attack of free cyanide 

ion on a stereospecific complex of carbonyl-catalyst. His postulate is 
based on the very poor yield of cyanohydrin in non-dissociating : 
solvents and the rate law in equation (42a): 

R—CH=O0-4h- CN- === epee 

CN 
+ Ht, + CN- 

[SS carat + CN~ + catalyst (52) 

CN 
His mechanism, however, does not seem to agree with the polar 
substituent effects observed for the reverse reaction (section V.B.1). 

The structure of alkaloid 25 affects the optical yield. Asymmetric 
carbons Cg) and Cy) are important among four asymmetric atoms: 
(a) The loss of asymmetry at Ci) causes failure of the asymmetric 
synthesis. (b) A catalyst with / configuration at Cig), for example, 
cinchonine (25, R’ = CH—=CH,, R’” = OH; .R?.=:H), deadseto. i 
cyanohydrin. (c) A catalyst of erythro configuration at Cig—Co), for 
example, cinchonidine (25, R’, R”, R” as in cinchonine), or quinine 
(25, as before but R” = CH,O), give higher optical yields than one of 
the threo type; for example, 9-epicinchonidine or 9-epiquinine. The 
substituent at Cig», R”, is also important, e.g. quinine gives a high 
optical yield?°°, According to Prelog and coworkers, these facts 
suggest that the stereospecific addition of the cyanide ion complex, 
CN~BH*, to the carbonyl carbon of complex RCH—O---HB+CN- 
may occur, when HB* has a special asymmetric configuration. For 
example, two intermediates 26a and 26b may be formed, but one of 
them is more stabilized by the effect of certain substituents R”, and 
when R” = H (e.g. cinchonidine) the difference of reactivities of the 
two forms disappears ?°°, 
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VI. ADDITION OF BISULPHITE 

The formation of crystalline salts from carbonyl compounds and alkali 
bisulphite (equation 53) or sulphite (equation 54) is well known. 
Although the reaction is reversible, the equilibrium often shifts to the 
right and hence the reaction constitutes one of the most familiar 
procedures for the isolation, identification and quantitative analysis 
of carbonyl compounds. 

OH 
ra 

R?*R2C—O + NaHSO, == R}R2C (53) 

SO3Na 

OH 
Vs 

R*#R2?C=—0O + NaSO,4 + H2O === R!R2C + NaOH (54) 

SO3Na 

For example, the acidimetry of sodium hydroxide produced in reaction 
(54) is a common method for the determination of formaldehyde ?", 
and the preparation of ketones from ketoximes can be done in good 
yields (84-98%7,) by forming the bisulphite adduct and then destroying 
it by acidification *°. 

There are evidences showing the product to be e-hydroxysulphonic 
acid and not an «-hydroxy sulphite [R'1R?C(OH)OSO,Na]: 

(a) Preparation of the acetate of the product by the following inde- 
pendent procedures ?°?,20 ; 

CHg3CO)20 
HCHO + KHSO, ——> HOCH,SO,K "> CH,CO,CH,SOsK (55a) 

CHgCOOK 
eee 6504 ——— > ICH Ok Lage CHgCO,CHSO3K (55b) 

205 (b) The presence of the C—S bond by Raman spectroscopy 

(c) The equilibrium constant for the sulphur isotope exchange reaction 

between the carbonyl-bisulphite adduct and labelled bisulphite ion, 

H®4SO,~, is 1-021-1-0137°°7°7. The equilibrium constant may be 

expressed as K = (Qpsa/Qpsz2)/(Qs4/Qss2); where Q> is the partition 

function of the two isotopic species of the addition compounds, and 

Qz is that of the bisulphite ion. If the adduct had a C—O—S bond, 

the value of K would be unity, while for a C—S bond it should be ca. 

1-019, as observed. 
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A. Equilibria 

Table 5 lists equilibrium constants K, free energy differences 4F 
and entropy differences 4S at various temperatures 2°, 

TasLe 5. Equilibria data for the addition of sodium bisulphite to carbonyl 
compounds in water?°8, 

Carbonyl 10~?K (1/mole)* AF 30° AS 30° 
compound 0° ue 30° (kcal/mole) (e.u.) 

CH,;CHO> ©O oO oO — — 
C,H;CHO 128 120 120 — 
C3;H,CHO 720 283 170 6025 7-1 
CH;(CH,);CHO 40-6 -- 48-0 se — 
CH,COCH,? 7-90 2-94 1-85 3145 16-0 
CH;COEt?® 1-58 0-546 0-34 2127 20-7 
CH;COCH,CO,Et 3-46 0-913 0-500 2370 27-1 
CH;COC(CH;) 3 small small small _ —- 
PhCHO 17-0 6-57 4.37 3680 12.2 
PhCOPh 0 0 0 — al 

a [RR’C(OH)SO3 ]/[RR’CO][HSO5]. 
> Concentration of carbonyl compound: 0-05 mole/1. All others: 0-01 mole/1. 

The equilibrium constants K’ for the reverse reaction determined 
by iodometry are shown in Table 6. The branching of R in CH;,COR 
increases the dissociation constant 2%, suggesting that steric interaction 
in the adduct lowers its stability and that the hyperconjugative effect 
is less important. 

TasBLe 6. Apparent dissociation constants for the sodium bisul- 
phite adducts of methyl ketones CH;COR at 0°%209, 

——— eee 
log K’ 

R 107K’ (mole/1) Observed Calculated 

Methyl 0-495 — 2-306 — 2-306 
Ethyl 2-50 — 1-602 — 1-597 
Propyl 3-51 — 1-455 — 1-360 
Amyl 4.34 — 1-362 — 1-252 
Tsoamyl 5-96 — 1-225 — 1-188 
Isopropyl 12-6 — 0-900 — 0-887 
t-Butyl 70-0 —0-155 — 0-156 

* Carbonyl concentration: 0:0250 mole/l in 50% aqueous alcohol. 
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The application of the Branch—Calvin method 2"° to the calculation 
of inductive effect of several types of carbonyl gives reasonable K’ 
values which agree with observation 2°9-211,212, The log K’ values 
were calculated for 0-0125-0-0250 mole/l adduct in 50% ethanol at 
On 

Aliphatic aldehydes log K’ = —0-81 > Lact — 2-84 (56) 

Alkyl methyl ketones log K’ = —2:05 SJ,a" — 6:39 (87) 

Alkyl ethyl ketones log K’ = —4-07 dla — 11-08 (58) 

Alkyl propyl ketones log K’ = —5-02 deg -, 13:72:69) 

I, is the inductive constant, n is the number of atoms between sub- 
stituent and reaction site, and « = 4 

Here, the value of >J,(4)" is almost proportional to Taft’s o*, 
and the variation of the coefficient of >J,«" with the change of alkyl 
group is attributed to steric effect. 

The dissociation constants K’ for p-substituted benzaldehyde— 
bisulphite adducts obey Hammett’s equation, with a negative p value. 
The only exception is p-NO, which shows a large K’ value***; this 
can be explained by the enhanced hydration of carbonyl (or less 
probably by the suppression of polarization), as was the case with 
p-nitrobenzaldehyde cyanohydrin (section V.A). 

B. Kinetics and Mechanisms 

The rates of dissociation of carbonyl-bisulphite adducts in acidic 
buffers (pH 3-5) show first-order dependence on reactant, in the 

presence of an oxidizing agent such as iodine which oxidizes the formed 

sulphurous to sulphuric acid?!*215, The rate constant increases with 
pH and it is proportional to [OH~]" (n < 1)?*°. The rate equation 

for reversible reactions (forward first-order and backward second- 

order) should, however, be applied in the absence of the oxidizing 

agent. 

HO SOs <O Se 

NS ks te +Ht (60) 
ka 

a ag: af AS 

(XH~) (X?>) 

R1COR? + HSOs RCOR + SO3- 
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TasLe 7. Relative rates* for the decomposition of sodium bisulphite adducts of substit 
benzaldehydes, in water at 20°215, 

Substituent p-NO, m-NO,  p-Cl p-Me p-Me.N f-MeO p-€ 
4 log k (pH 3) +006 40:09 +009 +009 +0-13 40-22 + 

Substituent o-OH o-Cl o-NO, o0-MeO 0-EtO  o-n-PrO fF 
4 log k (pH 3) +091 40-01 -004 -012 -—0.21 — 0-24 ( 
4 log k (pH 5) + 1-02 aes = —0-15 —0-22 — 0-33 ( 

“ k is the pseudo first-order rate constant in substrate, 4 represents the increment relative to benzaldehy 

Since the adduct XH~ is an acid anion which can undergo further 
dissociation to X?~, the rate of decomposition is the sum of rates of 
both decomposition paths in reaction (60): 

v = k,[XH7] + k,[X?7] (61) 

kyka[ XH] 
k_,[H*] + kg 

The above rate law explains the observed dependency on [OH-]" 
(n < 1). If ky « kg, the equation is simplified to 215 

Rep k,k3[XH~] 

KTH] + kg 
The relative rate constants for the decomposition of substituted 

benzaldehyde adducts at pH 3 and 5 are shown in Table 7. The small 
substituent effects probably reflect their influence on the ionization 
(k,) and on the removal of SO3~ (k,) 245, Except for o-OH, o-substi- 
tuents retard the reaction. The o-OH group accelerates the decom- 
position, probably by enhancement of the S—C bond fission by 
hydrogen bonding, as follows: 

H 
| Ween OL oH o-—c-tso;.} mie CHO 

ee ° O° BE 4 MSQy te (64) 

or v=k,[XH7] + (62) 

(63) 

Vil. ADDITION OF MISCELLANEOUS ACIDS 
Inorganic acids often form rather unstable addition products with 
carbonyl compounds. 

C=O + HA ——= ‘C=OHA- <> egy A- (65) re ye if 
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Several carbonyl compounds, such as acetophenone, benzophenone, 
anthraquinone*"® and acetone2!7 in sulphuric acid [equation (65), 
A = HSO;] may be protonated to give two ionized particles, as was 
shown by cryoscopic and ultraviolet absorption studies 21°, Formalde- 
hyde reacts with fuming sulphuric acid to form a ring compound, the 
so-called methylene sulphate ?® (27), probably in stages: 

HCHO + H,SO, ——* HOCH,0SO,H (66) 
O—CH.—O 

2 HOCH,OSO, === 0,5 SO, (67) 
~ a 
O=CH,—0 

(27) 
The hydrolysis of methylene sulphate can take two routes 719; 

O—CH-Q_ v8 
Ons SO, ne 

Coes Pa 
(68) 

H,0 CHO + CH,(OSO,H), 22> CH,O + 2H,SO, 

Aromatic and aliphatic sulphinic acids may form adducts with 
some carbonyl compounds ??°-?22, for example 220-22! 

O 

p-CHgCgH,SO2H + HCHO ——> PCH.CAHSCHLOH (92%, m.p. 95°) (69) 

O 

The products from formaldehyde and alkanesulphinic acids, «-hyd- 
roxymethyl alkyl sulphones are, except for the lower aliphatic homo- 
logues, colourless crystals, most of which tend to decompose. The 
adducts of formaldehyde with aromatic sulphinic acids are relatively 
stable. 

The cryoscopic study of a mixture of acetone and hydrogen bromide 
in benzene confirmed the formation of a 1:1 complex??°. 

The structure of the 1:2 adduct between perchloric acid and 
mesitaldehyde was studied by X-ray diffraction 22*, The data suggest 
a structure consisting of layers in which the hydrogen-bonded mesit- 
aldehyde dimers and perchlorate ions occur in a 1:1 ratio. 

Carbonyl compounds in 99-5% nitric acid form 1:1 adducts??® 
at —40 to — 15°, their melting points being as follows: benzaldehyde, 
—12°; acetone, —18°; acetophenone, — 24°; benzophenone, +31°; 
di-n-butyl ketone, —45°. The infrared spectra of these adducts have 
broad bands at 2700-2600cm~+ (oxonium ion) and 1400cm7? 
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(NO; ), which agree with the expected structure: o—OH NOs > 

The formaldehyde-HNO; complex decomposes at high temperature 

to give water, carbon dioxide and NO, or NO?2". 

The complex formation of carbonyl compounds with carboxylic . 

acids has been examined by both thermal and electroconductivity 

methods228. The complex with trifluoroacetic acid is fairly stable. 

The molar ratio of carbonyl compound vs. CF,;CO,H in the complex 

varies with the structure of the carbonyl compounds”®, for example, 

acetone 2:3 (b.p. 110°); acetaldehyde 1:2 (b.p. 89:5") and methyl 

ethyl ketone 2:3 (b.p. 115-5°). 

Unstable complex compounds between peroxycarboxylic acids and 

carbonyls are known, but the complex converts readily to ester by the 

Baeyer-Villiger reaction (reaction 29). The autoxidation of acetalde- 

hyde generally leads to peracetic acid, which can readily form a 

complex with unchanged acetaldehyde called acetaldehyde mono- 

peracetate 79:48; 

OH::-O. 

5 CH3CHO A S 

CH,CHO -22> CH,CO,H = === CH,CH . eecis (70) 
O07, 

Another review of carbonyl-acid interactions appeared elsewhere in 

the series 2°, 

Vill. ADDITION OF THIOLS AND HYDROGEN 

SULPHIDE?*- 2° 

Thiols and hydrogen sulphide may easily add to the carbonyl double 

bond to form hemithioacetals (28) and gem-thioglycols (29), respec- 

tively 295-28, The product is often too unstable to be isolated; an 

isolable solid product is often a 2:1 adduct (30) 7°°?*°. 

OH 
we 

RIR2C—=O0 + RSH == R!IR2C (71) 

SR 

(28) 

OH 
y 

RiR2C==0 + HeyS, === RERAC (72) 

SH 

(29) 
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OH 
ve 

RIR2C et ee) Sa RRA S— CREO (73) 

SH OH OH 
(30) 

The conversion of furfural to thiofurfural (equation 74) and the 
formation of its gem-dithiol proceed probably via thioglycol as an 
intermediate 232-234,240,243 . 

{| i | = aS — | _OH —— {| | + H,O 

=} O an GH==sS (74) 

Hemithioacetals or hemithioketals with electron-attracting substi- 
tuents may be stable enough to be isolated by distillation in vacuum 
or by crystallization 252-284, Thus the 1:1 adducts of various perhalo- 
alkyl carbonyls with hydrogen sulphide were isolated 244 and examined 
as to their stabilities**°, The reaction of fluoral (CF 3CHO) or chloral 
(CC1;CHO) with excess hydrogen sulphide in an autoclave at room 
temperature gives a mixture of 1:1 (29) and 2:1 adducts (30), but the 
use of an excess aldehyde gives exclusively the 2:1 adduct. The 1:1 
adduct (29) tends to decompose easily at room temperature. sym- 
Dichlorotetrafluoroacetone and hexafluoroacetone give stable adducts 
(31 and 32), whereas decafluoroethyl ketone gives a very unstable 
adduct (38), which decomposes completely at room temperature to the 
component ketone and hydrogen sulphide, possibly because of steric 
effects. 

CICF. OH CR, OH Gare! ROH 
Pact SA Ne 

Cicr, Nsu crs” Nu CaF” Nu 
(31) (32) (33) 

The reaction products of formaldehyde?4*-?47 and glyoxal 248-269 
with thiols were shown to be hydroxy sulphides 28 and 29 by de- 
composition reactions**”, infrared and n.m.r. spectroscopy24#:245+250 
and X-ray diffraction 7°. 

A. Equilibria 

Table 8 shows the equilibrium constants of hemithioacetals and 
hemithioketals determined by ultraviolet spectrophotometry 252. The 
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Taste 8. Equilibrium constants for hemithioacetal and hemithioketal formation 

and hydration at 25° and Im ionic strength?°?. 
ET 

Carbonyl Kops Kyya® anemic 

compound Thiol pH (1/mole) (1/mole) (1/mole) 
pe a SE TE 

CH;CHO CH;0CH,CH,SH 4-6 17-4 0-85 52 

CH;GHO CH,O0CH,CH,SD 4-6 (D2,O) 36-4 0-99 72 

CH;CHO CH;00CCH,SH 4-6 32-7 0-85 60 

CH;CHO C,H;SH 4.6 19-6 0-85 36 

(CH3;),CHCHO CH,0CH,CH,SH 4-3 11-8 0-24 15 

(CH3)3;CCHO HOCH,CH,SH 4-6 3-8 <0-1 3-8 

CH,;,COCOO- CH;00CCH,SH _ 5-2 5-2 No 5-2 

hydration 

CH,CGOCHz3 CH;0CH,CH,SH 1-5 < 0-2 No <0-2 

hydration 

@ See text for explanation of Kops, Knya and Kpemi- 

observed equilibrium constant of reaction (71) is obtained as follows, 
if [HO] is very large: 

[R*R2C(OH)SR] 
([R?R?C=O] + [R*R?2C(OH).]) [RSH] 

1 [R*R?2C(OH)SR] 
1 + Kyyg [R*1R?C—O][RSH] 

1 
x= Te haa, Tomi 

Kos a 

(75) 

Here, Kyyq is the equilibrium constant of carbonyl hydration and 
Knemi is the true equilibrium constant of hemithioacetal formation 
from free carbonyls. The Kyemi value for acetaldehyde is almost fifty 
times as large as K,yq. The higher affinity of thiols toward carbonyl 
compounds as compared with those of the corresponding hydroxy and 
amino compounds may be due to the stabilization of adducts by 
double bond—no bond resonance such as: 

ri Did, te eo RSCOH peek Re =o 

Introduction of a-methyl groups in carbonyl compounds reduces 
the equilibrium constants of formation as was the case with hydration 
(Table 1); thus we have: 

CH,CHO > (CH,),CHCHO > (CH,),CCHO 
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On the other hand, the constants decrease with decreasing acidity 
of the thiols: 

CH,OCOCH,SH > CH,CH,SH > CH,OCH,CH,SH 

B. Kinetics and Mechanisms 

Kinetic studies of the addition of thiols to carbonyl compounds are 
few. The reaction is subject to general acid and specific hydroxide ion 
catalysis *°?-°°, At low buffer concentration the rate is expressed as 
shown in equation (76). 

v = ky+aq+[carbonyl][RSH] + kgs- [carbonyl][RS~ ] (76) 

where ay+ is the proton activity. The pH-rate profile gives a minimum 
which agrees with the following scheme?®?: 

SS slow | 
RS- + C=O ——* RS—C—O- (77) 

Bs | 

| | 
RS—C—O- + H+ ——» RS—C—OH (78) 

| | 

| | 
RS—C—O- + RSH == ~ RS—C—OH + RS- (79) 

| 

The rate-determining step for the base catalysis is an attack of thiolate 
ion on the carbonyl group. The rate is almost insensitive to the 
basicity of the thiolate ion, i.e. a 250-fold increase in basicity results in 
only a 2-fold increase in rate. This is probably due to the specific 
stabilization of the transition state by electron release from the 
carbonyl oxygen to the d orbitals of sulphur (34) which needs therefore 
no electron donation by substituents on the sulphur atom. This is 
similar to the attacks on acrylonitrile, where the higher nucleophilicity 
of thiolate ion, as compared to that of amines having the same basicity, 
is ascribed to the back interaction of 7 electrons of the double bond 
with the empty 3d orbitals of the sulphur atom °°, On the other hand, 
the higher nucleophilicity of thiolate ion in the substitution reaction 
is ascribed to its polarizability ?°’, or its tendency to be oxidized °°. 

0... 
| —SR 
eae 

RRA 
(34) 
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The transition state for general acid catalysis is quite similar to 

that for the addition of other nucleophiles to carbonyl groups, as 

depicted in 35. In contrast with the base-catalysed reaction, the rate 

is much affected by the basicity of thiols?°?. 

IX. ADDITION OF AMMONIA AND AMINES?:€®259-262 

A. General Considerations 

The reactions of carbonyl compounds with primary or secondary 
amines generally involve one or two of the following processes: 

Addition 

NHR 
i 

RARZG=—Ol-FaRN Elgin (80) 

OH 

(36) 

Intramolecular dehydration 

NHR 
eG 

Ri ReC == RRAGSNR HO (81) 

OH 

(37) 

Intermolecular dehydration 

a HR NHR 
ao 

RIR2C ee RN ope RI RAS + H,O0 (82) 

OH NHR 

(38) 

Reaction (81) includes the formation of Schiff bases, oximes, 
semicarbazones and hydrazones and is important for the identification 
and determination of carbonyl compounds. Reaction (82) represents 
important industrial processes such as the formation of urea resins, 
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melamine resins and certain fertilizers. The amine-aldehyde reactions 
are summarized in Scheme 1. 

Rt " : , oF —. 

CH. 
RA ZH ie R2 CH, | CHa 

N N (Ri = Re = H) 

fpavtthy ae 
Grin 5 CH Din A, CH 

gi ’ ™R 
R2 Keen 

(40) 

ee 
+ \—= RICH(OH)NHR?2 === R'ICH=NR?_ ———> polymer 

a) ea = H, Alkyl, Ary! 
ee ae H, Alkyl, Aryl 

ee OH, OCHg, NHz 
mi NHPh, NHCgH3(NOz)z 

NHCONH2, NHCSNH2 

ates a 

OH OH R?2NHCHRINHR2 = RICH=NCHRIN==CHR?! 

(42) (38) (39) 

R1 = H, Alkyl R! = Aryl, PhCH=CH— 

R2 = HzNCO—, RCO— CH;CH=CH—, Alkyl] 

NH=C(NH3)— R2=H 

HN 
a0 

NCO) 7 He 

ScHEME 1 

Reaction (80) is the fundamental step of all amine-carbonyl reac- 
tions. The «-amino alcohol (86) is generally too unstable to be isolated, 
just as a hemiacetal or a gem-diol. Primary amines produce Schiff 
bases (37). Schiff bases of aliphatic aldehydes are relatively unstable 
and readily polymerizable ?**-?6*, while those of aromatic aldehydes, 
having an effective conjugation system, are more stable*®°-?°", The 
reaction of formaldehyde with anilines (Scheme 2) is rather peculiar: 
at pH < 2 an irreversible condensation polymerization and cross- 
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linking takes place, while at pH 2-7 a cyclic compound 40 is produced 

reversibly 7°°:202, Ph iw 
CHa—NC 

H 2-7 
PhNH, + HCHO == Ph—NC Hs 

CHy—NC 
[ona Ph 

(40) 

ave 

ms oe ANHeae~ 

NHCH,—~~ aa on cam 
ScHEME 2 

Alkylhydroxylamines produce nitrones (48) at room temperature. 
Salts of secondary amines may produce immonium salts (44) in good 
yield in anhydrous conditions at room temperature?”°: 

Ri RS Rt RS 
ae hue 

Ro Ss : Ro Nae 
(48) (44) 

Reactions of formaldehyde and the lower aliphatic aldehydes with 
primary amines give azomethine compounds (87) or their trimeriza- 
tion products, hexahydrotriazines (40). E.g., crystalline acetalde- 
hyde~ammonia has structure 40 (Rt = CH;, R? = H) with three 
molecules of water of crystallization?’1, Formaldehyde reacts readily 
with ammonia yielding hexamethylene-tetramine (hexamine or 
urotropin) (41) 2’%-273, The reaction of aromatic and o,B-unsaturated 
aldehydes and some aliphatic aldehydes with ammonia yields hydro- 
amides (39) via Schiff bases (87) 274. 
Weak bases such as amides, urea and melamine, or second- 

ary amines, produce alkylidenediamines or gem-diamines (38) by 
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intermolecular dehydration between the «a-amino alcohols and 
the bases?7°-?76 (reaction 82). For example, ethylidenediurea 
(NH,CONHCHMeNHCONH,) is formed from urea and acetal- 
dehyde. Amines having two or more amino groups, for example, 
urea, can produce polymeric materials by repeating addition (80) 
and intermolecular condensation (82). «-Amino alcohols (36) add 
further to a carbonyl compound to form a,c’-dihydroxydialkylamines 
(42), this being analogous to reaction (80). 
Amine-carbonyl additions are involved in the Mannich ey; 

Leuckart?’°, Skraup?7°, Débner—Miller 2®°, Pictet-Spingler?®! and 
Pomeranz-Fritsch °°? reactions which are very important in synthetic 
chemistry. 

Generally, carbonyl containing molecules may be activated by 
acids, while amines may be activated by bases, i.e. the reactions may 
be subject to acid and base catalysis. Therefore, the possible reactive 
species may be: free carbonyl (R'1R2C—O), hydrogen bonded 
carbonyl (R*R?C—O-:-HA) and/or conjugate acid of carbonyl 
(R*R?C:+OH*) on the one hand, and free base (RNH,), hydrogen 
bonded amine (RNH-H:- -:B) and/or conjugate base of amine (RNH~) 
on the other. The importance of these species varies, depending on the 
reagents and on the conditions of reaction. 

B. Addition of Melamine, Urea and Amides to Aldehydes 

The addition step (equation 80) with these weak bases is often 
subject to acid and base catalysis, while their condensation step 
(equation 82) is subject to specific oxonium ion catalysis. 
The hydroxymethylation of melamine (an initial stage for the 

preparation of melamine resins) follows second-order kinetics, while 
the reverse reaction is of a first-order type 28%-?5, 

NHgz NHCH,OH 

iC CHa iyi (83) 

Boose peo 

The rate of reaction is expressed as: 

v = kjmelamine][HCHO] — k’[hydroxymethylmelamine] (84) 

The dependency of k on pH suggests the following mechanisms: 
(a) at pH 3-3-8 the reaction occurs between free melamine and 

+ 
protonated formaldehyde (CH,OH), 
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(b) at pH 5-0-6:0 it occurs between free melamine and free 

formaldehyde, and 
(c) at pH 10-10-6 between melamine anion (C;H,N;NH~) and 

free formaldehyde28*, A similar behaviour is observed with the 

N-hydroxymethylations of urea?7%285-299, substituted phenylur- . 

eas 291-292, alkylureas 289-293, thioureas 94/799, amides285.296-302, qj- 

cyandiamide®°? and with other N-a-hydroxyalkylations of urea 

(equation 87) 24-96, 
For example, the hydroxymethylation of benzamide in water at 

pH 2-11 (equation 85) is subject to water, hydronium ion and 

k; 

ArCONH,°+ CH2,O — ArCONHCH,0OH (85) 
k r 

-log A 

(On On. “I Oe (Ol Ae Olea 

4? POE AE ht SIG TFS ME ee ee 
pH 

Ficure 7. Rate constants for the formation (k;) and decomposition (k,) of 
N-methylolbenzamide (at 25° and ionic strength 0-1) as a function of pH?%°, 

hydroxide ion catalysis and the plot of either,log /; or log k, versus 
pH gives a bent line having a minimum at pH 4-6 (Figure 7) 2°°. In 
a buffer solution the reaction is subject to general acid and specific 
hydroxide ion catalysis, the apparent second-order rate constant being 
expressed as: 

ke = kp[H,O] + ky[H3,0*] + kop[OH~] + ky,[HA] (86) 

In contrast, for the reaction of urea with some aliphatic aldehydes 
(equation 87, R = H, Me, Et, Pr, 7-Pr) the second-order rate constant 
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k,/f x 40° (t mole”) 

rm W oO oO 

=> oO 

oO 0:02 0-04 0:06 0:08 

[CH,COOH] (mole 7’) 

Ficure 8. Acid catalysis for the condensation of urea with acetaldehyde in 
acetate buffers at 24-2° and an ionic strength of 0-2, where y is [CH;COO-]/ 
[CH;COOH], kz the observed second-order rate constant and J the molar 
fraction of unhydrated aldehyde®°®; 

fu [RCHO] 
~ [RCHO] + [RCH(OH),] 

increases linearly with the increase in concentration of acid catalyst 
(Figure 8) and that of base catalyst (Figure 9), the rate constant being 
expressed as equation (88) (cf. equation 9) which indicates the presence 

NH,CONH, + RCH=O ——* NH,CONHCHROH (87) 

k = k.[H20] + ky{[Hs0*] + koy[OH~] + kyalHA] + ‘e[B] (88) 

of general acid and general base catalysis2°7:°¢,35, As shown in 
Figure 10, the Bronsted a value of general acid catalysis is almost 
independent of the aldehyde. 

As shown in Figure 11, the Taft equation is applicable to the 
second-order rate constant calculated by assuming that only the 
unhydrated aldehydes are reactive species (p* = + 3-5) 9°, 

The reactions of amides with aldehydes are subject to specific 
hydroxide ion catalysis, while the reaction of urea is subject to general 
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6 

en O 
wn 

[ 

3S 4 
€ 

eo 
© 
. 2 
x< 

0 0-02 0.04 006 0-08 010 

[H,PO, ] (mole l') 

Ficure 9. General acid and base catalysis for the condensation of urea 

with acetaldehyde in phosphate buffers at 24-2° and ionic strength 0-254, 

y = [HPO,?~]/[H2PO.7]. 0, y = 2; ©, y = 4. 

log Ky 

Ficure 10. Application of the Bronsted catalysis law log k, = log G, + log Kg 
(see equation 10) to the condensation of urea with aliphatic aldehydes RCHO 
at 24.2° and ionic strength 0-295, a: Chloroacetic acid; b: Methoxyacetic 

acid; c: Formic acid; d: Acetic acid; e: Pivalic acid. 
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log (A, /f) +5 

-0:20 -010 O 

o* 

Ficure 11. Taft plot for the condensation of aliphatic aldehydes with urea in 
an acetate buffer at 24-2° and ionic strength 0-29°5. For the meaning of kz 

and f see Figure 8. 

base catalysis; the difference may be due to the lower basicity of 
amides *°°, The most probable mechanisms are 2°%-20: 

General acid catalysis for the urea—aldehyde reaction 
fast 

ROO 4 Ate RCC A (89) 
slow 

NH2CONH, + RCH=O---HA == NH,CONH,CHROH + A- (90) 
fast 

NH,CONH,CHROH + A- ——> NH,CONH,CHROH + HA Ql) 
General base catalysis for the urea—aldehyde reaction 

fast 

NH,CONH, + B ———= NH,CONH—H---B (92) 
| NHzCONH—H:---B + RCH=O ———> NH,CONHCHRO- + HB* (93) 
fast 

NH,CONHCHRO- + HB+ =——* NH,CONHCHROH + B (94) 
3+C.C.c. 1 
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Specific hydronium ion catalysis for the reaction of melamine 

fast 

CH,=O + Ht => CH,OH (95) 
slow 

RNH, + CH,OH =—> RNH,CH,OH (96) . 
+ fast 

RNH,CH,OH ———= RNHCH,OH + H+ (97) 

Specific hydroxide ion catalysis for the reaction of benzamide 

fast 

RCONH, + OH- === RCONH- + H,O (98) 
| 

RCONH- + CHz==O =———= RCONHCH,0- (99) 
fast 

RCONHCH,O- + H,O === RCONHCH,OH + OH- (100) 

The rate law for the hydroxide ion-catalysed reaction of amides or 

phenylureas with formaldehyde is observed to depend on the con- 

centration of formaldehyde. At lower concentration of formaldehyde, 

for example, R = Ph and [CH,O], < 0-05 mole/l, the rate is 

expressed as: 

v = k[RCONH,][CH,O][OH - ] (101a) 

but at higher concentrations the rate is: 

v = k[RCONH,][OH~] (101b) 

The latter expression is explained by a rate-determining formation of 
amide anion, which reacts rapidly with formaldehyde when its 
concentration is high. In both cases electron-attracting groups in the 
amide promote the reaction 297+293-300-302, 

The activation energies for the hydroxymethylation of melamine, 
mono- and bis(hydroxymethyl)melamine are 16, 17 and 15 kcal/mole, 
respectively 9°°, and those of urea, monohydroxymethylurea and 
methylenediurea are 13, 14 and 15 kcal/mole?®’, respectively. These 
analogous values show that the reactivity of the amino end groups is 
almost independent of the rest of the molecule. 

C. Addition of Ammonia to Aldehydes 

The formation of crystalline hexamethylenetetramine (41) from 
formaldehyde and ammonia is a fast reaction, which seems to proceed 
via the following scheme involving the rate-determining formation 
of bis(hydroxymethyl)amine, as deduced from the kinetic equa- 
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—d[CH,O}]/dé = k[NH,] [CH,O}?, and the isolation of 
intermediates 310311 

tion 307-309. 

NH3 + CHO NH2CH,OH —220 SO). MHCHLOH), 
equilibration A (42, Rt = R? = H) 

| (102) 
NH,CH.NH, 

NH2 HOCH, NH--CH, 
Cie NH ate A. NH 
NH, HOCH, cee 

NH(CHOM 
N 

ae ae 5% ee 

NH CH, ie he { Ha 
ise. 

N 
CH.—N CH | “Gi ‘NCH a ee a 2 i 2 2 

a ‘ 

CHy 

(41) 
In acetic acid, the reaction is more complex 12313, 
The reaction of ammonia with aliphatic aldehydes yields crystals 

of hexahydrotriazines (47). In dilute aqueous solutions, on the other 
hand, they yield mainly «-amino alcohols (45) rather than aldimines 
(46) (infrared spectra show only a little C—N band). The deter- 
mination of the equilibrium constant also accounts for the presence 
of monomers 45 and 46314,315, 

NH, 
kr ie 

NHZ-- RCH=O =~ RCH ea RCH =NF EE Osea 

(45 (46) 

| I 
CH 

gory 
oP NH , 

4 *“H20 (108 
orden 

A Rae TS 
R NH R 

(47) 
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In aqueous solutions at pH 9-11, the formation of 45 and 46 follows 

second-order kinetics, but the reverse reaction is first-order. The 

observed second-order rate constant, k, is expressed as follows: 

Ky Ka Ka 

b= h(x Re) ~ tS 00 
where Ky is the dissociation constant of ammonium ion and Kg the 

dissociation constant of acetaldehyde hydrate in excess water (equation 

5). This rate law and its dependency on pH suggest a rate-determining 

reaction between free ammonia and unhydrated acetaldehyde**. 

The apparent rate constant k does not fit a Taft plot. 

On the other hand, as shown in Figure 12, the rate constant he 

(see equation 104) with unhydrated aldehyde fits Taft’s equation with 

log Arw 

k 
/ f’ 

log 

=o) 
-010 -0:05 O 

Ficure 12. Taft plots of log k; (©) and log k,,, (@) for the reaction of 
aliphatic aldehydes RCHO with ammonia®?®, 
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p* = 2-29, while the constant, ‘,,, for the uncatalysed or water- 
catalysed reverse reaction, has p* = —6-29. The acid catalytic 
constant k,_+ does not fit the Taft equation. The failure of simple 
Hammett equation with k,+ for the hydrolysis of substituted benzyl- 
ideneanilines has also been reported 34°, 

The large negative p* value found above for the reverse reaction is 
explicable by the contribution of electron releasing substituents both 
to protonation of the a-amino alc. hol (equilibrium 105) and to cleay- 
age of the conjugate acid (reaction 106) 345, 

+ 

NH, NHg3 
ve fast Ya 

RCH +H,O =—* RCH + OH- (105) 
OH OH 

+ 

NHg 
Je slow RCH + OH- =— ~ RCH=O + NH, + H,O (106) 

OH 

Table 9 shows the equilibrium constant of addition of various 
amines to carbonyls. The product is mainly e-amino alcohol, but a 
small amount of aldimine may also exist in equilibrium. As apparent 
from Table 9, the constants tend to be higher with increasing basicity 
of amines and electrophilicity of carbonyls. 

Taste 9. Equilibrium constants for amine-carbonyl addition reactions in aqueous 
solutions. 

Tempera- Kops 
Amine Aldehyde ture (°c) (1/mole) Reference 

Benzamide Formaldehyde 25 2352 2203 285, 296 
Propionamide Formaldehyde 25 23-5, 21-5 285, 296 
Acetamide Formaldehyde 25 26 2917) 
Chloracetamide Formaldehyde 25 22, 18-8 297, 296 
Urea Formaldehyde 25 50 287 
Urea Acetaldehyde 24.2 2-05 305 
Urea Propionaldehyde 24-2 1-65 305 
Urea Butyraldehyde 24-2 1-62 305 
Urea Isobutyraldehyde 24.2 1-32 305 
Ammonia Acetaldehyde 20 46-5 315 
Ammonia Propionaldehyde 20 10-5 315 
Ammonia Butyraldehyde 20 7-87 315 
Ammonia Isovaleraldehyde 20 2-067 315 

2 In 60 vol.% dioxan. 
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The aldimines obtained from some primary aliphatic amines and 

isobutyraldehyde have mainly trans configurations, with one of the 

C—Me bonds of the isobutylidene group eclipsing the C—N bond in 

the principal conformations (48) 7°*. 

R 

pin ea A 
C7 

Me “Me 

(48) 

The reaction of ammonia with aromatic aldehydes yields hydro- 

benzamides (39) via o-amino alcohols (36) and aldimines (37) ete re 

NH. 
a Ve b 

ArCH=O + NH3g === ArCH = ArCH=NH + H,O0 (107) 

OH 

(36, Rt = Ar, R?=H) (37,R =H) 

2 ArCH—=NH + ArCHO ===> ArCH=N—CHAr—N=CHAr + H20 (108) 

(39, Rt = Ar) 

The rate of formation of 39 is expressed as: 

v = k[ArCHO][NHs] (109) 

Step (107a) is rate-determining for aldehydes having electron- 

releasing groups, while step (107b) determines the rate for aldehydes 

having electron-attracting groups. Hence, the Hammett plot does 

not give a simple straight line as shown in Figure 13. The order of the 

rates of formation of hydrobenzamides is: 

p-NMe, < p-MeO < H > f-Cl > p-CN 

Also the following facts support the assumption that the rate- 
determining step changes with substituent®?®: 

(a) The rate of disappearance of p-cyanobenzaldehyde is higher 
than that of benzaldehyde (p > 0 for the addition 107a%?"), while the 
rate of formation of their hydroamides has the reverse order (p < 0 
for the dehydration 107b%?"). 

(b) The formation of 39 from p-chloro- or p-cyanobenzaldehyde has 
an induction period (equation 107a is fast and equation 107b slow), 
while no induction period was observed for its formation from 
p-methoxybenzaldehyde (equation 107a is slow and equation 107b 
fast). 
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ORS 108) 0-0 0-3 0-6 

o 

Ficure 13. Hammett plot for the observed second-order rate constants kz of 
the reaction of aromatic aldehydes with ammonia in methanol at 30° (A was 

calculated from data in reference 317.) 18 

D. Structural Effects on Equilibria and Rates 

Kinetic studies on the formation of Schiff bases, semicarbazones, 
oximes and hydrazones show that these reactions are subject to 
specific and general acid catalysis and consist of two steps, i.e. the 
addition of amines to carbonyls (equation 80) and the dehydration 
of «-amino alcohols to imines (equation 81) °8-358, There is evidence 
that the former is rate-determining in acid media, while the latter is 
rate-determining in neutral and basic media®1°-33°, The reverse 
reaction, the hydrolysis of Schiff bases, semicarbazones, oximes 
and hydrazones, proceeds probably via tetrahedral intermediates 
(36) 979-399-849. These reactions have been discussed elsewhere in this 
series”. 

Electron-attracting groups in the carbonyl compound or electron- 
releasing groups in the amine accelerate the amine-carbony]l addition. 
Thus in reaction (110), the acid-catalysed condensation of substituted 
benzaldehydes with aniline has a positive p value of + 1-54, while 
the condensation of benzaldehyde with substituted anilines has a 
negative p value of —2-00°°°. 

Ar?CH=O + Ar?NHg ——> Ar?CH==NAr? + HO (110) 
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This is similar to the condensation of nitrosobenzenes with anilines 

(p for Ar!NO is + 1-22 and p for Ar?NH, is — 2-14) 37. 

Ar1N=O + Ar?NH, ===> ArtN=NAr? + H2O (111) 

Similar negative values are observed for the condensations of 

benzoin with substituted anilines (p = —2-20)%5, the reaction of 

formaldehyde with phenylureas (p = —0-756) 7°? or amides (p = 

—1-10 for aromatic and p* = —2:16 for aliphatic ones) °°. 

However, no simple Hammett law is observed for the formation of 

semicarbazones 219-321, oximes®°3, phenylhydrazones*°? and _ aldi- 

mines 48-354 of substituted benzaldehydes and the formation of 

oximes*®® of substituted benzophenones and fluorenones. This has 

been attributed to the lack of resonance between benzene ring and 

carbonyl group in the transition state®°®, to the participation of mul- 

tiple steps having different values*?9 or to the shift in rate-determining 

step 22°, The last reason is supported by the following results: 

(a) The formation of p-substituted acetophenone semicarbazones, 

in which addition is slow, obeys the Hammett equation °°°. 

(b) A linear Hammett plot (p* = 0-39) is observed for the 

reaction of aniline with substituted benzaldehydes at pH 2:55, where 

the rate-determining step is the addition, while a non-linear Hammett 

plot is observed at pH 6-05, where the rate-determining step varies 

with substituents 2° (see also Figure 13). 
Steric effects also may cause departures from linear free energy 

relationships. Changes in structure affect both the energy and the 

entropy of activation of semicarbazone formation ®®’, The formation 
of thiosemicarbazones and oximes of substituted aryl alkyl ketones is 
retarded by o- or m-isopropyl groups which decrease the entropy of 
activation 958-861, The Taft law cannot be applied to aliphatic ketones, 
but a linear relationship is observed between log k for the formation of 
their thiosemicarbazones or oximes and log k for the formation of 
their semicarbazones*°7:961,362, suggesting that the same structural 
effects prevail for these reactions. 

The rate of the formation of Schiff bases from piperonal and various 
aliphatic amines in methanol is related to the free energy of decom- 
position of the corresponding amine-trimethylboron complexes, but 
not to the basicity of amines in water °°-®*, the basicity depending 
on the degree of solvation °®, 

Table 10 shows that the rate of semicarbazone formation is usually 
lower for the para-substituted benzaldehyde than for the corresponding 
ortho isomer, in spite of the expected steric hindrance®?!, Similar 
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Taste 10. Equilibrium and rate constants for the formation of semicarbazones of substituted benzaldehydes in 25% aqueous ethanol at 25°921, 

Substit- Kye K, x 10-5 Kx 10-8¢ Koy X 10-74 uent (1 mole~*) (1 mole~?). (1 mole~*) (1? mole? min~+) kolkp 
None 1-32 5:2 6-9 1-08 ae o-MeO 1-67 4.9 8-2 4.75 11-0 p-MeO 0.34 4.5 1-5 0-43 1 o-HO 0-33 13-7 4.5 1-03 9 p-HO 0-073 15-5 i 0-46 = o-Me 1-05 6-7 7-0 1-49 Le p-Me 0-62 5-5 3-4 0-92 o-Cl 19-0 1:2 23-3 1.94 oh p-Cl 4-14 2-5 10-5 0-86 ; o-NO, 27-1 2-8 75 0-52 ee p-NO, 40-1 2.1 83 0-96 p 1-81 0:17 1.64 0-07 as 

* Equilibrium constant for the addition step. 
> Equilibrium constant for the dehydration step. 
© Overall equilibrium constant. 
4 Overall rate constant. 

results have been observed for the formation of oximes and phenyl- 
hydrazones °37°353,366, This may be because the stronger electron- 
releasing resonance effect of a para-substituent is more retarding than 
the steric effect of the ortho substituent 321, 

Although it is expected that the « value of Bronsted’s catalysis 
law should vary linearly with Hammett’s o, and/or Taft’s o*, the ob- 
served values for the general acid-catalysed condensation of urea 
with aliphatic aldehydes®® or that of semicarbazide with aromatic 
aldehydes *?° vary only slightly with the change of substituent; for 
example, « values are for acetaldehyde 0-46; propionaldehyde, 0-38; 
n-butyraldehyde, 0-43; isobutyraldehyde, 0-45. This fact suggests 
that the structural effect of carbonyls on the electrophilic attack of 
catalytic acid and the same effect on the nucleophilic attack of amines 
cancel each other out ®?5, 
On the contrary, the following relationship between the Bronsted a 

value and the basicity of the nucleophile may be derived 228 from the 
Bronsted catalysis law and the Swain-Scott equation °7: 

St 0 Ba — Bo as pKS, — pKS = pK4 — pK4, = constant (112) 

where pK and pKé4 are the acidity constants of the conjugate acid of 
nucleophile (N) and catalytic acid (A), « and f the Bronsted and 

3* 
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Swain-Scott constants, respectively, and the subscript 0 denotes a 

standard. Taking the data for phenylhydrazine as standard, a plot 

of (pKN — pK3,) vs. (cy — @) for the addition reactions of various 

nucleophiles to carbonyls in aqueous solutions gives a straight line in 

agreement with equation (112) °°, i.e. higher basicity of nucleophile ~ 

results in lower o values 326-328-348, Thus, the « value is nearly zero for 

strongly basic t-butylamine, the reaction of which requires little acid 

catalysis, while the « value is 0:54 for weakly basic water, which 

requires acid catalysis®?°. However, for the attack of thiourea or water 

on highly reactive carbonyl compounds such as formaldehyde and 

1,3-dichloracetone, the « values show negative deviations from the 

plot. 

Taste 11. Bronsted « values for the general acid catalysis of the attack of 

nucleophilic reagents on the carbonyl carbon atom®?®. 

i 

Reagent pk, Substrate Solvent a Reference 
ee ee ee ee ee 

t-Butylamine 10-4 Benzaldehydes Water ~0 344 

Hydroxylamine 6-0 Acetone Water 0-10 326 

Phenylhydrazine 5-2 Benzaldehyde 20% 0-20 328 
Ethanol 

Aniline 4.6 p-Chlorobenz- Water 0-25 324 
aldehyde 

Semicarbazide 3-65  Benzaldehydes Water 0:25? 525 

Urea 0-2 Acetaldehyde Water 0-45 304, 305, 
328 

Water —1:74  Acetaldehyde Water 0-54 49 

In the general acid or general base catalysis involving proton 
transfer from or to oxygen, nitrogen and sulphur atoms, it is likely 
that the acid attacks an atom which becomes more basic in the 
transition state; similarly the base should abstract a proton which 
becomes more acidic in the transition state ®°°, 

X. REACTION WITH HALOGENS 

Molecular halogen can form a 1:1 complex with carbonyl compounds. 
Molecular iodine, which is violet in vapour and forms a violet solution 
when dissolved in aliphatic hydrocarbons or carbon tetrachloride, 
forms a brown solution when dissolved in carbonyl compounds, ethers 
or alcohols, attributed to complex formation. For example, the band 
at Amax 9200 A for iodine in pure carbon tetrachloride shifts to Amay 
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4600 A if acetone is also present 968, The complex with acetone is believed to be a charge transfer complex, Me,CO*IZ, which is similar to the complex between aromatic compounds and iodine 388>:°, In general, the non-bonding oxygen orbital of the complex has its axis perpendicular to the R1R2CO plane. Because of its planarity there is a conjugation or hyperconjugation effect between some of the iodine non-bonding z-orbitals and the m-bonding electrons in C—O i.e, 36 

Cas ail jimeeen ae 
3 =O —> r =O, 

a oe ee \ 

The complex between acetone and molecular bromine37° has an 
O-Br distance of 2-82 4 and a Br-O-Br bond angle of about 110°. 

The spectrophotometric study’? of the complex compounds of 
aldehydes with I,, ICl and IBr points to the formation of a bond 
between O and I. The order of electron-accepting ability of these 
halogens is: ICl < IBr < I,, 

Fluorine, which is quite reactive toward organic compounds, adds 
irreversibly, aided by catalysts such as AgF,°7? or CsF 973-374, to the 
C—O double bond to yield compounds of structure (R;,),CF—OF 
(Rp = fluorocarbon residues), for example 374, 

Fler Eee ee ee a ere SE) (113) 
977, 
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I. INTRODUCTION 

This section on the oxidation and dehydrogenation of aldehydes and 

ketones is intended to complement the chapter on the oxidation of 

aldehydes by transition metals that appeared in Volume 1 of this 

work!, Several types of oxidation, including oxidation reactions 

equivalent to hydration and intramolecular autoxidation reduction 

reactions, have been discussed elsewhere in this work. ‘These reactions 

will not be dealt with in detail in this section. In addition, reactions 

in which heteroatoms other than oxygen replace hydrogen in the 

molecule, e.g. brominations, nitrosations, nitrations, and mercurations, 

will not be discussed, although they are formally oxidations. The 

sections are arranged by periodic group, by atomic weight within 

each group, and according to the oxidation number for each element. 

In general, each section contains a discussion of the scope of the 

oxidation, followed by a discussion of the mechanism. 

Il. GROUP IILA 

A. Thallium 

Thallium(m) is capable only of affecting a two-electron change” 

equation 1). 
( 4 ) 2e- + TIS+ —-> TI*+ (1) 
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The thallium(m)-initiated oxidative rearrangements recently un- 
covered? place this element in a unique category among metal 
oxidants. In contrast to the report of Littler*, only a trace of 2- 
hydroxycyclohexanone was produced in the oxidation of cyclohexa- 
none by thallium(m). The main product was cyclopentanecarboxylic 
acid® (equation 2). Ring contraction did not occur with cyclopenta- 

O COgH 

Bhim 
none, cycloheptanone, or cyclooctanone; instead thallium containing 
compounds were produced. Oxidation of 2-methylcyclohexanone 
yielded a mixture of 2-methylcyclohex-2-en-l-one and 2-methyl-2- 
hydroxycyclohexanone (equation 3); however, most other cyclo- 
hexanones studied were oxidized with accompanying ring contraction. 
Thus 3-methylcyclohexanone yielded mainly 2-methylcyclopen- 
tanecarboxylic acid, 4-methylcyclohexanone yielded 3-methylcyclo- 
pentanecarboxylic acid (equation 4), and 2,2-dimethylcyclohexanone 
yielded 2,2-dimethylcyclopentanecarboxylic acid (equation 5). Cis and 
trans B-decalones also underwent ring contraction. 

Oo Oo Oo 

O-O Ce 
CO2H 6 
CO,H fa 

Early studies on the kinetics of oxidation of cyclohexanone * 
established that thallium attacks the enol form of the substrate. 
Using thallium perchlorate, the kinetics were found to follow zero 
order dependence on oxidant concentration, When tetradeuterated 
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cyclohexanone was oxidized *, a product retaining most of the deuter- 

ium was obtained. This experiment rules out a symmetrical inter- 

mediate such as 1 in the ring contraction. Since 2-hydroxycyclo- 

O 

D. D 

(1) 

hexanone does not ring contract under the reaction conditions, it can- 

not be an intermediate. The reaction is believed to proceed through an 

intermediate organothallium compound (2) (equations 6a-d). 

Oo OH 

OH oO 

TIX2 + HX 

UL Age (6b) 

(2) 

q HO_ OH 
TIXq TIX 

+H, == hae 

CO.H 
HOW OH x 

TIC 
cK 

—* + TIX + HX (6d) 

Thallium(m1)-induced ring contractions may be mechanistically 
related to the oxidative rearrangements observed in the selenium 
dioxide-hydrogen peroxide oxidation of cyclic ketones® (equation 
7). The lack of ring contraction observed in the thallium(m1) oxidation 

CO,H 

HO, ) 
SeOg 
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of 2-methylcyclohexanone can be rationalized on the basis of the 
proposed mechanism®, Enolization would be expected to occur 
toward the methyl group, and loss of thallium(1) from the derived 
organothallium intermediate (3) would yield a better stabilized 
a-keto carbonium ion (4) decreasing the driving force for the re- 
arrangement (equation 8), 

OH 

(3) (4) 

Ill. GROUP IV.A 

A. Lead 

Lead (tv) oxide is primarily a reagent for the oxidative decarboxy]l- 
ation of 1,2-diacids, but it has also been used for the decarboxylation 
of a-keto acids. Lead(1v) oxide decarboxylation of nepetonic acid 
(5) was a key step in the determination of the structure of nepeta- 
lactone, the physiologically active ingredient in catnip, Nepeta cata- 
ria® (equation 9). 

CO,H 

COCHgs COCHs 
PbO. (9) 

Lead(1v) is most commonly employed as its tetraacetate. Lead 
tetraacetate oxidation of organic compounds’® and, specifically, 
of sugars’°, has been the subject of several reviews. The oxidant is 
considered to be more vigorous and less selective than periodic acid. 
In contrast to periodic acid, which is employed in aqueous solution, 
lead tetraacetate is usually used in acetic acid solution. 

Simple ketones are oxidized to «-acetoxy ketones by lead tetra- 
acetate. Thus dimethyldimedone (6) was converted to a mixture of 
the stereoisomeric diacetoxy ketones?! (equation 10). 

(5) 
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°. 2 oO Za 
Pb(OAc)s (10) 

AcO Ac 

(6) (2 stereoisomers) 

Acetoxylation of ketones with lead tetraacetate at room temperature 

is effectively catalysed by boron trifluoride’?. Thus cholestan-2- and 

3-one gave the 3a-acetoxy and the 2a-acetoxy ketone respectively *?. 

Pregnan-20-ones and pregnane-11,20-diones reacted with lead tetra- 

acetate in the presence of boron trifluoride to give the corresponding 

21-acetoxy ketones in good yield1° (equation 11). Acetoxylation of a 

pregnan-ll-one was slower, but at 50° the 9a-acetoxy-11-oxo- 

compound was obtained (equation 12). 

Hz H,OAc 

1, = 
{ cmd { (11) 

0, oO 

: } a ry } (12) 

Occasionally, ring contraction accompanies oxidation. Acetoxyla- 
tion of 5«-cholestan-3-one in benzene—methanol produced methyl 
ester 7 as a by-product, in addition to 2a-acetoxycholestanone** 
(equation 13). Rearrangement was favoured if reactions were carried 

pa AcO\.. 

a> 

© } oO ' 

H 

out in benzene or methanol. The use of ethanol gave only the «- 
acetoxylation product. 

Enolization of the carbonyl is rate-determining in acetoxylations by 
lead tetraacetate’*. It is believed that the intermediate lead ester 
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(8) initially formed, decomposes with intramolecular donation of an acetoxy group to the adjacent carbon atom (equation 14), 
aes (AcO)3PbO 

Pb(QAc)4 + can Bh Dube, a ieee 
An TN Cre 

(8) 
O OAc 
Away Pb(OAc)a+ C—C— (14) 
He es 

Dimeric products have been isolated in the oxidation of 1,3- 
diketones with lead tetraacetate 15, Thus acetylacetone was oxidatively 
dimerized to 3,4-diacetylhexa-2,5-dione (equation 15). 

COCHs 
Pb(OAc)4 | 2 CHsCOCH,COCH, a aa CHsCOCHCHCOCH, (15) 

: | 
COCH3 

Cleavages of «-ketonic acids and «-hydroxyketones in moist media 
have been reported?®, Thus phenylglyoxalic acid was cleaved to 
benzoic acid and carbon dioxide (equation 16), and benzoin was 
cleaved to a mixture of benzaldehyde and benzoic acid. 
PhCOCO3H + Pb(OAc), + H2O ——> PhCO.H + COzg + Pb(OAc)z + 2 AcOH (16) 

In the presence of alcohols, esters are formed!®. Thus, when 
pyruvic acid was oxidized with lead tetraacetate in the presence of 
ethanol, ethyl acetate and carbon dioxide were produced (equation 
17). A mixture of red lead, Pb,O,, and acetic acid has been found to 
be an effective substitute for lead tetraacetate!7-1®, Lead tetra (tri- 
fluoroacetate) also shows promise as an oxidant of this type?®. 

CHzCOCO.H + EtOH OA% . CH.Co,Et + CO, (17) 
It is believed that ketols and keto acids are cleaved by lead tetra- 

acetate in their hydrated form by a mechanism similar to the cleavage 
of glycols*®. A discussion of the mechanism of lead tetraacetate 
cleavage has appeared in Volume 1 of this work?. 

IV. GROUP V.A 

A. Nitrogen 

The slow oxidation of formaldehyde by nitrogen peroxide at 
128-160° has been studied kinetically2°. The reaction was found 
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to obey second order kinetics. Above 160° a change in mechanism 

occurred and at a still higher temperature the reaction became explo- 

sive. 
More useful from the point of view of the synthetic organic chemist 

is the oxidation of aldehydes and ketones to carboxylic acids with 

nitric acid. Acids such as B-chloropropionic acid”* and diacids such 

as glutaric acid? have been made by nitric acid oxidation of the 

corresponding aldehyde. 

Methyl-p-toluyl ketone was oxidatively cleaved to toluic acid with 

nitric. acid2° and 2-cyanocyclopentanone was oxidized to glutaric 

acid". 
Sometimes vanadium catalysts are used, as in the oxidation of 

cyclohexanol to adipic acid, which probably proceeds through the 

intermediate cyclohexanone”®. 

The kinetics of the nitric acid oxidation of benzaldehyde to benzoic 

acid was measured in aqueous dioxan*®. The rate was found to be 

independent of the nitric acid concentration, but was first order in 

aldehyde. Nitrous acid was an effective initiator of the reaction, but 

it had no influence on the rate function. The rate was proportional 

to the Hammett acidity function. The mechanism suggested involves 

a rate-determining hydrogen abstraction from the free and hydrated 

forms of benzaldehyde by protonated nitrogen dioxide, followed by 

rapid hydrolysis of the benzoyl nitrites thus formed (equations 

18a-d). 

H+ + NO, ——» HNO,* (18b) 

H,O + PhCH=O ——> PhCH(OH). (18c) 

then either 

PhCH(OH)2 -+ HNO.* 22> PhC(OH)2 + HaNOz* (18d) 

PhC(OH)2 + NOz ——> PhC(OH)20NO (18e) 

PhC(OH),;ONO ——> PhCO2H + HNOz (18f) 

or 

PhCH=O + HNO,* 22%> PhCO + HaNOz* (18g) 

PhCO + NO, ——> PhCOONO (18h) 

PhCOONO + HzO ——> PhCO2H + HNOg (18i) 
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B. Bismuth 

Aldehydes are not attacked under normal reaction conditions by either bismuth(m) or bismuth (v). 
Bismuth(m) oxide (Bi,O3) has been shown to be specific for the conversion of acyloins into diketones27-28 (equation 19), Reaction was effected by warming the reactants in medija containing acetic acid sometimes accompanied by a cosolvent. During the reaction bismuth(m) was reduced to metallic bismuth. The reaction was complete in about half an hour at 100°. Thus, by this procedure, 

Bit? + RCOCHOHR ——-» Bi® + RCOCOR (19) 

benzoin, anisoin, piperoin, and furoin have been converted to benzil, anisil, piperil, and furil respectively, in yields over 90%. The acyloins acetoin and butyroin have been oxidized to diacetyl and octane-4,5- dione in somewhat poorer yield. The finely divided metallic bismuth produced during the oxidation is very susceptible to air oxidation and may be easily oxidized back to bismuth (1m). By the use of catalytic amounts of bismuth carbonate in the presence of air or oxygen, 
acyloins have been oxidized to 1,2-diketones in good yield?®. The 
yields of diketone obtained by this procedure were somewhat lower 
than if bismuth oxide alone were used, because of further oxidation 
of the diketones by oxygen. 

Production of metallic bismuth has been used as the basis of a 
qualitative test for acyloins2’. _ 

Presumably the reactive species in bismuth (ur) oxidations is bismuth 
triacetate. A solution of bismuth triacetate in acetic acid can be used 
instead of the oxide. It is believed that the acyloin and bismuth 
triacetate react through formation of C—O—Bi linkages, possibly 
involving the enediol. 

Bismuth(v), as sodium bismuthate, NaBiOg, serves as an alternative 
to periodate and lead tetraacetate as a reagent for the cleavage of 
acyloins °°, Oxidations are carried out in acidic aqueous solution, 
or in dioxan—water mixtures. In order to avoid further oxidation of 
the aldehydes produced, the reaction is often run in the presence of 
phosphoric acid, which converts the bismuth(m1) that is produced to 
its insoluble phosphate. The reaction progress may also be followed 
by this method, the initial yellow suspension gradually being replaced 
by white bismuth(m) phosphate. Under these conditions benzoin 
was cleaved to benzaldehyde and benzoic acid (equation 20). 

BiY + PhCOCHOHPh ——-» Bi®! 4+ PhCHO + PhCO,H (20) 
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In the presence of 50%, acetic acid, sodium bismuthate selectively 

cleaves the side chains of corticosteroids**~**. Oxidation with bismuth 

(v) complements periodate oxidation, since oxidation with the latter 

reagent degrades the dihydroxyacetone side chain only to the a- 

hydroxyacid stage, whereas oxidation with sodium bismuthate » 

cleaves the dihydroxyacctone side chain to a 17-keto-steroid. In 

addition, the insolubility of the sodium bismuthate offers an advantage 

over periodate, since the surplus reagent can be separated easily. 

The reaction was used to convert desoxycorticosterone to 3-0xo-4- 

enetioic acid (equation 21) and cortisone to adrenosterone (equation 

CH,OH 

CO CO,H 

--H <<-H 
= a) 

92). The reaction also has been used as an analytical procedure to 

CH,OH 
CO O° 

=O 

classify corticosteroids as to whether they are formaldehydogenic or 

ketogenic®*®. 
It is believed that cleavage of ketols by bismuthate mechanistically 

parallels similar cleavages by lead tetraacetate and sodium periodate *°. 

A cyclic intermediate such as 9 may be involved, in which the bismuth 

is able to withdraw electrons from the acyloin with concomitant 

fission of the carbon-carbon bond (equation 23). 

©=z 

QQ 2 
S/ O- | LS x. _o- you 

Bi ee Te ie ey Bio —— > 

H (9) eh x= + Bil species (23) 
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V. GROUP VILA 

A. Oxygen 

I. Molecular oxygen 

The reaction of organic compounds with molecular oxygen has been the subject of several general reviews %*-88, Reviews of autoxida- 
tion in the liquid phase 87-9, in the gaseous phase *°-*? and of inhibi- 
tion of autoxidation of organic compounds in the liquid phase? 
have appeared. This section discusses both autoxidation, that is, the 
comparatively slow oxidation effected by free oxygen, and the more 
rapid processes which set in at higher temperatures. Catalytic oxida- 
tion is discussed under the section dealing with the metal used as a 
catalyst (see especially section XIII.E). 

a. Aldehydes. Aldehydes readily undergo oxidation to the corre- 
sponding acid on standing in air. For certain aldehydes, e.g. (1- 
phenylcyclopropyl)acetaldehyde, the process is so rapid that exclusion 
of air is necessary if the aldehyde is to be stored for any long period 
of time **. Autoxidation of aldehydes generally proceeds by a chain 
mechanism *° illustrated in equations (24a-c) for benzaldehyde. As 

PhCHO + R ——> PhCO + RH (24a) 

PRCOLE 0. ==> PRCOO, (24b) 

PhCOO, + PhCHO ——> PhCOO,H + PhCO Ve (ea) 
the oxidation proceeds, the benzoy] radical replaces R’ as the hydrogen 
abstractor and propagates the chain. The fate of the initially produced 
peracid depends on the nature of the reactants and on the reaction 
conditions. In the absence of water, the peracid usually oxidizes 
benzaldehyde to benzoic acid. In certain cases the peracid may be 
isolated (see equation 30). 

Autoxidation of aldehydes may be initiated by several catalysts. 
Metal ions, such as iron or cobalt, convert the aldehyde to a radical 
by direct electron transfer*® (equation 25). Radical production in 

CHsCHO + Co?+ ——>» CH,CO + Co2+ + H+ (25) 

autoxidation may also come from heat, light, or ionizing radiation. 
These initiators usually produce unimolecular decomposition of the 
substrate *”*8, For example, the rate of light-induced oxidation of 
purified n-decanal was independent of the concentration of oxygen 

4+¢.c.c. 1 
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and was proportional to: the concentration of the aldehyde and the 

intensity of illumination. In contrast, the rate of autoxidation in the 

absence of light was found to be proportional to the concentration of 

aldehyde and the concentration of oxygen. The kinetics of the light- 

induced oxidation of n-decanal suggest a slow homolytic cleavage of - 

the aldehyde as the initiating step*” (equation 26). Benzoyl peroxide, 

h 
RCHO ——-> RCO + H- (26) 

benzenediazoacetate, lead tetraacetate, and other materials have 

been used as catalysts in aldehyde autoxidation *°-°°. 

The oxidation of several aldehydes has been examined in great 

detail. The course of the oxidation of formaldehyde in the gas phase 

depends on the surface of the reaction vessel 51-52, In pyrex vessels 

coated with potassium tetraborate, the only detectable products were 

carbon monoxide, carbon dioxide, and water. The rate of reaction 

was found to be proportional to the square of the formaldehyde 

concentration, but was independent of the concentration of oxygen. 

The reaction was faster on clean silica, and peroxidic products could 

be isolated. On a borate surface any hydrogen peroxide would be 

rapidly destroyed®*. In molybdenum glass, the oxidation occurred 

with no pressure change in the early stages°* probably by the overall 

reaction shown in equation (27). The reaction is slightly autocatalytic, 

CH,O + O2 ——> CO + H202 (27) 

probably due to the formation of H,O, which can react with the 

formaldehyde (equation 28). Studies on the competitive oxidation 

HO. + CHz0 ——> 2H,O + CO (28) 

of formaldehyde and glyoxal in the gas phase have shown that the two 

aldehydes are oxidized by a similar mechanism over the temperature 

range studied (270-300°) °°. Both aldehydes were oxidized at a rate 

proportional to the square of the aldehyde concentration. The rate 

was almost independent of the oxygen concentration. Carbon mon- 

oxide, carbon dioxide, and water were produced along with minor 

amounts of hydrogen and hydrogen peroxide. A small amount of 

performic acid was formed, but no perglyoxalic acid. Both oxidations 

probably involve the formyl radical. Glyoxal is believed to decompose 

to the formyl radical (equation 29). 

OCHCO ——> CHO + CO (29) 
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Acetaldehyde is oxidized to peracetic acid at low temperatures, to acetic acid at higher temperature, and to a variety of products including formaldehyde and methanol in the gas phase. A synthesis of anhydrous peroxyacetic acid has been described which utilized the autoxidation of acetaldehyde at 0° in ethyl acetate in the presence of cobaltous ion ®8-57, An acetaldehyde-peracid adduct (10) was first produced which was then pyrolysed to the peracid (equation 30). Under other 

7 HO 
| CH;CHO = i CHGH,.— =>. GHyCO.H 4.CH.CHO (30) 

O—O 
(10) 

conditions, the adduct has been decomposed to two molecules of 
acetic acid by a non-radical rearrangement °®, Acetaldehyde has been 
oxidized to acetic anhydride in the presence of cobalt and copper 
catalysts°°. Cobalt is believed to function mainly as an initiating 
catalyst, but copper enhanced the yield of anhydride, possibly by 
oxidation of the acetyl radical (equations 31a and 31b). The controlled 

CH,COG Cu? 5 CHcot 4 cys (31a) 
CH3sCO* + CH,CO,H ——» Ac,O + H+ (31b) 

oxidation of acetaldehyde in the gas phase at 315° gave methanol as 
the main product®°. The authors suggest the scheme illustrated in 
equation (32). Acetaldehyde has been reacted with air in a flow 

CH,CO =22> CH, 22-5 CHOH'+ other products (32) 
reactor of molybdenum glass, which preserves hydrogen peroxide. 
The main reaction products under these conditions were hydrogen 
peroxide and formaldehyde®. The photo-oxidation of acetaldehyde 
has been studied ®2, 

Autoxidations of aliphatic aldehydes branched at Cia, lead to 
evolution of considerable amounts of carbon monoxide. Initially two 
moles of carbon monoxide are evolved for every mole of oxygen 
absorbed ®*. The reaction is catalysed by manganese, cobalt or 
nickel salts. It has been shown that the loss of carbon monoxide from 
branched chain aldehydes prodeeds by a homolytic chain reaction 
mechanism ®4:65, 

b. Ketones. The oxidation of ketones to diketones and ketoaldehydes 
by oxygen has been discussed in Volume | of this work. Ketones are 
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oxidized more slowly, in general, than aldehydes. Oxidation of 

aldehydes proceeds by abstraction of the aldehydic hydrogen, while 

ketones generally react by abstraction of the «-hydrogen. Various 

products can be formed by oxidation of ketones, including aldehydes, 

diketones and acids; generally, however, these products are formed - 

via an intermediate hydroperoxide. For example, isopropyl mesityl 

ketone (11) underwent slow autoxidative cleavage on standing in the 

dark®*, The products were mesitoic acid (14) and acetone (equations 

33). Although authors have represented the a-hydroperoxide as an 

4 

CHs CH, 

Vee ‘ile 
H.C cea ore ae — 

H OH 
CHs CH, 

(11) (12) 

cH yn CH 

ee , 
ee Teese — He CO,H + CHsCOCH; (33) 

OO 
Hs 

CH3 

(13) (14) 

equilibrium mixture between an open hydroperoxidic form (12) 

and a closed peroxidic form (18), the equilibrium has been found to 

greatly favour the 12 form, as shown by infrared and ultraviolet 

evidence ®’. In the case of diisopropyl ketone in the absence of metal 

catalysts, the hydroperoxide 15 could be isolated (equation 34). The 

: O O OOH 
| 

Het ears -> CHs—C—C—C—CHs ——> 
| | 

Cy (CH Chip HGHs 

(15) 
H CH; 
| on 

CH. -C CO. + ie (34) 

CHs CH 

hydroperoxide underwent non-radical rearrangement to isobutyric 

acid and acetone®’. With straight chain ketones, the hydroperoxide 
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decomposed into an acid and an aldehyde. The aldehyde was readily 
further oxidized to an acid®® (equations 35a and 35b). The hydro- 

aot | 

R1COCHR? ——> RICOH + R2CHO (35a) 

R2CHO 22-5 R2CO,H (35b) 

peroxidation proceeds rapidly in basic solution. By shaking 20- 
ketosteroids with oxygen in the presence of potassium t-butoxide, 
17«-hydroperoxidation has been effected®®. This has been used to 
introduce a 17a-hydroxyl group into steroidal 20-ketones (equation 

COCcH: COCH, COCH, 

--H --OOH --OH 
Oz Zn 

t-BuOK AcOH (36) 

' 1 ' 

H Hi H 

36). Certain aldehydes have been converted to a-hydroperoxy alde- 
hydes under these conditions. For example, phenylacetaldehyde was 
oxidized to benzoic acid probably through the intermediacy of 
hydroperoxides”°. If the reaction were stopped before completion, 
benzaldehyde could be isolated. Desoxybenzoin was converted to 
benzoic acid (74% yield) in only 2-5 min. There is evidence that 
cyclohexanone was oxidized by oxygen in the presence of t-butoxide 
to adipaldehydic acid”°. A transformation of coprostan-3-one (16) to 
A-norcholestane-3-carboxylic acid derivatives was reported. This in- 
volved an initial autoxidation, followed by a benzylic acid rearrange- 
ment (equation 37). The sequence provides an attractive route to 
the thermodynamically less stable trans-hydrindane series”. 

oO O O 
H 

Ba(OH)z : 37) 

HO HO2,C Bm 

(16) 

' ' | ' oH HO,c OH OH" 4H 
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Base-catalysed autoxidation of acetophenone and five- to twelve- 

membered cyclic aliphatic ketones has been studied in hexamethyl- 

phosphoramide’?. The cyclic ketones were autoxidized to their 

corresponding dibasic acids in moderate to excellent yields in the 

presence of either potassium hydroxide or sodium hydroxide. The - 

reaction proceeded more readily in hexamethylphosphoramide than 

in t-butyl alcohol, and very much more readily than in water. Potas- 

sium hydroxide and sodium hydroxide were equally effective catalysts, 

but lithium hydroxide was extremely poor. The ketone containing 

the most acidic «-hydrogen was the most readily oxidized. These 

facts are consistent with a carbanion pathway. The oxidation of 

conjugated ketones in the y position by molecular oxygen has been 

observed 7, Some «,8-unsaturated ketones with a y-tertiary hydrogen 

atom have been oxidized by molecular oxygen to the y-hydroperoxides, 

which were reduced to «,8-unsaturated y-hydroxyketones™*. Light- 

catalysed autoxidation of either «,8-unsaturated or B,y-unsaturated 

ketones yields «,8-unsaturated y-hydroperoxyketones"*. For example 

10-hydroperoxy-19-nor-steroids have been prepared from f,y-unsatu- 

OOH =i - 
rated ketosteroids’® (equation 38). Similarly A®-cholesten-3-one 
combined readily with oxygen to give a mixture of equal parts of 

A*-cholesten-3-one 68- and 6«-hydroperoxide™ (equation 39). 

5 ae + (39) 
aa oO oO 

OH OOH 

The photo-oxidation of acetone has been studied ®*. When acetone 
was photo-oxidized at 100—250°, the main products were methanol, 
formaldehyde, carbon monoxide and carbon dioxide, plus traces of 
methane and acetic acid’®. At high oxygen pressures, the yield of 
formaldehyde increased at the expense of methanol. The sequence 
of reactions (40a—h) is believed to rationalize the evidence. 

CH,COCH, —“-> CH,CO + CH, (40a) 

CH,CO ——> CH, + CO (40b) 
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CHICO +0, ——> C.KOY CO; (40c) 
CHS OPEL Svichio: (40d) 
Che + O, > CH.O £ HO (40e) 
2CH.O, + CHO. 4 O; (40f) 

CHO + CHsCOCH,; ——> CH3OH + CH,COCH, (40g) 
CH,O%-'0f== > CHLO'y Hd, (40h) 

The last reaction is believed to predominate at high oxygen pressures, 
and to result in a decreased methanol and an increased formalde- 
hyde production. 

Benzoin”®, 2,2’-furoin, and 2,2’-thenoin ®° gave purple, blue, and 
green solutions respectively, when exposed to air in the presence of 
base. The final products were the corresponding 1,2-diketones. The 
coloured species is probably a delocalized radical anion or semidone, 
RC(O)—C(O-)R®. The es.r. spectra of semidones produced in 
this manner have been investigated ®°, 

Base-catalysed autoxidation of 1,4-diketones to conjugated enediones 
is also believed to involve radical anion intermediates ®2. The reaction 
may be illustrated by the oxidation of A-norcoprostane-2,6-dione 

SS SS ect <tr 

(equation 41). Under similar conditions the cyclohexane-1,4-dione 17 
was converted to the quinone 18 (equation 42). 

oO O 

O O 
(17) (18) 
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2. Oxidative ammonolysis 

Aldehydes are oxidized in the presence of ammonia in the gas 

phase in two main directions. One route involves cyclization with 

the formation of pyridine derivatives at a temperature of about 

500°, often without a catalyst, or with catalysts of the aluminium ~ 

oxide or silica type ®*-8* (Chichibabin synthesis). However, ammoni- 

olysis of aldehydes on oxides of metals of variable valency yields 

nitriles ®°, In the presence of air, benzonitrile, for example, was formed 

from benzaldehyde in 93-6%, yield®*; acrolein was converted into 

acrylonitrile on nearly all types of oxidative catalysts, including 

vanadium ®? and molybdenum ®*. Two paths have been proposed for 

the reaction ®°, One postulates oxidation of the aldehyde to an amide, 

followed by dehydration to the nitrile (equation 43). Alternatively, 

RCHO ———> RCO 

> ROONHa ==> RC Naa 

RCHO ———-soRCO,Hia——e REO NEE 

the reaction may proceed through formation of a Schiff base, followed 

by dehydrogenation to the nitrile (equation 44). Less is known about 

RCHO + NH ——> RCH=NH ——» RCN (44) 

the vapour phase reaction of ketones with ammonia. Ketones are 
postulated as intermediates in the oxidative ammonolysis of hydro- 
carbons®®. On tin and titanium vanadate catalysts, acetophenone 
reacted with ammonia by a Chichibabin-type reaction to give 2,4,6- 
triphenylpyridine in 98% yield, based on ketone consumed **, Under 
other conditions, acetophene was reported to give benzonitrile as the 
only product, in yields exceeding 70% °°. 

3. Photochemical oxidation 

The photo-oxidative cleavage of small ring compounds has been 
investigated °*. Photo-oxidation of tetramethylcyclobutane-1,3-dione 
gave a variety of products including acetone and tetramethylethylene 
oxide °?, The reaction has been rationalized ®° as illustrated in equa- 
tion (45). Loss of carbon monoxide from the cyclobutanedione yielded 
one of two diradical species, which reacted with oxygen to form an 
intermediate peroxyketone (19) or perlactone (20) respectively. 
These intermediates decomposed to the observed products, 
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oO o 

— a as ash —> 2CH,COCH, + CO 
ee " 6S 

. 

oO (19) 

5 (45) 
2 Oo 

\ sks 9 Q 
ee —> jo amend + CO, 

O aK 
(20) 

In a similar manner, dispiro[5.1.5.1]tetradecane-7,14-dione when 
irradiated in the presence of air yielded cyclohexanone and carbon 
monoxide as the primary products®?, presumably by a similar route 
(equation 46). The small-ring ketone 2,2,4,4-tetramethylcyclopro- 

O Oo 

pee 

panone has been prepared and was found to react with oxygen, 
Photo-oxidative rearrangements have been studied since the turn of 
the century °°. For example, solar irradiation of carvone (21) produced 
two bicyclo[2.1.1]hexanecarboxylic acids as degradation products, 
probably through the intermediate formation of carvonecamphor 
(22) °° (equation 47). ) 

O O 
hy cance — ‘ + (47) 

Oo 
CO,H CO.H 

CO.H 

O 

Oo 

(21) (22) 
Photochemical oxidations which formally resemble the Baeyer- 

Villiger reaction have been reported®’. The mercury sensitized 
photo-oxidation of the steroidal 19-aldehyde 23 yielded the nor- 
alcohol 24 along with the acid 25 (equation 48). The reaction was 
stereospecific. Apparently the reaction does not proceed by a Baeyer-— 
Villiger mechanism, and a formate intermediate is not believed to be 

4° 
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CHO OH CO,H 

| y 
—> + (48) 

AcO i AcO ‘ AcO - 
H 

(23) (24) (25) 

involved. A solvent system made up of carbon disulphide, methanol, 

and ether has special advantages in photo-oxidation reactions®®. 

Several carbonyl compounds containing a 1,3-diene system react 

readily with molecular oxygen. The methylene blue sensitized photo- 

oxidation of tetraphenylcyclopentadienone (26) yielded cis-dibenzoyl- 

stilbene (28), probably through the intermediate peroxyketone 27 < 

(compare with structure 19) (equation 49). 

Oo 
Ph Ph S 

Ph Ph Ph Ph 
Ph oa /f —— C=C (49) 

methylene x 

blue Ph Ph O PhC COPh 

O 
(26) (27) (28) 

The photo-sensitized oxidation of furfural in ethanol yielded the 

ethyl ether of the lactol form of 4-oxobut-cis-2-enoic acid (30) *°°. 

In the presence of water, a polymer was formed 1°17, Both reactions 
probably proceeded through the same intermediate, compound 29 
(equation 50). The polymerization is responsible for the familar 

0. H 
O EtOH © 

poe as ae 
O° O H (30) ’ 

ff ws = Koco (50) 
°. 
WN Ho |S 

es es, Pe eee 
H20 

(polymerizes) 

darkening of furfuraldehyde on standing. A related cleavage has 
been observed in the tropolone series1°*. Rose Bengal sensitized 
photo-oxidation of the benzotropolone (31) resulted in cleavage of 
the tropolone ring and yielded lactone 32 (equation 51). Similarly 
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q Oo Me O 
MeQ MeO 

Oz, hy 

@) ters : a 

MeO a MeO CO.Me » 
ia eee 

(31) (32) a 

tropolone methyl ether (38) was cleaved in methanol solution to the 
diester 34 (equation 52). 

CF 

OMe 

Oz, hv 
Making wee wrahdlisidbingnn 

(52) 

Bengal 

MeOH 

For 

(33) (34) 

A number of compounds of this type are believed to undergo 
oxidation by singlet state oxygen1°*. Diacetylfilicinic acid (35), for 
example, acted both as sensitizer and acceptor of singlet oxygen, 
and yielded the ring-contracted product 381° (equation 53). The 
reaction probably proceeded through the intermediacy of compound 
36 or 37 which, by conventional benzylic acid rearrangement, 
yielded the tes 

Ox by. hy 

"OMe 
MeOH 

(35) a (37) 

| (93) 

O 

HO OH 
(38) 
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Singlet state molecular oxygen may also be generated chemically 

from the reaction of sodium hypochlorite and hydrogen peroxide *°° 

or from a high frequency electrical discharge 107, Singlet oxygen 

prepared by these methods appears to undergo the typical addition 

reactions with dienone systems. For example, tetraphenylcyclopen- 

tadienone (26) was converted to cis-dibenzoylstilbene (28) in this 

manner?°, 

4. Ozone 

The reaction of organic compounds with ozone has been reviewed 1°. 

Ozone, usually utilized as ozone-oxygen mixtures, oxidizes aldehydes 

to mixtures of the corresponding acids and peracids*°°. Thus benz- 

aldehyde was oxidized to a mixture of benzoic acid and perbenzoic 

acid?1°, Ozone has been used to convert vanillin to vanillic arid 2 

and ozone-catalysed autoxidation of benzaldehyde has been suggested 

as a means of preparation of perbenzoic acid*’*. Ketones undergo 

oxidative cleavage to carboxylic acids when treated with ozone. 

Cyclohexanone was cleaved by ozone to adipic acid 118 and cyclopen- 

tadecanone yielded pentadecanedioic acid11*, Ketone oxidations with - 

ozone are slower than the corresponding aldehyde oxidations. 

Aldehyde ozonations showed a deuterium isotope effect when 

1-deuteroaldehydes were used!15, The reactions had a Hammett 

p value of —1-1 to —0-6 which indicates electrophilic attack. It has 

been suggested?!5 that the reaction in its initial stages involves the 

formation of compound 40 by the direct insertion of ozone into the 

aldehydic C—H bond (equation 54). Alternatively the reaction may 

proceed via the formation of a 5-membered ring compound (39) which 

rearranges to 40. In experiments using ozone-nitrogen mixtures 

PhCHO + O3 (39) (54) 

PhC—O 3H 

(40) 

containing very low concentrations of oxygen, the intermediate 39 

[or an open chain zwitterionic equivalent (41)] may collapse directly 
to the observed products??® (equation 55). 
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Kats nee PhCO.H + On 

c or = " (55) 
fix Bis 

H O—O H Oo | 
oul PhCO,H 

o=Ot 

(39) (41) 
However, under the usual reaction conditions, considerable amounts 

of oxygen are present and it is supposed that the initially formed 
ozonide decomposes into radical species that catalyse a chain radical 
mechanism of aldehyde with molecular oxygen 1° (equations 56a—d). 

O oO 

rdo,H aS. rdo: + HO; (56a) 

RCO; + RCHO ——»> RCO.H + RCO (56b) 
O 

ROO Oye Ss reo: | (56c) 
oO O 

reo; 2 RCHO > RCOH + RCO (56d) 
Little conclusive work has been done on the mechanism of oxidation 

of ketones. Initial suggestions that the reaction involves ozonides of 
the enol forms of the ketone seem unlikely!*. A dipolar mechanism 
analogous to that suggested for aldehydes (equation 57) is inconsistent 
with the failure to isolate esters among the reaction products}17, A 

RL $0- 
a Us, R'1CO,CH,R?2 ae RICOH + R2CO 3H (57) 

R2CH,\_40 
ID 

O=oOF 

radical chain mechanism has also been postulated for the ozonation 
of ketones in ozone-oxygen mixtures!°® (equations 58a and 58b). 

Or 

| 
R2CH,COR? + O; ——> R?CHCOR! + HO; (58a) 

i 

R2?CHCOR? ——> R2CHO + R!CO (58b) 
(42) (43) 

Attack by ozone occurs on the a-carbon to give an a-ketoalkoxy 
radical which collapses to give aldehyde 42 and acyl radical 48 which 
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continue to react by the pathway outlined above for aldehydes. The 

authors do not suggest how the a-ketoalkoxy radical is formed, but it 

may be possible that a mechanism analogous to the aldehyde case is 

operating here, too (equation 59). 

O3H O° 

ae ce Oe | | 

H.CORt + O, ——> G ——> R2CHCOR! ——> R?C 1 . a + Os ae amp R?CHCOR! + HOz 

H Or 59 
OX (59) 

5. Peroxides 

A discussion of the reaction of carbonyl compounds with hydrogen 

peroxide appears in Chapter 1 and will not be repeated here. 

Alkyl hydroperoxides cleave ketones in alkaline solution to the 

corresponding carboxylic acids‘**. The direction of cleavage some- 

times differs from that observed in a Baeyer-Villiger reaction ; however, 

poor yields limit the use of the reaction as a synthetic procedure. 

More promising from a synthetic point of view is the use of t-butyl 

hydroperoxide in the presence of a quaternary ammonium salt, such 

as Triton B, for the epoxidation of «,6-unsaturated ketones**°. By this 

method mesityl oxide, methyl vinyl ketone, methyl isopropenyl ketone, 

cyclohex-2-en-l-one, and chalcone were converted to epoxides in a 

nonpolar solvent. The steric requirements of this epoxidizing 

agent were indicated by its failure to react with isophorone (44) and 

cholest-4-en-3-one. The selectivity was demonstrated by conversion 

oO 

(44) 

of 16-dehydroprogesterone to 16a,17a-epoxy-4-pregnene-3,20-dione. 

Similar reaction conditions have been used for «,f-unsaturated 

aldehydes, e.g. cinnamaldehyde 12°11 (equation 60). 

PhCH=CHCHO SE¥02", phcH—CHCHO (60) 
pH 85 Ps 

The reaction is believed to proceed by nucleophilic attack of the 

hydroperoxide anion at the B carbon of the unsaturated ketone, 
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followed by intramolecular displacement of alkoxide!29 ion (equation 61). 

O 
a 

a“ 1 p= 3 | ROZ Chi,—CH—CGEs > ee a CUa—CHCOCH, + RO- (61) 

Oo 
Oo L> 

RO” 

Dialkyl peroxides are a source of alkoxy radicals which have 
been used as homolytic oxidants, e.g. oxidants which react by one- 
electron transfers to yield radical intermediates. The subject has 
been reviewed 122123, 

Aliphatic aldehydes are usually decarbonylated in the presence of 
catalytic amounts of alkoxy radicals by a free-radical chain mechan- 
ism***, Benzaldehyde, however, was oxidatively dimerized 125 under 
these conditions (equations 62a-c). In this case, the resonance stabi- 
lized radical 45 was sufficiently stable to add to another molecule of 
benzaldehyde. Dimerization of the addition product 46 yielded 
dihydrobenzoin dibenzoate (47). In the presence of pyridine, benz- 

RO* + PhCHO ——>» ROH + PhCO (62a) 
(45) 

PhCHO + PhCO ——> PhCHOCOPh (62b) 
(46) 

PhCHOCOPh 
; | (62c) 

2 PhCHOCOPh ——» PhCHOCOPh 
(47) 

aldehyde reacts with ¢-butyl peroxide to yield 48, probably formed by 
the reaction of radical 46 with pyridine1?®. Although all peroxy 

is 

ao) 

(48) 

radicals are reactive, there is some evidence that primary peroxy 
radicals are more reactive than tertiary, probably due to steric 
factors 127, 

Peroxy acids react with ketones to form esters (Baeyer—Villiger 
reaction) +7°-129, A discussion of this reaction has appeared in Volume 
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1 of this work! and will not be repeated here. Although the Baeyer— 

Villiger reaction is probably the most important reaction of peroxy 

acids with carbonyl compounds, organic peroxyacids have also been 

used in the oxidation of aldehydes to carboxylic acids*®° and have 

been suggested as general reagents for this purpose 131, Oxidation ~ 

of testosterone acetate (49) with perbenzoic acid produced several 

products corresponding to epoxidation as well as to esterification 1%? 

(equation 63). The nature of the solvent as well as the nature of the 

oxidant affected the course of the reaction. Thus in anhydrous 

perchloric acid 49 was oxidized to enol lactone 50, epoxy lactone 

SoS 
x 

(49) (54) 

<A eee eee oes ©. 
6 

(plus B-epoxide) 

(50) (51) 

—> ee 

Cea Ore 

CHO OCHO 
(plus a-aldehyde) 

(52) (53) 

me mS 
T--- oO a 

(55) (56) 
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51, aldehyde lactone 52, 5a-formate 53, and epoxy ketone 54; while 
in aqueous perchloric acid, lactone 55 was isolated. When m-chloro- 
perbenzoic acid is used as oxidant the A-norketone 56 was also 
produced. 

Peroxyesters, in the absence of catalysts, undergo a reaction with 
aldehydes similar to that described above for dialkyl peroxides. Thus 
t-butyl perbenzoate reacted with benzaldehyde to produce dihydro- 
benzoin dibenzoate 15%, In the presence of cuprous bromide, however, 
anhydrides are produced. Thus benzaldehyde yielded benzoic anhyd- 
ride, while butyraldehyde reacted to form a mixture of butyric 
anhydride and benzoic anhydride, probably by disproportionation 
of the initially formed mixed anhydride. Ketones were little affected 
under these reaction conditions. Cyclohexanone and 2-methylcyclo- 
hexanone yielded small amounts of high-boiling materials, while 
major portions of these ketones were recovered unchanged. 

Diacetyl peroxide has been used to convert ketones of the type 
57 into 1,4-diketones 1** (equation 64). 

R?#R2CCOCHR!R?2 

2 RtR2CHCOCHR!R2 ——> rar2¢cOcHReR? (64) 

(57) 

6. Hydroxide 

Several aldehydes have been oxidized to their acids by molten 
sodium hydroxide. Thus furfural was oxidized to furoic acid1°5 and 
vanillin to vanillic acid?° in high yields. During the reaction, molec- 
ular hydrogen was evolved. The reaction has been applied to ketones, 
but seems so far to be of little synthetic value1®’. These reactions can 
formally be regarded as an addition of water, and the term ‘oxidative- 
hydrolytic splitting’ has been coined to describe them1%®, A detailed 
discussion of the reaction of carbonyl compounds with hydroxide 
ions may be found in Chapter 1. Hydroxide also catalyses a number 
of autoxidation—reduction reactions such as the benzilic acid re- 
arrangement? and the Canizzaro reaction?. 

B. Sulphur 

Dehydrogenation of cyclohexanones to phenols by sulphur or 
selenium +°° has largely been replaced by catalytic dehydrogenation. 
The Willgerodt reaction of ammonium polysulphide with ketones to 
yield amides and the reaction of monoperoxysulphuric acid (Caro’s 
acid, H,SO;) with ketones to give esters, a variation of the Baeyer-— 
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Villiger reaction!, were discussed in Volume 1 of this work?. Per- 

sulphate in the presence of silver ion has been used to oxidize alde- 

hydes14°-141, Oxidations by peroxydisulphuric acid, H,S.,O,, have 

been reviewed}42, The peroxydisulphate ion is one of the strongest 

oxidizing agents known, with a standard redox potential of about 

2 v. Reactions involving this ion, however, generally are slow at or- 

dinary temperatures. Peroxydisulphate in the presence of silver ion 

cleaved acetone to acetic acid and carbon dioxide ?*%. The uncatalysed 

oxidation of formaldehyde and acetaldehyde by this reagent also has 

been studied ***. 
Dimethyl sulphoxide usually does not react with aldehydes, but 

one case of oxidation of an aldehyde to an ester by dimethyl sulphoxide 

in the presence of methanol has been reported **°, Dimethyl sulphoxide 

in acetic anhydride is an efficient reagent for the oxidation of ketols 

to «-diketones 146, Thus benzoin was converted to benzil, anisoin to 

anisil, and furoin to furil. The procedure also may be applied to 
aliphatic «-ketols, but the yields are lower. The mechanism of di- 
methyl sulphoxide oxidation has been the subject of much investiga- 
tion!47, A probable oxidation mechanism is illustrated for acyloins by 
equations (65a-c). 

Ox OAc 

CH.SCHs + Ac2,O —> ru sea: 4 OAc” (65a) 
ae 

OAc OH 

Chea. + APCHCOAr ——> CH; H 
+ 

S—O—CCOAr + HOAc (65) 
Fin 

CHg Ar 

CHa, Cl H+ 

CHs Ar 

C. Selenium 

Selenium dioxide can convert ketones to diketones or ketoalde- 
hydes+#® and diketones to triketones or tetraketones1+. These reactions 
were discussed in Part I of this work? and elsewhere+*9. Occasionally 
rearrangement accompanies oxidation. Thus selenium dioxide oxida- 
tion of eucarvone (58) yielded hydroxyketone (60) 1°° (equation 66). 
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The oxidation is believed to proceed through the anion or enol of the 
bicyclic isomer of eucarvone (59) 151, 

O ° 

SeOg 
aS ——— (66) 

HO 

(58) (59) (60) 

Dehydrogenation of ketones to «,8-unsaturated systems by selenium 
dioxide is competitive to the formation of 1,2-diketones. In the case of 
1 ,4-diketones such as 1,2-dibenzoylethane, dehydrogenation is usually 
the predominant reaction to the exclusion of triketone formation !52, 
Dehydrogenation can also be the major reaction in molecules with a 
single ketone function. Thus selenium dioxide has been used in the 
conversion of 2,4-cycloheptadienone to tropone!5’. The dehydro- 
genation reaction has been applied to numerous steroidal molecules. 
SeO, has been used for dehydrogenation of saturated 3-ketones to 
A}., 4*-, and 41-+-3-ketones 154/155; 44*-3-ketones to 4!+4-3-ketones 15°, 
4'-3-ketones to A1**-3-ketones!5? and A*®-3-ketones to 41>*%-3- 
ketones?°°, Selenium dioxide dehydrogenation of A®-12-ketones to 
A®-9AD.12-ketones, 12-ketones to A%+-12-ketones, 7-ketones to 
A°-7-ketones and D-homo-17-ketones to D-homo-41°-17-ketones have 
been described in the review by Owyang?®. 

The dehydrogenations are most often carried out in ¢-butyl alcohol. 
Sometimes acetic acid?® or a little mercury }* or pyridine *®? is added. 
Wet pyridine ?®*, moist benzene+®*, acetic acid }®°, t-amyl alcohol?®°, 
and dioxane +® have also been used as solvents. 

The use of selenium dioxide for dehydrogenation of ketones often 
is accompanied by side reactions such as the formation of diketones. 
Also, selenium tends to enter into the molecule being dehydrogen- 
ated 1°’, This is unfortunate from the point of view of drug manufac- 
ture since selenium compounds are often quite toxic. 

Early investigators of selenium dioxide dehydrogenations of 1,4- 
diketones1®* observed that the reaction of compounds with cis hydro- 
gens was much faster than that of compounds with trans hydrogens. 
This led to the postulation of a cyclic transition state for dehydrogena- 
tion of the form 61 or 621®°. However, recent studies on the oxidation 
of la-deutero-5«-androstan-3,17-dione to 41-5a-androsten-3,17-dione 
proceeded with 93%, loss of deuterium and apparently with a small 
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T 
i Zs 
° eee 
HoH HH 

_coé=:CCo— _cot:€co— 

(61) (62) 

isotope effect!7° (equation 67). This evidence suggests that the net 

process of introduction of a double bond involves a trans diaxial loss 

of hydrogen (1a,26). 

D 

on (67) 

Oo or t 

H H 

There still are varying opinions on the detailed mechanism of the 

dehydrogenation, although current mechanistic thinking favours a 

rate-determining electrophilic attack on the oxygen of the carbonyl. 

Langbein!"!, in studies on the dehydrogenation of cortisone, found 

the reaction to be acid-catalysed and first order in both oxidizer and 

substrate. He postulated a mechanism which involves abstraction of 

an a-hydrogen by a protonated selenium dioxide molecule in the slow 

step (equations 68a and 68b). The intermediate selenium complex 

(63) may either lose an a-hydrogen to yield a diketone or lose a 

B-hydrogen to yield a dehydrogenated product. Schaefer *°?, in studies 

POG H H ' 
N\A Bx ee slow CI ce + Ht (68a) 

— Oe re l H 

(63) 

BU poser! i O w he. oa ‘sg CA Lah ae ee Ae Ge c 

on 1,2-dibenzoylethane, found the reaction to be first order in selenium 
dioxide and diketone, and first order in added acid or acetate ion. 
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The sole product was trans-1,2-dibenzoylethylene, but it was not 
demonstrated whether the cis product was stable under the reaction 
conditions. Oxidation of the perdeuterated compound indicated that 
the GC—H bond was broken in the rate-determining step. Shaefer 
postulated a mechanism in which complex formation and enolization 
occur simultaneously in the rate-determining step (equations 69a-c). 

Acid-catalysed : 
OSeO2H 

slow HgSeOF + PhCOCH2CH,COPh ——~> Proeceen Com: + H;0+ (69a) 

Base-catalysed : 
apes 

| H2SeO3 + PhCOCH,CH,COPh + Ss PhC=CHCH,COPh + HzO _—(69b) 

OSeOH 

OSeO,H PhCOCHCH,COPh 

Phe —CHCH,COPh =a 9=PHCOCH==CHCOPH + HiSeO,, (69c) 

Selenium dioxide—hydrogen peroxide mixtures have been found to 
initiate a series of unusual oxidation reactions. Although selenium 
dioxide does not normally oxidize aldehydes to acids, selenium 
dioxide in conjunction with hydrogen peroxide has been used to 
oxidize several sensitive aldehydes to acids". Thus acrylaldehyde and 
methylacrylaldehyde were oxidized to acrylic acid and methacrylic 
acid, respectively. Systems with low water content gave the highest 
yields. Use of formic acid, acetic acid, or other peroxyacid-forming 
catalysts in this reaction resulted in polymerization of the reactants. 
The reagent, which contains selenic acid, H,SeO,, has been observed 
to cause ring contraction in several systems®. Thus 5a-cholestan-3-one 
was converted to a mixture of A-nor (64) and A-seco acids (65) 178 
(equation 70). A mechanism analogous to the Favorskii rearrange- 

HOZCCH 

— > HO,C-- + (70) 

Ce 
\ HO2CCH, | 
H H 

(64) (65) 

ment has been proposed?"° to explain the ring contraction which 
involves the selenite ester 66. Addition of hydrogen peroxide across 
the ketone of 66 yielded intermediate 67, or its cyclic isomer, which 
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may rearrange to form the ring-contracted product and regenerate 

selenic acid (equation 71). The secoacid probably was formed by 

peroxide cleavage of diketone 68. 

HO,SeQ, HO,SeQ,_ 

H202 glenn 
— 

x 

HOO 
O HO ; 

H 
(66) (67) 

‘ OH 
nO [OR 

| ——> H,SeO, + (64) 
OW 

O ' OH fs (71) 

O 
—> (65) 

oO 4 
(68) 

Selenious acid, H,SOs, also has been proposed as a reagent for the 

preparation of A-norsteroids by ring contraction™. It probably 

reacts by a similar mechanism. 

Selenium dioxide-hydrogen peroxide mixtures have been used to 

convert steroidal 4+-3-ketones to secolactones*™*17°. 

VI. GROUP VILA 

A. Halogen 

Reviews on the oxidation of organic compounds with halogens*’®, 

on the Lieben haloform reaction!’”, and on halogen oxidation of 

simple carbohydrates*”® have appeared. 
Aromatic and aliphatic aldehydes are smoothly oxidized by brom- 

ine in aqueous solution. Thus acetaldehyde was converted to acetic 

acid!” and benzaldehyde to benzoic acid!®°. Iodine is a weaker 

oxidant than bromine, and in neutral solution it does not react with 

aliphatic aldehydes. In base the reaction is rapid, and iodine has 

been used to oxidize formaldehyde to formic acid*®* under these 

conditions. In basic solution iodination in the @-position competes 

with oxidation 1%, 
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In basic solution methyl ketones are converted by halogens to 
trihalomethyl ketones which are subsequently cleaved by base to 
carboxylic acids (Lieben haloform reaction). Methylene groups 
adjacent to a ketone are not easily substituted; thus 4-methyl-4- 
phenyl-2-pentanone yielded f-phenylisovaleric acid in high yield 1®°, 
Bromine or chlorine in sodium hydroxide, potassium hypochlorite, 
or commercial bleach all have been used as oxidants in the haloform 
reaction. Sometimes steam distillation is necessary to complete the 
cleavage as in the conversion of pinacolone to trimethylacetic acid 184. 

Enolizable non-methyl ketones are also oxidatively cleaved with 
base and halogen. For example 9-n-butyl-2-n-propionylpyridine when 
treated with hypobromite under mild conditions yielded fusaric acid 
(69) *®° (equation 72). Cyclic ketones yield dibasic acids 18*, Sometimes 

n-Bu n-Bu tea 
N CO2H N~ “COEt 

(69) 

the oxidation requires molecular oxygen1®7, Sodium hypochlorite 
has been used as a source of singlet state oxygen 1°, 

Halogen has also been employed effectively as a reagent for the 
oxidation of sugars. p-Glucose was converted to D-gluconic acid 
(equation 73) +®° with chlorine or bromine, and p-fructose was con- 
verted to 5-keto-t-gulonic acid 1®° (equation 74). 

Cao CO.H 

Ave feiss 

HO—C—H HO—C—H 
aloes | (73) 

H—C—OH H—C—OH 

H—C—OH peas 

CH2OH CH,OH 

CH2OH CH2OH 

| 
Hose HO—C—H 

L ee | (74) 
H—C—OH CBee ee 

Ht_oH H—C—OH 

| 
bu,01 CO3H 
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Aliphatic aldehydes are believed to be oxidized by halogens in the 

form of their hydrates. Hypohalous acids are not significant oxi- 
dants179°18°, 

Oxidation of acetaldehyde-l-d by bromine showed a primary 

deuterium isotope effect which had the same value (kglky = 413) as 

found in the oxidation of ethanol-1,1-d,!°°. The similar isotope effect 

suggests that both reactions involve C—H bond cleavage in the rate- 

determining step. Oxidation was much faster than enolization in 

acidic solution !8°; the oxidation proceeded more slowly in deuterium 

oxide than in water, Bromine oxidation of aliphatic aldehydes 

was found to be subject to general base catalysis 1°?. The experimental 

evidence has been rationalized on the basis of a mechanism which 

involves simultaneous removal of a proton and a hydride ion from the 

aldehyde hydrate (equations 75a and 75b). Benzaldehyde is not 

measurably hydrated in aqueous solution, and may undergo oxidation 

RCHO + H,0 === RCH(OH)2 (75a) 

R 

BrBr dou B 2%, BH+ + RCOH + HBr + Br- (75b) 

OH 

by a different pathway, possibly involving a benzoyl carbonium 

ion}®° (equations 76a-c). Previously suggested mechanisms involving 

12 | 
cs 

PhC_SHN Br-CBr ——» [PhC=O <—» PhC=O] + HBr + Br- (76a) 

PhCO* +H,Q ——» PhCO(OH,)* (76b) 

PhCO(OH,)* ——> PhCO,H + H* (76c) 

hypobromites!9%* such as in equations (77a) and (77b) are ruled out 

OBr 

Bra + RCH(OH), ——> RCH Moe, Had. Bee (77a) 
OH 

BY Vv H 

ey —+» RCO,H + BHt + Br- (77b) 

i 
by experimental evidence. In this mechanism, if the first step were 
rate-determining, no isotope effect would be expected with acetalde- 
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hyde-1-d; whereas if the second step were rate-determining, no solvent 
isotope effect would be expected since this step does not involve a 
proton transfer from the hydroxyl group. 

Chloral oxidations showed specific hydroxide ion catalysis, instead 
of the general base catalysis observed for the other aldehydes studied 192, 
It is believed that chloral hydrate reacted as its conjugate base 70 
(equations 78a and 78b). 

CCI5CH(OH), + OH- == ee + HO (78a) 

(70) 
CCl; 

Brose “ HYC¥O- + Br- + HBr + CChCO.H (78b) 

oh 
Although bromine oxidation of carbohydrates shows certain 

similarities to bromine oxidation of simple aldehydes, such as accelera- 
tion by added buffer anions1%, neighbouring group participation 
may be involved in carbohydrate oxidation, and more investigation 
is needed**° before definite mechanistic conclusions can’ be drawn. 
It has been found that the anions of aldehydes are oxidized about 
10*° times as fast as the neutral molecules1®-19°, A mechanism 
involving a hydrated anion similar to the intermediate postulated 
for the oxidation of chloral is probably involved 179:19°-197, Ketone 
oxidations, including the haloform reaction, usually proceed by 
halogenation at the a-carbon, with enolization as the rate controlling 
step*. The halogenated ketone is then either cleaved directly to 
yield the haloform or hydrolysed to a diketone which is further oxi- 
dized 198-199 (equation 79). 

Bro NaOH NaOBr ArCOCH2R —+— > ArCOCBr,R ——> ArCOCOR Reoriel ArCO,Na_ (79) 
+ 

RCO.Na 

B. N-Halo imides 

The use of N-halo imides for allylic halogenation (Wohl-Ziegler 
reaction) and for oxidation has been the subject of several 
reyiews 7°? 202, 

Like bromine, N-bromosuccinimide has been used to convert 
aldehydes to acids. p-Nitrobenzaldehyde was oxidized to p-nitro- 
benzoic acid?°? by this reagent, and piperonal was oxidized to a 
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mixture of piperonic acid?°* (71), 6-bromopiperonal (72) and 

protocatechualdehyde (73) (equation 80). 

CHO CO.H CHO CHO 

Br 

= + + (80) 

OH 
o O 

coe, ee! be, OH 

(71) (72) (73) 

Acetals are oxidized to esters by N-bromosuccinimide. Thus 

benzaldehyde diethyl acetal was oxidized to ethyl benzoate 208 (Otten 

radical-producing agents such as benzoyl peroxide? and light °° 

are employed as catalysts. 
Several examples of the use of N-bromosuccinimide as a dehydro- 

genating agent have appeared. The reagent converts certain ketones ?°° 

and diketones2°7-2%8 into «,8-unsaturated ketones without the isolation 

of an intermediate bromoketone. Thus flavanon-3-ol was converted 

to flavon-3-ol with spontaneous loss of HBr?°° (equation 81). 

O Ph O Ph 

aes | (81) 

OH OH 

a O O 

In one synthesis of colchicine 2°7-?°8, the diketone 74 was dehydro- 

genated by N-bromosuccinimide to produce desacetoamidocolchiceine 

(75) (equation 82). ( ) 

MeQ. MeO OQ -D0DQ - 
MeO MeO 

2 OH 

O o 

(74) ) (75 

Both the ketone dehydrogenations and acetal oxidations probably 

go through bromine-containing intermediates. In the oxidation of 
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benzaldehyde diethylacetal, the intermediacy of an «-bromoacetal 
(76) has been suggested 2° (equation 83). 

Br 
fer 

PhCH(OEt)2 oo PhC(OEt)2 ———> PhCO,Et + EtBr(?) (83) 

(76) 

The remarkable similarity of the reactions of N-bromosuccinimide 
and the reactions of bromine have led some authors to postulate 
that N-bromosuccinimide acts simply as a reservoir capable of 
sustaining a low steady-state concentration of bromine during the 
reaction *°°. For example, the change in Hammett p in going from 80° 
to 19° was the same for bromine and certain N-bromo imides, which 
implies that the reactions have identical enthalpies, entropies (and 
therefore free energies) of activation?!°, This similarity would be 
extremely unlikely unless the same reactive species were involved. 

There is general agreement that reactions with N-halo imides 
proceed by a free radical chain mechanism. Assuming molecular 
bromine to be the reactive species, the propagation step in a typical 
mechanism involving reaction of an N-halo imide (SNX) with a 
substrate (RH) may be formulated as in equations (84a-c) 21°, 

X* 4+ RH ——> HX + R-> (84a) 
HX + SNX ——> SNH + X, (84b) 

Ka R> =  RR aE (84c) 

C. lodoso Compounds 

Phenyl iodosodiacetate, PhI(OAc)., effects cleavage reactions very 
much like lead tetraacetate and periodate®. Unlike periodate, but 
like lead tetraacetate, reactions with phenyl iodosodiacetate are 
usually run in acetic acid. Although it is known that vicinal glycols 
are cleaved through the intermediacy of a cyclic complex?!!)212, 
little is known about the mechanism of ketol and diketone cleavage 
reactions. 

Other iodoso compounds have been used as oxidants. For example 
o-, m-, and p-iodosobenzoic acid converted ascorbic acid (77) to 
dehydroascorbic acid (78) (equation 85) and dialuric acid (79) to 
alloxan ?** (80) (equation 86). The m- and p-isomers reacted some- 
what more rapidly with the substrates than did the o-isomer. This 
may be due to the fact that o-iodosobenzoic acid exists mainly as a 
cyclic isomer 2", 
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H O hs : Oo Oo 

HO , 7 

O ; aed 02 (85) 

Oo geet O” ¢HCH,OH 

OH OH 
(77) (78) 

H 
(ae, | 
N : N 

o={ oon of O (86) 
N OH N 

| i O wane 

(79) (80) 

Oxidations with o-iodosobenzoic acid showed general acid catalysis, 

but were also catalysed by copper(11) ion?!%, Ferrous ion was 1/10 as 

effective as copper as a catalyst. The reaction was first order in oxidant 

and first order in substrate. It is believed that a protonated form of 

o-iodosobenzoic acid reacted with ascorbic acid in the rate-determining 

step. 

D. Periodate 

Periodate oxidation of organic compounds has been the subject of 
a review2!5, The use of periodate as a synthetic?!® and analytical ?*” 
reagent in carbohydrate reactions has been discussed. 

Periodic acid is ordinarily used in aqueous solution, in contrast 
to other reagents of this type, such as lead tetraacetate and phenyl 
iodosodiacetate, which are used in acetic acid. 

Under normal reaction conditions aldehydes and ketones are 
oxidized only slowly by periodate. However, it has been shown that 
light accelerates the periodate oxidation of simple organic substances 
such as formaldehyde?!®. Periodate cleaves «-diketones to carboxylic 
acids although not as rapidly as lead tetraacetate. For example, benzil 
was only 48%, oxidized after 24 hours??%. 

Periodate also oxidizes 1,3-diketones22° and five- or six-membered 
cyclic 1,3-diketones??. Cyclic 1,3-diketones unsubstituted on Cia) 
reduced four molar equivalents of oxidant yielding one equivalent of 
carbon dioxide and one equivalent of a dibasic acid (equation 87). 
Cyclic 1,3-diketones substituted on Cg) reduced three molar equiv- 
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alents of periodate to yield a mixture of dibasic and monobasic acids 
(equation 88). 

fn = ee 
CO.H 

Hon, oe + R?CO,H (88) 

Cleavage of 1,2-ketols by periodate has been reported?1°. Ketols 
are postulated to be intermediates in the oxidation of olefins by 
periodate-permanganate mixtures?2?. Thus oleic acid was oxidized 
to 9,10-hydroxyketostearic acid, ea was then cleaved into carbonyl 
compounds and acids”. If the carbonyl compound is an aldehyde 
it is usually oxidized fries 

Periodate also cleaves a-ketoacids?**. In the pH range normally 
used for periodic acid oxidations, several species derived from meta- 
periodic acid, HIO,, and paraperiodic acid, H,IOg, are in equilib- 
rium 22° (equations 89a and 89b). All species participate in the 

HslOg = HalOg + H* = HglOZ- + 2H* (89a) 

H4lOg = 2H20 + lOz (89b) 

oxidation, but they do so at different rates. Rate expressions which 
involve periodic acid therefore tend to be rather complex. 

The oxidations of diacetyl, diisobutyryl, benzil, and 1,7,7-trimethyl- 
bicyclo[2.2.1]hepta-2,3-dione were studied kinetically over a wide 
pH range?*°. The reactions were first order in diketone and first 
order in total periodate. The rate constants for the various periodate 
species increased with increasing negative charge. The reaction was 
found to be subject to general base catalysis. 

The oxidation does not involve the hydrated form of the «-diketone 
as was previously supposed; rather the reaction is believed to proceed 
by a nucleophilic attack of each of the various paraperiodate species 
at the carbonyl carbon atoms. The intermediate cyclic complexes 
such as 81 thus formed, collapse to the products”? (equation 90). 
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RCOCOR + H4lOg~ —— ees | 
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Hobo 
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Pe HO. NA e~oH 
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HO o- 

—> 2RCOOH + IY species (90) 

R 

(81) 

It is believed that the oxidation of 1,3-diketones proceeds through 

intermediate 2-ols such as 82 which are further oxidized to the pro- 
ducts 221 (equation 91). 

@; O O Oo 

OH OH Oo CO,H 

—— aS —>R (91) 
R R R : CO,H 

R 5 R H R R 

(82) 

Vil. GROUP I.B 

A. Copper 

Aliphatic aldehydes are rapidly oxidized to the corresponding 
acid with Fehling’s solution, an alkaline copper(m) solution, con- 
taining tartrate to complex with the copper ion and prevent pre- 
cipitation of the hydroxide?2%. Benedict’s solution, a copper citrate 
complex, has also been used. Aromatic aldehydes are not readily 
attacked by Fehling’s solution, nor does the reagent furnish the 
corresponding acid in good yield12*. A copper oxide-silver oxide 
mixture has been used as a catalyst in the autoxidation of furfural to 
furoic acid 279, 

More useful from a synthetic point of view is the use of copper(1) 
salts to oxidize 1,2-ketols to 1,2-diketones. Thus 4-hydroxy-3-hexanone 
was oxidized to dipropionyl by copper acetate in acetic acid?°°, and 
benzoin was oxidized to benzil by copper sulphate in pyridine ?*?. 
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Copper(i1) acetate has been used as a catalyst in the conversion of 
a-ketolic side chains of steroids to glyoxal groups (equation 92), 

a CH 

co co 
| (92) 

Cu(OAc)a 
—____—> 

Oz 

Thus 3a,21-dihydroxy-58-pregnane-11,20-dione was converted to the 
glyoxal in 94% yield. The oxidation was accelerated by passing 
air through the mixture, and was retarded by the addition of water. 
Methanol seemed to be the solvent of choice; with methylene chloride 
or benzene the glyoxals tended to polymerize. Copper-catalysed 
autoxidation also has been employed in the oxidation of ascorbic 
acid to dehydroascorbic acid?°*. Ammonium nitrate in conjunction 
with catalytic quantities of copper acetate has also been employed 
in ketol oxidations ?**-295, Copper(m) ion is continuously regenerated, 
while the ammonium nitrate suffers reductive decomposition to 
nitrogen and water. 

Waters and coworkers have studied the kinetics of oxidation of 
acetoin to biacetyl?**-?87 using a copper citrate complex. They found 
the reaction to be first order in substrate and hydroxide ion, but 

O° O- OH 
| | e 
a + OH- == CH,C=CCH, (93a) 

OH 

foie CH.—C—O, 
CH,C=CCH, + Cut 2% Wileencu (93b) 

Sisters 

(83) 

et) CHO: 
é | oo 4 Cutt =—— > | (Cut + Cut (93c) 

ae ad il a to 

Cho 
| cut + Cu* —+ CH,COCOCH, + 2Cut + H* — (93d) 

CHj,—C—OV 
H 
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zero order in the oxidant. The reaction showed a brief induction 
period. They also reported that oxidation occurred much less rapidly 
than enolization. In order to account for these observations, they 
proposed a rate-controlling step which involves the displacement of 
citrate from a copper(r) citrate complex by an enol anion of the 
acetoin, with the formation of a copper(1)-ketol complex (83) (equation 
93a-d). The induction period was assumed to be caused by an initial 
build up in concentration of copper(1) ion. Once cuprous oxide began 
to precipitate, the copper(1) ion would be present in solution in 
constant concentration, and the rate of reaction would be independent 
of the concentration of copper(11) ion. Wiberg 298 contends that several 
mechanistically crucial conclusions in the work of Waters were drawn 
on the basis of experimental artifacts. Wiberg attributes the initial 
induction period to a failure to thoroughly de-gas the reaction 
solutions. He also believes that, on the basis of the difficulties in 
accurately determining hydroxyl ion concentrations in strongly basic 
dioxan-—water mixtures, the rates of enolization and oxidation observed 
by Waters are the same within experimental error; and finally, that 
it is unlikely that a ketol could compete effectively with citrate for 
two of the coordination sites about copper. 

Wiberg examined the kinetics of copper(m) ion oxidation of «- 
hydroxyacetophenone in buffered aqueous pyridine. The reaction 
followed the rate expression shown in equation (94). The first term 

rate = k,[ketol] + ka[ketol][Cu™] (94) 

corresponds to the rate of enolization and the second term is the major 
one at copper(I) ion concentrations greater than 0-01 molar. Using 
deuterated compounds, a kinetic isotope effect was observed. The 
effect of substituents was correlated with a Hammett p of 1-24. Thus 
at low copper(m) ion concentrations, the rate corresponds simply to 
enolization of the ketol. Copper(1) ion has no effect on the rate. 
This type of mechanism presumably would apply to the Waters copper 
citrate system. At high copper ion concentrations, the rate-deter- 
mining step for the second term appears to involve the removal of a 
proton by pyridine from the copper(m) chelate of the ketol (84) to 
yield a resonance stabilized radical (85) which is further oxidized to 
the ketone in subsequent fast steps (equations 95a—c). The proton 
removal step is formally a Lewis acid-catalysed enolization. 

Kinetic data on the copper-catalysed autoxidation of ascorbic 
acid?°° to dehydroascorbic acid have also been rationalized on the 
basis of intermediate copper chelates. 
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. Ces 

T ean? | 
RCCH,OH + Cu2+ ==» R—C CH, (95a) 

(84) 
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jer l seems BOY UREGHOM 4 Cut (95b) 

m1 (85) 
Py:.# 

RCOCHOH + Cu2+ ——» RCOCHO + Cut + Ht (95c) 

B. Silver 

The formation of a silver mirror with Tollen’s reagent, i.e. silver (t) 
ion complexed with ammonia, is a standard test for aldehydes or 
a-ketols. The reagent is used mainly as an analytical reagent, since 
the course of the oxidation is often complex. For example, various 
aldehydic sugars were oxidized by Tollen’s reagent to carbon dioxide, 
formic acid, oxalic acid, and other products, depending on the sugar. 
Oxalic acid probably was formed from glyoxal or glycol aldehyde 299, 
More useful from a preparative point of view is the oxidation of 

aldehydes to carboxyl groups by silver oxide, usually prepared from 
silver nitrate and sodium hydroxide. This reagent is especially useful 
when other oxidizable groups are present. For example, almost 
quantitative yields of unsaturated carboxylic acids have been obtained 
from the corresponding aldehydes?*°. This procedure has also been 
used to prepare thiophene-2-carboxylic acid ?*!, palmitic acid 242, and 
anthracene-9-carboxylic acid 24%, 

The oxidation of vanillin to vanillic acid by silver oxide?** is 
interesting in that only 4 mole of silver(1) oxide was required for each 
molecule of vanillin oxidized. The stoichiometry of the reaction is as 
shown in equation (96). 

2RCHO + Ag2O + 2 NaOH ——+> 2RCOONa + 2Ag+H20+H2 (96) 

Argentic or silver(1) ion is a considerably more powerful oxidant 
than silver(1) 7*°. The oxidant is usually employed as the picolinate 
(86) in water, dimethyl sulphoxide, or dimethoxyethane. Argentic 
picolinate rapidly converted aldehydes such as butanal, p-tolualdehyde 
and 2-ethylhexanal to the corresponding acid. In certain cases reactive 

5+6.¢.G. 1 
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methylene groups were attacked. Thus 5,5-dimethylcyclohexa-1,3- 

dione gave the 1,2,3-triketone. 

OO o 
Ag 
he Ss 

Oey 
(86) 

\ 

C. Gold 

Gold(m) appears to be similar to silver(1) in its ability to oxidize 
phenolic aldehydes to acids such as vanillic, syringic and o-vanillic 
acid and has been the subject of a patent for this purpose?*®. In 
contrast to the silver(1) oxidation of vanillin to vanillic acid, oxidation 
with gold(m) required equimolar ratios of oxidant and substrate ?**. 
The mechanism of oxidation by gold may prove to be of interest, for 
despite apparent similarities in the scope of reactions undergone by 
the two reagents, gold reacts by a transfer of two electrons (equation 
97), while silver reacts by a one-electron transfer (equation 98). 

2e- + Au?*+ ——> Aut+ (97) 

e~ + Agi+ ——> Ag? (98) 

Differences in the mechanism of the oxidation may therefore be anti- 
cipated. 

Vill. GROUP II.B 

A. Mercury 

Aldehydes are converted to the corresponding acid by mercury(m) 
oxide. For example the phenolic aldehydes vanillin (87), o-vanillin 
(88) and syringaldehyde (89) have been oxidized to the corresponding 

CHO CHO CHO 

OH 

OCHsg3 OCHs CH,O OCHg3 

OH OH 

(87) (88) (89) 
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acids by this treatment ?*’. Other sensitive aldehydes such as furfural 
have been oxidized by air 248 j in the presence of catalytic amounts of 
mercuric oxide. Glucose was converted in high yield to calcium 
gluconate by mercury(1) oxide in the presence of calcium carbonate2?®. 
Ketones and acyloins have been oxidized to 1,2-diketones by mercury (11) 
perchlorate in strong acid‘. 

Oxidations with mercury often give intermediate organic mercury 
compounds which can be decomposed by acidifying the solution with 
sulphur dioxide **” or by electrolysis?#°. The course of mercury(1) 
oxidations varies with the physical state of the oxidant. Thus, treat- 
ment of vanillin with pure yellow oxide gave vanillic acid in 657, 
yield while use of technical grade oxide yielded a mixture of 357, 
vanillic acid and 11% guaiacol 4’. 

The kinetics of acid- expalysed oxidation of cyclohexanone by 
mercury(m) perchlorate has been investigated*. The reaction was 
zero order in oxidant and appeared to follow the rate of bromination 2°°, 
The reaction was first order in ketone, first order in acid, and the 
rate was slightly accelerated by increasing ionic strength. However, 
addition of sulphate or chloride ion retarded the reaction. In these 
studies mercury was used as a one equivalent oxidant, that is, mercury 
(m1) was reduced only to mercury(1) (equation 99). No metallic 
mercury was formed. The main oxidation product appeared to be the 
diketone which is believed to be formed via an intermediate acyloin. 

2e- + 2Hg?+ ——> Hg2+ (99) 

Acyloins were found to be readily oxidized under the reaction condi- 
tions. Enolization appeared to be the rate- -determining step which was 
followed by a fast attack of mercury(m) ion on the enol (equations 

he ens A (100a) 

ne get ee (100b) 

100a—d). The oxidation step is believed to proceed by a two-electron 
pee to mercury(t) to give metallic mercury which disproportion- 
ates with mercury(1) to yield mercury(1) ion. 
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The kinetics and mechanism of oxidation of acyloins by mercuric 

halides has been discussed ?°?. 

O O 

Het OH 

+H,0O —— + Hg? + H* (100c) 

Hg? + Hg2+ === Hg,?+ (100d) 

Mercury(1) acetate has been found to undergo a variety of reactions 

with ketones. Carvone was dehydrogenated to dehydrocarvacrol by 

mercuric acetate 252 (equation 101). It is unlikely that the dehydro- 

O HO 
Hg(OAc)o 

SS SS 

genation proceeds via a free-radical route since carvone is very 

susceptible to polymerization by light, peroxides, and other radical 

producing catalysts. 
In a similar manner, piperitone (92) was formed from menthone 

(90) upon heating the latter with mercury(1) caproate*°? (equation 

102). The reaction probably proceeds through an intermediate 

«-acyloxyketone (91). 

OCOCsHi1 

+ Hg(OCOCsHi1)2 ——> H — + Cs5H,,CO,H 

O O 
(102) 

) (90 (91) (92) 

Mercuric acetate has been used to convert ketones into a-acetoxy- 
ketones. Thus, cyclohexanone was converted to 2-acetoxycyclo- 
hexanone 2°? and isomenthone (93) was acetoxylated with isomeriza- 

se 9 O 
ACO. ie 1 

=> seg (103) 

(98) (94) (95) 
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tion to form 2-acetoxymenthone (94), the same product yielded by 
menthone (95) *°* (equation 103). The product which formed was 
the one that was thermodynamically most stable (all equatorial), 
Acetoxylation probably proceeded through an intermediate mercury 
compound 96°°°, formed by attack of mercury(m) acetate on the 
enol (equations 104a and 104b). 

OH HgOAc O 
mek b G =e + Hg(OAc)z ——-> —C —C + HOAc (104a) 
geOt TS pep, 

(96) 
HgOAc O OAc O 

@ Paer 
—C—C ——> —C—C + Hg (104b) 
pete ee 

IX. GROUP III.B 

A. Cerium 

Cerium(iv) is a powerful oxidant, usually used in acid solution. 
Although it is widely employed as an oxidizing agent in analytical 
laboratories, only limited application has been made of its oxidizing 
properties in organic synthesis. For example, although cerium is 
known to react with many heterocyclic compounds, the products 
of these oxidations have not been investigated 2°, 

Formaldehyde was oxidized to formic acid by cerium(rv) 
ions*°7-?58, and triphenylacetaldehyde to triphenylcarbinol and 
carbon monoxide. Isobutyraldehyde (which possesses an «-hydrogen) 
reacted with cerium(Iv) to yield «-hydroxyisobutyraldehyde2®°. 
However, too few examples are available to be able to make definite 
generalizations about the scope of the cerium(rv) oxidation of alde- 
hydes. So far, it appears that enolizable carbonyl compounds tend 
to be attacked in the «position to yield a-hydroxy carbonyl com- 
pounds. Ketones are degraded rapidly in acid solution by cerium(tv). 
Ketones with an «-hydrogen react with cerium(1v) to give a-hyd- 
roxyketones*®°. For example, acetone is converted into «-hydroxy- 
acetone **?, 

Like vanadium, but unlike cobalt, cerium(tv) oxidizes ketones 
more readily than alcohols. 

The mechanistic aspects of cerium (tv) oxidation of aldehydes has been 
discussed in Part I of this work?. Like cobalt(mr) and manganese(m1), 



118 Herbert S. Verter 

cerium(Iv) reacts by a one-electron transfer to yield cerium(im) 

(equation 105). 

e~ + Ce** ——> Ce$t (105) 

The exact nature of the reactive monomeric cerium(rv) species . 

in acid solution is not known, but coordination with anions in different 

acids affects the oxidation potential. Probably the species Ce (H,O),** 

exists only in perchloric acid. In sulphuric acid-perchloric acid solu- 

tions, the most reactive species appears to be CeSO,?* °°. 

As in the case of vanadium(v), cobalt(1m), and manganese(m1), 

attack by cerium(1v) apparently proceeds directly on the ketone 

and not on the enol?63, The mechanism is still the subject of con- 

troversy, however. Shorter?® has studied the reaction of acetone with 

cerium(Iv) in nitric acid. He prefers to regard the oxidation as pro- 

ceeding via an attack on the enol. The oxidation was pseudo-first 

order in cerium(rv) at high acetone concentrations. Some inhibition 

was observed in the presence of bromine which could be explained 

on the basis of a competitive reaction of the enol with cerium(Iv) 

and bromine. The mechanism proposed involves the initial rapid 

formation of a complex between cerium(1v) perchlorate and the enol 

OH 
Ht | 

CH,COCH, ===> CHsC=CHa (106a) 

OH . Oo: 

Cet+ 4 CH,c=CH, ew OG Cita ek CH,C=CHs] + Ce?+ + Ht 
(97) (106b) 

Cet+ + CH,COCH, ——> CH,COCH, + Ce** (106c) 

CH,COCH, + HxO ——> CHsCOCH,OH + H+ (106d) 

form of acetone2®> (equations 106a-d). The rate-controlling step is 

believed to be decomposition of this complex to form cerium(m) and 

a ketone radical (97). It is hard, however, to see why the enol should 

be involved in complex formation, since oxidation occurs at a rate 
considerably faster than the rate of enolization. 

The oxidation of cyclohexanone and 2,2,6,6-tetradeuterocyclo- 
hexanone in water and deuterium oxide has been studied by Littler °°. 
Littler believes that cerium(rv) attacks the ketone. Both the fact that 
oxidation by cerium(t1v) sulphate was found to be faster than enoliza- 
tion and the solvent effect observed support this theory. Oxidation 
of the deuterated cyclohexanone showed a primary isotope effect 
and indicated that the « C—H bond was broken in the rate-deter- 
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mining step. Waters favours a mechanism analogous to the style of 
mechanism proposed for oxidation by vanadium(v). Assuming that 
the reactive species is CeEOH$*, the reaction (equations 107a-c) could 
be formulated as an attack on the ketone by this species (or the 

Ce** + HZ0 ——>» CeOH3+ + H+ (107a) 

O 

3+ 
CeOH3+ + — O-++:CeOH (107b) 

(98) 
Ce3+ 

VY ee oO O 
YH : 

slow eg fae 3 + Ce?+ + HO (107c) 

(99) 
equivalent sulphate species) to yield a complex (98). The complex 
decomposes in the rate-determining step to yield the resonance- 
stabilized radical (99) which is further oxidized (or disproportionates) 
to the ketol. 

X. GROUP V.B 

A. Vanadium 

Pentavalent vanadium has seen limited use in synthetic organic 
chemistry, although it has been employed as an analytical tool 26, 
The oxidizing power of vanadium(v) is less than that of chromium(vt) 
or manganese(mt) 7°’, A general qualitative survey has been made 
of vanadium(v) oxidations?®*, Oxidations are usually carried out 
in acid solution. Aldehydes and ketones which can enolize are readily 
attacked by vanadium(v). Thus chloral was not attacked and form- 
aldehyde was attacked only slowly, while acetaldehyde, propional- 
dehyde and butyraldehyde were rapidly attacked. Acetone, ethyl 
methyl ketone, diethyl ketone, diisopropyl ketone, cyclopentanone, 
cyclohexanone, acetonylacetone, and diacetyl were all rapidly 
oxidized. 
Vanadium has been used as a catalyst in nitric acid oxidations 

(see section IV.A). It has been shown that benzil and benzaldehyde 
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on oxides of vanadium at 350-420° reacted with water in the absence 

of air, to form benzoic acid and other oxygenated compounds”®?. 

In general, vanadium(v) oxidizes carbonyl compounds more readily 

than alcohols?”°. 
The mechanism of vanadium(v) oxidation of aldehydes has been - 

discussed in Volume 1 of this work! and will not be repeated here. In 

acid solution vanadium(v) exists as the yellow pervanadyl ion VOZ. 

Oxidations with vanadium(v) are easy to follow since deep blue 

VO?+ [vanadium(rv)] is the reduction product?”°. Studies on the 

oxidation of cyclohexanone to adipic acid revealed that at high 

sulphuric acid concentrations the rate of oxidation was markedly 

increased, probably due to the formation of V(OH)3* (equation 108). 

H,0* + VOs ——»> V(OH)3+* (108) 

The positive salt effects that were observed and the dependence of 
the rate on hydroxonium ion concentration (despite the fact that 
enolization is not rate-determining) suggest involvement of a charged 
species such as V(OH)2*. In sulphuric acid the species may be 
V(OHVHSO?. 

Reactions are first order each in vanadium(v) and substrate; the 
reaction mixture induced the polymerization of acrylonitrile and the 
reduction of mercurous chloride?®*. This induced polymerization 
and reduction points to a free-radical intermediate which can initiate 
the polymerization of acrylonitrile, and can reduce mercury by a 
one-electron exchange. The rate of oxidation of cyclohexanone and 
2,2,6,6-tetradeuterocyclohexanone by vanadium(v) in water and in 
deuterium oxide has been studied?°*. The solvent effect observed 
suggests that attack of vanadium occurred directly on the ketone 
rather than on the enol. Observation of a sizeable isotope effect 
(kylkp = 4:2 at 50°) suggests that an « C—H bond was broken in the 
rate-determining step. The mechanism illustrated in equations (109a-d) 
has been proposed ?”°. The initially formed vanadium—cyclohexanone 
complex (100) decomposes in the rate-determining step by a proton or 
a hydride transfer to yield the resonance stabilized radical 101. It 
is believed that 101 is the radical that can initiate the polymerization 
of acrylonitrile and reduce mercury. The radical is further oxidized 
(or disproportionates) to the ketol. 

Oxidation of 3-hydroxy-3-methylbutan-2-one?7! required two 
equivalents of vanadium(v) per mole, and yielded a mixture of 
acetone and acetic acid. The reaction was shown to be independent 
of £7 at low acid concentrations, and to be first order in vanadium(v) 
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VO,* + HsO+ === V(OH),2+ (109a) 

V(OH)42* + - —— (eo-sonn (109b) 

(100) 
HO. OH 

Bey 
G_Y (OH 9 O es UH 

| — ae <— + VO2+ + 2H2O (109c) 

(101) 

cG O 
H 
O 

H,O + VG ioe + VV 4 H+ (1094) 

and first order in ketol. Alternate acid-dependent and acid-indepen- 
dent pathways were proposed (equation 110). The acid-independent 

ail CH, CHs 
P bat OH La OH 

CH;—COH 4 :VOf === HC | < Es HCP e+ (110) a pers 
CH,—C=O Heme eo Hec~~ 0 OH 

(102) (103) 

decomposition involves intermediate 102, while the acid-dependent 
route involves intermediate 103. The intermediates decompose to an 

—+» CH,COCH, + CH,CO + VO?+ + H,O (111) < N oe 

acetyl radical which would be oxidized further (or disporportionate) 
to acetic acid (equation 111). 

Acetoin consumed four equivalents of vanadium(v) per mole and 
thus must have undergone oxidation by a different route 2”. If carbon— 
carbon bond cleavage occurred in a manner analogous to 3-hydroxy- 
3-methylbutan-2-one, acetaldehyde would be produced initially. 
However, since acetaldehyde was found to be oxidized at a slower rate 

5* 
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than acetoin, it cannot be an intermediate. The oxidation was acid- 

catalysed. A C—H bond fission to yield the radical 104 was proposed 

for the oxidation of this ketol (equation 112). 

H 

CHgCOt—OV2+(OH)s > CH,COC—OH Y2# > products (112) 

Hs CHs 
(104) 

XI. GROUP VI.B 

A. Chromium 

Oxidations with chromium have been reviewed 1277-278, Aldehydes 

are converted to the corresponding carboxylic acids, usually under 

acid conditions. Sulphuric acid-chromic acid mixtures have been 

used to prepare heptanoic acid from the aldehyde 274 and furoic 

acid from furfural275. Yields are seldom quantitative; carbon dioxide 

and lower acids are the principal by-products?°. Oxidation of n- 

butyraldehyde in the presence of n-butyl alcohol yielded the ester, 

butyl butyrate, directly?”’. The proposed mechanism involves the 

intermediacy of a hemiacetal (105) which is oxidized to the ester 

(equation 113). 

H 
| 

PrCHO + BuOH ——> | Pr—C—OBu | “22> Prco,Bu (113) 

bu 
(105) 

Ketones are more resistant to oxidation than aldehydes. The 
resistance of acetone to oxidation enables it to be used as a solvent in 
chromium(v1) oxidations?7®. Under vigorous conditions, ketones may 
be oxidized to carboxylic acids with chain cleavage. As in the case of 
permanganate oxidations, oxidative attack occurs preferentially at a 
methinyl carbon?’°. Trimethylacetic acid was prepared from pina- 
colone, (CH;),CCOCH3, by oxidation with chromic anhydride in 
acetic acid?®° and diphenic acid has been prepared by dichromate 
oxidation of phenanthraquinone**’. When applied to more complex 
systems such as steroids*®*, a variety of products can be obtained. 
Fieser?®° investigated the chromic acid oxidation of cholesterol, 
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which yields, via the ketone 106, diketones, ketols, dicarboxylic acids 
and acetals (equation 114), 

Na2Cr207 ; + 
AcOH s 

Oo Oo 

OH 

Pree 

bifo 
HO, 

CO.H Oo 
a eA 

Certain alicyclic 1,2-diketones, for example 3,3,6,6-tetramethyl- 
1,2-cyclohexanedione*®*, have been prepared by oxidation of the 
ketol with chromic anhydride although milder reagents are usually 
used. 

Chromic acid is usually employed in aqueous or acetic acid solution, 
but pyridine, ¢-butyl alcohol, acetic anhydride, acetone, and dimethyl- 
formamide have also been used as solvents!. Oxidations are usually 
carried out at room temperature or with cooling. Generally, oxidation 
of aldehydes to acids proceeds more slowly than oxidation of the 
corresponding alcohols to the aldehydes ?8°, Changing the solvent will 
also affect the relative rates of oxidation of aldehyde and alcohol. 
Alcohol oxidations proceed more rapidly in acetic acid than in water, 
whereas the rate of aldehyde oxidation is little affected2®°, The 
presence of electron-withdrawing groups on the molecule speeds 
aldehyde oxidations but slows alcohol oxidations 2®°, 

The mechanistic aspects of oxidation of aldehydes with chromium (v1) 
has been discussed in Volume 1}. 

Studies on the comparative rate of reaction of cyclohexanone and 
2,2,6,6-tetradeuterocyclohexanone in water and in deuterium oxide 
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have led to the conclusion that the oxidative cleavage of ketones 

proceeds by attack on the enol?®’. The resistance to oxidation of 

certain terpenoid ketones such as 107 has been attributed to steric 

hindrance to attack of the enol 2®8, Recent kinetic studies on isobutyro- 

; O 
H 

(107) 

phenone and 2-chlorocyclohexanone provide further support to the 

theory that chromic acid oxidation proceeds via an enol interme- 

diate 2®9, Although the eventual reduction product in oxidations with 

chromium(v1) oxide and dichromate is chromium(1), valence states 

other than chromium(v1) are apparently involved in the oxidation. 
In the fission of ¢-butyl phenyl ketone by chromic acid, there is evi- 
dence that a two-electron change is involved from chromium(v) 
to chromium (mt) 2°°. Wiberg 25° contends that oxidation with chromic 
acid is in fact an oxidation by chromium(v) to 67% extent. He offers 
the scheme illustrated in equations (115) to explain the formation of 
chromium(v) by reaction of chromium(vt) with a substrate S, yielding 
products P. Chromium(v) appears to be a more powerful and less 

Crtg $s > Crt 4p (115a) 
Cri¥ 4 Cr¥t ——> 2.Crv (115b) 
2Cr¥ + 2§ ——>2Cr™+2P (115c) 

selective oxidant than chromium(v1) 7°%. It has been estimated that 
cyclohexanone is 15,000 times as reactive to chromium(v1) than 
adipic acid, but both compounds are equally reactive toward chro- 
mium(v). Roéek?’® has shown that the production of glutaric and 
succinic acid as by-products in the chromic acid oxidation of cyclo- 
hexanone is due to attack by chromium(v). He found that although 
adipic acid itself was unreactive to chromic acid, when the reaction 
was carried out in the presence of 3-methyl-2-butanone, adipic acid 
was oxidized to glutaric and succinic acid (equation 116). Evidently 
reaction of 3-methyl-2-butanone with chromic acid produces chro- 
mium(v) which then attacks the adipic acid. 
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G rOg 

HOzC(CHa)4COZH —SEO2—> HORC(CHa)2CO2H + HO2C(CHa)2CO,H (116) 

XII. GROUP VII.B 

A. Manganese 

|. Permanganic acid and manganese(III) 

Manganese oxidations have been reviewed 272-291-292, Aromatic 
and aliphatic aldehydes are smoothly converted to the corresponding 
carboxylic acids by permanganate in acid or alkali. Alkaline perman- 
ganate has been employed in the preparation of 2-ethylcaproic acid 
from the aldehyde?®°, Acid permanganate has been used for the 
oxidation of heptaldehyde to heptanoic acid29*. The aromatic alde- 
hyde piperonal has been oxidized to piperonylic acid by perman- 
ganate*°°. In general, manganese(m) pyrophosphate attacks only 
aldehydes that can enolize; however, certain «,8-unsaturated alde- 
hydes such as acrolein are known to react2®*, On the other hand 
manganese(1) sulphate is a more powerful oxidant which will react 
with aldehydes which cannot form an enol, like formaldehyde?9”. 

Ketones are much more resistant to oxidation than aldehydes. 
Thus acetone can be used as a solvent for permanganate oxidations 2%, 
Under vigorous conditions ketones are oxidized with chain cleavage 
to carboxylic acids. Oxidative attack occurs preferentially at a 
methinyl carbon, rather than at a methylene one?9°, Manganese(11) 
pyrophosphate has been used to oxidize enolizable ketones®°° and 
«-keto acids *°". In the case of pyruvic acid, oxidative decarboxylation 
to acetic acid occurred ®”°, 

Electron-withdrawing substituents have little effect on the rate 
of permanganate oxidation in neutral solution, whereas they greatly 
accelerate the rate®°? in basic solution. Aldehydes may sometimes be 
oxidized more rapidly than alcohols by running the oxidation in 
neutral solution. This is because alcohols are oxidized rapidly only 
via their alkoxide ions, while aldehydes are oxidized at reasonable 
rates even in neutral solution 2°°, 

Manganese dioxide is the usual reduction product in neutral and 
in all but strongly basic solution; manganese dioxide is usually not 
reduced further since it is a weak oxidant (see section XII.A.2). Acid 
permanganate and manganese(m) salts are usually reduced to 
manganese(II). 
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The mechanistic aspects of manganese oxidations of aldehydes have 
been discussed in Volume | of this work?. The most common mode 
of oxidation of aliphatic ketones involves reaction at the a-position 
to yield an acyloin®° or, in some cases, possible direct oxidation to a 
1,2-dicarbonyl compound *%. ; 
The control of rate by enolization in the acid-catalysed oxidation 

by permanganate has been suggested in studies on the oxidation of 
acetophenone *°°, The oxidation of cyclohexanone by acid perman- 
ganate is zero order in permanganate and first order in ketone, which 
also points to a rate-controlling enolization‘*. 

In .acid solution, oxidation by manganese(m) presents a more 
complex mechanistic picture. Manganese(m1) is stable only in very 
acidic solution, where it is employed either as the pyrophosphate, 
Mn(H,P,0,)3~, or as the sulphate. As has been pointed out above, 
the nature of the ion associated with the manganese affects its oxidizing 
power, and very possibly alters the mechanism by which it reacts. 

Manganic pyrophosphate oxidations of enolizable ketones were 
found to be zero order in oxidant, but first order in carbonyl com- 
pound and in acid °°. Presumably manganese(111) reacts with the enol 
to form the resonance stabilized radical 108, which can react with 
another manganese(m) ion and water to form a ketol9°%. Alterna- 
tively the radical may disproportionate to form a ketol and starting 
material (equations 117a-e). 

O lt 

RCH,CR == RCH=CR (117a) 
OH 

sel RCH=CR + Mn+ ——»> [RCH=CR <—» RCHCR] + Mn2+ + H+ 
(108) (117b) 

RCHCRO + Mn+ ——> RCHCRO + Mn?+ (117c) 

oH 
+ 

RCHCRO + HzO ——> RCHCRO + H+ (117d) 
Or 

OH 

2 RCHCRO + HzO ——> RCHCRO + RCH,CRO (117e) 

The oxidation of pyruvic acid by manganic pyrophosphate appa- 
rently does not proceed by enolization, but by the cyclic intermediate 
109° (equation 118). The acyl radical produced by decomposition 
of the intermediate reacts further to form acetic acid. 
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In contrast with oxidation with manganic pyrophosphate, oxidation 
of cyclohexanone with manganese(im) sulphate proceeded at a rate 
greater than enolization?°*. When 2,2,6,6-tetradeuterocyclohexanone 
was oxidized, a primary isotope effect was observed. It is believed 
that oxidation with manganese(1) sulphate involves a direct attack 
on the ketone, with breakage of an « C—H bond in the rate-deter- 
mining step. 

O i ‘cg 

Mn(HsP207),2- ——> RCO + CO + Mn(H,P20,),2- (118) 

R~ ot (109) 

The kinetics of permanganate oxidation of acetone has been 
examined in basic aqueous solution®°*, The authors interpret the 
data in terms of a mechanism in which the enolate is formed in an 
equilibrium step, followed by its rate-determining oxidation (equa- 
tions 119a—c). It may be possible that methylglyoxal can also be 

ae 

CH,COCH; + OH- ——> CHet=CH, (119a) 
a 

CH,C=CH, + MnOz 22> CH3;COCH, + MnO2- (119b) 

CH,COCH, + MnOz + OH- ——»> CHsCOCH,OH + MnO2- — (119c) 

formed directly from acetone without going through the ketol, as 
illustrated in equation (120). All the postulated intermediates (e.g. 

CH,COCH, + MnOz ——+» CH,COCH—O-SMnOs ——> CH,COCHO (120) 
| + 

eee Mn!V species 

pyruvate, methylglyoxal, etc.) are oxidized faster than acetone itself 
and thus satisfy the kinetic evidence. 

2. Manganese dioxide 

The oxidation of organic compounds by manganese dioxide has 

been the subject of a review?%. Normally, specially prepared man- 

ganese dioxide of high activity is employed®°°. Activity may be 

graded by measuring the yield of cinnamaldehyde (as the 2,4-dinitro- 

phenylhydrazone) from cinnamyl alcohol under standard condi- 
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tions®°7, Although manganese dioxide has a fairly high oxidation 

potential, about 1-3 v, it is only a very mild oxidizing agent. Manga- 

nese dioxide is mainly used for the oxidation of alcohols to aldehydes, 

although, at higher temperatures, aldehydes are further oxidized to 

acids. Thus, benzaldehyde yielded benzoic acid and salicylaldehyde - 

yielded salicylic acid®°*. The reagent also has been employed in the 
oxidation of ketols to 1,2-diketones. Thus, benzoin yielded benzil 
and anisoin yielded anisil®°®. In boiling chloroform, cleavage of 
a-ketols has been reported. Thus the dihydroxyacetonyl side chain 
of a steroid was cleaved by manganese dioxide to yield a 17-oxo- 
steroid®°° (equation 121). 

CH,OH 

CO ° 
<-OH nase (121) 

Manganese dioxide also has been used to convert 4*-3-ketones to 
A*-8-3-ketones1°, but other reagents are preferred for this dehydro- 
genation. 

Xiill. GROUP VIII 

A. Iron 

The oxidation of organic compounds by ferricyanide has been the 
subject of a review 11, 

Simple aldehydes such as acetaldehyde*!”, n-butyraldehyde*!* and 
isobutyraldehyde *°®-31* were oxidized by ferricyanide ion, Fe(CN)3~. 
Investigation of the products of these oxidations revealed a complex 
course of reaction in several cases. For example, oxidation of iso- 
butyraldehyde produced 2,2,5,5-tetramethyldihydropyrazine (110) in 
good yield?°%%1* (equation 122). In more concentrated solution 
2,2,5,5-tetramethyl-3,6-dicyanopiperazine (111) was also produced. 

i 
N NG LN 

3- oa 

(CH3)2C HCH=O aR a + ale ae (122) 
pee ‘ 

N " CN 

H 
(110) (111) 
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In contrast, furfural was oxidized to furoic acid, and ferricyanide 
has been proposed as a general oxidant for all furan compounds that 
are stable to alkali**®. Benzaldehyde was reported not to be oxidized 
by ferricyanide*?* and the oxidation of furfural was slow. 

Oxidation of ketones such as cyclohexanone*!2, acetone*!%, ethyl 
methyl ketone*®, and diisopropyl ketone*!? have been reported. 
Ferricyanide oxidation again is associated with complex reaction pro- 
ducts. Thus, oxidation of phenyl isopropyl ketone yielded a mix- 
ture from which phenyl a-aminoisopropyl ketone was isolated 259-314 
(equation 123), 

PhCOCH(CHs)2 ——> PhCOC(CHs)z (123) 

NH, 

Furyl methyl ketone (equation 124) and furfuralacetone were 
oxidized by an excess of ferricyanide to furoic acid *15, 

ea. ree (en ucew (124) 
O O° 

Oxidations of 1,2-diketones such as cyclohexane-1,2-dione and 
biacetyl have been reported*1?, and an interesting reaction was 
reported involving the formation of a cyclopropane compound (113) 
from 1,3-diketone 112% (equation 125). 

Oo O O 

KaFe(CN)g 

OO OO 

(112) (113) 

The iron(m)-catalysed autoxidation of acetylacetone has been 
discussed elsewhere in this work?. 

Aldehydes and ketones are reported to form addition compounds 
with ferricyanide *1”, but the nature of these compounds is not known. 

Ferric chloride in a boiling ether-water mixture has been used 
to oxidize acyloins to diketones?%°:318, Thus, acetoin was oxidized to 
biacetyl*1°. The oxidation of 2-hydroxycyclohexanone by an iron(m1)- 
phenanthroline complex has been studied *1?, Iron(m) has also been 
used as a catalyst in the air oxidation of ascorbic acid to dehydro- 
ascorbic acid 79%, 
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Iron(m) complexes have been found to attack a-keto acids such 

as pyruvic acid °?2, 
Aldehydes and ketones are oxidized by ferricyanide through their 

enolic forms #13, It is believed that the enol anion gives up an electron 
to the oxidant to yield the resonance stabilized radical 114 which is 
further oxidized (equation 126). Radical intermediates would explain 

(C= | O° O O° 
lee: | j | 

RCHLCR eis RCH CR oe BCR ee RCHER (126) 
(114) 

the formation of products such as 113. Nevertheless, vinyl polymeriza- 
tion is not induced by these systems, possibly because the enol radicals 
are not sufficiently reactive or, alternatively, due to the formation of 
a radical-oxidant complex ?*°, Chelate complexes have been proposed 
in the iron-catalysed oxidation of ascorbic acid?%*, Formation of the 
piperazine derivatives 110 and 111 has also been rationalized on the 
basis of a free-radical intermediate similar to 1147°°-?*, 

Ferricyanide oxidation of aldehydes and ketones was found to be 
first order in substrate and hydroxide ion. The reaction order with 
respect to ferricyanide depended on the compound oxidized. The 
kinetics of oxidation of various sugars in alkaline ferricyanide has 
been investigated®?°, The reaction was zero order with respect to 
ferricyanide and first order in hydroxide and sugar. This supports 
the theory that the reaction proceeds by a slow enolization step *7%. 

The kinetics of oxidation of cyclohexanone by tris-1,10-phenanthro- 
lineiron(11) (115) has been studied in the presence and in the absence 

@ i N tt. 
phen,Fe?* H —> 

CO 
(115) 

Oo ane N H 

phengFe?* H + ese (127a) 

ee 
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of oxygen $12. An electron transfer from the ketone molecule to the 
oxidant with the generation of 2-oxocyclohexyl radicals has been 
suggested (equations 127a and 127b). 

{(O H 

phen,Fe?+ H ——> phengFe?+ + H+ (127b) 

© 
The ferric perchlorate oxidation of acetoin to biacetyl has been 

investigated *°, At low concentrations of iron(1) the reaction was 
first order in acetoin and iron(m). The rate showed a dependence 
on pH, believed due to equilibria involving various hydrated iron 
species such as FeQH?* (equation 128). Induced radical polymeri- 

Fes? sO) = FeO 12 Et (128) 

zation of methacrylate was observed under the reaction conditions. 
The authors propose direct attack of iron(m) on the ketol to yield 
radical 116 which is oxidized in a subsequent fast step to the diketone 
(equations 129a and 129b). 

Fe®+ + CHsCOCHOHCH, 22> Fe2+ + H+ + CHgCOC(OH)CH, (129) 
(116) 

Fes* + CH3COC(OH)CH, ——> Fe2* -- Hit -- GCH,ECOCOCH. (129b) 

B. Cobalt 

A series of papers have appeared on the oxidation of organic com- 
pounds by cobalt(mr) 924. Formaldehyde °2?:323 and several aromatic 
aldehydes *** have been oxidized by cobalt(m) to the corresponding 
acids. Cobalt(mt) has also been used as a catalyst in the autoxidation 
of aldehydes *®. It is thought that cobalt initiates radical chains by 
direct reaction with the aldehyde (equation 130). Electron-withdraw- 
ing substituents accelerate the rate of oxidation®?*, The mechanis- 
tic aspects of cobalt oxidation of aldehydes have been discussed in 
Volume 1 of this work?. 

CHgCHO + Co?+ ——»> CH,CO + Co2+ + H+ (130) 

Oxidation of ketones by cobalt(m) produces extensive decomposition 
of the organic molecule **°. The oxidation of diethyl ketone, for exam- 
ple, was so complete that 10 cobaltic ions were required to completely 
oxidize 1 mole of ketone. The oxidation of alcohols by cobalt(11) 
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occurs more readily than that of ketones. Cobaltic oxidation of 

t-butyl alcohol, for example, yielded acetone, which was highly 

resistant to further oxidation °°, 
Cobalt is a more powerful oxidant than vanadium, manganese 

or cerium. Oxidations are usually run in acid solution and cobalt(11) 
is the usual reduction product. The reactive species appears to be 
Co(H,O),OH?* in perchloric acid, and a sulphate complex in 
sulphuric acid 2°. 

The kinetics of oxidation of cyclohexanone and 2,2,6,6-tetradeutero- 
cyclohexanone have been studied in water and deuterium oxide?®*. 
It was concluded that cobalt(m) attacked the ketone rather than the 
enol. Oxidation by cobalt(m) proceeded much more rapidly than 
enolization. The solvent isotope effect observed also points to attack 
of cobalt(m) on the ketone in both sulphuric acid and perchloric 
acid. In the oxidation of the deuterated ketone, no primary isotope 
effect was observed which implies that the « C—H bond is not broken 
in the rate-determining step. The authors believe that the kinetics 
can be explained by assuming that formation of a cobalt—ketone 
complex is slower than its subsequent decomposition. Alternatively, 
the slow step may involve direct electron transfer from cyclohexanone 
to yield a radical cation 117 (equation 131). 

oO oO 

Co8+ + es => Carty cS (131) 

(117) 

327 
? 

Studies on diethyl ketone and the «-deuterated ketone lend support 
to a mechanism involving direct attack of oxidant on the ketone **°. 
No kinetic isotope effect was observed and the rate of oxidation was 
greater than the rate of enolization. No 1,2-diketone could be detected. 
It was calculated that pentane-2,3-dione, if formed, would have been 
detected unless it was oxidized at least 100 times as fast as diethyl 
ketone. It was concluded that it was the ketone as such which was 
oxidized, and that C—C fission must occur at an early stage, via the 
radical cation 118 or the cobalt containing intermediate 119 (equa- 
tions 132a—d). 

Co8+ + EtgCO ——» Et,CO--Co®+ ——> Co®+ + Et,C—Or (132a) 
(118) 

+ + 
Ei,C—+O° be GEICO (132b) 



2. Oxidation of aldehydes and ketones 133 

or 
oe 

HO + EtgCO---Co#+ =—* Et,C—O---Co2+ + H+ (132c) 
(119) 

OH 
| 

EtgC—O---Co?+ ——-> Co?+ + EtCO,H + Et° (132d) 
In sulphuric acid, the reaction was first order in cobalt(m) and in 

ketone, but the reaction showed an inverse dependence on acidity. 
This has been attributed to the formation of the inert complex, CoSO}. 

C. Nickel 

Nickel, like palladium, has been used to convert cyclohexanones 
to phenols*?® (equation 133). The mechanism of catalytic dehydro- 
genation is discussed in section XIII.E. 

(133) 
- aS 

Addition of a solution of sodium hypochlorite to a solution of a 
nickel(i1) salt yields a black precipitate of nickel peroxide, which 
after washing and drying can be used in a variety of oxidation reactions. 

Aromatic and aliphatic aldehydes are oxidized to the carboxylic 
acids by nickel peroxide in alkaline solution ®?°. Under the alkaline 
conditions, aliphatic aldehydes with an enolizable a-hydrogen some- 
time yield aldol by-products. Sorbaldehyde (120) and crotonaldehyde 
were converted to the corresponding acid in good yield by this method®*° 
(equation 134). Aldehydes such as benzaldehyde and furfural were 
also smoothly oxidized ®?°. 

CH3CH=CHCH=CHCHO “225 CH3sCH=CHCH=CHCO,H (134) 
(120) 

Nickel peroxide cleaves a-keto alcohols to carboxylic acids and 
a-keto acids to carboxylic acids and carbon dioxide **?. Thus acetoin, 
butyroin and benzoin yielded acetic acid, butyric acid, and benzoic 
acid, respectively, in good yield (equation 135). Pyruvic acid was 
oxidized to acetic acid and phenylglyoxalic acid was oxidized to 
benzoic acid (equation 136). 

NiO 
PhCHOHCOPh <~>*> 2 PhCO.H (135) 

PhCOCO.H a PhCO.H + CO, (136) 
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D. Ruthenium 

Ruthenium tetroxide is similar to osmium tetroxide in its reactions, 

but is a somewhat more powerful oxidant, and is less toxic, less volatile, 

and cheaper ®*2, Ruthenium tetroxide has been prepared by oxidation 

of ruthenium chloride with sodium hypobromite*** and by oxidation 

of ruthenium sulphate with periodic acid***. Rough estimation of the 

concentration of ruthenium tetroxide can be made by reduction with 

ethanol to the dioxide which is weighed®*°. Oxidations usually are 
carried out in carbon tetrachloride at 0°. 

Aldehydes are rapidly oxidized to the acids by ruthenium 

tetroxide °°, in contrast to osmium tetroxide, which normally does 

not oxidize aldehydes. Thus benzaldehyde and n-heptaldehyde 

(equation 137) were oxidized to the corresponding acids. Methyl 

le} CH,(CH3)sCH=O = CH,(CHs)sCO2H (137) 

cyclopropyl ketone was unaffected under the reaction conditions. 
Oxidation of carbohydrate derivatives with ruthenium tetroxide has 
been investigated 9°, 

E. Palladium and Platinum 

Catalytic oxidation has been the subject of a review°?7938, 
Although catalytic oxidation does not have as wide applicability as 
catalytic hydrogenation, it does offer a control and selectivity not 
possible with other oxidizing agents. 

The apparatus designed for catalytic hydrogenation often serves as 
a convenient system for catalytic oxidations. Normally, high pressure 
equipment is not necessary, as the rate-determining step in catalytic 
oxidation is not dependent on the concentration of oxygen. 

Other catalysts besides palladium and platinum have been em- 
ployed, among them nickel, silver, copper, vanadium oxide, zinc, alumi- 
nium, cobalt and manganese 998, However, Adams catalyst, a hydrated 
platinum oxide, usually gives higher yields and purer products. 
Amines and sulphur compounds poison Adams catalyst and must be 
removed. Catalytic oxidations have been run in water, ethyl acetate, 
benzene, and dioxan. It is important that both reactant and product 
be soluble in the inert medium or small drops will tend to coalesce 
on the surface of the catalyst and stop the reaction. 

Aldehydes, such as acetaldehyde, may be oxidized to acids by 
platinum in the presence of oxygen *°9, 
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Cyclohexanones are converted to phenols%4%341, Aldoses are 
readily oxidized to aldonic acids. Thus p-glucose in the presence of 
alkali gave nearly a quantitative yield of p-gluconic acid 342 (equation 
138). 

Chi=© COOH 

H—C—OH Ht on 
| Hod col Oe 

Lon NOH” yd H—C—OH NaOH” HHC_OH 

nt on H_t_on 
| | 
CH,OH CH,OH 

(138) 

Corresponding oxidations of the aldehyde group of p-galactose, 
D-mannose, D-xylose, and L-arabinose have been effected catalytic- 
ally **°. Oxidation of fructose occurred almost as readily as oxidation 
of glucose, the product being 2-keto-p-gluconic acid*** (equation 
139). 

oe COOH 

i fie HO—C-H 6, HO—C—H 
Pet: | (139) 

H—C—OH H—C—OH 
| | ‘ata H—C—OH 

| CH,OH CH2OH 

Similarly, catalytic oxidation of L-sorbose with platinum-—carbon 
gave 2-keto-L-gluconic acid **5 (equation 140). 

CH,OH COOH 

C=O cao 
| 

HO—C—H co, HO-C-H 
Ss | (140) 

H—C—OH H—C—OH 

| | 
HO—C—H HO—C—H 

| | 
CH,OH CH,OH 

Oxidation at the primary hydroxyl adjacent to the keto group is 
the general rule. 

In contrast to permanganate oxidations, it is not necessary to 
block the other hydroxyl groups when employing catalytic oxidation 
procedures of this type. 
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Wieland suggested that the catalyst acts like a dehydrogenation 

enzyme, and he found that catalytic oxidations could be carried 

out in the absence of oxygen, using methylene blue as a hydrogen 

acceptor ®46, Further evidence supporting this theory is to be found in 

the work of Rottenberg and coworkers on the oxidation of acetaldehyde - 

to acetic acid299, When oxidation was run using oxygen containing 

180, only slight incorporation of the label into the acetic acid was 

observed. On the other hand, if the reaction was run in water con- 

taining 18O, using unlabelled molecular oxygen, the acetic acid was 

found to contain most of the activity. This evidence suggests that the 

aldehyde is oxidatively dehydrogenated through its hydrate (equation 

141). 
H 

GH yCH=04sH,0—— aleeoon —t_. CH,COOH (141) 

OH 

XIV. MICROBIOLOGICAL OXIDATION 

Microbiological oxidation has been the subject of a review 

It was known as far back as 1919 that bacteria could convert 

vanillin to vanillic acid®4®, However, only since the importance of 

steroid derivatives in drug manufacture was realized has micro- 

biological oxidation come into its own as a synthetic method. One 

of the attractive features of a biochemical method is that there is the 

possibility that it will take a ‘chemically’ unlikely course **°. However, 

the synthetic procedure suffers from the disadvantage of the large 

dilutions which have to be employed. Also, at the present state of 

the art, the method is neither general nor predictable. Finally, the 

yields are very variable °°*°?, 
This method has been used to introduce a hydroxyl group in the 

steroid molecule. Reichstein’s substance S (121) was oxidized to 

the 28-hydroxy isomer by Rhizoctonia ferrugena®°? (equation 142). 

CH,OH 

HO, 

ames (142) 

oO 

347 

(121) 
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Although oxidation often occurs at a position « to the ketone, it occurs 
sometimes at a position not activated in the usual sense. Thus, incuba- 
tion of 5e-androstane-6,17-dione with Calonectria decora gave the 1f- 
hydroxyl derivative in 567, yield*®* (equation 143). 

° 
H 

a tt (143) 

| u 
Hg C 

Studies on the mechanism of steroid hydroxylation in biological 
systems indicate that the incorporated oxygen comes from molecular 
oxygen and not from water 955-358, 

Dehydrogenation of steroid molecules has also been accomplished 
by microorganisms. Bacillus sphaericus and Arthrobacter simplex have been 
used to introduce 4!-double bonds into 4*-3-ketones*5” or 4+:6-3- 
ketones +°®, Several ring enlargements have been reported. An unusual 
Baeyer—Villiger type of oxidation was carried out on progesterone 
by the action of Aspergillus orizae, Aspergillus chevalieri, or Penicillium 
citrum®*® (equation 144). A D-homosteroid was produced by the in- 

O 
Oo 

—> => (144) 

O 

cubation of 17a-progesterone with Aspergillus niger®°° (equation 145). 

HO, CH3 

—> (145) 
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A similar reaction occurred on incubation of triamcinolone with 

Streptomyces roseochromogenus*®° (equation 146). There is some doubt 

CH,OH 

(146) 

whether the biological system causes these D-homoisomerizations, or 

whether the ring expansions are due to metal ion impurities in the 

reaction medium °°. 
Cleavage of the steroid ring system with accompanying aromatiza- 

tion has been observed. Fermentation of 17a-methyl-B-nortestosterone 

with Protaminobacter ruber produced 9a-hydroxy-17«-methyl-B-nor- 

testosterone and two 9,10-secophenols?*! (122 and 123) (equation 

147). ) 
H 

<-CHs a 

Be ges na 
O 

OH 

oO 

(147) 

Similar cleavage was induced by Mycobacterium smegmatis in 3B- 
hydroxyallopregnan-17-one®?, The pathway illustrated in equation 
(148) was proposed for the transformation *®-°64, The entire side 
chain of ring D was cleaved from 19-hydroxy-4*-cholesten-3-one by 
Proactinomyces erythropolis to yield estrone *®, 
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oO 

= pes a oO oO 
oF H 

H 

(148) 

= 
Dehydrogenation and oxidation of the side chain of a sapogenin 

diosgenone to a 16-ketosteroid by Fusarium solani has been reported °° 
(equation 149). 

Corticosterone undergoes an interesting oxidative dimerization 
when incubated with Corynespora cassiicola®®" (equation 150). 

CHL0H | = 

150 3 oN : (150) 
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Microbiological oxidations of alkaloids*®® and terpenes*°? have 

been reported. 
Some work has been done in trying to chemically duplicate the 

work of microorganisms in vitro. A system of ascorbic acid, iron 

sulphate and oxygen has been used in the stereospecific hydroxylation — 

of Reichstein’s substance S°7° (121, see equation 142) (equation 151). 

ie a ak + : (151) 

es A oN 
(121) 

XV. QUINONE DEHYDROGENATION 

Dehydrogenation by quinones has been reviewed **9971/°77_ Several 
quinones have been used in the dehydrogenation of ketones, such as 
tetrachloro-p-benzoquinone (chloranil), 2,3-dichloro-5,6-dicyanoben- » 
zoquinone (DDQ), 2,3-dicyanobenzoquinone®’’, 2,3-dibromo-5,6- 
dicyanobenzoquinone®"*, and tetrachloro-o-benzoquinone*°. 

Chloranil dehydrogenations are usually run in ¢-butyl alcohol 7° 
but amyl alcohol!®®, ethyl acetate®"’, s-butyl alcohol*’®, dioxan®”, 
and tetrahydrofuran?”? have also been used. Dioxan and benzene 
are the preferred solvents for dehydrogenation with DDQ. Tetra- 
hydrofuran 5®°, ¢-butyl alcohol**, acetic acid®7°, and solvent mix- 
tures ®®? offer additional possibilities. Often acid catalysts are em- 
ployed, such as p-nitrophenol, picricacid®°, maleic acid, trichloroacetic 
acid, oxalic acid, 3,5-dinitrobenzoic acid*8?, anhydrous hydrogen 
chloride, and concentrated sulphuric acid***. The relative value of 
various quinones in dehydration reactions has been discussed °*9-9®°, 
Chloranil is a milder reagent than DDQ;; however, it has been known 
to undergo a Diels—Alder reaction with the substrate *°® and has been 
reported to open the epoxide ring of a 168-methylsteroid °°”. 

Other disadvantages to the use of quinones as dehydrogenating 
agents include possible incorporation of the quinone into the molecule 
via a Michael addition *®°, occurrence of side reactions catalysed by 
the acid media, and the difficulty in stopping the reaction after one 
double bond has been introduced. 

Dehydrogenation of 4*- to A}*-3-ketosteroids was effectively 
accomplished by DDQ%°° (equation 152). In the presence of a strong 
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Pe eeyy 
acid A*®-3-ketones were formed 2% (equation 153). Saturated 

os 
— (153) 

oO O 

3-ketosteroids can be dehydrogenated to A-, 44-, or 4}+4-3-ketones 
by DDQ. The stereochemistry of the starting material often determines 
which hydrogen atoms are removed. Steroidal 3-ketones bearing a 
Se-hydrogen atom generally gave 41-3-ketones as the major product 
(equation 154), while a 58-hydrogen usually yielded A*-3- 
ketones 1°*-391 (equation 155). 

Ot sae (154) 
Oo ' O 1 

H H 

c= 
H 

Dehydrogenation of 2-formyl-3-ketosteroids in dioxan yielded 
2-formyl-4*-3-ketones*°?-*9* (equation 156). Loss of an angular 

HOCH OCH 
ie ae sKeailon (156) 

O oF 

methyl group with accompanying aromatization of the A ring has 
been reported 99° (equation 157). 

Chloranil appears to be the reagent of choice for the conversion of 
A*-3-ketones to 4*:§-3-ketones 9°°, Forcing conditions were required for 
the chloranil dehydrogenation of 4*:§-3-ketones to 41>*:®-3-ketones?97 
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however, DDQ smoothly effected this type of dehydrogenation °%° 

(equation 158). On the other hand A?4-3-ketones were more easily 

AcO. 

| = SOG (157) 

O HO 

oO 

converted to 4}+4-8-3-ketones with chloranil®®® than with DDQ*° 

(equation 159). 

eae ree 

chioranil ’ (159) 

O oO 

Steroidal dehydrogenation of 4*-3-ketones carrying a substituent 

on Cy to A*®-3-ketones occurred most readily if the substituent 

were «*°! (equation 160). 

Swe eee 
Ta (160) 

Molecules other than steroids such as polyhydronapthalene*° 

and cycloheptadiene1®* derivatives have been dehydrogenated by 

quinones. A number of interesting oxidative dimerizations effected 

by DDQ have been uncovered*°*. Thus 2-arylindane-1,3-diones 

were readily converted into 2,2’-diaryl-2,2’-biindane-1,1’,3,3’-tetrones 

(equation 161). The dimerization is believed to proceed by a one- 

electron transfer from the enolate anion to the quinone to yield as an 

intermediate the resonance stabilized radical 124. 
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Ar Ar 

Oo O 

Ar OOK « HAr 

O O 

The normal course of dehydrogenation of a substrate SH, may be 
rationalized on the basis of a two-step heterolytic mechanism 283-49 
(equations 162). 

SHy + Q 22> sH+ 4 QH- (162a) 
Sa OH? = Senay: (162b) 

The possibility of hydride transfer via the intermediacy of an addi- 
tion product such as 125 has been suggested *°° (equation 163). 

(163) 

XVI. MISCELLANEOUS 

Hydrogen has recently been shown to be an oxidizing agent*°®, A 
stream of hydrogen atoms produced by a microwave discharge was 
mixed at a nozzle with a gas stream of the compound to be studied. 
The products were analysed with a mass spectrometer. Under these 
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conditions ketene was found to be one of the major intermediates in 

the oxidation of acetaldehyde. The products can be rationalized by 

the scheme illustrated in equations (164a-d). A similar reaction oc- 

He 4+CH,CH=O 2" s7cHIC=O-4 Hs (164a) 

H* + CH,c=O ——> CH,=C=O + He (164b) 

H* + CHg=C=O ——> CH; + CO (164c) 

H+ + CH3 (wall) ——> CH, (164d) 

curred with oxygen atoms (equations 165). 

O: + CH;CH=O ——> HO* + CH,C=O (165a) 

Ov 4 CH{C=O —=s HO*4- CHC =0 (165b) 

Carbonium ions have also been used as oxidants. Thus 3,6,9- 

trimethylperinaphthan-l-one was dehydrogenated with triphenyl- 

methyl carbonium perchlorate to 3,6,9-trimethylperinaphthen-1- 

one 7-408 (equation 166). Carbonium ion dehydrogenation was 

reported to be the best method for converting perinaphthanones into 

perinaphthenones. 

as ; oe — 

+ PhsCt+ClO,- —— GS (166) 

Acetophenone was oxidatively dimerized to 1,2-dibenzoylethane 
when irradiated in the presence of a small amount of phenol*°. 
Bimolecular reduction of acetophenone to 1,2-dimethyl-1,2-diphenyl- 
ethylene glycol accompanied the oxidation (equation 167). 

Me ‘ 

PhCOCH3 —- PhCOCH,CH.COPh + pAb corer: (167) 
pheno 

OH OH 

Electrolytic oxidation has not so far found as wide applicability 
as electrolytic reduction. However, it has been successfully employed 
in the oxidation of p-glucose to p-gluconic acid*!° in the presence 
of a catalytic amount of bromide ion. Bromine probably was the actual 
oxidant which was continually regenerated. 
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Il. INTRODUCTION 

The enolization reaction (1) is probably the most discussed example 
of prototropic tautomerism?~°, bearing close relation to other proto- 
tropic rearrangements, e.g. of nitroalkanes to aci-nitro compounds 
and of imines/immonium ions to enamines. The presence of additional 
carbonyl groups, imino groups, other hetero atoms, double bonds, 
rings etc., may complicate the simple pattern outlined in equation (1), 
and sometimes the word ‘enolization’ will no longer be adequate to 
describe the process. 

ORS OH R? 

Ras ae SSS peladie® (1) 
sie ayer 

Enolization affects the physical properties of carbonyl compounds 
as keto and enol forms often exhibit quite different characteristics, 
such as solubilities, melting points, and vapour pressures. In organic 
reactions enolization is important because it is closely connected to 
deuteration, racemization and halogenation of carbonyl compounds. 
Functional derivatives of enols, e.g. ethers and esters, can sometimes 
be used with advantage in certain syntheses, and enol phosphates 
play important roles in biochemistry. Enolate anions (metal enolates) 
will not receive much attention in this review, but can be important 
intermediates, for example in aldol-type reactions and the base-cata- 
lysed halogenation of carbonyl compounds. 

Enolization generally is a slow process, but is catalysed by acids 
and bases. The simplest pathways of enolization may be depicted 
as in equation (2). This scheme also illustrates the close connection 
existing between the acidities and basicities of ketones and enols 
and their enolization rates and equilibria. The basicity of ketones and 
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acid-catalysed enolization were discussed previously in the series‘. 
Enolization is also closely linked with association phenomena such 
as solvation and hydrogen bonding. 

! @ be 

fae ake 
RI—CC 

—~Ht SY +H 

Cuties a ESN Tihendtra 
a oiled A w—cacC ei 

3 wee Sas | a We R3 

SS Siete Me 
re 

The detailed mechanisms of enolization are presently being in- 
vestigated with new and improved techniques. 
The simple system depicted in equation (1) covers a manifold of 

structural variations of the groups R1, R? and R%. Ring formation 
may also enter the picture, and vinylogues (equation 3) provide other 

Oo rar? OH R? 

rt (cH—cH),—¢” — Ri C=CH-(CH=CH),.-CH=C” (3) 

R$ R3 

generalizations. One can also consider hetero atoms with a mobile 
proton (equation 4), as they occur in amides. Several structural 

O H OH 

pee” — po_c_x_pe (4) % 

variations may be exhibited simultaneously and give rise to many 
enolization possibilities for a given molecule. 

Il. DETERMINATION OF KETO-ENOL 
EQUILIBRIUM CONSTANTS 

The methods used for the determination of keto—enol equilibrium 
constants can be classified as chemical methods and physical, parti- 
cularly spectroscopical, methods. 

The former employ reactions which are considered to be specific 
for enols and are used on the assumption that they are considerably 
faster than enolization. Obviously neither the reagents nor the reaction 
products must catalyse enolization, The most important chemical 
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methods employ halogenation, and Meyer’s classical bromine titra- 
tion, after several modifications and improvements, is still outstanding °. 
For markedly acidic systems, particularly B-dicarbonyl compounds, 
the reactions of enols with diazomethane to form O-methyl compounds 
has been widely used. The results have sometimes been misleading 
and have often been criticized. Methods employing reactions specific 
for the keto forms have apparently not been seriously considered, 
but would be of great interest for systems where the degree of enoliza- 
tion is very high (say more than 80 or 907). 

Spectroscopic measurements do not interfere with the enolization 
reaction; however the evaluation of extinction coefficients in u.v. and 
i.r. spectroscopic methods poses difficult problems. N.m.r. spectroscopy 
at present offers the best possibilities, but for limitations at low or 
high enol concentrations. 

A. Halogen titrations 

In the direct method a solution of the substance to be investigated 
is titrated with a standard solution of bromine®’. The enol present 
reacts rapidly with bromine, yielding a bromo ketone, whereas the 
direct bromination of the keto form is very slow. The reaction gives 
also hydrogen bromide which is an efficient catalyst for the keto—enol 
interconversion, which might result in too high enolic values and a 
rather unsharp end point. This is avoided to some extent in a modifi- 
cation often referred to as the indirect method®!°. Here, a solution 
of the tautomeric compound is mixed with a solution of bromine 
estimated to be in excess of the enol form present. The unreacted 
bromine is then rapidly trapped by B-naphthol. After adding a solution 
of potassium iodide and heating, the bromo ketone present reacts 
according to equation (5), and the liberated iodine is titrated. Occa- 
sionally, however, also the indirect method fails because reaction (5) 

O Br OH 

to tet uli ts Br- (5) 

is slow or incomplete !®-1®, Many of the early results obtained by 
Meyer*® and others?® especially for B-dicarbonyl compounds have 
been corroborated by more recent n.m.r., u.v. and i.r. measurements. 
In some cases, however, the bromine titration methods have been 
reported to give absurdly high enolic contents, in excess of 1003, 44-4 
A number of modifications and improvements of the original 

bromine titration methods of Meyer have been described. Schwartzen- 
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bach and coworkers?7:1® have introduced an ingenious flow technique, 
in which a solution of the enol is mixed with a solution of bromine, 
the concentration of which is continuously increased. The bromine 
concentration in the mixture is monitored potentiometrically by 
means of a platinum electrode inserted at a suitable distance down- 
stream from the mixing chamber. A sudden change in the electrode 
potential is observed when the bromine concentration exceeds that 
of the enol. This method allows measurements of much smaller enolic 
concentrations than the original Meyer methods. However, some 
compounds show poorly defined electrode potential changes. 

Gero!9-?1 has employed iodine monochloride in place of bromine 
in a modification of the indirect method described above. Recently, 
Allinger, Chow and Ford?? have shown by an n.m.r. technique 
that some of the values obtained by Gero on the enolic content of 

cyclic ketones were erroneous, but the reasons for this are not clear. 

In the Walisch method??-25 bromine is produced electrolytically 

and its concentration followed potentiometrically. The amount of 

enol form is calculated from the current and time required to reach a 

certain bromine concentration. The bromine concentration is always 

very low, thus reducing the danger of interfering side reactions. By 

varying the time parameter it is possible to estimate the rate of 

enolization and to correct the determined enolic contents for this 

effect. Bell and Smith2® have recently utilized a redox electrode of 

platinum in combination with a glass electrode to measure the very 

small bromine uptake of cyclopentanone and cyclohexanone. 

B. Acidimetric methods 

Measurements of the apparent acid dissociation constant of a com- 

pound capable of existing in two tautomeric forms make it possible 

to calculate the equilibrium constant (K,), provided the acid disso- 

ciation constants of the tautomeric forms are known (see IV.C.1). 

Such measurements have been frequently used to determine the ratio 

of oxo form to hydroxy form in aqueous solutions of hydroxy deriv- 

atives of pyridines, quinolines, isoquinolines and other heterocyclic 

compounds?"’?8, 

C. Spectroscopic methods 

Quantitative infrared spectroscopic measurements have been used 

to study the enolization of simple ketones**°%, and B-diketones. 

Ultraviolet spectroscopy has also been widely employed 34-41 Raman 
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spectra have been used by Kolrausch and coworkers*?:#? and by 
Shigorin **, 

Nuclear magnetic resonance spectroscopy has rapidly become a 
powerful tool in the study of keto—-enol tautomerism. It was first 
applied by Jarrett, Sadler and Shoolery *® who investigated the proton ° 
resonance spectra of 2,4-pentanedione and 3-methyl-2,4-pentanedione. 
Later work has been concerned mainly with proton resonances ***®, 
It has been recently shown, however, that increased knowledge may 
be gained from’’O magnetic resonance spectra ®7-5®, With the n.m.r. 
method equilibrium constants K, = [enol]/[keto] between 0-05 and 
20 may at present be determined with reasonably good accuracy, 
as with the sensitivity of present day spectrometers it is possible to 
detect a few tenths of a per cent of one tautomeric form in the pure 
liquid”. In solutions the lower limit of detection will be increased 
correspondingly. With the aid of time-averaging computers the limit 
of detection of a weak signal can be effectively lowered by one or 
two powers of ten. It seems highly desirable to use the n.m.r. technique 
for a reinvestigation of the enolic contents of simple ketones. 

Ill. ENOLIZATION OF SIMPLE CARBONYL COMPOUNDS 

A. Equilibrium constants for ketones 

In simple aliphatic and alicyclic ketones or aldehydes the equilibrium 
OH 1k OH R2 

Rte ack ie tte 
R3 a 

(1a) (1b) 
is greatly in favour of the keto form (1a). Early attempts to determine 
the extent of enolization in simple ketones by bromine titration did in 
fact fail to show any evidence for enolization®. Attempts to synthesize 
the enols directly have resulted in the corresponding ketones. For an 
example of an alleged preparation of enols see references 60 and 61. 

Indirect evidence for the occurrence of small amounts of enolic 
forms in simple ketones came from kinetic studies of acid-catalysed 
racemization, halogenation and deuterium exchange. It is often 
assumed that such reactions proceeded via the enol forms. 

The enolic content in aqueous solutions of the simple ketones— 
acetone, cyclopentanone and cyclohexanone—was first determined 
in 1947 by Schwartzenbach and Wittwer using the flow method!8, 
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Later, Gero1®-?! has reported enolic contents extrapolated to those 
of the pure liquids of these and a number of other ketones and esters 
(Table 1). 

Recent work indicates that these earlier values were too high. 
Dubois and Barbier ®? (cf. also Walisch?®) found the enolic content 

Taste 1. Keto-enol equilibrium constants (K, = [enol]/[keto]) 
of simple ketones. 

Compound K, Method/medium Reference 

Acetone 290) Kl Oe ei 18 
Oe LO me . 19 

(0-9 x 10-8) : 26 
Ethyl methyl ketone T-2 xe 1052 2 19 
Methy] propyl ketone 8-6 x 10-5 a 19 
Butyl methyl ketone Pla On 2 19 

Diethyl ketone 6G: Lex LOR B 19 

Ethyl propyl! ketone 4-7 LO=* y ng 

Diisopropy! ketone ad x 10°? » 19 

Camphor 1 Axe lee y 19 

Acetophenone eee Oe A 19 

Propiophenone Open Ome. B 19 

Cyclobutanone 0-55 x 10-2 c 21 

Cyclopentanone 4-8 x 10-5 c 18 
G98." 10-2 e 21 
T3201 10-% A 26 

Cyclohexanone 2-00 xs 054 2 18 

Like e 21 

bE LOmrato 
Seai0ne e 62 

4-1 x 107° 4 26 

Cycloheptanone 0-567 10> s° 19 

=< 0-20 10-7 f 22 

<0-4 x 107? ZI 62 

Cyclooctanone fete Oe c 21 

=< Sree * f 22 

Cyclononanone 4.2 x 1071 ci 2 

Cyclodecanone 65 en Om e 21 

The analytical methods used are: in a to e various modifications of the bromine titration 

method, in f and g n.m.r. spectroscopy. 

2 Tn water. 

>In 75% methanol extrapolated to the neat liquid. 

© In 75% methanol extrapolated to the neat liquid. 

4 Tn water at 25°. 
& Medium not stated. 
4 In ca. 70% methanol. 
9 In chloroform. 
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in carefully purified cyclohexanone to be a third to a fourth of that 
given by Schwartzenbach and Wittwer’®. Careful measurements 
on aqueous solutions of acetone, cyclopentanone and cyclohexanone 
have recently been made by Bell and Smith?°. Under the conditions 
of their experiments the reaction between enol and bromine was - 
complete within five seconds, whereas the time required for reestablish- 
ment of the keto—enol equilibrium was about ten minutes. They also 
found evidence for the slow continuous production of some bromine- 
consuming substance other than the enol—possibly an unsaturated 
ketone. For cyclopentanone and cyclohexanone, the enolic contents 
found are lower than those found by Schwartzenbach and Wittwer by 
factors of 4 and 50 respectively (Table 1). For acetone no consistent 
value of the enolic content could be obtained, but the earlier values 
(K, 2 x 1078) are most likely too high?®. From the observed rate of 
reaction of acetone and bromine in dilute solutions a K, value of 
9 x 10-7 can be estimated ?°. 
With n.m.r. spectroscopy Allinger, Chow and Ford? have recently 

shown the enolic contents found by Gero for cycloheptanone and 
cyclooctanone to be too high (Table 1), and the K, values given in 
Table 1 are thus upper limits, estimated from the limit of signal 
detection under the experimental conditions. Whenever the K, values 
found by Gero using the ICI titration method can be compared with 
values obtained with other methods, Gero’s values are consistently 
seen to be higher. In view of this, it is at present somewhat uncertain 
what significance should be given to the other K, values of simple 
ketones which have been obtained by the ICI method. 

B. Direction of enolization 

Many unsymmetrical ketones, for example 2-butanone (2), may 
enolize in two ways: 

oe O OH 
l CHs—CH=C—CH, ===> CH,—CH,- t— CH, ——— cHotenboley 

(2) 

The degree of enolization is very low, however, and only indirect 
means can be used to estimate the relative importance of the enols. 
The classical approach would be to investigate orientation by bromi- 
nation ; however it has recently been proposed that halogenation does 
not necessarily proceed via the enols®, Investigation of the rate of 
exchange of deuterium for the «-hydrogens seems to be more illus- 
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trative, though there can be no a priori certainty that even deuteration 
proceeds via the enols. In the acid-catalysed deuteration of 2-butanone, 
n.m.r. investigations have shown that the orientation is approximately 
the same as in halogenation and that the ratio 3-deuteration/1- 
deuteration is approximately 2-5. Base-catalysed deuteration gave 
lower values, ca. 0-7, and in neutral media intermediate values have 
been obtained ®*-®°, The work on deuteration is being continued °°, 
The situation is, however, confused since the essentially kinetic data 
cannot be used to evaluate the ratio of the competing enols, even if 
these are intermediates. 

C. Enolization of aldehydes. 

Enolizable aldehydes provide a puzzling subject. Extensive studies 

Se O H Ri Ri Oo H 

Ney cf arn en cho —— nas 

ie \ Zz ite emits 
R? OH R2 R2 H 

(3a) (3b) (3c) 

have been made on their hydration (8b — 3a) which is a dominating 
reaction in aqueous media®’®8 (see Chapter 1). The facile aldol 
condensations and rapid halogenation of simple aldehydes would be 
expected to parallel a marked enolization (8b — 8c), yet very little 
is found in the literature on this. Gero, using the iodine monochloride 
method, could not observe any halogen uptake by acetaldehyde 
(indicating an enol/keto ratio of less than 1 x 10~7) under conditions 
where the enol content of acetone was measurable”. In a series of 

papers on vinyl alcohols Fuson and coworkers have described (mainly 

mesityl-) substituted acetaldehydes, which are largely enolic. The 

earlier results have been generalized to give the necessary and sufficient 

conditions for stability of the vinyl alcohol forms (8c); both R* and 

R2 should be groups like mesityl®®. The generalization was also 

extended to include «,f-enediols. In these sterically crowded com- 

pounds the keto—enol interconversion is sluggish. This is marked even 

in the less enolic 2-mesityl-2-phenylacetaldehyde”°. 

D. Thermochemical considerations 

The low degree of enolization of simple carbonyl compounds is 

consistent with thermochemical data. Klages”! has estimated the 

heats of combustion (enthalpy difference) to be in favour of the keto 
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forms by 16 kcal/mole for ketones, 10 kcal/mole for aldehydes and 

24 kcal/mole for esters. 
Conant and Carlson”? tried to estimate the free energy change of 

enolization of acetophenones from measurements on the rates of 

isomerization of optically active derivatives, under the assumption . 

that the rate of isomerization is a measure of the rate of enolization, 

as the observed energy of activation (ca. 14 kcal/mole for a number 

of acetophenone derivatives) is also an upper limit for the enthalpy 

change of enolization. A lower limit of ca. 6 kcal/mole for the free 

energy change of enolization was estimated from measurements on 

equilibria in B-diketones and keto esters. Neglecting entropy changes 

we thus have for the enolization of acetophenone 6 < 4G° < 14 

(kcal/mole) at 25°c, corresponding to K, between 10~® and 1077°. 
In an analogous way, values of 4G° of enolization in the gaseous 

phase were estimated to be 14 to 16 kcal/mole for aliphatic esters, 

10 to 12 kcal/mole for aliphatic ketones and 7 to 10 kcal/mole for 

aliphatic aldehydes. 
Sunner showed that the heat of enolization of acetone can be cal- 

culated from the heats of hydrolysis of isopropenyl acetate (equation 
6) and m-cresyl acetate (equation 7) 7° 

CH,—=C(CH3)OAc(g) + H2O(g) ——> CHsCOCH,(g) + HOAc(g) (6) 

AH, = —13:7 kcal/mole at 25°C 

m-CH3CgH4OAc(g) + H2O(g) ——> m-CH3CgHsOH(g) + HOAc(g) (7) 

4H, = —3:°6 kcal/mole at 25°C 

Equation (6) can be split into the two consecutive steps (8) and (9): 

CH z—=C(CH,)OAc(g) + H2O(g) ——> CH,=C(CH,)OH(g) + HOAc(g) (8) 
CH.—=C(CH,)OH(g) ——> CH,COCH,(g) (9) 

The enthalpy change is not directly accessible but can be estimated 
from a comparison of the heats of hydrolysis of isopropenyl acetate 
and m-cresyl acetate. Combination of equation (7) and the reversed 
equation (8) gives equation (10): 

m-CHgCgH4OAc(g) + CHs==C(CH3)OH(g) ———> 

CH3CgH4OH(g) + CHz=C(CH,)OAc(g) (10) 

By assuming that 4H,, = 4H, — 4H, = 0 it follows that 4H, = 
— 3-6 kcal/mole and thus that the heat of enolization of acetone in 
the gaseous phase at 25°c is —4H, = 10 kcal/mole. From the esti- 
mated and known heats of vaporization of 2-propenol and acetone, 
respectively, the heat of enolization of acetone in the liquid phase is 
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calculated to be 7-0 kcal/mole. The entropy change due to enolization 

is estimated to be ca. —3.e.u. in the liquid, and the free energy change 

for enolization in the liquid phase thus becomes 8 kcal/mole at 25°c 

(K, = 2 x 10-6). This value is in fair agreement with the lowest 

experimental values (valid for aqueous solutions) cited in Table 1. _ 

The recent data of Bell and Smith2¢ on cyclopentanone and cyclo- 

hexanone indicate the enolic content in these compounds to be higher 

than that in acetone by one and two powers of ten respectively. 

Furthermore, the variation of the equilibrium constant with ring size 

is found to be opposite to that found earlier by Schwartzenbach and 

Wittwer!8. The values of the latter authors have been frequently 

quoted in the literature. Whereas the older data conformed nicely 

to the generalization by Brown, Brewster and Shechter*—and in 

part served as support for the generalization—the more recent data 

do not fit this generalization. If the difference in stability of the keto 

and enol forms in the two cycloalkanones is related to the difference in 

internal strains (J-strains) of the tautomeric forms, one would expect 

the enol equilibria to be correlated with the exo-endo equilibria in 

methylenecyclopentane and methylenecyclohexane. However, with the 

older data no such correlation is evident, as pointed out by Shechter 

and coworkers, With the new data of Bell and Smith?® the situation 

is now changed, as shown in Table 2 for 5- and 6- membered rings. 

In the same table an attempt is made to extrapolate the available 

data on the enol equilibria in 5- and 6-membered rings to 4-, 7- and 

8-membered rings, with no pretension of accuracy, as solvent effects 

may have a considerable influence, particularly on the keto-enol 

equilibria. 

IV. KETO-ENOL TYPE EQUILIBRIA FOR PHENOLS 

A. Mono- and polycyclic phenols 

The free energy of ketonization of phenol has been estimated to 
be 18-6 kcal/mole™® corresponding to K, = [enol]/[keto] = 10** at 
25°c, making it impossible to determine the equilibrium concentration 
of the keto form in phenol by direct methods. On the other hand it 
has been noted that in alkaline deuterium oxide solutions of phenol 
the ortho and para hydrogen atoms are exchanged””"®, A possible 

* “| reaction will proceed in such a way as to favour the formation or reten- 
tion of an exo double bond in the 5-ring and to avoid the formation or retention 
of the exo double bond in 6-ring systems” ”*. 
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reason for this is that the exchange proceeds via a phenolate-ketone 
equilibrium according to equation (11). 

DA + O- (11) 

In resorcinol and phloroglucinol derivatives one could expect 
the keto form to be relatively favoured. In alkaline deuterium oxide 
solutions under conditions where phenol, catechol and hydroquinone 
do not undergo measurable deuterium exchange during several 
hours, the exchange in resorcinol and phloroglucinol reaches equili- 
brium within one hour or less7°. 

There is still no evidence, however, that phloroglucinol should 
be able to exist in the triketo form as is often suggested. In fact even 
gem-disubstituted phloroglucinol derivatives, e.g. ‘2,2-dialkylcyclo- 
hexane-1,3,5-triones’, are still highly enolic. 

As the aromatic system becomes larger, the delocalization energy 
per ring becomes smaller and the free energy difference between 
ketone and enol (phenol) should increasingly favour the keto form. 
Deuterium exchange in the 1-position of 2-naphthol takes place 
more rapidly than in phenol 79-8°. In dihydroxynaphthalenes certain 
substitution patterns favour deuterium exchange. For example, in 
2,7-naphthalenediol deuterium exchange in the 1- and 8-positions 
takes place rapidly at room temperature, while protons in other 
positions are unaffected even on heating. In 1,6-naphthalenediol only 
the protons in the 2-, 4- and 5-positions are exchanged. The experi- 
mental data are consistent with enolate—-ketone equilibria analogous 
to those in equation (11), but it is not certain that the keto form 
represents a true intermediate. In polyhydroxybenzenes it is observed 
that deuterium exchange proceeds most rapidly when the deuterium 
oxide solution contains equimolar amounts of the strong base and the 
polyphenol®°. Localization type approximation molecular orbital 
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calculations, based upon a hypothetical enolate-ketone equilibrium, 
are in agreement with the observed rates and patterns of deuterium 
exchange in aromatic hydroxy compounds ®?. 

More direct and striking evidence for keto—-enol tautomerism has 

OH 

— 
<——— 

OH 

(4a) (4b) 

been found in 1,4-naphthalenediol. Both the dihydroxy form 4a and 
the diketo form 4b are known and can in fact be recrystallized with no 
structural change ®*. Their rate of interconversion is thus very low 
under uncatalysed conditions, and gives no direct evidence regarding 
the relative stability of the two tautomeric forms. As shown by 
Tomson ®?-8% the equilibrium is however established in the melt (at 
about 210°c), where not less than 10% of the compound is found in 
the keto form. Further hydroxy substitution in 4a has been shown to 
favour the keto form®*. Thus 1,4,5-trihydroxynaphthalene and 
1 ,4,5,8-tetrahydroxynaphthalene are reported to exist predominantly 
in the keto forms 5b and 6b respectively ®°. 

OH Oo 

OH OH OH O 

(5a) (5b) 

. OH OH OH 0 

OH OH OR) iO 
(6a) (6b) 

In this connection it is interesting to note that Garbisch®* has 
succeeded in preparing the diketo form 7b of 1,4-dihydroxybenzene 
(7a) in pure crystalline form. In non-polar aprotic solvents the unstable 
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keto form is slowly converted into the more stable enol form 7a; in 
polar protic solvents such as water and alcohols the conversion is very 
fast. 

OH . Oo 

OH O 

(Ta) (7b) 

Anthrone (8b) is perhaps the simplest of those aromatic, tautomeric 
compounds which exist predominantly as the keto form at room 
temperature in most solvents. Meyer ®>-®7 succeeded in preparing both 

the keto and enol form and also acerines the equilibrium constant 
= [enol]/[keto] to be 0-124 (corresponding to 89% keto form) in 

ethanol at room temperature. The equilibrium constant K, has also 
been determined spectroscopically ®* to be 2:1 x 107% in isooctane at 
20°c. 

Little is known about the keto-enol equilibrium in polyhydroxy- 
anthracenes, although for some derivatives both the keto and enol 
forms are known ®’. As pointed out before, this fact in itself provides 
little information on the position of the equilibrium. In 9-phenanthrol 

af 

OU CD 

(9a) 

the equilibrium is presumably largely in favour of the enol form 9a °°. 
Klages ®° has calculated the heats of combustion in the gas phase at 
25°c of 8a and 8b to be 1669-4 kcal/mole and 1671-3 kcal/mole 
respectively. The calculated heats of combustion of 9a and 9b are 
1665-3 kcal/mole and 1669-6 kcal/mole respectively. Thus in the 
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case of 9-anthrone the stabilities of the keto and enol forms are calcu- 

lated to be approximately equal, but in the case of 9-phenanthrol, 

the enol form is calculated to be considerably more stable than the 

keto form. 
Of the hydroxynaphthacenes the 5-hydroxy derivative is presumably - 

most stable in the keto form 10b although the equilibrium constant 

eeeomesee 
(10a) (10b) 

has apparently not been determined. 7-Hydroxybenzanthracene (11a) 

isomerizes moderately rapidly to the keto form (11b) in boiling 

<< = 299 
alt (11b) 

acetone 9, but the position of the equilibrium is unknown. 6-Hydroxy- 
pentacene is only known in the keto form 9°. Only scattered information 
is available for other hydroxy derivatives of polycondensed aromatic 
hydrocarbons. Rather than discussing this in detail, an attempt will 
be made to rationalize the observed variations in the keto—enol 
equilibria of aromatic hydroxy derivatives on the basis of molecular 
orbital calculations. Since detailed information on the bond angles 
and distances in the molecules is scarce the calculations will be con- 
fined to the Hiickel approximation. The first application of molecular 
orbital calculations to tautomeric equilibria in aromatic hydroxy 
derivatives was made by Wheland and the results were qualitatively 
satisfactory. The present calculation, which has been extended to a 
comparatively large number of compounds, is a modification of that 
of Wheland. The z-electron energies of the different tautomeric 
forms are calculated, but since the number of electrons with z-electron 
symmetry in the keto and enol forms differs, it appears more appro- 
priate to compare not the total w-electron energies but the ‘total 
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delocalization energies’ (TDE)* introduced by Orgel, Cottrell, Dick and 
Sutton®®. The TpE concept has later been used by Del Re%® and 
others®’. In the present calculations no attempt is made to assign a 
numerical value to the energy difference between the fragments 
O OH E 

Susi. and —-C—C— but rather to estimate this difference 

approximately in terms of the resonance integral 6. The results of the 
Hmo calculations on a number of aromatic hydroxy derivatives are sum- 
marized in Table 3. Different strengths in intramolecular hydrogen 
bonding in the keto and enol forms are neglected. If we further neglect 
the entropy changes AS, in the keto-enol interconversion or if this 
difference is approximately constant (little is known about AS, in the 
case of aromatic compounds, although this quantity should be experi- 
mentally accessible in some cases) we may try to correlate the 
approximate experimental free energy changes on enolization, 4G, 
with the ATDE values in Table 3. The TDE values in all cases seem to be 
greater in the enol forms than in the keto forms. However, when the 
difference in AtpzE per keto group formed is less than about 0-358 the 
experimental data show the keto form to be the most stable tautomer 

compounds !%11-19-23.24, When ATDE is in the range 0-358 to about 

0-508, the experimental free energy difference between the keto and 

enol forms is close to zero (solvent effects may shift the equilibrium) 

(compounds 9b, 12 and presumably 21) and when Arp« is larger than 

about 0-458 to 0-508 the enol form is experimentally found to be the 

most stable tautomer (compounds 1-3, 5-8, 14 etc.). In a semiquan- 

titative way the umo calculations are thus found to reflect the observed 

relative stabilities of the keto and enol forms of aromatic hydroxy de- 

rivatives. If the deuterium exchange of aromatic hydroxy derivatives 

in alkaline deuterium oxide proceeds via a transition state structurally 

similar to the keto forms, some of the data in Table 3 may also be 

used to estimate the relative rates of deuterium exchange at different 

positions of a given molecule as the TDE of an enolate anion is com- 

parable to that of the parent enol. 

* The toe is defined as the difference between the total 7-electron energy 

and the energy corresponding to the z electrons being localized on the par- 

ticipating atoms. In conjugated molecules involving hetero atoms the TDE 

concept is of greater utility than the usual ‘delocalization energy’, defined 

as the difference between the total calculated 7-electron energy and that of a 

hypothetical reference molecule with the zm electrons constrained to isolated 

double bonds. 
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B. Nitroso-, azo- and ketimino-phenols 

The observation of keto-enol tautomerism in aromatic systems is 

not limited only to mono- or polyhydroxy derivatives. A classical case 

is p-nitrosophenol which has been shown to exist in solution pre- 

OH O 

N N 

No oH 

(12a) (12b) 

dominantly as p-benzoquinone monoxime (12b)°°-1°. This system 
provides an aromatic analogy to the tautomerism of aliphatic «-nitroso 
ketones. 

Tautomeric equilibria of the type 

R—N=N—Ar—OH = R—NH—N=Ar=—O 

in azo derivatives of aromatic hydroxy derivatives have been recog- 
nized for a long time *°2-1°, 

OH 

N N \ SS SN—Ph NHPh 
(13a) (13b) 

In 4-phenylazo-l-naphthol, (13), the tautomeric equilibrium is 
slightly in favour of the enol (azo-) form (K, = [18a]/[13b] = 1-35 
in ethanol at room temperature’); but in 9-phenylazo-10-anthrol 
the equilibrium is largely shifted towards the anthraquinone phenyl- 
hydrazone form'°®*, Recently, tautomerism in 1-phenylazo-2-naph- 
thols has been studied by means of heteronuclear double resonance on 
14NV 108b 

In recent years tautomerism in Schiff bases of aromatic hydroxy 
aldehydes and hydroxy ketones has been studied in some detail by 
Dudek and colleagues mainly by n.m.r. spectroscopy 199118, 
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The Schiff bases obtained by condensation of B-diketones, B-keto 
esters or a-formyl ketones with amines may exist in at least three 
tautomeric forms (érans-forms are omitted here): the ‘true’ Schiff 

p uel pati ep Rt pliers” cht 

I I — | | —— I 

Beet SS in Nn 0 mah HE an 
R2 R? 

(14a) (14) (14e) 

base (14a), the enamino ketone (14b) and the iminoenol (14c). 
U.v. and ir. investigations of compounds of this type have provided 
strong support for the predominance of the enamino ketone form 
(14b) **4"*78. In p.m.r. spectra of aliphatic Schiff bases with R, = 
—CH,R or —CH; and R, = H, spin couplings of the N—H proton 
with the protons on Rg and R, have been observed !°%-117, The values 
of these spin couplings have been found to be fairly insensitive to 
variations in temperature or solvent, indicating that tautomer 14b 
is appreciably more stable than the other forms. This form may be 
considered also as a vinylogous amide. 

In p.m.r. spectra Schiff bases formed by condensation of methyl- 
amine or benzylamine with 1-hydroxy-2-acetonaphthone (15) or 
2-hydroxy-1-naphthaldehyde (16), both the N—CH, and the N—CH, 
protons signals appear as doublets due to spin coupling with the N—H 
proton (Jy _x—c—»9 Hz). The spin coupling observed shows clearly 

R H R oF No 6 aN . 

& G aa SCHs CCH 
———— R = CHg or PhCH, 

SS 

(15a) (15b) 

i i 
H. ZN H N Ser SaAC Sy 

OH O. 

pees — a.) R = CHsg or PhCH, 

(16a) (16b) 
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that these aromatic Schiff bases are also present in the enaminoketo 

forms 15b and 16b to a considerable extent. 
Later Dudek and Dudek?!!1!% synthesized a number of aromatic 

and aliphatic Schiff bases using methylamine-1®N of 99 atom 7, 

isotopic purity. This facilitates greatly the determination of the 

equilibria as the quadrupole broadening of the 1*N—H proton 

signal in the n.m.r. spectra is eliminated, and furthermore, the spin 

couplings between the !®N nucleus (spin $) and the directly bonded 
proton in the ‘*N—H group is about ten times larger than the proton— 
proton spin couplings in the H—N—C—H group. A summary of the 
p.m.r. results obtained by Dudek and coworkers on aromatic ‘°N- 
substituted Schiff bases is presented in Table 4. Perhaps the most 
interesting result is the fairly large 47N—H spin coupling observed in 
Schiff bases of o-hydroxybenzaldehyde and o-hydroxyacetophenone, 
which shows that the free energies of the enamino ketone and iminoenol 

TasLe 4. Spin-spin couplings observed in n.m.r. spectra of 15N-substituted 
Schiff bases of aromatic hydroxy aldehydes and hydroxy ketones!11-138, 

Other spin 
Temperature yee couplings Refer- 

Re R2 (Ga) (Fiz) eee (Hz) ence 

Ri H Rt a NO 0 ww 

an? 
CsH; CH, 29-5° to —40° (0) eS 

C.Hs H 0° 13-1° Jy_n—c—u = 2 113 

CH; CH; 0° 21-0 - 112 
— 50° 32-4 

— 46° 68-2°¢ 

Ri Ri 

nN . 
- 7 or 

C,H; 29-5° 113 
— 40° - 4 Ju_n—c—a = 1:5 
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CH; — 31° 64-5 111 
— 45° 81.4 Ju—n—c—a = 1 1-2; 

Ju—n—cuy = 5. 1 

RY HO Rt 
aa oe 

OH i oO i 

Cc G 

C,H; —- 31° 27-5 113 
— 30° 36-5 

CH; — ot” 79-1 Ju—n—cug = 4.7 eh 

15° 80-3 i? 

i ‘ 
el See ie LNB 

H 
OH So 

CHg a 0° to 31° (0) 111 

* In chloroform-d if not otherwise stated. 
> In ethanol. 

¢ In methanol. 

tautomers are nearly equal. The relative amounts of the enamino 
ketone and iminoenol forms may be estimated from the value of the 
observed effective spin coupling constant (Je__). If the ‘N—H’ 
or ‘O—H”’ proton in the enamino ketone or iminoenol forms of a 
Schiff base undergoes a rapid intramolecular exchange between the 
two sites (a condition which is most likely fulfilled under the experi- 
mental conditions) the observed spin coupling constant (Jie a) 
should be a weighted average of the spin coupling constants in the 
pure enamino ketone and iminoenol forms according to equations 
(12a) and (12b) 

JP = Paden + Pid (12a) 15yn—H 

Pa + Pi, = 1 (12b) 

where P,, and P;, are the mole fractions of the molecules in the en- 
amino ketone and iminoenol forms respectively. J2, and J are the 
spin coupling constants in the true enamino ketone and iminoenol 
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forms, respectively. The value of J2 may be taken as zero* and the 
value of J°,, was estimated by Dudek to be 88-89 Hz. With J?,, = 89 
Hz the relation between the equilibrium constant K,(=[iminoenol]/ 

eff [enamino ketone]) and J¢f_ simply becomes K, = (89—J{%,_,,)/ 
Jet _,. From the temperature variation of K, the enthalpy change 
AH of the enamino ketone-iminoenol interconversion has been 
obtained?1, The 4H values were found to be solvent dependent and 
in the range 0 to —3 kcal/mole. 

C. Heteroaromatic hydroxy derivatives 

For a comprehensive review of tautomerism in aromatic hetero- 
cycles see reference 127. 

I. Pyridines, quinolines and related compounds 

A number of spectroscopic and other physical data show that 
hydroxy derivatives of N-heteroaromatic compounds may exist in 
both the hydroxy (hydroxy imine) form and the keto amine (oxo- 
amine) form??7 as exemplified by 2-hydroxypyridine (17a) and 
2-pyridone (17b). Here again, analogies to the tautomerism of amides 
are apparent. 

oe SS N O 

H 
(17a) (17b) 

It is possible to imagine also other keto imine (oxo-imine) type 
of tautomers (17e and 17d) where the interchangeable proton is 

oer ane Sn So SN So 
(17c) (174) 

attached to a sp°-hybridized carbon atom in the ring. These tauto- 
meric forms have presumably higher energy than the keto amine forms 
as no evidence for keto imine forms has been found in monohydroxy 
derivatives of the simplest N-heterocycles. It is however not unlikely 

ie In o-hydroxybenzaldehydes, o-hydroxyacetophenone and related compounds 
spin coupling constants of the order of 0-5 Hz have been observed between the 
hydroxy proton and protons on the aromatic ring 118, 
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that the difference in free energy between the keto amine and keto 
imine forms may become quite small in monohydroxy derivatives of 
certain higher polycondensed N-heterocycles, for example in 18. 

OH . 6 

N~ NZ 
(18a) (18b) 

The position of the keto amine/hydroxy imine equilibrium for 
hydroxy heterocyclic compounds has been quantitatively or qualita- 
tively investigated with several physical methods, mainly wv., i.r. 
and n.m.r. spectroscopy, but also to a considerable extent by poten- 
tiometric determinations of ionization constants. In the u.v. spectro- 
scopical approach, the spectrum of the hydroxy compound under 
investigation is usually compared with those of the O-methyl and 
N-methyl derivatives—the latter spectra are assumed to agree closely 
with those of the ‘true’ hydroxy imine and keto amine forms re- 
spectively. In this way the tautomeric equilibrium constant in a num- 
ber of N-heteroaromatic hydroxy derivatives has been determined !28, 
The u.v. spectroscopical method is best applicable for equilibrium 
constants in the range 10? to 10-2. With the u.v. method it was 
early demonstrated that in 17 and 19 the keto amine forms 17b and 

OH O° 

ZA 
le 

SN N 
H 

(19a) (19b) 

19b predominate in methanol?*?°. 
Infrared spectroscopic investigations are mainly concerned with the 

spectral region of the N—H stretching frequency (3360-3500 cm~?) 
and the C—O stretching frequency (1550-1780 cm~*). Early appli- 
cations of the i.r. technique were those of Thompson and coworkers **° 
who confirmed the predominance of the keto amine form of 2- and 
4-hydroxypyridine and of Witkop and coworkers'#! who concluded 
that 2-hydroxy- and 4-hydroxy-quinoline prevail in the keto amine 
forms. 
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N.m.r. studies of tautomeric equilibria have mainly been restricted 
to proton spectra—it is however conceivable that studies of *°N and 
170 resonances should prove to be very informative. The observed 
p-m.r. spectrum of the 19a-19b system closely resembled that of the 
N-methylated derivative and thus provided further evidence for the . 
keto amine form1%?, The p.m.r. spectra of 4-hydroxycinnoline and 

i 
NSN on 

OH O 
(20a) (20b) 

its 6,7-dimethoxy derivative showed that the most stable tautomer is 
the keto amine form 20b1°°, 

Perhaps the most accurate information regarding the relative 
stabilities of the tautomeric forms of N-heteroaromatic hydroxy 
derivatives has been obtained by potentiometric determinations of 
ionization constants. For a more complete discussion see reference 
231. The principles of this method may be illustrated by equation (13). 

0: 

ia 
SRS 

ce. eee 
A 

i | (13) 
N OH we 

eee a 

a 

\ 
Cc 

Anion (d) and cation (e) are common to both the keto amine (a) and 
the hydroxy form (b). The apparent ionization constants Ky, =[H*] 
[HA]/[H,A*] and K, = [H+][A~]/[HA], where [HA] = [a] + 
[b], [H,A*] = [ce] and [A~] = [d], are related to the true ionization 
constants of the keto amine form K,(= [H*] [a]/[e]) and K,(= 
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[H*] [d]/[a]) and of the hydroxy form K,(= [H+] [b]/[e]) and 
K.(= [H*] [d]/[b]) through equations (14) and (15). 

K, = K,+ Kz (14) 

Komaki + KS (15) 

The basic ionization constants K, and Kg of the keto amine and 
hydroxy forms, respectively, are generally not accessible, but are 
assumed to be approximately equal to those of the N-methyl (Kycu,) 
and the O-methyl (Kocy,) derivatives respectively. An underlying 
assumption is that protonation of the keto amine (pyridone) form 
takes place on the oxygen as indicated in equation (13). Conclusive 
evidence for predominant O-protonation in 2- and 4-pyridones has 
been obtained from p.m.r. studies+5+:155, Under these premises the 
tautomeric equilibrium constant (K, = [keto amine] /[hydroxy imine]) 
may be calculated by means of equations (16). 

K, = K,/Kg = Ko/Kp = nox,/Kocu, (16) 

Alternatively, if the apparent basic ionization constant K, and 
only one of the constants Kycy, or Kooy, is known, K, may be calcu- 
lated from equations (17) or (18). 

K, = (Ki/Kocu,) = 1 (17) 

K, = [(Ki/Kncn,) — 1~* U8) 
A summary of reported equilibrium constant in aqueous solutions 

of the tautomeric forms of a number of N-heteroaromatic hydroxy 
derivatives is given in Table 5. One of the most surprising results in 

Taste 5. Tautomerization equilibrium constants for hydroxy derivatives 
of N-heteroaromatic compounds’. 

Compound Ka Method? Reference 

Pyridines: 
2-hydroxy 3-4 x 10? IC 27 

Dee 102 IC 28 
3-hydroxy 0-8 Ic 28 

1-0 UV 128 

4-hydroxy 2-2 x 109 IC 27 
2-0 x 10° IC 28 

3-amino-4-hydroxy 4 x 104 IC : 
3-nitro-4-hydroxy 2:5 x 10% IC ‘ 
2-chloro-4-hydroxy ~1 = ; 
2,6-dihydroxy ~ 3° Ic (UV) 136 
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Quinolines : 
2-hydroxy Dali Ic 27 

7-6. X°108 Ic 28 
3-hydroxy 0-08 Ic 28 

0-06 UV 128 
4-hydroxy 2-4 x 104 IC 27 

1-6 x 104 IC 28 
5-hydroxy 0-14 Ic 28 

0-05 UV 128 
6-hydroxy 0-008 Ic 28 

0-014 UV 128 
7-hydroxy 4.9 IC 28 

0-42 UV 128 
8-hydroxy 0-021 IC 28 

0-035 UV 128 
Isoquinolines : 

1-hydroxy 1-8 x 104 Ic ol, 
Zola = IC 28 

4-hydroxy 2-9 Ic 28 
3-8 UV 128 

5-hydroxy 0-035 Ic 28 
0-038 UV 128 

6-hydroxy 2-1 Ic 28 
1-9 UV 128 

7-hydroxy 0-043 Ic 28 
0-038 UV 128 

8-hydroxy 2.4 Ic 28 
0-87 UV 128 

Acridines : 
1-hydroxy 0-016 Ic 28 

0-04 UV 128 
2-hydroxy 2-59 UV 128 
5-hydroxy 10” Ic 20 

a Unless otherwise stated the equilibrium constant, K, = [‘enol’]/[‘keto’], refers to aqueous 
solutions at 20°. 

> IC = ionization constant measurements; UV = u.y. spectroscopy. 
oR. A. Jones and B. D. Roney, J. Chem. Soc. (B), 84 (1967). 
4 A. R. Katritzky and J. D. Rowe, personal communication. * 

H 

OH ® About 60% is present as 6-hydroxy-2-pyridone OX N : , about 15% in the dioxo 

SS 

SS 

yet ‘i form oY N So and about 25% in the dihydroxy form NZ : 
| HO OH 
H 

fIn 50% ethanol—water, 
9 In 1:4 ethanol—water. 
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Table 5 is the small difference in equilibrium constants between the 
keto amine and hydroxy forms in the 2-chloro-4-hydroxy- and 2,6- 
dihydroxypyridines. Decreased base character of the pyridine nitrogen 
caused by the adjacent substituent is presumably an important 
factor 1°°, 

That keto amine/hydroxy imine equilibria are greatly affected by 
solvent interactions has recently been demonstrated by means of u.v. 
spectroscopy for 3-hydroxyisoquinolines 1%", From the data in Table 6 
it appears that the dielectric constant of the solvent as well as the 
possibilities of hydrogen bond formation influence the value of K;,. 
That keto imine structures such as 21 are not involved in the equili- 

O 

| 
(21) 

ZN 

brium to any significant extent was indicated by the fact that 3-hy- 
droxyisoquinoline does not exchange any C—H hydrogen even after 
4 days in benzene solution in the presence of deuterium oxide. 

2. Thiophenes, furans and pyrroles 

The high resonance stabilization in the benzene ring favours the 
enolic forms of phenols. In view of the greater stability of the keto 
fragment relative to the enol fragment in aliphatic and alicyclic 
ketones one would expect that hydroxy derivatives of unsaturated 
compounds with low delocalization energy might in some cases 
exist predominantly in the keto form. In 2-hydroxy- and 3-hydroxy- 
derivatives of thiophene and furan, three and two tautomeric forms 
respectively are possible (22 and 28, with Z = O or S). 

Ce = es —= ( 

) (22b) (22a 22b (2c) 

| 
(23a) (23b) 
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In the corresponding hydroxypyrroles there are, in addition to the 
tautomers in 22 and 28, also possible keto imine type tautomers, for 
example 24a and 24b. 

oa O 

. L 
(24a) (24b) 

In recent years a number of potential hydroxy derivatives of thio- 
phenes, furans and pyrroles have been investigated by physical 
methods. Although these compounds in some cases may have been 
prepared under conditions where equilibrium between the different 
tautomeric forms is established, care has not always been taken to 
ensure that the equilibrium is maintained under the conditions of 
the physical measurements. For example, in the case of 2-hydroxy- 
furans it has been observed that rather special conditions are necessary 
to secure the equilibrium between the tautomeric forms. 

It has been shown by n.m.r. spectroscopy that 2-hydroxythiophene 
exists almost exclusively as 3-thiolene-2-one (22b, Z = S)1%8. In the 
5-methyl homologue the two possible keto tautomers have been 
isolated and their equilibrium ratio has been determined 1*°. By n.m.r. 
and i.r. methods it has also been demonstrated that the 3-methy], 
3-methoxy, 3-bromo, 4-methyl and 4-bromo derivatives of 2-hy- 
droxythiophene exist predominantly in the 3-thiolene-2-one form (22b, 
Z = 8S), in the solid or liquid state as well as in cyclohexane 
solutions*®®. Hoérnfeldt'*® measured the equilibrium ratios of the 
two predominant keto forms of a number of 5-alkyl-2-hydroxythio- 
phenes in carbon tetrachloride, cyclohexane, acetone and nitrometh- 
ane. The 3-thiolene-2-one form predominates and constitutes 80-957, 
of the equilibrium mixture. No spectroscopic evidence for the enol 
form is found, but the compounds react readily with acyl chlorides to 
give enol esters. 

The free energy difference between the keto and enol forms of 
2-hydroxythiophene is presumably not very high, and conjugative 
interaction with a substituent in the 5-position with the thiophene 
ring causes this difference to approach zero at room temperature. 
Thus in methanol solutions of 5-phenyl-2-hydroxythiophene and 
5-thienyl-2-hydroxythiophene the equilibrium mixture contains 
approximately equal amounts of the enol forms 25a and 26a and the 
4-thiolene-2-one forms 25b and 26b (K, = [enol]/[keto] = 0-43 for 
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ml No, — ml <0 

(25a) (25b) 

[Ah ieed iter aaa 
S S S S 

(26a) (26b) 

25 and 0-33 for 26). Solvent effects such as hydrogen bonding are 
probably very important, as in chloroform the equilibrium is largely 
shifted towards the keto form1*°. 

The i.r. spectrum of 3-hydroxythiophene indicates that this com- 
pound exists as a mixture of enol and keto form1*!. This compound 
is highly unstable, and attempts to study the equilibrium with p.m.r. 
spectroscopy have as yet failed’4°, On the other hand, 2- and 2,5- 
alkylsubstituted 3-hydroxythiophenes are considerably more stable, 
and tautomeric equilibria in CS, solution were recently determined 242°, 
The results are summarized in Table 7. 

TaBLe 7. Tautomeric equilibrium constants 
(K, = [enol]/[keto]) in 3-hydroxythiophenes!4?:4 

Oo OH 

Heh \ 

Lie ny Tere See Ri 
$s Ru S 

Ry Ra K, 

CH, H 4 
t-Bu H 1.2 

CH; CH; 0-43 

* Tn carbon disulphide at ca. 25°. 
Regarding chelated hydroxythiophenes see Jakobsen and 

Laweson?42>, 

In furanoid systems with oxygen attached at position 2 the butenolide 
forms are greatly favoured and so far no evidence has been presented 
for the occurrence of 2-hydroxyfurans. The equilibria between the 
keto forms 27a and 27b of the hypothetical 5-methyl- and 5-t-butyl- 
2-hydroxyfuran have been studied by p.m.r. spectroscopy 74%, In 
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order to reach equilibrium at 60°c it was found necessary to use either 
pyridine as solvent or a strong base such as triethylamine in fairly 
high concentrations in benzene solutions. Under these conditions the 
form 27a is somewhat more stable than 27b. Chemically these furans 
appear to have little or no enolic character and differ in this respect 
greatly from the corresponding thiophenes. 

es — os (R = CH; or t-Bu) 
O O 

(27a) (27b) 

3-Hydroxyfuran has recently been synthesized via 3-methoxy- 
furan and studied by p.m.r., ir. and u.v. spectroscopy *4*. The physical 
data show that this compound predominantly subsists in the keto 
form 28 and shows no enolic character in its reactions. The nature of 
the phenolic furan derivative synthesized by Hodgson and Davies#5 
and described by them as true 3-hydroxyfuran remains an open 
question. 

mr 

cre 
s 2 CH, 
(28) (29) 

A number of 2-, 4- and 5-substituted derivatives of 3-hydroxyfuran 
have also been studied by spectroscopic methods and with one interest- 
ing exception all were found to exist in the keto form**°. The exception 
is 2-acetyl-3-hydroxyfuran (isomaltol, 29). Here the formation of a 
strong intramolecular hydrogen bond greatly favours the enol form. 
2-Hydroxypyrrole as well as a number of substituted 2-hydroxy- 
pyrroles exists predominantly in the oxo (keto) forms in chloroform 
and dimethyl sulphoxide solutions'*’, 2-Formyl-3,4-dimethy]-5- 
hydroxypyrrole has been suggested to exist in the 30a form in dimethyl 
sulphoxide solution +4’, 

H3C Hg H3C CH3 

O = OH 

| H 

O 

(30a) (30b) 

3-Hydroxypyrrole is not known but a number of derivatives of this 

compound have been studied by Davoll’**. For example the u.v. 
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spectrum of ethyl 2-methyl-4-hydroxy-pyrrole-3-carboxylate in ethanol 
shows that the keto form 31b is predominant. Conjugative interactions 
of substituents with the pyrrole ring stabilize the enol form as shown 
by the behaviour of 1-phenyl derivatives. The u.v. spectra of these 

EtO,C OH EtO2C O 
Ys 

TS ake H3C N * H3C N 

, , 
(31a) (31b) 

compounds in ethanol closely resemble those of the corresponding 
methyl enol ethers+*®, suggesting that the hydroxy form $2a is pre- 
dominant. When one or two methyl groups are introduced in the 

RO,C OH ROC. 0 

/ \ —- pe (R = Hor Et) ro 
Ph Ph 

(32a) (32b) 
o-positions of the 1-phenylpyrrole derivatives, steric interactions 
prevent coplanarity of the phenyl and pyrrole rings. The reduced 
interannular conjugation decreases the stability of the enol form, 
shifting the equilibrium markedly towards the keto (oxo) form. 

V. KETO-ENOL TAUTOMERISM IN @-DICARBONYL 
COMPOUNDS 

A. Introductory remarks 

The present section deals with compounds of structure 38a, which 
may enolize in a number of different ways (33b—33e). 

For a large number of B-dicarbonyl compounds the free energies of 
the keto and enol forms differ only slightly and the equilibrium 
constants are fairly easily determined by physical and chemical 
methods. The number of investigations on B-dicarbonyl compounds 
are very large!49, 

The influence of different substituents R41, R2 and R® on the keto- 
enol equilibrium has been the subject of several studies. The inter- 
pretation of the substituent effects cannot always be made ina unique 
manner as the effects on the keto and/or enol forms are difficult to 
disentangle and solvent effects are often marked. The importance of 
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equilibrium studies on the gaseous phase will be emphasized in the 
following subsection. 

. oo 
Ve a 

H~ Npe 

(33a) 

re -H 

oO Oo O xO 
cis-Enols : | | | | 

i Vs 

(33b) (33c) 

R2 R2 

| | o. HO. 
trans-Enols: Vn eee ae 

Rim Nps Rim Nps 

(33d) (33e) 

When R! # R® four different enols 33b-33e may be formed. In 
recent years information on equilibria between different cis-enol 
forms has been obtained, mainly from n.m.r. studies of 1H and 17O 
nuclei. These results will be discussed in some detail below. 
When R? is an acyl group the number of possible enolic structures 

is considerably increased. These will be discussed in section V.F. 

B. Thermodynamic data for keto-enol equilibria in the gaseous 

phase 

As direct interconversion of keto and enol forms in the gaseous 

phase proceeds extremely slowly at ordinary temperatures, Conant 

and Thompson!®° used the liquid phase as an intermediary. If the 

keto—enol equilibrium is established in the liquid phase at a given 

temperature, the composition of the vapour phase in equilibrium with 

the liquid conforms to the equilibrium condition in the gas phase at 

the same temperature. By means of a slow isothermal equilibrium 

distillation at low pressure, the vapour may be removed from the 

proximity of the liquid surface and rapidly condensed onto a ‘cold 

finger’ kept at very low temperature (liquid air or solid carbon 
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dioxide—acetone), and. the composition of the ‘quenched’ condensate 
is subsequently investigated. 

Selected thermodynamic equilibrium data on the gaseous phase 
of a few f-diketones and f-keto esters are given in Table 8. In judging 
the significance of the data in this Table, some of the possible sources 
of error in the isothermal distillation method should be kept in mind: 
(a) a true keto-enol equilibrium in the liquid phase was not established, 
(b) equilibrium between the liquid phase and vapour phase was not 
established and (c) systematic errors in the analysis (see section II). 
The following discussion is based upon the assumption that these 
errors are small. 
The degree of enolization of acetylacetone and ethyl acetoacetate 

in the gaseous phase are higher than that in the neat liquids (in the 
liquids the enol contents are about 76% and 7:6%, respectively at 
25°c.). For all compounds studied enolization was found to be an 
exothermal process. It is also interesting to note that the enthalpy 
and entropy changes are markedly temperature dependent. The 
entropy changes accompanying enolization of B-diketones and f-keto 
esters are observed to be negative. It seems reasonable to assume that 
—at least at room temperature—the predominant enolic forms are 
the cis-enols which are stabilized by a strong intramolecular hydrogen 
bond. Thus after enolization the internal rotation of the two acyl 
groups around the bonds to the central carbon atom will be largely 
inhibited. The entropy decrease associated with this phenomenon will 
be dependent on the substituent masses and on the potential barriers 
to internal rotation of the acyl groups in the keto and enol forms. 
A crude estimate is 3 to 5 e.u. per group at room temperature. 

The entropy decrease due to inhibited internal rotation may partly 
be compensated for by low frequency skeletal vibrations in the enol 
form+°4?. If the hydrogen bonded proton in the cis-enol form moves 
in a symmetrical double minimum potential, an additional term of 
about R In 2 is also gained 154°, The observation 15? that the entropy 
change upon enolization is considerably more negative in CH,COCH- 
(Et)COOEt than in CH,;,COCH(CH;)COOEt may possibly be due 
to restricted rotation of the C-ethyl group in the enol form of the former 
compound as a consequence of steric interactions with the —COOEt 
group. Molecular models also show that in the enolic forms internal 
rotation for a benzyl group is somewhat less constrained than for a 
phenyl group 15°, 

The number of substituted B-diketones and B-keto esters so far 
investigated in the gaseous phase is at present very limited. The 
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substituents have mostly been alkyl groups where steric factors rather 
than electronic interactions may govern the variations in the tauto- 
meric equilibrium constants. Further studies of keto—-enol equilibria 
in the gaseous state would be of great theoretical interest. 

C. Thermodynamic data for keto-enol equilibria in liquids 

A large number of investigations on keto-enol equilibria of p- 
diketones and f-keto esters in solution has been carried out at one 
particular temperature. Several studies of the temperature dependence 
of equilibria in solutions were also made 5*:55-155-158, and some results 
are summarized in Table 9. Most data refer to the neat liquid, but 
acetylacetone was also studied in cyclohexane, carbon tetrachloride 
and dimethyl sulphoxide (DMSO). The data for the inert solvents 
do not differ appreciably from those of the neat liquid. The enthalpy 
changes are found to agree closely in the liquid phase and in the 
gaseous phase (Table 8), but the entropy change in the gaseous 
phase is surprisingly somewhat less than in the neat liquid or in the 
inert solvents cyclohexane and carbon tetrachloride. 

No evidence for trans-enol forms was found in the p.m.r. spectra 
obtained by Burdette and Rogers®*. If present at all, the trans-enol 
forms constitute less than about 3% of the tautomers. 

As in the gaseous phase, enolization in the liquid phase is found to 
be an exothermic process accompanied by large entropy reductions. 
As for substituent effects, there appears to be a tendency to increase 
the stability of the enol form relative to that of the keto form with 
increasing electro-negativity of the substituents (see 4H in Table 9). 

The influence of the medium on the enolization of acetylacetone 
and ethyl acetoacetate is illustrated in Table 10. In these, as well as 
in other f£-dicarbonyl compounds, the K, values for highly polar 
solvents may differ considerably from those for non-polar solvents 
(cf. section V.G). 

It is as yet difficult to rationalize the dependence of K, on structure. 
However, it seems from published data, particularly for substituted 
benzoylacetones*”°, that enol substituents R* and R® (which are 
electron withdrawing according to resonance theory) tend to increase 
the stability of the enol form (taken as dG = — RT In K,) relative to 
the keto form. For a series of B-diketones Kabachnik and Ioffe ?®® found 
a Hammett type correlation between log K, and the sum of (o, — o;) 
for the two substituents R! and R$ in 33. o, is the Hammett substituent 
constant for para-substitution and o; (or o’) is a polar substituent 
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constant essentially equivalent to that determined by Roberts and 
Mooreland in their classical study of 4-substituted bicyclo[2-2-2]- 
octane-I-carboxylic acids and esters1®°-161, The difference o, — oy 
may be considered to be a measure of the resonance polar effects of a 
substituent 162, , 

Taste 10. Keto-—enol equilibrium constants (K, = [enol]/[keto]) for acetyl- 
acetone and ethyl acetoacetate in some common solvents*. 

ne 

Solvent Acetylacetone Ethyl acetoacetate 

None 4.351 5:65°58 "0-095 0-08125 
Hexane or carbon tetra- 

chloride 19e2 0.6452 082522 
Cyclohexane yegceee Ono 1eQGESC 
Carbon disulphide oe O72 eee 0: 25°¢ 
Diethyl] ether Oey aeeP oe 025325 ca. 0-45159¢ 
Benzene 8-152 Q:25258e 0-195 
Dioxan 2 eo AOS 0.087159» 0.1252 
Methanol Peer Deg o4 0-064159» 0-075159¢ 

0-06252 0-06425 
Ethanol Oe) eA 0.087159» 0.1152 
Water a1 O2525 0-00555° — 

* Temperatures vary generally near 20 to 25°. Various methods of measurement. 

For substituents R? the situation is less clear. Some substituents 
which are electron withdrawing in the resonance theory sense, such as 
—CN or —Ac, increase the stability of the enol form (see section 
V.F). Bulky R? substituents decrease the stability of the enol form 
relative to that of the keto form, presumably due to steric interactions 
between the substituents R1, R? and R® in the cis-enol forms. 

The available data for cyclic B-diketones and B-keto cyclic aldehydes 
mostly refer to alcoholic or aqueous solutions. In these media one 
cannot exclude the possibility of interfering hemiacetal formation or 
hydration of the carbonyl group—especially in the case of alde- 
hydes1°*-167, Reported K, values are generally based on bromine 
titrations and may be affected also by by-products such as hydrates 
and hemiacetals (hemiketals) of the keto and enol forms and may 
therefore not always represent true equilibrium constants. 

The series of alkyl 2-ketocycloalkanecarboxylates (ring size 5 to 
17) show an interesting variation in K, determined in alcoholic 
solution, with K, maxima for the 6, 8 and 10-membered rings 1% 491978, 
The ring size dependence of K, is possibly connected with a similar 
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variation in the difference in the internal ring strains between keto and 
enol forms. If one assumes that the carbon-carbon double bond in 
the enols is endo-cyclic the difference in K, between the five- and 
six-membered rings conforms to the generalizations of Brown, 
Brewster and Schechter’*. On the other hand, the data of Campbell 
and Gilow*’*-17* on aryl-substituted 2-benzoylcycloalkanones do not 
show the same variation with ring size as the cyclic B-keto esters. In 
the benzoylcycloalkanone series the five-membered compounds show a 
higher enolic content than the seven- and six-membered ring com- 
pounds, in decreasing order. It has recently been demonstrated, 
however, that in 2-benzoylcycloalkanones the location of the carbon— 
carbon double bond in the enol fragment is predominantly endo- 
cyclic in the cyclohexanone derivatives and exo-cyclic in the cyclo- 
pentanes°® (see discussion in section V.D), and a comparison with 
cyclic B-keto esters is therefore less valid. 

In the extensive series of substituted 2-benzoyl-cyclopentanones and 
-cyclohexanones summarized in Table 11 it has been found by 
Campbell and Harmer*® that log K, is linearly correlated with the 
Hammett o-constants of the substitutents. The enolization of benz- 
oylcyclopentanones is more sensitive to substituent effects than that 
of benzoylcyclohexanones. This is in accordance with the higher 

TaBLe 11. Keto—enol equilibrium constants 
(K, = [enol]/[keto]) for 2-benzoyl-cyclopentanones and 

-cyclohexanones in methanol solution?®®, 

Substituent in 
benzoyl group Cyclopentanones  Cyclohexanones eee 5 pie eerie ae AS YT be es 8 
None 0-630 0-034 
p-F 0-630 0-044 
p-Cl 0-927 0-043 
p-CHg 0-443 0-031 
p-OCH, 0-261 0-027 
p-Br 1-36 — 
p-I 0-976 — 
p-NO, 2-97 —_— 
m-Cl 1-15 0-074 
m-F 1-13 — 
m-CH3 0-435 — 
o-F 2-14 0-949 
o-Cl 2-99 7-93 
o-Br 6-14 13-1 
o-CH3 3-53 1-0 
o-OCH, 0-942 
SS 
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degree of coplanarity of the enolized benzoylcyclopentanone mole- 
cules. The correlation with the Hammett o-constants in both series 
of compounds is in the sense that electron donor substituents (—CH,, 
—OCHS) decrease the stability (4G) of the enol form relative to the 
keto form, i.e. in the same sense ‘as in acyclic B-diketones. 

D. Direction of cis-enolization in 8-dicarbonyl compounds 

The mechanism of the interconversion between the two possible 
cis-enols (38b and 38c) poses an intriguing problem. The potential 
energy function characterizing the interconversion will depend in a 
rather complex way on the various interatomic distances in the 
molecules. Let us however assume that this structure dependence of 
the potential energy may be approximated with a single reaction 
coordinate. Consider first the case when the potential function 
representing the enol-enol reaction is of a double minimum type 
with the barrier high above the ground-state of the normal modes of 
the skeletal vibrations in enols. In this case it would be meaningful 
to treat the interconversion as an ordinary chemical reaction, and it 
might be possible to determine its activation energy. However, if the 
potential barrier becomes very low and comparable to the ground 
state vibration energies in the enols, quantum-mechanical tunnelling 
is likely to take place. If the barrier is of a symmetrical or unsymmetri- 
cal single minimum type it would be somewhat inadequate to speak 
of ‘interconversion of’ and ‘equilibrium between’ different enol 
forms. Little experimental evidence is available to differentiate 
between the representations. Recent x-ray studies1®°-171 of the cis- 
enol forms of dibenzoylmethanes have given evidence for both sym- 
metrical [in bis(m-chlorobenzoyl)methane and_bis(m-bromobenz- 
oyl)methane] and unsymmetrical (in dibenzoylmethane) enol forms. 
From line width observation in the 17O n.m.r. spectra of B-diketones, 
the lower limit to the rate of exchange between cis-enols is found to 
be at least 10°-10° s~? at room temperature ®®, 

Several attempts have been made to determine the relative amounts 
of the different cis-enol forms of unsymmetrical f-diketones. Non- 
chelated fixed trans-enols react with diazomethane in ether very 
rapidly and chelated enols very slowly to form the corresponding 
methyl enol ethers. The methylation of chelated enols is catalysed 
by small amounts of methanol. 

Chelated enols give primarily the cis-enol methyl ethers which, 
however, may rearrange to the corresponding ¢rans-enol ethers17?, 
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The relative amounts of enol ethers formed have sometimes been 

assumed to reflect the relative amounts of the corresponding enol 

forms. The results depend however not only on the relative amounts 

of enols but also on their reactivity, giving at best a qualitative proof 

of the occurrence of different enol forms", U.v. and i.r. spectroscopy 

have also been applied to study equilibria between cis-enols17#17%, 

but the assignment of absorption bonds and extinction coefficients 

is uncertain. 
The two cis-enols 33b and 38¢ of an unsymmetrical B-diketone 

should afford different n.m.r. spectra (this applies not only to A 

but also to 12°C and !7O nuclei). If interconversion of the two enol 

forms takes place at a rate higher than the differences in resonance 

frequencies between the signals from the two separate cis-enols, a 

single spectrum will be observed, where the positions of the resonance 

signals would be weighted averages of the chemical shifts of the sepa- 

rate enol forms. The weight factors would correspond to the relative 

amounts of the two different cis-enol forms. A similar weighted 

averaging may also be expected for spin-spin couplings, provided the 

interconversion takes place strictly intramolecularly—intermolecular 

exchange might interfere presumably only in the case of the OH 

proton. In the application of the n.m.r. method to study the relative 

populations of cis-enol forms, the fundamental problem is to determine 

or to make a safe estimate of the spectral properties of the individual 

enol forms. 
° 9 p apres T 5 seeee Ke 
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The series phenylmalondialdehyde (34, Rt = R? = H), 1-formyl- 

1-phenylpropan-2-one (34, R? = H, R? = CHs) and ethyl 2-formyl- 

2-phenylacetate (34, Rt = H; R? = OEt) has been studied in 

carbon tetrachloride solutions at 33°c!!’*. All three compounds 

* In this paper the importance of intermolecular proton exchange was not 

fully realized: The fact that the symmetrical compound phenylmalondialdehyde 

did not show any spin coupling between the —=C—H and —OH protons in the 

enol form is probably due to intermolecular proton exchange. The value of 

6-3 Hz for the spin coupling constant between the —OH and —C—H proton in 

1-formyl-1-phenylpropan-2-one given in this paper may also be somewhat too 

low due to intermolecular proton exchange?’®. 
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were found to be extensively enolized. (K, > 20) and no trans- 
enols were observed in the solutions. The chemical shifts of the 
—C—H protons in the enol forms were 8 8-65, 8-15 and 7:33 p-p.m 
respectively. In ethyl 2-formyl-2-phenylacetate (34, R! = H, R? = 
OEt) a large H—C—O—H spin coupling constant of 12.5 Hz was ob- 
served, which in combination with the chemical shift of the —C—H 
proton indicates this compound to be predominantly in the hydroxy- 
methylene form (34b). In phenylmalondialdehyde each of the two cis- 
enol forms must have a 50% population, and it is reasonable to assume 
nearly 100°7, of the 34b form for the enol of ethyl 2-formy]-2-phenyl- 
acetate. he chemical shift of 8-15 p.p.m. for the —C—H proton in 

oer O 7 aioe at 

| | 
S c Ec Cc H~ Sc cH 2 Ee nee Nc, 

Ph Ph 
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the enol of 1-formyl-1-phenylpropan-2-one indicates that the popula- 
tions of the hydroxymethylene form 35a and the aldoenol form 35b 
are in the ratio 2:1. 

Garbisch °° studied the aldo-enol/hydroxymethylene-ketone equili- 
bria in a number of highly enolized cyclic B-keto aldehydes. A linear 

is eisietoin 7 ataiaisle | 
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correlation was observed between the mole fraction of the hydroxy- 
methylene-ketone forms (36b) as calculated from the observed shifts 
of the ‘aldehydic’ proton (which ranged from 8 8-95 to 6-71 p.p.m 
—the latter value was observed in formylcamphor and was taken to 
represent the shift in a true hydroxymethylene ketone form) and the 

' effective spin coupling constant Jt, 5 4. This result shows that 

the mole fractions P,, and P,,, of the hydroxymethyleneketone and 
aldo-enol forms respectively, may be calculated not only from the 
observed shifts of the ‘aldehydic’ proton but also from the observed 

8-+-c.c.G. II 
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spin coupling constant. Jf{o_o» according to equation (19) 

ficou = Padi + Pool ae (19) 

where J°, and J®, are the H—C—O—H spin coupling constant in the 

hydroxymethylene-ketone and aldo-enol forms, respectively. Jf, is 

presumably about 12-5 Hz and relatively independent of the strength 

of the intramolecular hydrogen bond, while J2, is virtually zero. The 

fraction of enol in the 36b form as a function of ring size in the cyclic 

B-keto aldehydes is depicted in Figure 1. Later Garbisch was able to 

rationalize this variation on the basis of strain energy differences 

between the hydroxymethylene-ketone and aldo-enol forms in the 
different rings!”’. Torsional and angle bending strains in the 

Su eH Kab 
c—C C=C 
aS Be 

e Cc = 3 
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Ficure |. Fraction (P);,) of hydroxymethylene-ketone form (36b) as a function 
of ring size (n) for the enols of cyclic B-keto aldehydes. 
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moieties are shown to have a major influence on the energy. The 
theoretical equilibrium constants, calculated assuming the entropy 
changes to be small, are in excellent agreement with the observed 
values. Compare a recent study of 3-formyl-bornan-2-one by Baker 
and Bartley on structural effects on the spin-spin coupling constant 
H—C—O—H1?78», 

Recently Russell and Garbisch1"® have studied a large number of 
formyl ketones over a range of temperatures and obtained the enthalpy 
and entropy changes for the enol-enol interconversion. The entropy 
changes were found to be very small. Theoretical calculations by 
Garbisch*"** indicate that in planar exo conjugated systems the 

S 

(37a) (37b) 

configuration 37a has less torsional strain and higher delocalization 
energy of the z electrons than 87b, whereas in endo ‘conjugated 
systems, the configuration 38a has less torsional strain and less delocali- 
zation energy than 38b. 

i eens ee i eeeee i 

ee 
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As a consequence, the enol-enol equilibrium in exo conjugated 
a-formyl-ketones is generally shifted more towards the aldo—enol form 
than in corresponding saturated systems. In endo conjugated systems 
the situation is less clear as the strain effects and delocalization energy 
tend to cancel each other. 

In their most interesting series of communications on hydrogen 
bonds Musso and coworkers have described, among other things, the 
tautomerism of cyclopentanediene aldehydes!”®”. The monoaldehyde 
in nonpolar solvents and in the solid state is present as a mixture of the 
three possible oxo forms with no evidence for the presence of the 
6-hydroxyfulvene form. Acetylcyclopentanedienes behave similarly. 
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Cyclopentanediene-1,2-dialdehydes, however, are highly enolic and 

apparently contain a seven-membered ‘conjugated chelate’ ring with 

a strong intramolecular hydrogen bond. At low temperatures the 

n.m.r. signal from the enolic proton is even observed as a triplet 

(J = 7-9 Hz) due to spin coupling with the effectively equivalent 

‘aldehydic’ protons. These compounds accordingly can be described as 

6-hydroxyfulvene-2-aldehydes. The studies have also concerned the 

nitrogen analogues. 

The study of equilibria between cis-enol forms with proton magnetic 

resonance is to some extent limited to keto aldehydes since the chemi- 

cal shifts of protons further removed from the carbonyl groups are 

barely affected. A comparison of the separate acetyl signals from 

the ketonic and enolic forms of acetylacetone, ethyl acetoacetate and 

related compounds indicates that the methyl proton chemical shifts of 

O OH 
| 

CH,—C— and ce differ by only 0-1 to 0:2 p.p.m.—the sig- 

nals from the ‘enolized’ acetyl groups occurring at higher fields. 

The chemical shifts of the acetyl signal in the enols of 2-acetylcyclo- 

pentanone and 2-acetylcyclohexanone in carbon tetrachloride solution 

occur at 5 1-94 p.p.m. and 2-05 p.p.m. respectively. This difference 

has been interpreted as an indication that in 2-acetylcyclopentanone 

the predominant enolic form has an exo-cyclic double bond®*. This 

result is in accordance with recent 170 n.m.r. data®®. 

The use of !7O n.m.r. spectroscopy is not limited to the study of 

keto aldehydes. The 170 chemical shifts of keto-type oxygen and 

hydroxy-type oxygen differ by about 500 p.p.m., this difference being 
O 
| 

larger by more than two powers of ten than that between —C—H 

and —C-—H protons. An inconvenience of the method is the low 

natural abundance of 170, which requires the use of *7O labelled 

compounds. The labelling may however be accomplished with 

relative ease through exchange in '7O-enriched water®®*°°, 

The method used to calculate the enol-enol equilibrium constant is 

analogous to that used by Garbisch for proton spectra °°. In the spectra 

of the enol forms of unsymmetrical B-diketones two *7O resonances 

are observed. If the rate of interconversion of the two cis-enol forms 

in 39 and 40 is slow one would expect two !"O signals from each form 

one (at lower field) from the carbonyl oxygen and one from the 
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hydroxyl oxygen. Since the chemical shifts of the 17O signals are 
relatively insensitive to variations in the substituents not directly 
bonded to the oxygen atom, one would expect the two carbonyl 
resonances to almost coincide, as would be also the case for the 
hydroxyl resonances. The separation 4 between the hydroxyl and the 

Gi O\ens a HO B ®OH:-::-- oO B 

| | d I 
Ph~ i SCH, Ph7 <I Son 

H 
(39a) (39b) 
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(40a) (40b) 

carbonyl signals was estimated®® to be 460 p.p.m. If however the 
rate of interconversion of the two enol forms is faster than the frequency 
separation of the OH and C=O resonances, one would expect each 
oxygen (labelled « or ) to show only one resonance signal at a shift 
5“ or 54 which is a weighted average of the shifts in the ‘true’ enol 
forms (6°° and 6°") according to 

Sf P Ooo 4 Pook (20) 

Sie boo oe PO (21) 

where P, and P,, are the mole fractions of the enolized molecules in the 
enol forms (39a or 40a) and (39b or 40b), respectively. This latter 
behaviour is also experimentally observed. Introducing 6 = 6*—6* 
(i.e. the difference between the observed 1"O resonances) and 4= 
§°=9 — §°# one can write the equilibrium constant K= P,/P, = 
Pol (li— Ps) ase? 

K = (4 — 8)/(4 + 8) (22) 

The results on enol-enol equilibria are summarized in Table 12. 
The 170 measurements corroborate the predominance of the 

hydroxymethylene-ketone form in the enol of formylcamphor (2 in 

Table 12) found by Garbisch. In the case of «-formylcyclohexanone 
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Taste 12. Equilibrium constants of enol-enol equilibria in benzene solution 

at 27°c as determined by !7O n.m.r. spectroscopy®®. 

Enol forms 
No A B K = [B]/{A] 

1 HO OH wae© 1-29 
| L — | 
Nc7 

| 
H 

oa tie OH 0-10 + 0-05 
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H Fa 
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Gre Esl 

4 Ooh OH O 2.02 le l 

CT ne aes 

Ue 
oo z | ¥ 

QO / 3 

6 Gi GH inch 1.32 
eae can 

7 Oo HO OH 0 0:43 
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o-oo 
(4 in Table 12) the equilibrium constant found by Garbisch on carbon 
tetrachloride solutions is about 50%, higher than the value in benzene 
solutions obtained from the 70 measurements. This difference may 
possibly be ascribed to solvent effects and experimental uncertainties 
but may, however, also be real and an indication of the inadequacy 
of considering the equilibria between cis-enols as ordinary chemical 
equilibria, as mentioned at the beginning of this section. 17O n.m.r. 
results on the enols of benzoylacetone (39) are in agreement with 
previous qualitative conclusions drawn from u.v. spectra!7>, The 
major factors which determine the direction of enolization are, in 
order of decreasing importance: 

(a) endo-cyclic double bonds are favoured in cyclohexanone enols 
whereas exo-cyclic double bonds are favoured in cyclopentanone 
enols; 

(b) a phenyl group attached to a carbonylic carbon favours the 
enol form C,H;C(OH)=CCOR relative to the form C,H,COC= 
C(OH)R; 

(c) a methyl group tends to stabilize the enol form in which the 
methyl group is adjacent to a carbonyl group better than a hydrogen 
atom. 

The first factor conforms to the generalizations of Brown, Brewster 
and Schechter’*. The second factor is in the direction predicted both 
by Hiickel-type mo calculations®”’ and by ‘extended Hiickel’ mo 
calculations®**. The third factor is in accordance with the p.m.r. 
results on 1-formyl-1-phenyl-propan-2-one (35) reported above and 
with observations on 1-formyl-1-methylpropan-2-one, 1-formyl-1- 
methylbutan-2-one?"° and 1-formylpropan-2-one+®, Extended Hiic- 
kel calculations on the two czs-enol forms of 1-formyl-propan-2-one 
give the energies — 15652-2 kcal/mole for enol form 41a and — 15655-9 

0-25 

HO OH 
| : I - 
PH ON H C ie H ateutube es \ 

| ree N, | H H 4 H 
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kcal/mole for enol 41b®. The calculations thus predict the hydroxy- 
methylene-ketone form 41b to be the most stable but the difference 
in stability is exaggerated. 

E. Trans-enolization of B-dicarbonyl compounds 

I. Open-chain compounds 

In the gaseous phase or in non-polar solvents and in the absence of 
non-bonded interactions between the substituents one would expect 
the cis forms (33b and 33c) to be energetically (AE or 4H) favoured 
relatively to the trans forms (33d and 33e), due to the presence of an 
intramolecular hydrogen bond in the cis forms. The hydrogen bond 
however imposes constraints on internal rotation, and entropy effects 
may tend to destabilize the czs-enols at elevated temperatures. Inter- 
actions between substituents may influence the stability in different 
ways. When R? and R® are bulky they may prevent coplanarity of the 
conjugated system in the ¢rans-enol form and thus reduce the delocal- 
ization energy in the molecule. The internal rotation around the 
==C—C= bond may also become restricted in the trans-enol. In the 
cis-enol non-bonded interaction between R1 and R° is less significant. 
On the other hand, if either R and R? or R? and R? are bulky they 
may be better accommodated in a trans-enol form. If the substituents 
are polar groups, dipole-dipole interactions will influence the relative 
stability of the enol forms, and in polar solvents the difference in 
solvation energy between cis and trans enol forms may be considerable. 

Experimentally, comparatively little is known about equilibria 
between cis- and trans-enol forms of B-diketones. Under suitable 
conditions, the rate of interconversion of cis- and trans-enol forms 
may be low as compared to the rate of enol ether formation on reaction 
with diazomethane. In such cases the relative amounts of cis- and 
trans-enol ethers will provide information on the cis—trans equilibrium. 
Using this method Eistert and coworkers'7? concluded that in ethyl 
ether solutions of acetylacetone the cis-enol predominates whereas 
some ¢rans-enol is present in methanol solution. On the other hand 
Reeves *° and Burdette and Rogers®*, who studied the p.m.r. spectra 
of acetylacetone and other f-diketones in alcohols and various polar 
and non-polar solvents, detected the cis form only. Some 3% or less of 
trans-enol might however have escaped detection. From the infrared 
spectrum of benzoylacetone in carbon tetrachloride it has been 
concluded that some 2%, of trans-enol is present in solution !7®, From 
considerations of the effective spin-spin coupling constant in different 
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isomers and conformers it was concluded that the enol of malondi- 
aldehyde in chloroform-d is predominantly in the trans-sym-trans con- 
formation (42) 1812, 

HO abe ee O H 
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In the case of acetoacetaldehyde the cis-enol (hydroxymethylene- 
ketone) form is presumably the most stable tautomer?®!, Recently, 
George and Mansell'*1” have shown that polar impurities in the sol- 
vent may change the conformation of the enols. Their work indicates 
that the enol forms of both acetoacetaldehyde and malondialdehyde 
exist in the s—cis conformation in carbon tetrachloride, chloroform 
and methylene chloride and in the s—trans conformation in water. 

Ethyl 2-formyl-2-phenylacetate is one of the ‘classical’ compounds 
in the development of the concept of keto-enol tautomerism. This 
compound was originally believed to exist in at least four modifications 
but the extensive work of Dieckmann showed that only two forms, 
one solid and one liquid at room temperature, were present 1®*, The 
liquid modification showed a colour reaction with FeCl3, whereas 
solutions of the solid modification in alcohols did not show such a 
colour reaction. It was concluded that the liquid was a mixture of the 
keto form and the cis-enol and that the solid is the trans-enol (48). 

H O 
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P.m.r. studies *®* of ethyl 2-formyl-2-phenylacetate strengthen the 
conclusions of Dieckmann. The spectrum of the liquid cis-enol 
modification has already been discussed above. The p.m.r. spectrum 
of the solid modification in chloroform solution gives no indication 
of an intramolecular hydrogen bond. A singlet at § 7:95 p.p.m. 
must be due to C—C—H, thus excluding the keto form as a possibility. 
Rapid intermolecular proton exchange in the ¢rans-enol precludes 
spin coupling between the —C—H and OH protons. The signals of 

8* 
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the —CH,— and —CH, protons are shifted 0-12 and 0-015 p.p.m. 

respectively towards higher fields as compared to the spectrum of the 

cis-enol. In the ¢rans-enol form (48) rotation around the —C—C= 

bond would no longer be restricted, and therefore the CH, and CH, 

protons should on the average be less influenced by the deshielding — 

ring currents of the phenyl group. The spectrum changes with time 

and characteristic signals of the cis-enol slowly appear. When the 

liquid cis-enol modification is dissolved in dimethyl sulphoxide the 

p.m.r. spectrum shows that the c7s-form is slowly and almost completely 

converted into the trans-enol form. The interconversion is catalysed 

by bases. In ethanol solution (at 33°) the cis-enol is partly converted 

into the trans-form (20%), but accurate determination of the position 
of the cis-trans equilibrium is difficult due to the gradual formation 

of a new compound, possibly an acetal?®*. 
Substantial amounts of ¢rans-enols in «-alkyl-substituted acetyl- 

acetones and ethyl acetoacetates have been reported1®*18°, The 
a-alkyl derivatives were prepared by alkylation of the sodium salts of 
acetylacetone or ethyl acetoacetate with alkyl iodides. However, 
this reaction also results in the formation of O-alkylated derivatives 
(enol ethers) 1®°-19°, which have apparently been mistaken for trans- 
enols. After gas chromatographic purification no evidence of trans- 
enols was found. It is not unlikely that some of the older values of 
enol contents in «-alkylated B-diketones and keto esters prepared via 
the sodium salts are also erroneous due to O-alkylated impurities. 

2. Cycloalkane-I,3-diones 

In this class the cyclohexane-1,3-diones are by far the most investi- 
gated ones. Enolization gives ‘fixed’ trans-enols where intramolecular 
hydrogen bonding is sterically impossible. Nevertheless these com- 
pounds apparently exist largely in the enol forms in the solid state 
as well as in concentrated solutions. In solvents capable of acting 
as donors or acceptors of hydrogen bonds the enol form may gain 
stability whereas in chloroform and other solvents the formation of a 
dimer (44) has been suggested to stabilize the enol. 

Hic CH; 
eatity 

Hoc CH, 
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Recent p.m.r. studies by Cyr and Reeves!!® and !7O n.m.r. and 
u.v. studies by Yogev and Mazur®” have shown that the keto-enol 
tautomerism of cyclohexane-1,3-diones in cyclohexane and chloroform 
is best described as an equilibrium between keto monomer, enol 
monomer and enol dimer. At very low total concentration the keto 
form predominates. At a total concentration of 0-2 x 10-4 m in 
cyclohexane some 5% (and at a concentration of 0-8 x 10-2 m some 
40°7,) of cyclohexane-1,3-dione is present in the enol form. At very 
high concentrations the enol may associate to form higher agglomerates. 
Probably the enol dimer is stabilized by intermolecular hydrogen 
bonding as large OH proton shifts are observed for chloroform solu- 
tions at concentrations where the dimer form is predominating, 
6 about 12-3 p.p.m. This value is roughly the same as that observed 12° 
for the OH proton in the enolized formaldehyde adduct of dimedone 
(45). (Compare Nakanishi??°.) 
The p.m.r. spectrum of cyclobutane-1,3-dione (46) 121 in chloroform 

shows only one single peak (8 3-86 p.p.m.) which is consistent with 
the presence of the pure keto form 46a, but a rapid interconversion of 
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the keto and enol forms would also give the same result. The ir. 
spectrum indicates that the enol form in chloroform is present in 
relatively small amounts. In polar media such as DMSO the enol 
form 46b appears to be present in substantial amounts (For the 
properties of 2-methylcyclobutane-1,3-dione see reference 122). A 
characteristic physical property of cyclobutane-1,2-dione and _ its 
methyl derivatives is their high acidity, with pX, about 3 (to be 
compared with pX, about 5 for cyclohexane-1,3-diones). Dipolar 
interactions, as estimated from the Kirkwood—Westheimer theory 12°, 
may roughly account for the difference in acidity 1°*. Cyclopentane-1,3- 
dione seems to be completely enolic in the solid state’?* but has 
apparently not been more closely investigated. The enolic character 
of 2-methylcyclopentane-1,3-dione has been described 19°, 

Cycloheptane-1,3-dione is slightly enolic, though it still shows a 
markedly acidic character1?°. It is then of some interest to note that 
2-acetylcycloheptane-1,3-dione is completely enolic®’. 
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Stetter and Milbers194 have shown that decalin-1,8-dione is com- 

pletely enolic (pK, 11-1 in aqueous ethanol) and thus provides an 

example of a ‘fixed’ cis-enol (47). The enolization and hydrogen 

bonding of 47 have been confirmed by n.m.r. studies (6° = 16-37) ges; 

(47) 

F. Enolization in 8,8'-tricarbonyl compounds 

B,’-Triketones (48) are found in many natural products, especially 

among the enolic 2-acylcyclohexanediones1%°. Among these, several 

derivatives of 2-acylcylohexane-1,3,5-trione have been investigated 

spectroscopically 47197-20°, The enolization of some similar cyclo- 
pentane derivatives from hops has also been investigated 7°??? and 
the field of (mainly enolic) hop constituents has been reviewed 7°. 

Six different cis-enols are possible in 48 in general. If the acyl 
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groups are free to rotate and do not form part of a cyclic system there 
is no meaningful distinction between cis and trans enols of a B,f’- 
triketone. The simplest example, triacetylmethane (R? = R? = R* = 
CH,), is virtually completely enolized in aqueous solution?°* and 
in carbon tetrachloride solution*’. The p.m.r. spectrum in carbon 
tetrachloride solution shows two methyl signals 0-17 p.p.m. apart 
with the intensity ratio 2:1 and an OH signal at very low field 
(6 17:4 p.p.m.). The occurrence of two separate methy] signals in that 
intensity ratio shows that the interconversion of enol forms with a 
B-diketone partial structure such as 49a and 49b is, as expected, a 
rapid process, while interconversion of enol forms involving different 
B-diketone partial structures, e.g. 49a + 49b = 49c + 49d is a slow 
process in carbon tetrachloride solution but can be accelerated in 
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other solvents. This result appears to be. quite general. In order to 
avoid circumlocutions and facilitate the discussion of complex tauto- 
meric systems, enolic forms which formally can be interconverted by 
a movement of the OH proton along an intramolecular hydrogen 
bond, e.g. 49a and 49b, or 49c and 49d, will be called internal tauto- 
mers, and enolic forms that cannot be interconverted in this simple 
way, e.g. 49a and 49d, will be called external tautomers *®. 
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The interconversion of external tautomers is catalysed by acids 
and bases and the addition of a trace of triethylamine to a solution of 
a B,6’-triketone is usually sufficient to cause p.m.r. signals of external 
tautomers to coalesce into a single averaged spectrum. In unsym- 
metrical ,f’-tricarbonyl compounds the relative stabilities of the 
different enol forms may in some cases be determined. The p.m.r. 
spectrum of the virtually completely enolized compound diaceto- 
acetaldehyde (48, Rt = R? = CH;, R® = H) in carbon tetrachloride 
solution at 33° shows the presence of two external tautomers in the 
ratio 4:1117. Two OH signals are observed (6 17-10 and 18-3 p.p.m.) 
and the smallest of these (5 17:10) is a broad doublet (J 6-4 Hz) due 
to spin coupling with a signal at 8 8-92 p.p.m. A larger ‘aldehyde’ 
type’ singlet is observed at 5 9-97 p.p.m. and two methyl signals at 
§ 8-28 and 8-50 p.p.m. with intensity ratio 1:9. The spectrum indi- 
cates that the predominant enol form is 50e and 50d and the spin 
coupling of the enolic OH proton in the less stable enol indicates that 
the tautomer 50b is slightly favoured over 50a. The chemical shift 
of the —C—H proton is not a reliable measure of the position of the 
equilibrium between 50a and 50b, as anisotropy effects from the 
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non-chelated acetyl group may shift this signal downfield. The intensity 
ratio of the methyl signals is due to overlapping of the signal from the 
‘chelated’ CH,-group in 50a and 50b with that of the CHg signal 
from 50c and 50d. 
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The p.m.r. spectrum of ethyl 2-acetyl-2-formylacetate (48, R* = 
CH,, R? = OEt and R° = H), in which a comparison can be made 
between three important substituents, shows the presence of two 
external tautomers in the ratio 9:1. The predominant form is found to 
be 5la and 51b, and the spectra indicate the less stable form to be 

Ome: HO a ee a os O 
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5lce. No evidence for the third possible external tautomer is found. 
In the asymmetric compounds discussed the most stable external 
tautomer is that with the strongest intramolecular hydrogen bond, 
as indicated by the chemical shift of the OH proton?!”, 

In cyclic £,8’-triketones the number of possible tautomeric forms is 
reduced. In a symmetrical one, such as 2-acetylcyclopent-4-ene-1,3- 
dione (52) the external tautomers are identical and their slow inter- 
conversion is manifest in the p.m.r. spectra, which shows an AB-type 
signal (Jy4q2 = 6-2 Hz) for the olefinic protons. No safe conclusion 
regarding the equilibrium between 52a and 52b could be drawn. 
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In unsymmetrical cyclic £,8’-triketones the influence of substituents 
on the equilibrium between external tautomers may be studied. For 
example the p.m.r. spectrum of 2-acetyl-4-methylcyclopent-4-ene-1,3- 
dione (53) shows two olefinic quartets (Jy.,,.cn, = 1-7 Hz) at 8 6-49 

OH... Ors, 
H4 ‘Oo H ‘HO 

\ ion ss 

HB H ‘cH, 
Oo Oo 
(52a) (52b) 

p-p-m. and 6-58 p.p.m. in the intensity ratio 1:1-6. On the basis of 
anisotropy effects of the C—O group (see however reference 232) one 
would expect the olefinic proton in 58a and 53b to be at lower fields 
than in 53e¢ and 53d and thus that [58a and 53b]/[58c and 53d] = 
LG. 
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It may also be demonstrated that intermolecular exchange of the OH 
proton in enolized £,f’-triketones may take place faster than the 
interconversion of external tautomers. The p.m.r. spectrum of a 
1:1 mixture of 2-acetylindane-1,3-dione and 53 in carbon disul- 
phide solution (in which both compounds are virtually completely 
enolized) shows only one OH signal at a chemical shift intermediate 
between those of the OH signals of the separate compounds, while the 
occurrence of two quartets of the olefinic hydrogen in 53 shows that 
the interconversion of its two external tautomers 58a-53b and 53c— 
53d is still slow. This indicates too that in the intermolecular transfer 
of the enolic protons the geometry of the molecules is largely retained. 
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The p.m.r. spectrum of 2-formyl-5,5-dimethylcyclohexane-1 ,3-di- 
one 53-117 indicates complete enolization and shows a —C—H signal 

OH:::-O O::--HO 
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at 6 9-32 p.p.m. and an OH signal at 15-60 p.p.m. At — 75°c a distinct 
splitting of these signals appears due to mutual spin coupling (J = 
1:9 Hz). The magnitude of this spin coupling indicates that the 
predominant internal tautomer is 54a. The shift of the —C—H 
proton also indicates this although the signal is presumably shifted 
a few tenths of a p.p.m. downfield, due to the deshielding effect of 
the nonchelated carbonyl group. In the similar five-membered com- 
pound 2-formylcyclopentane-1,3-dione (55) the —C—H signal is 
observed at 6 9:59 ppm and the OH signal at 6 12-32 p.p.m. in 
chloroform-d solution®*?. No H—C—O—H spin coupling was ob- 
served even at low temperatures, but the occurrence of intermolec- 
ular proton exchange could not be excluded. The shift of the —C—H 
proton is strongly in favour of 55a as the predominant enolic form in 
analogy to the results on 54. The behaviour of the enols of 55 is thus 
opposite that of 2-formylcyclopentanone, for which the hydroxy- 
methylene ketone form is the most important, but conforms to the 
recent data of Russel and Garbisch on exo-conjugated formyl ketones 
(cf. section V.D). 

Recently it has been shown that triacylmethanes containing a 
pivaloyl group are wholly ketonic, apparently due to steric effects 25, 
whereas 2-pivaloyl-1,3-cyclopentanedione is completely enolic 2°°, 

G. Solvent effects 

The early work on keto-enol equilibria following the development 
of the bromine titration method resulted in two ‘laws’ which com- 
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prehended a number of experimental data. The investigations of 
Dimroth?° on 3-benzoyl-camphor showed that when the concentra- 
tions of the keto (C,,) and enol (C,) forms in a solvent were expressed 
relative to the solubilities ($,,) and (S,) of the keto and enol forms in 
the same solvent, their quotient was approximately constant (G) and 
independent of the solvent (equation 23). 

Ce/Se 
CxS 

Gia (23) 

A relationship for isomer equilibria of this general type had earlier 
been theoretically derived by Van’t Hoff, and equation (23) is now 
generally referred to as the Van’t Hoff-Dimroth relation. Equation 
(23) is most applicable when the concentrations and solubilities 
are low; otherwise solute—solute interactions will interfere with the 
solvent-solute interactions. For an interesting discussion of the Van’t 
Hoff-Dimroth relation in extrathermodynamic terms, see reference 
208. 

Meyer?°° noted that in a large number of cases the equilibrium 
constant K, = [enol]/[keto] could be written as a product of two 
factors 

K, = EL (24) 

where E£ is a solvent-independent constant characteristic of a particular 
tautomeric compound and ZL is a constant characteristic for a given 
solvent but independent of the nature of the dissolved tautomeric 
compound. In the application of equation (24) it has been customary 
to use ethyl acetoacetate as a ‘standard tautomer’ (EZ = 1). The value 
of L for a given solvent is then equal to K, of ethyl acetoacetate in 
the same solvent. If the value of K, of a tautomeric compound is known 
in one solvent, equation (24) then permits the calculation of K, in 
other solvents. 

Meyer’s relationship (24) may be given the following interpretation 
in extrathermodynamic terms: Let us assume that the standard 

partial molar free energy of an enolizable ketone in a solvent may 

be expressed for the keto form as 

GR = ex + ix tip (25) 
and for the enol form as 
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where gx and gy are:the intramolecular solvent-independent parts of 
the partial molar free energies of the keto and enol forms respec- 
tively, iz is that part of the free energy ascribable to interactions 
between the solvent and all parts of the tautomeric molecule except 
the keto or enol fragments, ix, and i, finally are the free energies . 
attributable to the interaction between the solvent and the keto and 
enol fragments respectively in the tautomeric molecules. The differ- 
ence between the standard partial molar free energy of the enol 
and keto form, G2 — G2 = AG2,, may thus be written 

AGon = (gn — &x) + (te — tx) (27) 

However, as 4G2, = —RT In K,, where K, = [enol]/[keto], equa- 
tion (27) leads to equation (24) if E = —RT In (gp — gx) and 
L = —RT In (tg — ix). 

The Kirkwood-Onsager theory of solvation of a molecular dipole 
in a polarizable medium has been applied to keto—enol equilibria by 
Powling and Bernstein ??°. 

The following equation may be derived (for dilute solutions) 

tt at 
AHgas = AH som + (—< 3) (12 ra 13) (28) 

where py, and pz are the dipole moments of the less stable and more 
stable tautomer, respectively, ¢ the dielectric constant of the solvent 
and a is the radius of a ‘cavity’ embodying the solvated dipole in the 
solvent. Powling and Bernstein equate a? with the molar volume of 
the solvent. It is true that in the original papers by Kirkwood and 
Onsager *1»?!2 little was said about how to determine the size of the 
cavity, but for a large tautomeric molecule in a solvent of relatively 
small molecules it appears more reasonable to relate the dimensions 
of the cavity to the molar volume (or partial molar volume) of the 
solute. The values of JH,,, of ethyl acetoacetate extrapolated from 
solution data by equation (28) (—2 kcal/mole) is in fair agreement 
with the experimental gas phase value of —3-5 kcal/mole found by 
Briegleb and coworkers at room temperature !5?-154, It has been 
suggested that equation (28) should be also applicable to free energy 
changes on enolization. Some correlation is found, but one is willing 
to agree with the statement of Rogers and Burdette that ‘further 
research will be required for a more complete understanding of the 
factors influencing tautomeric equilibria’ ®2, 
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VI. OTHER ENOLIC CARBONYL COMPOUNDS* 

A. a-Diketones 

Acyclic a-diketones with at least one adjacent C—H, e.g. biacetyl, 
are in general less acidic and are enolized to a smaller extent than 
B-diketones. 

Cycloalkane-1,2-diones behave otherwise, and cyclopentane-1,2- 
dione (56) and derivatives of cyclohexane-1,2-dione are commonly 
cited examples of highly enolic and acidic «-diketones. 

i , 
on = es 

(56) 

The difference between cyclic and acyclic a-diketones has been 
rationalized in terms of repulsion between adjacent carbonyl groups, 
which leads to ‘transoid’ conformations of the acyclic compounds. 
In the simpler cyclic compounds the strain is relieved by enolization ®. 
A recent investigation?'% has been made of cycloalkane-1,2-diones 

with 5- to 1l-membered rings by dipole moment measurements. 
The results, supported by earlier i.r. and u.v. spectral data, confirm 
the almost complete enolization of cyclopentane-1,2-dione. Cyclo- 
hexane-1,2-dione (see also section VI.C) is still largely enolized but 
for larger rings the enol content is markedly reduced. In aqueous and 
alcoholic media formation of hydrates or hemiacetals may also be 
important reactions. Conformational factors may affect even the 
enolization of cyclopentane-1,2-diones as shown by investigations of 
steroidal 16,17-diketones?**. 

B. Enediols 

1,1-Enediols (57) can be considered as ketene hydrates or as enols 
of carboxylic acids. 

Rt Rt OH Ri ye 

H,0 We Ss Ye 
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R2 R2 ey R2 OH 

(57) 

1,1-Enediols have been little discussed. The ketonization of a 

transient 1,l-enediol has been investigated mechanistically**° (see 

* The properties of an interesting class are treated in Chapter 4. 
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section VII.F). These enediols are naturally of interest also in con- 
nection with the possible enolization of esters, which has not been 
discussed in this chapter. 

«,B-Enediols (58) may be formed by enolization of a-hydroxy- 
carbonyl compounds. Such enolization has often been discussed in . 

OFnO OH ia ° on 

Che eR ——— Rit Rs = pi ts Re 

(58) 

connection with the isomerization of carbohydrates. Stable «,f- 
enediols are formed when R! and R? are bulky substituents, such as 
mesityl ®*-?1®, In the most important «,B-enediols, viz. the reductone 
derivatives, there is (at least) one additional, adjacent carbonyl 
function. This class of compounds, which includes ascorbic acid and 
reductinic acid (59), is of considerable biological interest and has been 
reviewed elsewhere **®-?17, Many of these compounds show structural 

OH 

OH 

\ 
O 

(59) 

features which relate them both to «- and to B-dicarbonyl compounds. 

C. Oxaloacetic acid 

Oxaloacetic acid (60) is an important biological intermediate, 
which is also related to pyruvic acid and acetoacetic acid. 

The crystalline oxaloacetic acid is enolic, but it is largely converted 
into the keto form in aqueous solutions, though in neutral aqueous 
solution 60 seems to be more enolic than acetoacetic acid 218, 

OH oO 

Hoco—t—cHcooH ——— Hooc—t_cH,cooH 

(60) 
The ketonization has been investigated by ultraviolet spectroscopy 

and shown to be general acid- and base-catalysed 218, 
The degree of enolization of oxaloacetic acid in water and aqueous 

methanol was also investigated by n.m.r. spectroscopy and was 
shown to be of the order of 8-207 219, Other species were also formed 
in aqueous solutions, as shown by deuteration experiments; possibly 
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hydration is a competing reaction. As could be expected diethyl 
oxaloacetate is highly enolic (79% in the neat liquid and 50%, in 
methanol solution). On the other hand, neat diethyl fluorooxalo- 
acetate is virtually completely ketonic??9, 

Vil. KINETIC AND MECHANISTIC ASPECTS OF 
ENOLIZATION 

A. Current views on the mechanisms 

As pointed out in the introduction, enolization is a special case of 
prototropic rearrangements. It was also considered in that perspective 
by Ingold® and in a certain way it can be seen as a hybrid between 
allylic rearrangements and the ‘tautomerism’ of the carboxyl group. 

In the introduction to Fundamentals of Carbanion Chemistry Cram 
has pointed out that acid-base theory and concepts of thermodynamic 
acidity have been developed to a large extent from studies of oxygen 
acids and bases due to the high rates of proton transfer encountered in 
these types of molecules, whereas the concept of kinetic acidity in 
organic chemistry has been applied most frequently to carbon acids 
(C—H) since the rates of proton transfer are here often low 22°. 

In enolization-ketonization reactions, involving breaking and 
formation of C—H and OH bonds, we stand at the cross road between 
these different ways of treating acidity and basicity and some caution 
has to be exercised in investigating these reactions 221-24, 
Two extremes of the situation may be considered: 
Simple carbonyl compounds are so little enolized that ‘direct 

observation’ of the enol or the enolization can hardly be achieved. 
Instead, bromination, deuteration, racemization, etc., have been 
studied on the assumption that they involve enolization. 
On the other extreme stand the completely enolic compounds like 

phenols and many f,f-triketones, where ketonization is little studied. 
Between these cases there are systems where both ketonic and 

enolic forms can be observed simultaneously by, for example, spectro- 
scopic methods. B-Dicarbonyl compounds provide the most abundant 
examples. Here it is often possible to observe also the enolization— 
ketonization reaction directly, by relaxation methods or occasionally 
also when a ‘metastable’ keto or enol form, or a non-equilibrium 
mixture, can be used as starting material. 
Two main mechanisms can be proposed for the process. 
Consecutive reactions (equation 2, section I) are believed to pro- 

ceed via cations or anions and are catalysed by acids and bases. 
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It should be noted that the intermediates in equation (2) may also be 

intermediates for other types of reactions, e.g. the cations may form 

hydrates or hemiacetals, while the anions may be more reactive to 

bromine than the enol itself and may also engage in aldol-type 

condensations. 
A concerted mechanism (equation 29), subject to acid and base 

catalysis, has sometimes been advanced, but at present it seems to 

account only for parts of the reaction or for special cases??. 

A 

HB 
H OH OH 
ie ea ae 

AH + B + Rt—C—C ——— Re —— Bees + A+ BH 

e R$ R3 
(29) 

Most mechanistic studies of enolization have been made in protic 
solvents, where the solvent may play an important role in the transi- 
tion states. Investigations of enolization in non-polar media are scarce 
and the possibilities for ‘pseudointramolecular’ enolization—ketoni-. 
zation reactions analogous to the base-catalysed rearrangements of 
allylic systems (reference 220, p. 175) have therefore not yet received 
much attention. 
A closer description of the gross mechanisms outlined above needs 

a deeper understanding of the transition states and the paths of the 
protons. However, the details of the proton transfer reactions are 
often obscured by a manifold of other effects. The nature of the 
catalytic bases and acids, their solvation and the concurrent counter- 
ions, affect the reactions and complicate the picture. Thus the metal 
ions may play a considerable role in base-catalysed enolization and 
the role of the nucleophile may be critical in acid-catalysed reactions. 

No universal mechanisms of enolization have yet been presented, but 
some fairly recent and typical examples will illustrate both the methods 
for the mechanistic studies and the results obtained for various types 
of carbonyl compounds. 

B. Relaxation methods 

In recent years relaxation measurements have gained large impor- 
tance for studies of rapidly equilibrating systems and seem particularly 
promising for proton transfer reactions?®°, Still, only a few relaxation 
investigations of enolization reactions have been reported and are 
confined to highly enolic systems. One investigation concerns proto- 
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lysis and hydrolysis of acetylacetone and some other hydrogen-bonded 
systems*?°, another one dimedone and some of its heterocyclic 
analogues 22", 

The results from the relaxation measurements of rates of protolysis 
of acetylacetone have recently been summarized 22°, The investigations 
have as yet been limited to only one temperature and show that the 
protonation and deprotonation at the carbon atom are slower by 
a factor of about three powers of ten than those at the oxygen atom, 
and that the reaction of the chelated enol with OH ~ is a thousand-fold 
slower than the diffusion controlled reaction. Further work in this 
area may provide a better understanding of this enolic system. 

C. Enolization of cyclohexane-! ,2-dione 

The uncatalysed interconversion between the keto form (61a) 
and the enol form (61c) of cyclohexane-1,2-dione is rather slow, there- 
fore allowing their isolation in fairly pure forms. U.v. measurements 
can be used to determine the concentrations of the enol and the 
unhydrated ketone. 

? HOW Ser ey 
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No enol hydrate is formed in aqueous solution but the keto form 
is rapidly and almost completely hydrated (61b) and the kinetics of 
hydration in aqueous dioxan could be studied. In acidic aqueous 
media the equilibrium between enol and the hydrated ketone is es- 
tablished slowly and can be easily observed. The equilibrium constant 
is strongly dependent on electrolyte concentration, apparently due to 
different influences on the activity coefficients of the tautomeric forms. 
Temperature studies of the equilibrium gave 4H° = —6 kcal/mole 
and AS° = —21 e.u. for the formation of the ketone. 
A further analysis of the interconversions showed pH regions 

with acid catalysis and base catalysis, and a pH-independent ‘water 
reaction’. Temperature studies of the rates of ketonization and 
enolization gave reaction parameters E, = 17-6kcal/mole and 
AS? —26e.u. for ketonization; E, = 24-4kcal/mole and AS* = 

—4e.u. for enolization. These values, as well as deuterium solvent 

isotope effects, indicate that the transition state is monohydrated. 
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D. Racemization of ketones 

By studies of p-«-phenylisocaprophenone in strong sulphuric acid 

(85-93-87) Swain and Rosenberg **® showed that the racemization 

is preceded by a fast equilibrium protonation and that a nucleophile, 

preferably water, is required in the transition state. The rate constant © 

for water is about a hundred times larger than that for the hydrogen 

sulphate anion. The kinetic significance of water is further demon- 

strated by the influence of solvent D,O. From the racemization 

experiments and other data, it was concluded that the a-hydrogen in 

the transition state is nearly symmetrically placed between the O and 

C atoms in enolizations catalysed by hydroxide ion or hydronium 

ion, but much closer to the O atom in uncatalysed reactions with 

water as the nucleophile. 
Accordingly, in H,O+-catalysed enolizations the conjugate acid of 

the ketone must be much more reactive and less discriminating 

(toward nucleophiles) than the free ketone, and the transition state 

must be nearly symmetrical. 
These results and conclusions have been critically discussed by 

Long and Bakule?®”, particularly regarding the relative efficiency of 

various nucleophiles and the ‘ideal’ character of the solvent. They 

found the major aspects of the work by Swain and Rosenberg con- 

sistent with their own results on the cyclohexane-1,2-dione system and 
agree about the need to consider the activity coefficients of all the 
species present. 

E. Ketonization of a | ,|-enediol 

In an investigation on the stereochemistry of ketonization, Zimmer- 
man and Cutshall succeeded in generating a transient 1,l-enediol 
(62a) by two different routes***, and then studied the stereoselectivity 
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of its ‘ketonization’. Two diasteromeric carboxylic acids were formed, 
the cis-isomer (62b) being favoured. The influence of temperature on 
the product distribution showed that steric hindrance to C-protonation 
is important. 

F. Rates of bromination 

Using refined techniques and very low halogen concentrations Bell 
and Davis investigated the kinetics of bromination of dimedone, 
2-bromodimedone, 3-methyltetronic acid, 3-bromotetronic acid, 
methylacetylacetone and 2-acetylcyclohexanone in aqueous solution 
at various pH values?°°. The equilibrium enol concentrations were 
also determined and it was found that the bimolecular rate constants 
for bromination of enols and enolate anions were between 5 x 10° 
and 2 x 1071/moles. 

For dimedones and tetronic acids there was little difference between 
the reactivities of the enols and the enolate anions (no systematic 
variation of rate constant with pH was observed). Otherwise enolate 
anions have been found to react about 10° times faster than enols. 
The reactions are slower than purely diffusion-controlled reactions 
by a factor of about 100 and diffusion control alone cannot account 
for the results. Possibly there is an unusual type of ‘stabilization’ de- 
creasing the reactivity of the enolate anions. 

These puzzling results further illustrate the peculiarities of ‘fixed’ 
trans-enols and demand some caution in interpretation of other 
enol-enolate interconversion studies, as well as of halogenation 
studies. 

Vill. CONCLUSION 

This review of enolization has perhaps raised more problems than it 
has provided solutions, explanations or general theories. 
We have got the impression that more detailed investigations, 

particularly concerning the molecular structures and vibrational 
levels of the chelated enols, would be rewarding. It can be foreseen, 

for example, that new experimental techniques like e.s.c.a. (i.¢.€.) 
may differentiate between single and double well potentials for intra- 

molecular proton transfer. Also refined ab initio molecular orbital 

calculations may give increased insight into the structures and 

stabilities of chelated enols. 
Further efforts in the tracing of the path of the protons in enoliza- 

tion-ketonization reactions may show more clearly the roles of 
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catalysts and solvents and may also connect these reactions with 
other prototropic rearrangements. 
We hope that this review will stimulate further search for connec- 

tions to other topics, generalizations and applications. 
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Il. INTRODUCTION 

The term ‘oxocarbon’ designates compounds in which all, or nearly 
all, of the carbon atoms bear ketonic oxygen functions or their hydrated 
equivalents!. The most important oxocarbons are cyclic compounds, 
and this review will be limited to the chemistry of the monocyclic 
oxocarbons. 
A few years ago we pointed out that monocyclic oxocarbon anions, 

C,,O”~-, are aromatic substances, stabilized by electron delocalization 
of 7 electrons in the ring!»*. At present four such species are known, 
the squarate (1), croconate (2) and rhodizonate (3) dianions, and the 
tetraanion of tetrahydroxy-p-benzoquinone (4). Much of the current 

(1) (2) 

interest in the oxocarbons relates to physical studies of the chemical 
bonding in these species. However, in this review, in keeping with the 
purposes of this volume, the chemical reactions of the oxocarbons will 
be emphasized. 

Although the oxocarbon anions have only recently been shown to 
form a previously unrecognized aromatic series, croconate and 
rhodizonate ions were actually among the first aromatic species ever 
synthesized. In 1823 Berzelius, Wéhler and Kindt observed the 
formation of a powdery black residue in the preparation of potassium 
by reduction of potassium hydroxide with carbon*:*, Dipotassium 
croconate and croconic acid (named from the Greek krokos= yellow, 
the colour of the acid and its salts) were isolated from this residue in 
1825 by Gmelin*. A few years later, in 1837, Heller obtained rhodi- 
zonic acid (from the Greek rhodizein=rose red, the colour of the in- 
soluble alkaline-earth derivatives) and dipotassium rhodizonate from 
the same material. 

There is a further point of interest concerning these very early 
experiments. Both croconic acid and rhodizonic acid are now known 
to be products of microbiological oxidation of myoinositol (hexa- 
hydroxycyclohexane), a compound which is widely distributed in 
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plants®’. Therefore Gmelin’s preparation of croconic acid* in 1825 
represents one of the very first preparations of an ‘organic’ compound 
from ‘inorganic’ starting materials. The classic synthesis of urea by 
Wohler did not take place until three years later®. 

Il. SYNTHESIS OF OXOCARBONS 

A. The Reactions of Carbon Monoxide with Alkali Metals 

The earliest preparations of oxocarbons were from potassium 
hydroxide and carbon, but it was soon found by Liebig that the same 
products could be obtained more conveniently from carbon monox- 
ide and hot potassium metal®. The reductive cyclopolymerization of 
carbon monoxide thus provides a route to both five and six-membered 
oxocarbons. Although this interesting reaction has been known for more 
than a century, and the products have been studied repeatedly ’°"**, 
only within the last few years has a clear picture of the nature of the 
reaction begun to emerge. Because the history of this classical reaction 
is intimately connected with that of the oxocarbons themselves, it is 
of interest to trace its development briefly. 

I. K,C,O,, rhodizonic acid and croconic acid 

As early as 1834, it was discovered that hot potasstum metal 

reacts with carbon monoxide’. The reaction is exothermic, and heat 

was usually allowed to develop freely, so that the temperature rose 

above 150°. Under these conditions, the first product which can be 

isolated is a grey solid, K,C,O,°. This compound is very easily 

oxidized, and upon aqueous work-up in air, dipotassitum rhodizonate 
or dipotassium croconate is obtained. 
K,C,O, is now recognized to be the hexapotassium salt of hexa- 

hydroxybenzene!2!*, Formally, it can be regarded as an oxocarbon 

salt with a 6— charge on the anion. It is reasonable that air oxidation 

could transform K,C,O, into dipotassium rhodizonate: 

[0] 
Co(OH)— << KeCsOe =5 > KaCeOc + 4 KOH 

2 

However, the production of croconate ion from the same reaction, 

providing an entry into the five-membered ring oxocarbons, is quite 
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surprising. Yet, as early as 1837, in work of amazingly high quality 
for the time, Heller correctly deduced that rhodizonate is the precursor 
of croconate ion®. 

The rhodizonate-croconate transformation was first investigated 
by Nietzki and Benckiser1?:1° and has been studied by several other . 
investigators ® 11", If air or oxygen is bubbled through an alkaline 
aqueous solution of rhodizonate, complete transformation to croconate 
takes place: 

c,02- —(L, c,02- + co2- 

This remarkable reaction, involving contraction from a six to a five- 
membered ring, provides a most convenient method for the synthesis 
of croconates. The nature of the transformation has been in doubt, 
but it now seems clear that the reaction pathway is as follows: 

O 

Co 

eN 

ou 
o OH 

C-—OH 
HO | 

O 
(6) 

The intermediate anion 5 can be isolated from the solution in the 
form of the carboxylic acid 61°17, The ring contraction can be 
recognized as an example of an a-oxoalcohol rearrangement?%, 
related to the well-known benzil-benzylic acid rearrangement. 

Sodium metal has been reported to react with carbon monoxide at 
280-340° to produce the hexasodium salt of hexahydroxybenzene, 
Na,C,O0,'°. This compound is oxidizable to disodium rhodizonate or 
croconate, just like the potassium compound. A careful recent study 
shows however that the reaction of sodium with carbon monoxide at 
temperatures from 200-500°C is complex, leading to a mixture con- 
taining sodium acetylide, sodium carbonate, and sodium rhodizonate 
as well as NagC,O,1%. 
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2. The alkali metal salts of dihydroxyacetylene 

If care is taken so that the reaction temperature of carbon monoxide 
with potassium never rises much above the melting point of potassium 
(63°), an intermediate black solid is formed 1%-14:20-22, which is con- 
vertible to gray KgC,O, upon heating. In addition, carbon monoxide 
reacts with all of the alkali metals when they are dissolved in liquid 
ammonia to give yellowish ‘alkali metal carbonyls’, with the empirical 
formula MCO?*~*°, Recent investigations have begun to shed some 
light on these complex reactions. 

In 1963 Sager and coworkers?* published a study of the reaction 
between potassium and CO at low temperatures. They present 
evidence for two intermediates, (K;C,O,),, and (KCO),., the latter 
undergoing conversion to K,C,O, upon heating: 

ee > (0 Ca) = KCO),, So KCL} 

These investigators alkylated (KCO),, with methyl iodide and obtained 
a product with empirical formula C,O,(CH3)4, from which they 

Ficure 1. Arrangement of Na* and ~O—C=C—O7 ions in the crystal 
structure of the disodium salt of dihydroxyacetylene, Na2C2Oz., as determined 

by Weiss and Biichner?®. 
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deduced the formula K,C,O, for the black (KCO),, and inferred 

that the precursor was K,C,O,. 

The nature of the yellow ‘alkali metal carbonyls’ obtained in 
liquid ammonia has been clarified by Weiss and Biichner?* °°. All 
of these substances appear to be principally salts of the dihydroxy- - 
acetylene dianion, M+ [OC==CO]?~. The structures of the caesium, 
rubidium, potassium and sodium salts have been determined by x-ray 
crystal structure studies (Figure 1). Moreover, the black (KCO),, 
obtained by Sager and coworkers, despite its different appearance, 
is crystallographically identical with K,C,0,7°. The black colour must be 
the result of radical impurities or lattice imperfections. 

The alkali metal dihydroxyacetylene salts can be regarded as 
linear oxocarbons; the anion is formally the first member of the series 
C,02-. However, the bond lengths in the anion, about 1-204 for 
C—C and 1-274 for C—O7*?7, are consistent with the formula 
~O—C=C—O-, and suggest that electron delocalization in the 
system is slight. 

The dianion of dihydroxyacetylene is a surprisingly weak base. 
Protolysis does not take place in acetonitrile solution with water or 
weak organic acids, but requires HCl, producing a mixture of aci- 
reductones, hexahydroxybenzene, and diglycolide (7), all thought to 
arise from HO—C=C—OH??. On the other hand, Biichner?® has 
found that the M,C,O, salts give a positive test for organometallic 

O 

HO 

OH 
O 
(7) 

species and react with n-butyl bromide to give small amounts of 
a-hydroxy acid. He suggests that the ‘alkali metal carbonyls’ are 
really mixtures of MtO-—C=C—O~-M? and an organometallic 
salt 82°; 

M O 
~~ oat I a : > n-Bu—CH—C—O-M+ 

M+O- oy 
(8) 
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B. Other Syntheses of Rhodizonic and Croconic Acid and Their 
Salts 

Although the cyclopolymerization of carbon monoxide can be used 
to synthesize oxocarbons, other methods are often more convenient 
for laboratory preparations. One of the most useful is the oxidation 
of the readily available natural product, myoinositol, an isomer of 
hexahydroxycyclohexane +®°°, 

If inositol is oxidized with warm concentrated nitric acid and 
the solution is then treated with potassium carbonate, the dipotassium 
salt of tetrahydroxy-p-benzoquinone is produced as green crystals *°. 
If the oxidized solution is instead treated with potassium acetate and 
aerated, dipotassium rhodizonate is the product 

Oo 2- O 

HO OH 
K2CO3 2 K + H+ 

HO OH 

O 

HNO, (9) 
CgHe(OH)e 

O 

oO OH 

ee Ke. a 
2 

Oo H 

Oo 

(10) 

Free tetrahydroxyquinone (9) is stable and insoluble in water, 

so it is easily isolated as purple crystals by acidification of aqueous 

solutions of the dianion. Rhodizonic acid (10), however, is both 

sensitive to oxidation and quite soluble in water, so it is difficult to 

obtain from its salts. Small amounts of 10 can be obtained from basic 

aqueous solution by ion exchange using a H*-form cation exchange 

resin®, followed by low-temperature evaporation®'; or the aqueous 

solution can be neutralized, evaporated, and 10 extracted with 

dioxane and precipitated with pentane®. Rhodizonic acid obtained 

by either of these methods is isolated as the colourless dihydrate, 

H,C,O,:2H,O%2. Sublimation in vacuum gives the dark orange 

anhydrous acid, first isolated only in 1958 by Bock and Eistert®. 
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Another convenient route to 9 or 10 is the oxidative trimerization 

of glyoxal®?-85 discovered by Homolka*?. The reaction is usually 

carried out in aqueous solution containing sodium sulphite and sodium 

hydrogen carbonate: 

O 
oO 

Hoc ——— NagCsO4(OH)2, 5-10% a Eagles 
2“) 2 

O 

The yield in this synthesis is low, but according to recent patents 
considerable improvements in yield result when potassium cyanide is 
used as a catalyst ®°-35*, or when ozone is used in place of oxygen®*®. 
The disodium salt of tetrahydroxyquinone which is the initial product 
can be converted to disodium rhodizonate simply by heating in air to 
170°88, A relatively recent paper by Fatiadi and coworkers gives clear 
directions for the preparation of rhodizonic acid, croconic acid and 
their derivatives by this route®. 

Rhodizonic acid has also been prepared by reduction with SO, 
of its oxidation product, triquinoyl octahydrate +*’?? (see section V.A.), 
and by oxidation of 1,4-diamino-2,3,5,6-tetrahydroxybenzene with 
potassium persulphate °°. 

Croconic acid (11) and the croconates could presumably be made 
by oxidation of cyclopentane derivatives, but this has apparently 
never been done. The convenient ring-contraction from rhodizonate 
has invariably been used. A wide variety of six-membered ring 
precursors such as hexahydroxybenzene, rhodizonic acid, tetrahyd- 
roxyquinone, tetraaminohydroquinone, etc. can be converted to 
sodium or potassium croconate by oxidation in alkaline solution with 
air or with manganese dioxide ® 17-19, 

0 

Oo. OH 

Oo OH 

(11) 
The alkali metal croconates are bright yellow salts, soluble in 

water to give stable solutions. Free croconic acid can be obtained by 
ion-exchange on aqueous solutions of the croconate salts, employing 
H*-form cation exchange resins, followed by freeze drying of the 
solution®’, Alternatively, the insoluble barium salt can be treated 
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with the equivalent amount of sulphuric acid to give an aqueous 
solution of croconic acid, which can be evaporated ®. These syntheses 
give croconic acid as the trihydrate, which can then be recrystallized 
from ethanol—dioxan by addition of benzene. Drying under vacuum 
removes the water of crystallization ®. 

C. Squaric Acid 

Dihydroxycyclobutenedione, or squaric acid (12), was first isolated 
by Cohen, Lacher and Park by the acid hydrolysis of the halogenated 
cyclobutene derivatives 14 and 16%’. Dimerization of 1,1-dichloro- 
2,2-difluoroethylene followed by dechlorination gives 1,2-dichloro- 
3,3,4,4-tetrafluorocyclobutene (18)°°. Ethoxide ion converts the 
latter to the triether 14°° which is converted to squaric acid by acid 
hydrolysis *°*, 

ail F & 

re Cl F 
Cathe ae 

F Cl F 
F Cl F a 

(13) 

[ist 
KOH 

F 

O°. OH OEt 

50% H2SO4 c <n to H2S04 

OH aoe Gl 
C OEt 

(12) (14) 

The commercially available hexafluorocyclobutene (15) made by 
cycloaddition of chlorotrifluoroethylene and dechlorination *®, also 
serves as a precursor for squaric acid by a similar reaction sequence*?. 

F F 
: F : OEt O OH 

EtOH H+ 

F KOH F 

F F FE OEt Oo OH 

(15) (16) (12) 

Recently, several useful preparations of squaric acid from hexa- 
chlorobutadiene have been discovered by Maahs*?-**, Hexachloro- 
butadiene reacts with excess morpholine to form a trichlorotrimor- 

9* 
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pholinobutadiene of unknown structure. When this is treated with 

water at pH 5-7 at 55°, it forms 3-morpholinotrichlorocyclobutene 

(17). This can be further hydrolysed to squaric acid. 

‘- : 

° N 

CCE COC Cla Chat EOE CH ON eels tT 
Cl 
Ac 

(17) 

|ns0 
Q OH 

Oo OH 

An even more convenient synthesis begins with the nucleophilic 
substitution on hexachlorobutadiene by ethoxide ion to give 1-ethoxy- 
pentachlorobutane-1,3-diene (18), described by Roedig and Berne- 
mann‘*®, Compound 18 condenses thermally or catalytically to 
tetrachlorocyclobutenone (21) with elimination of ethyl chloride. 
Maahs suggests that the reaction proceeds through 20 as an intermedi- 
ate, but an equally likely pathway appears to be through 1,3 cycloaddi- 
tion to 19 followed by loss of ethyl chloride. With sulphuric acid, 21 
undergoes hydrolysis to squaric acid. The entire reaction sequence 
can be carried out in a single reaction vessel without isolating inter- 
mediates, and it therefore provides a ‘one-step’ synthesis of squaric 

Cl Cl Cl Charogy Cl 

CCl=Ccl—ccl=ccl, SS > || || —> or Td 
Cl Cl q Cc 

Cl cy OetC! Cl OEt Cl eid 
(18) (19) (20) 

HO OH Cl Cl 
H2SO4 

6 Cl 
2 re 
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acid from cheap, readily-available starting materials. Squaric acid 

forms colourless crystals, decomposing only above 293°, and it is now 
available commercially. 

Il. STRUCTURES AND PROPERTIES OF THE 
OXOCARBON ACIDS 

Structures of types 22 and 23 for rhodizonic acid (10) 46-4’, and 24 
and 25 for croconic acid (11)**-*8 have been proposed in the past, 
but the «-enediol structures shown for 10 and 11 now seem well 
established, though x-ray studies have not been done. Neither 10 nor 
11 show C—H absorption in their infrared spectra, such as would be 
present in 22 and 24. The easy conversion of 10 to 9 argues against 
structure 23, as does the normal C—O infrared frequency of 1700 
cm~?%1, Absorption at higher frequency would be expected for the 
cyclobutanedione structure present in 23. The same argument applies 

° OH O OH 
Q O ° O O O peok $e oO Ny O O H o 

O OH oe 
(22) (23) (24) (25) 

to 11, which shows vg_o at 1755 cm~?, consistent with the assigned 
structure #9. Croconic acid has a very high dipole moment in dioxan 
(9-10 p), as expected for structure 11°°. Finally, the crystal structures 
of rubidium hydrogen croconate and ammonium hydrogen croconate 
show that these salts are correctly formulated as «-enediolates®+ 
(26). It is difficult to rule out completely the participation of tautomers 
such as 22 and 24 in solution ®?, but there is no firm evidence for their 

existence. 

(26) 
The mass spectra of the oxocarbon acids and of their oxidation 

products (section V. A) have recently been studied®?*. The acids all 

show parent ion peaks in their mass spectra. A characteristic feature of 

the fragmentation is loss of CO and ring contraction. 
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The oxocarbon acids are all quite strong. pK values for these sub- 

stances are given in Table I, which includes only reliable recent data. 

Croconic acid is decidedly stronger than squaric acid. Rhodizonic 

acid appears weaker than 11 or 12, but the species present in water is 

the dihydrate, C,0,(OH),-2H,O, in which two of the carbonyl . 

groups of 10 are probably hydrated to \c(on), groups. Unhyd- 

rated 10 would be a much stronger acid than the dihydrate®®. 

Taste 1. pXK values for oxocarbon acids 

Acid pk, pke Reference 

C,02(OH), (12) 1-7, 1-2 3-2, 3-48 53, 53a 
C;O03(OH). (11) 0-5 1-5—2-0 54, 55 
C,O0.4(OH)2:2H20 (10) 3-1 4.9 56 
C.g02(OH). (9) 4.8 6-8 on 

Croconic acid and rhodizonic acid are quite soluble in water and 
moderately soluble in oxygenated organic compounds. Squaric acid, 
on the other hand, is insoluble in organic solvents and sparingly 
soluble (2°) in water, probably because of strong hydrogen bonding 
in the solid. The infrared spectra of all of the oxocarbon acids provides 
evidence for extensive hydrogen bonding. Croconic and rhodizonic 
acids give normal tests for the carbonyl group, i.e. with phenyl- 
hydrazines. However in squaric acid, both carbonyl groups are 
‘vinylogous carboxyl’ carbonyls, and hence they do not react with 
carbonyl reagents®’. All of the oxocarbon acids give colours with 
ferric chloride characteristic of enols. 

The alkali metal salts of the oxocarbon acids are all stable substances 
soluble only in water. The colour deepens from squarate (colourless) 
to croconate (yellow) to rhodizonate salts; the latter are strongly 
dichroic, appearing green by reflected light but red by transmitted 
light or when very finely ground ®°. 

IV. STRUCTURES OF THE OXOCARBON 
ANIONS: AROMATICITY 

A. Squarate, Croconate and Rhodizonate Anions 

A resonance-stabilized structure for the croconate anion was first 
suggested in 1958 by Yamada and Hirata*-58, reasoning from’ the 
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high acid strength of croconic acid and the lack of infrared absorption 
in the usual carbonyl region in croconate ion. A delocalized formula- 
tion for the squarate ion was proposed on the basis of the same sort of 
evidence by Cohen, Lacher and Park®". These observations led to the 
suggestion that the anions in question were aromatic species, and to 
the generalization of the oxocarbons as an aromatic series’. 

Aromaticity implies a symmetrical structure for the oxocarbon 
anions. The first definite evidence for symmetry came from vibrational 
spectroscopic studies, which indicated that squarate and croconate 
ions, in their alkali metal salts, are planar species in which all the 
carbon atoms and all the oxygen atoms are equivalent?®*. Detailed 
normal coordinate analysis of the infrared and Raman spectra of 
dipotassium squarate and croconate showed, moreover, that there 

must be substantial 7 bonding between the ring carbon atoms®®. 

Table 2 lists C—O and C—C stretching force constants for the 

oxocarbon anions and for some related species. The data show that 

the C—C stretching force constants in the oxocarbons are distinctly 

greater than for C—C single bonds, though less than for benzene. 

Moderate multiple bond character (7 bonding) between carbon 

atoms in the oxocarbon rings is indicated. 

More recently, the detailed structure of dipotassium squarate 

monohydrate ®°, diammonium croconate®*, and dirubidium rhodi- 

zonate ®2 have been determined by single-crystal x-ray investigations. 

Results show that in all of these salts the anions have symmetrical 

planar structures. The observed C—C bond lengths (Table 3) confirm 

the existence of substantial delocalized multiple bonding between 

ring carbon atoms. Differences among the three anions are small, 

TaBLeE 2. Stretching force constants*. 

Keo Keo 

Species (mdyne/A) (mdyne/A) 
pra ae 

CG) om 3-95 5-60 

CeO) ea 3-50 6-72 

C—C 2-0-2-3 

Benzene 5-17 

C=C ~7 

C—O 2-8 

Acetate ion 2-46 7-20 

(C=) 10-8 

jek te ee 

@ Urey—Bradley force field. 
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and may result from crystal forces rather than differences in the free 

anions. It is interesting that the C—O bond lengths are very short, 

particularly in rhodizonate ion, indicating a C—O bond order of 

nearly 2 for this species. 

Tas_e 3. Bond lengths in oxocarbon salts 

Species Too(A) Too(A) Reference 

K,C,0,4;H,O 1-469 1.259 60 
(NH,)2C505 1-457 1-262 61 
Rb,Cg0¢ 1.488 1-213 62 

Molecular orbital calculations have been carried out on a variety 
of oxocarbon anions, including more complex types as well as mono- 
cyclics, using the simple Hiickel method*. Some results are given in 
Table 4. Even the simplest calculations give remarkably good agree- 
ment with experiment in most respects. Thus the bond orders are 
fairly close to those predicted, and the electronic spectra of the oxo- 
carbon anions, which show bathochromic shifts as ring size increases, 
are well correlated by the mo calculations. More elaborate scr 
calculations have also been attempted, particularly for C,O%7 
ions ©8-8°, Hiickel and Pariser-Parr-Pople Mo calculations have also 
been carried out for the oxocarbon acids®**. 

Tasie 4. Results of simple Hiickel mo calculations for oxocarbon anions 

Mobile Bond Order Charge Density 
Species De/7% C—C C—O Cc O 

C3037- 0-280 0-594 0-416 + 0-187 — 0-854 
C,0,2- 0-240 0-471 0-542 + 0-236 — 0-736 
C;05?7 0-231 0-447 0-598 + 0-234 — 0-634 
Cg0,7- 0-227 0-444 0-626 + 0-241 — 0-571 
C,O,?- 0-223 0-436 0-636 + 0-253 — 0-539 
C3g0,7- 0-220 0-427 0-651 + 0-264 —0-513 
C,0,*- 0-209 0-527 0-455 + 0-074 — 0-741 

* Delocalization energy (resonance energy) per 7 electron. 

The alternation of aromatic stabilization with ring size, found 
for the cyclic polyenes, is not predicted (or observed) for oxocarbons. 
The unknown monocyclic oxocarbons C303-, C;02- and C,02- 
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should all be aromatic’. Moreover, most polycyclic oxocarbon anions, 
regardless of symmetry or ring size, are predicted to have substantial 
aromatic stabilization? (Table 4). 

B. The Tetraanion of Tetrahydroxyquinone 

Molecular orbital calculations also suggest aromatic properties 
for oxocarbon anions with charges other than 2—. However, the 
lowest-lying unfilled 7 energy level in all of the monocyclic oxocarbon 
dianions is degenerate, according to the simple Hiickel calculations. 
Therefore, species C,O%~ should have two unpaired electrons occupy- 
ing the degenerate orbitals and should be a triplet state, paramagnetic 
species?. 

These molecular orbital considerations led directly to the pre- 
paration of the only known oxocarbon anion with charge other than 
2—,C,O§~, from tetrahydroxyquinone °°. When tetrahydroxyquinone 
is treated with base such as potassium hydroxide, the insoluble dipo- 
tassium salt K,C,0,(OH), is usually produced. K,CgO, was finally 
obtained by working with dilute anhydrous methanolic solutions of 
KOCH, and tetrahydroxyquinone, with rigid exclusion of oxygen. 
The product is a black solid with absorption throughout the visible 
region. It is possible that earlier workers had this material in hand, but 
in quite impure form??, In air, it undergoes rapid oxidation to dipotas- 
sium rhodizonate. K,C,O, is a probable intermediate in the oxidation 
of K,C,O,*. 

Oo 

H OH 
KOCH, 
———— 
CH30H 

HO OH 

O 

The black solid K,C,O, is diamagnetic, in contradiction to the 
prediction from Hiickel mo theory. The diamagnetism could be 
explained by distortion of the anion, or by electron correlation ne- 
glected in the simple Mo approach. The simple infrared spectrum of 
K,C,O, is consistent with a symmetrical formulation for the anion *1"®° 

but there is as yet no firm evidence for the structure of the compound. 

C. Oxocarbon Radicals 

Upon oxidation in air, the diamagnetic K,C,O, gave a dark 

green, strongly paramagnetic substance giving a single e.s.r. line at 
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g = 2:003°°, This intermediate could not be isolated pure, but 
underwent rapid quantitative oxidation to give dipotassium rhodi- 
zonate. The formulation C,03- was suggested for the intermediate 
radical, which would thus be a delocalized oxocarbon anion radical. 

Further evidence for oxocarbon anion radicals is given by an e.s.r. . 
study of the products from the potassium—carbon monoxide reaction. 
When the products were heated to 250°, a single-line e.s.r. spectrum 
was observed ®’, attributed to C,02~-. Other such delocalized oxo- 
carbon anion radicals are likely to be discovered in the future. 

V. REACTIONS OF THE OXOCARBONS 

A. Oxidation Products: Triquinoyl, Leuconic Acid and Octahyd- 
roxycyclobutane 

It has been known for more than a century that rhodizonic and 
croconic acids undergo oxidation to give triquinoyl octahydrate 
(CgH,gO0,,4) and leuconic acid (C;H,,O,,9) respectively. The analo- 
gous four-membered ring compound, C,(OH), was prepared only 
in 1963 7°. 

Triquinoyl octahydrate was first prepared by the oxidation of 
hexahydroxybenzene with nitric acid’!-12. It can be made by the 
bromine oxidation of rhodizonic acid, or, somewhat more conveni- 
ently, by oxidation of tetrahydroxyquinone with bromine or nitric 
acid®, The compound forms colourless prisms, decomposing at 99°c. 
In water, it behaves as a weak acid, but basic solutions undergo 
rapid degradation °°. Reduction with sulphur dioxide gives rhodizonic 
acid ??, 

Leuconic acid is easily obtained by oxidation of a solution of 
croconic acid or an alkali metal croconate with chlorine or nitric 
acid ®-6.69, With SOgz, it is reduced back to croconic acid. Leuconic 
acid crystallizes as colourless needles decomposing at 158-160°°. 
Like triquinoyl, it is a weak acid which undergoes decomposition to 
open-chain compounds in basic solution?7!, A sodium leuconate 
NaC;H,O;, thought to be cyclic, has been prepared”°, 

The oxidation product of squaric acid, C,(OH),, was obtained 
by treatment of squaric acid with bromine or nitric acid at 0°4°, 
The product can be precipitated from aqueous solution by addition of 
acetone. It is a colourless solid decomposing at 140°, and reducible 
to squaric acid with sulphur dioxide, 



4. Oxocarbons and Their Reactions 257 

The structure of C,(OH), is definitely known to be that of octa- 
hydroxycyclobutane (27). This structure was proposed from study 
of the infrared and Raman spectra of this compound and its octa- 
deutero analogue C,(OD),, which strongly suggest that the molecule 
has a fourfold axis of symmetry (D4, structure) *°. Recently, Bock 
has carried out a single-crystal x-ray determination on C,(OH), 
and has confirmed the hydroxycyclobutane structure”?. The cyclo- 
butane ring is planar, with bond lengths 1-358 4 (C—O) and 1-562 & 
(C—C); all of the hydroxyls are involved in a network of hydrogen 
bonding. . 

The infrared spectra of octahydroxycyclobutane, leuconic acid, 
and triquinoyl octahydrate are all quite similar, and all three com- 
pounds are now believed to have the fully hydroxylated structures 
27, 28 and 29*°. The fact that triquinoyl octahydrate and leuconic 

HO OH HO OH H OH HO OH 

HO— OH HO OH HO OH 
HO OH ‘3 2H,O 

HO OH HO OH 
HO OH O OH 

HO OH HO OH H 

(27) (28) (29) 

acid show no strong absorption in the carbony] region of the infrared 
spectrum is consistent with this assignment*®?7°, The slow rate of 
reduction of triquinoyl observed in polarographic studies suggests 
that triquinoyl, but not its reduction product rhodizonic acid, is 
fully hydrated in solution also”. 

It would be of special interest to obtain unhydrated forms of these 
polyhydroxy compounds, which would then be neutral polymers of 
carbon monoxide, (CO), Several attempts have been made to prepare 
these, but with inconclusive results. An anhydrous triquinoyl was 
claimed by Henle’®, who obtained a yellow syrup by shaking the 
octahydrate with ether and phosphorus pentoxide, or by treating 
silver rhodizonate with bromine in dry ether. The yellow solutions 
gave reactions typical of triquinoyl, but no pure compound was 
isolated. Later, Bergel prepared a dehydrated form of triquinoyl by 
warming the octahydrate over P,O; in a vacuum”®, The material so 
obtained analysed for C,O,-1-2 HO, but could not be converted 
back to triquinoyl octahydrate on addition of water. A partially 
dehydrated form of leuconic acid analysing for C;HgOy, has also been 
prepared ??, 
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Several reactions of the polyhydrated oxocarbons are of interest. 
Leuconic acid was reported to give a tetra and a pentaoxime with 
hydroxylamine !#"77, Leuconic acid® and triquinoyl’? both undergo 
condensation reactions with o-toluenediamine to give derivatives 
formulated, on the basis of analysis only, as 30 and 31 respectively. 

CH, 

CHg CHg OM, 

N N 

Or a SNE a 
N= : N ee : oO) 

2 N 

(30) (31) 

CHg3 

Preparation of the condensed ring compounds 82 and 32a by ultra- 
violet photolysis of triquinoy] is claimed in a patent ®°, but no structural 
evidence is given. Recently leuconic acid has been photolysed to a 
dimer believed to have structure 33°, 

Oo Oo Oo Oo Oo 

O O O 

-nH,O -nH,O 

O Oo Ont Oo 

O O Oo 
(32) (32a) 

OH HO 
HO OH cc OH 

HO. OH 

HO O OH 

HO OH HO OH 

OH HO 
(33) 

B. Reduction Products 

The six-membered ring oxocarbons are the only ones whose reduc- 
tion has been carefully studied. Rhodizonate ion or rhodizonic acid 
can be reduced, for instance with SO,1, to tetrahydroxyquinone and 
ultimately to hexahydroxybenzene (Scheme 1). Potentiometric oxi- 
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dation-reduction titrations have been carried out by Priesler and his 
coworkers*°®” and by Tatibouet and Souchay™* which show that the 
reduction takes place in two 2-electron steps and is largely reversible. 
The reduction potentials, E° at pH = 0, for the systems rhodizonic 
acid—tetrahydroxyquinone, _tetrahydroxyquinone-hexahydroxybenz- 
ene and rhodizonic acid—hexahydroxybenzene were estimated to be 
+ 0-426, + 0-350 and + 0-388 volt respectively 5’. The electrochemistry 
was also studied as a function of pH. The measurements explain the 

OH O 

HO. OH HO: OH 
Ox. ox 

cae red. red, 

HO OH HO OH 

OH O 

hexahydroxy- tetrahydroxy- 
benzene hydroquinone 

G HO. OH 
Oo OH HO. OH 

SORE SAO: H 
*red. HO OH *2H20 

Oo HO OH 
Qe HO OH 

O 

rhodizonic triquinoyl 
acid octahydrate 

oO O° OH 
OH OH HO PH 

HO. 
Ox. Ox. OH 

HO red, o red. HO OH 

OH Oo HO 
HO 6 OHOH 

hydrocroconic croconic leuconic 
acid (?) acid acid 

HOw On 
Q OH 

oie HO OH 

red. HO OH 

Ss OH HO OH 
squaric octahydroxy- 
acid cyclobutane 

ScHEeME 1. Oxidation—Reduction Equilibra Among the Oxocarbons. 
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exclusive precipitation of dipotassium rhodizonate in an acetate 

buffer, which results from the dismutation of tetrahydroxyquinone to 

rhodizonate and C,g(OH).. 
The reduction of croconic acid is not nearly so well understood. 

The reduction of dipotassium croconate with HI was studied as early 

as 1862 by Lerch1!, who isolated a yellow-brown reduction product 

which gave red salts formulated as KzC;H,O; and BaC;H,Os. Later, 

Nietzki and Benckiser!2 showed however that reduction of croconic 

acid with SO,, Zn, or SnCl, gives colourless solutions which are 

easily reoxidized to yellow croconic acid??. They formulated their 
reduced material as ‘hydrocroconic acid’, 34. Solutions of this 

O O Oo 

| H OH 
HO OH OH O 

HO H 
H 

HO OH oO OH ‘OH 
(34) (35) (36) 

material were unstable and it could not be isolated. Later, the reduc- 
tion of croconic acid was studied electrochemically, and shown to take 
place in no less than three distinct two-electron steps*’. The two- 
electron reduction product was apparently different from that ob- 
tained by Nietzki and Benckiser1*, but was again assigned structure 
34. A barium salt was isolated but not studied structurally?”. More 
recent electrochemical studies by Fleury, Souchay and coworkers 
indicate that croconic acid undergoes stepwise reduction by one, two, 
three or four electrons™!*. Structure 35, a tautomer of hydrocroconic 
acid, was suggested for the two-electron reduction product; another 
possible tautomeric structure is 36. The one-electron reduction 
product, isolated as a free acid and as the tetrasodium salt, is believed to 
have the bimolecular pinnacol-like structure 3771*. The hydrogen 
iodide reduction of croconic acid has recently been reinvestigated, 

O O o O 

HO. HO. OH OH HO H 

red, red 

aa 
6 HO HO a OH HO a OH 

O Oo Oo oO ie 

(37) . (38) 

bimolecular products 37 and 88 being reported ®1-82, Both compounds 
are reported to have four enolic protons; tetramethyl enol ethers of 
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37 and 38 and a hexaacetyl derivative of 37 are also reported. Further 
work on the reduction products of croconates would be useful. 

Scheme | summarizes oxidation—reduction relationships among the 
neutral oxocarbons. It is apparent that the systematics are best 
developed for the six-membered ring compounds, next for five-mem- 
bered rings, and least in the four-membered series. Squaric acid is 
not expected to be stable in reduced form, in that the product would 
be tetrahydroxycyclobutadiene. The tetraanion of tetrahydroxycyclo- 
butadiene might be isolable, however. 

C. Esterification 

A number of ‘esters’, actually enol ethers, are known for squaric 
and croconic acids (Table 5). The dimethyl and diethyl esters of 
croconic acid can be prepared by the reaction of methyl or ethyl 
iodide with silver croconate®®-®?. The esters are orange-red solids 
stable to 200°, but rapidly hydrolysed by moist air to croconic acid. 
Unlike croconic acid, they are soluble in most organic solvents. 

TaBLe 5. ‘Esters’ (enol ethers) of oxocarbon acids 

1 R?2 m.ps (°c) b.p. (°c)/p (torr) Reference 

oO. OR? 

Se OR? 

CH; CH; 58 84 
CH3 H 132-4 84 
C,H; C,H; 89-91/0-4? 84 
n—C3H, n—C3H, 44 
n—C4H, n—C,Hy 139/0-5 42, 43 

oO 
OR? 

oS 

OR? 
O 

CHg CH, 114-5 250/740 83, 58 

C,H; C,H; 58 174-5/3 83 

C.Hs H 150 d. 19/747 83 

A colourless diethyl acetal, 39, is obtained when either croconic 

acid or silver croconate is treated with alcoholic hydrogen chloride. 
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Diazomethane converts this acetal to its dimethyl ester (40), a stable 

yellow liquid ®°. 
When croconic acid itself is treated with diazomethane in ether, 

an interesting ring expansion takes place yielding trimethoxy-p- 

benzoquinone (42) °°. The reaction must involve CH, insertion into a 

ring carbon-carbon bond, and presumably takes place through the 

intermediate 41. 

O Oo Oo ea 

OH Eto OH EQ e 

EtOH CH2Nz 
O Hcl Et,O 

Eto EtO 
OH OH OMe 

Oo O Oo 

(39) (40) 

Diethyl4? and dibutyl*?-4? squarate have been made simply by 

heating the corresponding alcohol with squaric acid, which serves 

as its own acid catalyst for esterification. Dibutyl squarate has also 

been made by alcoholysis of perchlorocyclobutenone, and other 

esters such as di-n-propyl squarate have been obtained by alcoholysis 

of dichlorocyclobutenedione (section V.D) **. These esters are colour- 

less liquids, easily hydrolysed to squaric acid by water. 

0 
OH 

CHaNa 
O Et2O 

OH 
O 

O O 

OCHg OCH3 CHg 

~ CH2Na2 
oe Et, 

oO : OCH, HO OCH, CH,O OCH, 
Oo 

(41) (42) 

When squaric acid is heated with methanol, the half-ester 1- 
hydroxy-2-methoxycyclobutenedione (43), is obtained instead of the 
dimethyl ester. Compound 48 was also observed in the controlled 
hydrolysis of dimethyl squarate®*. Dimethyl squarate itself can be 
synthesized from silver squarate and methyl iodide, or from squaric 
acid and diazomethane *¢, In the latter reaction, an orange by-product 
is also obtained, which may be a ring-enlargement product formed in a 
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reaction similar to that obtained with croconic acid and diazomethane. 
Unlike the other diesters of squaric acid which are liquid, dimethyl 
squarate is a low-melting solid. Heating with ethanol in the presence 
of ethoxide ion converts it to the diethyl ester®*, and other esters 
could probably be made similarly by transesterification. 

Esters of rhodizonic acid do not seem to have been isolated, but 
should be accessible by the same routes described above. 

Q OH 0. OCHg3 

———> 

Oo OH OCH 3 

Nor Jao 

© OH 

ja oO OCHs 
(43) 

D. Derivatives of Squaric Acid 

It is curious that much more is now known of the chemistry of 
squaric acid, isolated only in 1959, than about the other oxocarbons 
which are more than 100 years older. The chemistry of squaric acid 
derivatives has been reviewed by Maahs**, and so will be treated only 
briefly here. 

‘Squaryl dichloride’, dichlorocyclobutenedione (44), can be 
prepared by the action of SO; or oleum on perchlorocyclobutenone, 
21 (section II.C.)*%. It forms yellowish-green crystals melting at 
51-52°, and has chemical properties typical for an acyl chloride. 

O° Cl ° Cl © Cl Q Ph Ha eT = cq) Cl Oo Cl Ph oO Ph 

(21) (44) (45) (46) 

frox 

Q OR 

iH R= H, Et; n-Pr 

oO” 
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Compound 44 is easily solvolysed by water to squaric acid and by 

alcohols to diesters of squaric acid. With benzene, 44 undergoes 

Friedel-Crafts reactions to give phenylchloro- (45) or diphenylcyclo- 

butenedione (46) with catalytic or stoichiometric amounts of AlCls, 

respectively **. 
Ammonolysis of dimethyl squarate with gaseous ammonia in ether 

yields the monoester monoamide which precipitates out of solution. 

With aqueous ammonia in methanol or ether, or gaseous ammonia in 
methanol (in which the monoamide is soluble) the diamide of squaric 
acid can be obtained in good yield®* ®4*, The diamide is a colourless 
solid decomposing at 320°. 

Reaction of squaric esters with substituted amines also leads to 
mono (47) or diamides (48), depending on the amount of amine used. 
Mixed diamides can also be obtained by treating the monoester mono- 

oO R Oo NR?R? O° NR!R? 
R'R2NH ssl R?R4NH Ty 
—_—> ea 

oO OR oO OR O NR°R* 
(47) ‘ (48) 

amides with other amines **8°, Examples of compounds in this series 
are listed in the review by Maahs and Hegenberg“**. 

Squaric acid diacetate (diacetoxycyclobutenedione, m.p. 63-65°) 
has been synthesized from squaric acid and acetic anhydride. This 
compound is very reactive and is solvolysed to squaric acid by water 
or alcohols ®°. 

Similar acid chlorides, amides, and acyloxy compounds could 
probably be made from croconic and rhodizonic acids, but up to now 
they are unknown. 

E. Condensation Reactions 

|. Of rhodizonic and croconic acids 

Condensations involving rhodizonic and croconic acids with amines 
have been known for some time. In 1887 Nietzki and Kehrmann 
first condensed rhodizonic acid with 3,4-diaminotoluene to give a 1:1 
product’®. In the following year, Nietzki and Schmidt condensed 
rhodizonic acid with aniline and o-phenylenediamine®’. The product 
with aniline was reported to have a structure of H,C,O0,—NC,H;- 
CsH;NH,. With o-phenylenediamine, a condensed product with a 
1:1 ratio of acid to amine was reported. Rhodizonic acid was also 
condensed with one and two molecules of N-phenyl-o-phenylene- 
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diamine to yield products of empirical formulae C,gH,,O,N> and 

C3oH,gO2N,**. 
More recently, detailed studies on the condensation of o-phenylene- 

diamine with rhodizonic acid to give phenazine derivatives have been 

carried out by Eistert, Fink and Werner®%. These workers reacted. 

rhodizonic acid with o-phenylenediamine in the presence of 25%, 

sulphuric acid and obtained an almost quantitative yield of a 1:1 

product, 49, oxidizable to a tetraketone, 50. In the presence of 10°7, 

acetic acid, however, a 1:2 product, 51, resulted. The latter compound 

was isolated in yellow, greenish and violet modifications which are 

apparently tautomers with one or both protons located on nitrogen 

instead of oxygen. The oxidation product of 51, the dicarbonyl 
compound 52, reacts further with o-phenylenediamine to give the 
trisphenazine 53, probably similar to the derivative obtained much 
earlier from triquinoyl (31, section V.A). Other derivatives of these 
interesting compounds are discussed in the paper by Eistert and 
coworkers °°. 

Oo 
OH NH2 

H NH, 

O O O 

ee HNO a | OH o> Oo 
SS 

SN N 

OH Oo 
(54) (55) 

Nietzki studied the condensation of croconic acid with aromatic 
amines during the 1880’s. Aniline reacts to give a diadduct H,C;O,— 
(NCgH;).2, and a monoadduct was obtained with 3,4-diaminotoluene??. 
These reactions have been clarified by recent work of Eistert and 
coworkers®°®, who obtained the quinoxaline 54 and its oxidation 
product 55 (as monohydrates) from croconic acid and o-phenylene- 
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diamine. It is possible that compound 54 exists in the tautomeric 
form 54a <> 54b with hydrogen bound to nitrogen®®, Compound 
55, actually a derivative of leuconic acid, was also obtained by thermal 
decomposition of 50, which takes place with disproportionation and 
with oxidative ies contraction (see section II.B.). 

4 

(50) 
Oo Oo 

ZN OH mN 
er O + CO, 

SS 
SN OH N~ 

O O 
(49) (55) 

Related dihydropyrazine derivatives in the croconate series were 
studied by Prebendowski and Malachowski®*, who condensed a 
diketal of croconic acid (56) with ethylenediamine to give both 
a 2:1 adduct, formulated as 57, and a 1:1 compound thought to be 
the dihydropyrazine 58. On hydrolysis, 58 is converted to the diketo 

Oo 
HsO OC,H CH;0 OCH. ZS 

NH2CH3CH2NHz/2 C,H,O OC2H; 

OGH 
CHO 4 

Oo dcH, 4 ocHs 
(56) (57) 

| wesciactnt 
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NS Oo NHgCHeaCHeNH2 Ba 

N~ ZA 

OCH, OH N 
H 

ae (59) (60) 

compound 59, which reacts further with another mole of ethylene- 
diamine to give 60. For all of these products, the structures were 
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deduced only from the elemental analysis. The dimethyl ester of 

croconic acid (section V.C.) was also condensed with o-phenylene- 

diamine to give 61, the dimethyl enol ether of 54. 

oO 
NN 

OCH, 
SS 

N 
(61) OCHs 

2. Of squaric acid 

Recently, a number of extremely interesting condensation products 
have been obtained from squaric acid and its esters 9°-°%. Some of these 
are discussed in the review on squaric acid by Maahs and Heyen- 
berg **, and in a more recent review on ‘cyclobutenediylium dyes’ by 
Sprenger and Zeigenbein °”*. 

The condensation of squaric acid with activated, 5-substituted 
pyrroles gives red-violet dyes, formulated as cyanines (62) by Triebs 
and Jacob on the basis of their electron absorption, which corre- 
sponds well with those of other cyclotrimethine dyes with betaine 
structure °*-9°, With excess pyrrole pale yellow tripyrrylcyclobutene 
derivatives (63) are formed. No products are obtained if the pyrrole 
rings are substituted in both the 2 and 5 positions. If neither position 

R3 @= R38 

R2 R2 

& a 
ab We R? 
H 2 H 

(62) (63) 

is substituted, blue-green dyes are formed, apparently with poly- 
meric structure ®°, 
Many other reactive aromatic and heterocyclic molecules will 

condense with squaric acid to give highly coloured betaine-like prod- 
ucts, 1,3 substituted on the cyclobutene ring. For instance, N,N- 
dialkylanilines®? condense to give deeply coloured products formu- 
lated as 64 (or 65). Related condensation products are obtained with 
phloroglucinol®°, «-substituted indoles®!, azulenes®2, barbituric acid®2* 
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and the betaine bases derived by loss of HI from 2-methyl substituted 
quinolinium, benzothiazolium and benzoselenazolium iodides®?. 

R R Nee oes N— Gy N 
co ©) Y) ©) > 

Oz 

(65) 
Sprenger and Ziegenbein®? have questioned the structures 64 

proposed for these dyes by Triebs and Jacob®-%1, and instead suggest 
that they be formulated as cyclobutenediylium derivatives (65). 
The question however is really one of relative contribution of different 
limiting structures to the resonance hybrid, which cannot be settled 
until information about the electron distribution in the dyes is avail- 
able. To these reviewers, it seems likely that the cyanine form 64 is 
much more important than the cyclobutenediylium structure 65. 

Squarate esters also undergo condensation with 2- or 4-methyl- 
pyridinium, quinolinium or benzothiazolium iodides. However, in this 
case 1,2 rather than 1,3 substitution takes place on the four-membered 
ring °°. Sprenger and Ziegenbein formulate the product from N-ethyl- 
4-methylpyridinium iodide as a cyclobutadienylium compound (66), 
but we can write additional and more probable resonance structures 
such as 67. Analogous formulae can be written for other members of 
this series. 

as O- aX aos on 

Oe nal Et—N —=CH ia —@® CH O 

ae (66) (67) 

Although tertiary aromatic amines and heterocyclic nitrogen com- 
pounds condense with squaric acid to form bonds through carbon 
to the four-membered ring, primary and secondary aromatic amines 
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react quite differently, becoming attached through nitrogen to give 

yellow-coloured betaine compounds of type 68 (only a single limiting 

structure is written) °%*. Finally, malonodinitrile reacts with dibutyl 

squarate and sodium butoxide in butanol to give deep yellow salts 

Rt Oa R‘ 

Orr —R 
Ri | Ri 

Re O R2 

(68) 
which Sprenger and Ziegenbein formulate as 69 °°, Other condensa- 

tion products with novel structures will probably be made from oxo- 

carbons in the future. 

™ : JN 

en CNY anes 
=O) ce 

CN 

(69) 

VI. APPLICATIONS OF THE OXOCARBONS 

Rhodizonic acid and the alkali rhodizonates have long been useful in 

chemical analysis, because of the strongly coloured complexes which 

rhodizonate forms with many metal ions°*°>. The analytical uses of 

rhodizonates have been reviewed by Feigl and Suter °*-9°*. Rhodizonate 

is useful in spot tests as well as quantitative determinations for metal 

ions such as Ba2*, Sr2*+, Pb?*+, with which it forms insoluble red 

precipitates. Barium rhodizonate is more soluble than barium sulphate, 

and adsorbs strongly on the sulphate, so rhodizonate can be used as an 

adsorption indicator in the titrimetric determination of sulphate with 

standard barium solutions ®’. The end-point is observed by the change 

in colour of the precipitated BaSO, from white to rose-red, as barium 

rhodizonate begins to form. Barium and rhodizonate are also used 

in turbidimetric determination of small amounts of sulphate %*-9*. 
Rhodizonate also forms precipitates with rare earth elements, and can 
be used to separate them into subgroups 9994, 
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Croconate ion has also been suggested 10° as a precipitating reagent 
in the determination of Ca2+, Sr2+ and Ba**, and the solubility 
products of the alkaline earth croconates have recently been meas- 
ured 175, ; 

In biochemistry, rhodizonic acid is also found to have some activity. 
It serves as a replacement for myoinositol as the substrate for growth of 
the sugar mould Saccharomyces carlsbergensis 1921028, Probably because 
ofits capabilities for oxidation and reduction, rhodizonic acid provides 
some protection to yeasts against damage from radiation1-1032, 
Rhodizonic acid will also prevent the photodecomposition of 
cystine*°*, perhaps because of its ability to reoxidize sulphhydryl 
groups, i.e. in cysteine, to disulphide linkages 15, 

According to patents, rhodizonic acid will increase serum levels 
of tetracycline antibiotics?°°, and rhodizonic and croconic acids will 
both increase the effectiveness of chlorophyll as an oral deodorant in 
toothpastes, etc.*°? Several polycarbonyl compounds, including oxo- 
carbons, are reported to be antidiabetic agents!°® and to have in vitro 
activity against influenza virus!°9, 

In the future, derivatives of squaric acid are likely to find tech- 
nological application as drugs, dyestuffs, or in other ways. The 
remarkable new condensation products obtained from Squaric acid 
(section V.E) are likely to lead to a reawakening of interest in deriva- 
tives of the other oxocarbons as well. 
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Il. INTRODUCTION 

Since the early nineteen sixties, the number of publications in the 
field of mass spectrometry has grown enormously, and the application 
of high resolution data, labelling studies, and more recently, com- 
puter-aided mass spectrometry, has enabled the interpretation of the 
fragmentation processes in the mass spectra of many different types 
of organic molecules. Details of the method, application, and in- 
strumentation of mass spectrometry are available by reference to 
many excellent books+?°, reviews1®?2 and compendia of reference 
datas? 32. 

The symbolism used throughout is that developed by Budzikiewicz, 
Djerassi and Williams*® from initial proposals by McLafferty +16 
and Shannon?%, In the text, fragmentation processes of cations are 
indicated by arrows (—, heterolytic cleavage—two electron shift), 
while fragmentations of radical ions (odd-electron species) are 
indicated by fishhooks (—, homolytic cleavage—one electron shift). 
The use of the fishhook is not intended to imply that two-electron 
shifts may not operate in odd-electron species. Structures are drawn 
for ions in order to relate the fragmentation processes to the structures 
of the molecules in the ground state. These structures are intended to 
be nominal, as there are now many examples®? where molecular ion 
rearrangements occur. It is generally accepted (reference 1, pp. 
251-262, reference 2, pp. 153-157 and reference 30) that evidence 
for a one-step decomposition process (e.g. ion A —> ion B) in a mass 
spectrum is given by the presence of a metastable peak, the position 
of the peak m* being given by the expression m* = (mg) 2/may. It 
has recently been suggested*! that metastable ions may also arise 
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from two-step or multistep fragmentation processes. Nevertheless, 
metastable peaks are of considerable value for the interpretation of 
fragmentation patterns, and where the positions of such peaks are 
available for any mass spectrum which is illustrated as a figure, both 
the fragmentation processes and the presence of metastable ions 
(designated by an asterisk) will be indicated in that figure. 

Il. ALIPHATIC CARBONYL COMPOUNDS 

A. Saturated Aldehydes and Ketones 

The energy necessary to remove one of the lone pair electrons from 
the oxygen of the carbonyl group is approximately 10 ev *? (1 ev = 
23 kcals/mole). The energy of the electron beam is generally main- 
tained at 70 ev, thus producing optimum fragmentation of the mole- 
cule. Fragmentation processes may be specific for particular types 
of organic molecules, and aliphatic ketones and aldehydes fragment 
by two major processes. 

I. Cleavage a to C—O 

This fragmentation is the fundamental process for all saturated 
aliphatic aldehydes and ketones. The relative abundances of 2 and 3 
will depend upon both the strength of the two « carbon-carbon bonds, 
and the relative stabilities of the two cations. 

“+ 

> 

rs =B, R—c=0 
(R,R’ = H or alkyl) 

(1) (2) 

++ 

ne ae = R—c=0 

(1) (3) 

The spectra of saturated aldehydes have been studied by Gilpin 

and McLafferty®* and those of saturated ketones by Sharkey and 

coworkers®*. The spectra (Figures 1 and 2) of propionaldehyde (4) 

and butan-2-one (5) illustrate the «-cleavage process. The molecular 

ion of propionaldehyde may either lose a hydrogen atom or an ethyl 

radical to form 6 and 7 respectively. 1®O labelling®® shows m/e 29 in 

Figure 1 to correspond to 7, while exact mass measurements*° show 
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Et CHO 100 9 
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100 

a Et 

O 29 80 

Relative abundance (%) 

mle 
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it to contain in addition a small portion (10%) of the ethyl cation. 
a-Cleavage in 5 produces both 6 and 8. The stable acetyl cation (8) 
constitutes the base peak of the spectrum. 

Et—C=O H—C=6 Me—C=6 
(6) mje 57 (7) m/e 29 (8) m/e 43 

2. Cleavage B to C—O 

When the alkyl substituent attached to the carbonyl group contains 
three or more carbon atoms with at least one hydrogen attached to the 
y-carbon atom, a rearrangement process occurs, which involves a 
cleavage f to the carbonyl group with associated y-hydrogen migra- 
tion. This is known®%®87 as the McLafferty rearrangement®®, 
Although other plausible mechanisms have been proposed %9*°, 
the rearrangement can be described as the homocyclic process 9 —> 10 
+ 11. The charge is retained by the more stable fragment, which for 
ketones and a-branched aldehydes is generally the enol radical ion 
10. Aliphatic aldehydes which have a suitable side chain (as in 9), 

R7 * Ri OH Ba R7 Re 

« ae er and nce = Lig Pletal bl “or | | 
oon p / R 4 =e R4 Re Ra a Rs 

(9) (10) (11) 

but no «-branching, show M — CH,—CH—OH (M — 44) peaks in 
their spectra®*. This shows that some of the charge may be retained 
by the olefin fragment 11. It is important to note that this site-specific 
y-hydrogen rearrangement has been substantiated by deuterium 

labelling studies*1, and that the process will only occur when the 

y-hydrogen-oxygen distance is less than 1.8 A**-*°, a distance that 

can be easily attained in aliphatic compounds. Deuterium isotope 

effects for various McLafferty rearrangements have been studied **, 

but as yet no definite conclusions have been reached concerning the 

mechanistic implication of the results. The spectrum (Figure 3) of 
10* 
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43 (90%) 
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100 
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wo 
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207 27 86 (M’*) 

mse 
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pentan-2-one (12) illustrates the B-cleavage process. The ion 15 at 
mle 58 arises by loss of ethylene from the molecular ion via a McLaff- 
erty rearrangement. 

Double rearrangement becomes possible when both alkyl sub- 
stituents of a ketone contain three or more carbon atoms and a 
y-hydrogen atom. The presence of these rearrangement ions in a 
spectrum may be used to determine the size of each side chain. 
Djerassi and coworkers*! have shown by deuterium labelling studies 
that the second rearrangement also shows complete y-hydrogen trans- 
fer specificity. It has also been shown*® that enol-keto tautomerism 
is not a prerequisite for the second rearrangement. Both rearrangement 
processes can be seen in the mass spectrum (Figure 4) of nonan-5-one 
(13). Although it is not possible to distinguish between hydrogen 
migration to oxygen or carbon in the second rearrangement*®, ion 
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100 4 ey 
Oo 

z I 
x 80 © 85 MeCHsCH.CH.C CH.CH,CHaMe 
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e 85 

B22 (13) 
3S 
g 40 

3 
ag 

Be 
20 x) 

100 142 (M‘) 

40 60 80 1008 51208 41490 
mle 

Ficure 4 

14 (formed by loss of propylene from the molecular ion of 18) is repre- 
sented here as decomposing by allylic cleavage with the y-hydrogen 
atom rearranging to the enolic double bond to yield ion 15: 

H Me|* 
CHS SCH aN : —MeCH=CH ut 
Ib C ———$—_—<— AH 
pret HO 

HO CHe 

(14) m/e 100 (15) m/e 58 

B. Unsaturated Aldehydes and Ketones 

«8-Unsaturated ketones and aldehydes also fragment by a-cleav- 
age*’, The a-cleavage process in of-unsaturated ketones occurs B 

in preference to a with respect to the double bond. This feature can 

be seen in the spectrum (Figure 5) of mesityl oxide (17), where 16 

(M — Me’) is the base peak, while the acetyl cation (8) has only a 

relative abundance of 55%. 

Me 

cose 

Me 

(16) m/e 83 
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«B-Unsaturated aldehydes may cleave either « (which is an ener- 
getically unfavourable process) or B to the double bond. The latter 
cleavage gives rise to abundant M — 1 ions. Stable allylic cations are 
formed when the substituent is greater than vinyl, e.g. the spectrum 
(Figure 6) of crotonaldehyde (18) shows a pronounced peak at m/e 
41, due to the allyl cation 19. The ion 19 fragments by loss of hydrogen 
to yield the cyclopropenyl cation 20 (m/e 39). 

++ 

| 
Me—cH=cHCC_H =SHO", Me—CH=CH+ ——> CHg=CH—CH, =" 

m/e 70 mie 41 (19) m/e 41 (20) m/e 39 

The McLafferty rearrangement neither occurs for «8-unsaturated 
substituents, nor when the only available y-hydrogen atom is attached 
to a double bond. In the latter case B-cleavage and y-hydrogen re- 
arrangement would cause an allene to be eliminated, e.g. in 4-methyl- 

hept-6-en-3-one *8, 

C. Aliphatic Diketones 

I. a-Diketones 

Aliphatic «-diketones fragment by cleavage of the C—C bond 
between the two carbonyl groups*%:°°, producing the base peak of the 
spectrum, provided that each side chain contains less than five 
carbon atoms and is not branched. When a straight side chain con- 
tains five or more carbon atoms, the base peak of the spectrum is the 
propyl cation (C;H? , m/e 43). When the side chain is branched, the 
base peak of the spectrum is produced by the appropriate alkyl 

cation, a tertiary cation being more stable and more abundant than 

a secondary cation. In the spectrum (Figure 7) of decane-5,6-dione 
(21), «cleavage produces 22 (mje 85), which decomposes by loss of 
carbon monoxide to produce the n-butyl cation (23, m/e 57). No 

metastable ion is present to indicate that 23 is formed directly from 

the molecular ion. The McLafferty rearrangement is not observed 

in the mass spectra of aliphatic a-diketones. 

Me(CH;)s—C=0 Me(CHz)aCH# 
mie 85 mle 57 

(22) (23) 
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2. B-Diketones 

The spectra of aliphatic B-diketones have been reported by Williams 
and coworkers®t and by Schamp and Vandewalle®?. The mass 
spectrum (Figure 8) of acetylacetone (24) shows the normal a-cleavage 
processes, together with loss of ketene from the molecular ion. The 

* 
. H ee + 

1 — To CHelS | 1 

po iN 
een SS Me~ “CHa 

(25) m/e 100 (15) m/e 58 

H EE 2B 
Sane HO £ 

gee) saxon, _ mess c.2-Cén eee ee 
Me mr aca 43(90%) 

oe (28) m/e 100 

(27) m/e 156 

i 

HO HO. ¢ 0 OXcH eke 
Kea | | Ye-otcifnei sk 

Me Co 
Mem SCH SS 

| (30) m/e I14 

n-C4Hg, 

(29) mje 156 HO. 
C=CH—CH? 

wee 

(31) m/e 71 

M — CH,CO process proceeds by f-cleavage with y-hydrogen 
rearrangement to form the enol radical ion (25 — 15)°1. The third 
process in this spectrum, M — CO, is a skeletal rearrangement 
process®? of the type [ABC]* — [AC]* + B®* (see Section VII). 
The spectra of acetylacetones alkylated at the 3-position®! retain 
the features of that of acetylacetone itself. The enol radical ion pro- 
duced by the M — CH,CO process may now cleave in the allylic 
position (8 to the double bond). In addition, the alkyl side chain may 
be eliminated by the normal McLafferty rearrangement producing the 
enol form of the acetylacetone radical ion which decomposes as in- 

dicated in Figure 8. These processes can be seen in the spectrum 
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(Figure 9) of 3-n-butylpentane-2,4-dione (26), viz. the McLafferty re- 
arrangement (27 —> 28), and the loss of ketene followed by allylic 
cleavage (29 —> 30 — 31). 

3. y-Diketones 

y-Diketones, like simple ketones, fragment by «-cleavage. There is 
only minimal fragmentation of the central C—C bond between the 
two carbonyl groups®®. a-Cleavage with hydrogen rearrangement is 
also a feature of the spectra of y-diketones, e.g. the spectrum of 
hexane-2,5-dione exhibits an M — CH,CO peak. The spectrum (Fig- 
ure 10) of 4,4-dimethylheptane-2,5-dione (32), as well as showing the 
normal a-cleavage processes, exhibits an M — C,H,CO ion (mle 
100). It is not clear whether the hydrogen migrates to carbon or oxygen, 
but the rearrangement must proceed by a non-concerted mechanism 
(compare with the concerted process 25 —> 15). 



5. Mass Spectrometry of Carbonyl Compounds 289 

57 (55%) 
Me 43 (957%) 

MeCH.C ve OMe 

Me 

99 

(32) = Carle) 

100 -C,H,0°(45%) 

80 

60 

40 

Relative abundance (%) 20 

156 (M) 

40 60 80 100 120 140 160 

m/e 

Ficure 10 

Ill. MONOCYCLIC KETONES 

A. Saturated Monocyclic Ketones 

I. Cyclobutanones 

The base peak in the spectrum of cyclobutanone is the ketene 

radical ion (m/e 42), produced by elimination of ethylene from the 

molecular ion®®. The high resolution mass spectra of a variety of 

alkylated cyclobutanones have been studied by Fétizon and co- 

workers®5’. In these spectra, fragmentation depends on the position 

of the alkyl substituent, and both charged olefins and ketenes may be 

produced. The spectrum (Figure 11) of 2,2-dimethylcyclobutanone 

(33) shows two competing fragmentations, viz. 34 — 35, and 34 — 
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36 + 37. Here, the ions 35 and 36 are of comparable intensity. 
However in the spectrum of 3,3-dimethylcyclobutanone, the charged 
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olefin 36 is produced almost to the exclusion of the ketene radical 
ion 87. The McLafferty rearrangement is observed in the spectrum 
of 2-t-butylcyclobutanone. 

2. Cyclopentanones 

The interpretation of the spectrum (Figure 12) of cyclopentanone 
(38) has been aided by high resolution data®® and by the spectrum of 
cyclopentanone-2,2,4,4-d,°°. The base peak (m/e 55) is produced by 
the process 39 —> 40, and m/e 28 by 39 — 41. Alkylcyclopentanones 
behave similarly®°. Deuterium labelling studies have shown that 
the M — C,H, process in the spectrum of 2-ethylcyclopentanone 
is produced by the McLafferty rearrangement®, and that this re- 
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arrangement in the spectrum of 2-s-butylcyclopentanone involves 
specifically a eee of the Me group”°®. 

ie 

° il 

a aes a H | 
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all 
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ies x [CH2==CH,]* 

(41) m/e 28 

3. Cyclohexanones 

The spectra of cyclohexanones have been thoroughly investigated 
by high resolution®® and deuterium labelling studies®°-§2, The 
interpretation of the spectrum (Figure 13) of cyclohexanone (42) 
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has been aided by a consideration of the spectra of cyclohexanone- 
2,2,4,4-d4, -3,3,5,5,-d,, ~4,4-d,, and -4-d®°.62. The base peak (as in 
the case of cyclopentanone) is 40 (m/e 55). This may be produced 
either in a stepwise manner (compare 39 — 40) or in a concerted 

f ; 
EF 1 H ae | 

(43) m/e 98 (40) m/e 55 

Or 

| 
YD Che i 

——> [C3He]° 

(43) (m/e 42) 

O + 
| C=O 

ea Bit: esd 

(44) (45) m/e 83 

O 
g 

Me 

(46) m/e 69 

manner (43 — 40). Other processes observed are 48 — 45 and 43 > 

[C3H,] t. The alkylated cyclohexanones behave similarly: e.g. when 
there are methyl substituents at both C,g) and C,,) the base peak will 
be 46 (m/e 69) ®°-83, In addition, the base peak in the spectrum of 
menthone (5-c-methyl-2-f-isopropylcyclohexanone) arises by the 

process M — C;3Hg, viz. by B-cleavage with y-hydrogen rearrange- 
ment &1°84;65, 
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4. Higher Cyclic Ketones 

Although the carbonyl group largely determines the course of the 
fragmentation of the Cy to Cg monocyclic ketones, this is not the case 
as the ring size is increased. Hydrocarbon fragments become more 
prominent in the spectra of the C, to Cy) ketones ®®®9-62, This can be 
seen in the spectrum (Figure 14) of cyclononanone (47) which is 

5 CHe Oo 

JI 
—C3He 
———> 

(m/e 140) (48) m/e 98 



5. Mass Spectrometry of Carbonyl Compounds 295 

dominated by hydrocarbon fragments; e.g. m/e 55 is mainly due to 
C,H} as shown from the spectrum of cyclononanone-2,2,9,9-d, °?. 
Figure 14 also shows a large M — C3H, peak (m/e 98), and it has been 
proposed ®? that this may be represented as the cyclohexanone 
molecular ion 48 (m/e 140 > 48). The same ion is present in the spec- 
trum of cyclo-octanone®?. 

B. Unsaturated Monocyclic Ketones 

I. Cyclopentenones 

54307) 

54(70%) 
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Cyclopent-2-en-l-one (49), on electron impact, fragments by loss 
of both ethylene and carbon monoxide from the molecular ion plau- 
sibly to give the cyclobutene (50) and cyclopropenone (51) radical 
ions ®*, This is summarized in Figure 15. 3-Methylcyclopent-2-en-1- 
one fragments analogously, although an additional process, M — 
Me., is observed. 

Ll ee =o! 

O (50) mje 54 (70%) (51) m/e 54 (307%) 

2. Cyclohexenones 

Cyclohex-2-en-l-one®’ unlike 49, fragments specifically by the 
retro Diels-Alder process ®® as follows: 
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(52) m/e 96 (53) m/e 68 (m/e 40) (54) mie 39 

The fragmentation of alkylcyclohex-2-en-l-ones also occurs pri- 
marily by the retro Diels—Alder process ®*:67-®°, This process produces 
the base peak in the spectrum (Figure 16) of piperitone (55), where 
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the side chain may be eliminated by the McLafferty rearrangement 

(56 —> 57). The interpretation of the spectrum of piperitone has 

been aided by high resolution and deuterium labelling studies °°. 

When a cyclohexenone is f,y-unsaturated, the retro Diels—Alder 

process produces an entirely different fragmentation ®’ as shown in the 

spectrum (Figure 17) of 3.5,5-trimethylcyclohex-3-en-l-one (58), 

where the base peak is produced by the process M — CH,CO 

(59 — 60). Other processes are summarized in Figure 17. 
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C. Saturated Monocyclic Diketones 

l. a-Diketones 

The spectra of a series of aliphatic monocyclic diketones have been 
reported °°, and their fragmentations depend considerably upon the 
ring size. Two major processes can be seen in the spectrum (Figure 
18) of 3,3,5,5-tetramethylcyclopentane-1,2-dione (61), namely 62 —> 
64 and 62 — 65. 
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3,3,6,6-Tetramethylcyclohexane-1,2-dione fragments 
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differently 
from the above compounds. Although the process M — CO — CO is 
observed, the base peak is due to the hydrocarbon fragment 67 
(m/e 56). There is no evidence to suggest that 67 is formed in a one- 
step process from the molecular ion, but a suggested mechanism is 
outlined in 66 —> 67. 
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2. B-Diketones 

The spectrum (Figure 19) of 2,2,4,4-tetramethylcyclobutane-1,3- 

dione (68) has been discussed by Turro and colleagues’*. The major 
process is the formation of the ion 65 (m/e 70). 
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The interpretation of the spectra of cyclohexane-1,3-diones’?~7° has 
been aided by extensive high resolution measurements’*’* and 
deuterium labelling studies™*’’®. The fragmentations are largely 
dependent on the substitution pattern, but the general features can be 
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seen in the spectrum (Figure 20) of 2,5,5-trimethylcyclohexane-1,3- 
dione (69) 7°-75, The base peak (m/e 83) is a doublet due to 70 (10%) 
and 71 (907). Ions of the type 71 are the base peaks in the spectra of 
the majority of substituted cyclohexane-1,3-diones, and ions of the type 
70 are always present in the spectra of compounds containing the 
O—C—C(R)—C—O unit7®-124. A portion of the molecular ion is 
present in the enol form (72), as the M — C,H, ion (m/e 98) must be 
formed by the retro Diels—Alder process, 72 — 73. 

The complex fragmentation processes in the mass spectrum (Figure 

21) of 2-n-butylcyclohexane-1,3-dione (74) have been elucidated by the 
application of high-resolution data, and from the spectra of the four 
deuterated analogues obtained by labelling each carbon unit in the 
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butyl side chain with deuterium7*. The McLafferty rearrangement 
(75 76) is entirely site specific, and produces the enol form (76) 
of the cyclohexane-1,3-dione molecular ion which fragments by loss 
of ethylene (707) or carbon monoxide (30%) (to mje 84). 30% of 
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mje 125 (M — 43) arises by loss of a propyl radical from the ring to 
produce 77 (compare with 70), while the complement (70%) is 
produced by loss of a propyl radical from the side chain to produce 
78, the fragmentation of which-ultimately produces 80. 
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IV. BICYCLIC KETONES 

The carbonyl group in simple aliphatic and monocyclic ketones is 
able to localize the positive charge and therefore controls the course 
of the fragmentation. This is not the case with bicyclic and polycyclic 
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systems, where the increased hydrocarbon portions of the molecules 

cause the fragmentations to be more random. As the carbonyl group 

in bicyclic systems no longer directs the fragmentations in a pre- 

dictable manner, the fragmentations of the simple monocyclic ketones 
should not be used as analogies to predict the fragmentations of 
bicyclic ketones. 

A. B-Hydrindanones 

The situation outlined above is demonstrated by a comparison of 
the mass spectra (Figures 12 and 22) of cyclopentanone (38) and 
trans-8-methylhydrindan-2-one (81). Djerassi and coworkers’” have 
studied the fragmentation processes in the spectrum of 81 with the aid 
of high-resolution measurements and the spectra of analogues deuter- 
ated in every ring position. A knowledge of the fragmentations of 
38 (section IIJ.A.2) indicates that the two major peaks in the spectrum 
of 81 should be 82 and 83. These formulations are inconsistent with 
high resolution measurements which show that only 15 and 20% 
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ce > ON RI, ~~ 
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respectively of m/e 81 and 95 correspond to these oxygenated frag- 
ments. 

The M — 42 peak (m/e 110) arises by loss of ketene as shown in 
84 — 85. The additional hydrogen lost in the formation of 86 (m/e 
109), originates from the angular methyl group. The formation of the 
base peak (m/e 95) involves complete loss of the A ring together with 
a hydrogen atom coming mainly from C,¢) (some loss from Cy) is also 
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noted), and consequently the major portion of m/e 95 may be repre- 

sented as 87. 

B. Decalones 

Djerassi and colleagues’®”® have investigated the fragmentation 

processes in the spectra of a- and B-decalones with the aid of extensive 

deuterium labelling studies. Exact mass measurements in the spectra 

of cis- and trans-2-decalone have been reported by Beynon and 

coworkers ®°, As this work has been reviewed *?, only the more import- 

ant features will be considered here. 
The spectra (Figures 23 and 24) of trans-1-decalone (88) and 

trans-2-decalone (89) should be compared with that (Figure 13) of 
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cyclohexanone (42). Although the ‘cyclohexanone’ fragmentation 
(section III.A.3) occurs to some extent, competing fragmentations 
arise from the bicyclic skeleton. 

Trans-\-decalone may fragment by the processes indicated in 
88 to give 90 and 91. Part of the m/e 55 peak is due to the C,H? 
species. The ion at m/e 97 (M — 55) is produced by the rearrange- 
ment 92 —> 93. Below m/e 90, the spectrum is dominated by hydro- 
carbon fragments; e.g. the ion m/e 81 (C,Hj) is produced by the two 
fragmentations depicted in 94. 

If the carbonyl group of trans-2-decalone (89) controls the course 
of the fragmentation, then the abundances of the ions 91 and 95 
should be pronounced te section III.A.3). Exact mass meas- 

or 
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urements®° show that they only represent 17 and 45% respectively 
of m/e 55 and 81. The complement (55%) of m/e 81 is produced by 
the rearrangement 96 — 97. 
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It is of interest to note that although the mass spectra of cis- and 
trans-2-decalone are almost identical7®®°, when an angular methyl 
group is present in a l-decalone, the spectra of the cis and trans 
compounds may be significantly different (e.g. those of 98 and 99) 7°. 
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C. Unsaturated Bicyclic Ketones 

The spectra of several unsaturated bicyclic ketones have been 
reported ** and the fragments in their spectra can be envisaged as 
arising from a combination of ‘decalone’ and ‘cyclohexene’ type 
fragmentations. The spectrum of 100 shows an M — C,H, peak, 
which arises from a retro Diels-Alder reaction, similar to the frag- 
mentation of cyclohex-2-en-1-ones (section III.B.2). A second process 
is M — CH,CO which involves an unfavourable cleavage « to a 
double bond. A similar loss of ketene is observed in the spectrum of 
«-tetralone (see section VI.D). The retro Diels-Alder process cannot 
occur in the spectrum of 101; instead the spectrum exhibits a pro- 
nounced M — CH,CO peak. In addition to the hydrocarbon frag- 
ments in the spectrum of 101’, a retro Diels—Alder reaction operating 
in ring B produces a prominent M — C,H, peak. 

Me M.42 Me Me 

Cie O O S O 
M-42 H 

M-54 
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Vv. POLYCYCLIC KETONES 

A. Saturated Steroidal Ketones 

The studies by Djerassi’s group on ketosteroids and related com- 
pounds have resulted in an outstanding series of papers, giving 
details of the complex fragmentations of steroidal ketones and pro- 
viding extensive information on deuterium-labelling techniques. 
Much of this work has been concerned with androstane derivatives; 
Ving 1-87 92-88) 5-84-89. 4-88 Gaby e788 11-8980, 15.91 and 17-keto- 
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androstane 22. Cholestan-2-one®*, -6-one®’, -16-one°*-°* and pregnan- 

12-one9#®5 and -20-one®® have also been extensively investigated. 

This work has been reviewed to 196597-9*, Other groups have made 

significant contributions to this field, and references to their work 

may be found in the later review®® and in the papers cited above. 

Hydrocarbon fragments usually dominate the spectra of steroidal 

ketones (an exception is the spectrum ®:®° of 5a-androstan-11-one). 

This confirms the earlier conclusion (section IV) that the carbonyl 

group does not direct the fragmentation of polycyclic ketones in a 

predictable manner, hence the effectiveness of mass spectrometry in 

the determination of the position of the carbonyl group is somewhat 

limited in these cases. As much of this work has been reviewed ®®, 
recourse is made to a recent example to demonstrate the extreme 
complexity of the fragmentation processes in the mass spectra of a 
ketosteroid. 
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The decomposition modes in the mass spectrum (Figure 25) of 

5«-androstan-17-one (102) have been studied with the aid of high- 

resolution data, metastable peaks, and the spectra of 5«-androstan- 

17-one-3c-d,, -7B-d,, -8B-d,, -15a-d,, -12,12-d2, -16,16-d2, and -18,18, 

18-d3°2. This work clearly demonstrates that a priori predictions of 

the fragmentation modes cannot be made, and that extensive labelling 
studies are necessary for the interpretation of the spectrum. 

The peak at m/e 246 is a doublet due to 103 and 104, and both these 
ions may fragment to produce 105 (m/e 218). It is also possible that 
105 may be formed directly from the molecular ion. The ion at m/e 
203 is produced by loss of a methyl radical Cyg) from 105. The 
most characteristic fragment in the spectrum is m/e 230 which is formed 
by the process M — CH,CHO, involving a double hydrogen transfer 
from Cy, Cig) and C2) (labelling) and possibly Cy). Transfer of a 
hydrogen atom from either C,7), Cig) or Ciy2) produces an ion (e.g. 
107 — 108) which may fragment with the loss of the hydrogen at Cy4) 
via a McLafferty rearrangement (108 — 109). Fragmentations pro- 
ducing m/e 215 and 175 are shown in 110. In many respects the 
spectrum of 102 is similar to that of androstane itself®®. 

The location of the keto function in a steroid molecule may be 
determined in favourable cases by mass spectral analysis of a suitable 
derivative, containing a group which will direct the fragmentation 
in a specific manner, e.g. ethylene ketals, ethylene thioketals and 
dimethylamino derivatives. This subject has been reviewed?°°. It is 
instructive to compare Figure 25 with the spectrum of 5a-androstan- 
17-one ethylene ketal, which is very simple in that it exhibits only a 
strong m/e 99 fragment. Deuterium labelling studies?°® show that 
mje 99 is produced by the process 111 — 112. 

ro M ¢ \ 

| (111) m/e 318 (112) m/e 99 

A very important feature which emerges from the study of the 
fragmentations of ketosteroids, concerns the distance effect operative in 
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the McLafferty rearrangement. This rearrangement (section II.B) 
has been shown to be site-specific for aliphatic ketones*! and for 
suitably substituted 16-ketosteroids (e.g. 118) 191, As 5a-androstan-11- 
one (114) fragments mainly by cleavage of the Cyey—C19) bond ®°, 
and Sa-androstan-15-one (115) by cleavage of the Cgy—C.4, bond 
it would seem reasonable to expect that the cleavages should operate 
by the rearrangements outlined in 114 and 115. Deuterium labelling 
studies ®t show that these hydrogens are not involved in the re- 
arrangements. As the y-hydrogen oxygen distances in 113-115 are 
1-52, 1-84 and 2-28 A respectively, it follows that the y-hydrogen 
rearrangement cannot occur by this mechanism when the distance 
between the y-hydrogen and the recipient oxygen atom is greater than 
ee 

Me 

(113) 

B. Unsaturated Steroidal Ketones 

The spectra of unsaturated ketosteroids are simpler and more 
readily interpretable than those of saturated steroidal ketones. The 
major fragmentations of four selected examples are briefly summarized 
in formulae 116-119. 

Loss of ketene is an important process in the spectra of 116 and 
117*°?, as is B ring cleavage with and without hydrogen rearrange- 
ment respectively. Cleavage of the B ring is also an important process 
in the spectra of 1181°? and 1191°*, with the oxygen-containing 
fragments retaining the charge. Although the retro Diels—Alder 
process in 119 produces m/e 218, no similar process is noted in the 
spectrum of 117. This is also in conflict with the spectrum of the 
related bicyclic compound 100, which shows an appreciable M — 
C,H, peak (section IV.C). 

1 be 



314 J. H. Bowie 

M Me 4 e 

Me 

230 

Oo Oo 
H 122 230 124 

(116) (117) 

Me Me 
O° 

Oo 
Me Me 

a 
122 H 177(—H’) 

218 

(118) (119) 

C. Miscellaneous Polycyclic Ketones 

Steroidal ketones containing aromatic A and B rings (e.g. estrogens, 
dehydroestrogens and equilenin derivatives) do not fragment pri- 
marily through the carbonyl group?°>-1°’, Instead, the major decom- 
position modes occur by initial cleavage of benzylic bonds. 

The complex behaviour of a series of pentacyclic triterpenoid 
ketones upon electron impact has been reviewed?°. 

VI. AROMATIC CARBONYL COMPOUNDS 

A. Simple Aldehydes and Ketones 

-The mass spectra of aromatic aldehydes and ketones are generally 
simple and amenable to analysis. Prominent molecular ions are a 
feature of these spectra. The behaviour'®®11° of benzaldehyde 
derivatives on electron impact is illustrated by the spectrum (Figure 
26) of benzaldehyde (120). Loss of a hydrogen atom from the mole- 
cular ion produces the stable benzoyl cation (124, m/e 105), which 
decomposes by loss of carbon monoxide to CgH? (125, m/e 77). It 
has been suggested that CgH? is probably linear and not the phenyl 
cation !4!, 
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Acetophenones and benzophenones also behave simply1!, frag- 
menting by the processes 122-—> 125 and 123 +125 respectively. 
a-Cleavage in acetophenone (122, Figure 27) also produces the 
acetyl cation m/e 43. Alkyl aryl ketones containing a y-hydrogen 

itll Ye a met 5) OH,t 

(121) m/e 106 (R = H) (124) m/e 105 (125) m/e 77 

(122) m/e 120 (R = Me) 

(123) m/e 172 (R = Ph) 
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atom may undergo f-cleavage with concomitant y-hydrogen rear- 

rangement to give the enol form of the acetophenone ion radical11?, 

(Compare section II.B). It has been elegantly demonstrated 111/11? 

that «-cleavage of substituted acetophenones and benzophenones on 

electron impact obeys a Hammett relationship. The relative abun-- 

dances of the acetyl (m/e 43) and benzoyl (m/e 105) cations may be 

quantitatively related to the Hammett o values of the substituent 

by plotting an expression log z/z) against o. Reasonably linear plots 

are obtained for the case of acetophenones. Electron-withdrawing 
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— Relative abundance of MeCO* in the spectrum of XC,H,COMe 
wh Relative abundance of [XC,H,COMe]* 

(Pore Ere 28) 

substituents promote «-cleavage, while electron-donating groups 
reduce a-cleavage. This is a most important observation, as it shows 
that the extent of these a-cleavage processes in simple aromatic 
ketones may be predicted by normal ground-state principles. Similar 
straight line correlations are obtained! when either the ionization 
potentials of substituted acetophenones or the appearance potentials 
of the substituted benzoyl cations (which occur in the spectra of 
acetophenones), are plotted against the Hammett o function. 

B. Unsaturated Ketones 

Williams and coworkers’!* have studied the fragmentation of 
benzalacetophenone with the aid of the spectra of analogues deuterated 
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at every available position. Apart from exhibiting the expected a- 
cleavage processes, the spectrum of benzalacetophenone shows a 
pronounced M — 1 ion. Deuterium labelling studies are consistent 
with the loss of a hydrogen radical from the A ring to form the stable 
oxonium ion 127 by an intermolecular aromatic substitution reaction, 
viz. 126 —> 127. This is a general process for compounds of the general 
formula PhCH==-CH—COR1!*, and can be seen in the spectrum 
(Figure 28) of benzalacetone (128). M — 1 ions have also been 
observed in the spectra of aryl B-diketones (section VI.C) and mono- 
thio derivatives of aryl B-diketones**®. 

Or = COOL OL, * OD 
eon Ph O Ph 

H e+ + 

(126) m/e 224 ‘ (127) m/e 223 

C. Diketones 

Benzil (129), upon electron impact, fragments simply to produce the 
benzoyl cation 124 (m/e 105) °°. A minor fragmentation noted in this 
spectrum is the skeletal rearrangement process M — CO — CO — Hy, 
plausibly to produce the diphenylene radical ion (130, m/e 152, 1% 
of the base peak) (see section VII). 

; 

meofcom | Th} 
105 

(129) (130) m/e 152 

OO 

OO. 
ie 0 

mje 162 (R = Me) (182) m/e 161 (R = Me) 
mle 224 (R=Ph) ) (183) m/e 223 (R = Ph) 

Benzoylacetone and dibenzoylmethane (131) afford spectra exhibi- 
ting pronounced M — H° ions (see Figure 29) 5+. Corresponding ions 
are not noted in the spectra of acetylacetone and its derivatives 
(section II.C.2). Deuterium labelling has established that the hydro- 
gen lost originated from the aromatic ring. This is consistent with 
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the formation of the stable oxonium species 182 and 133 (compare 
section VI.B). In general the presence of a pronounced M — 1 peak is 
either indicative of an aldehyde group or of a species which may 
form a very stable cation by loss of a hydrogen radical. 

The spectra of alkyl substituted benzoylacetone derivatives, apart 
from containing the benzoyl cation as the base peak, are similar to 
those of acetylacetone derivatives (section II.C.2). Rearrangements 
involving losses of ketene and/or an alkene (from the side chain) by 
six-membered transition states, produce enol fragment ions which 
then decompose by allylic cleavage®?. All spectra (cf. Figure 29) 

contain m/e 69 (O=C—CH—C—=O) peaks (see section ITI.C.2). 

D. Indanones and Tetralones 

The behaviour of indanones and tetralones upon electron impact 
has been studied by labelling and high resolution studies®’ and by 
computer-aided mass spectrometry '?®. 

The molecular ion 184 of l-indanone may fragment by loss of 
either carbon monoxide (probably to 135) or ethylene (probably to 
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136) giving a doublet at.mje 104. The M — 28 ion in the spectrum 

of 2-indanone is a singlet corresponding to the loss of carbon monoxide 

from 137. Distinction between the two isomers depends on this differ- 
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O 
+* 

(135) m/e 104 (90%) (134) mje 132 (136) m/e 104 (10%) 

[-Hemcs ~ ee 
#\-— CO 

[CeHe]t OD=: [CeH4]¢ 

(m/e 78) (m/e 76) 
(187) m/e 132 

ence, as the low resolution spectra, apart from differences in relative 
abundance of ions, are quite similar. Alkylated 1-indanones behave 
similarly to 1-indanone itself11®. 
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The carbonyl group does not control the course of the fragmenta- 
tion of 1- (138) and 2-tetralone (140) °’. Their fragmentations arise 
by the retro Diels-Alder processes outlined below, as was verified by 

-—e 

= CoH, (95%) ‘ 
Ot 

O 
(138) (139) m/e 118 

fe 

—CH2CO ( ) 

O 

(140) (141) m/e 104 



322 J. H. Bowie 

labelling studies®’. Other fragmentations are also shown in Figures 
30 and 31. Alkyl derivatives of 1-tetralone also undergo the retro 
Diels—Alder fragmentation??®, 

E. Quinones 

Quinones are an important group of natural products and their 
mass spectra have been recently studied. In general, molecular ion 
peaks are pronounced and the characteristic fragmentation patterns 
are useful in structural elucidation. The spectra become simpler as 
the degree of aromaticity is increased. 

I. Benzoquinones 

Two major fragmentations occur in the spectra of benzoquinone 
(142) 22” and alkylbenzoquinones“®: (i) The process M — CO — CO 
produces a fragment most simply represented as an ionized cyclo- 
butadiene. (ii) The spectrum of benzoquinone contains an ion at 
m/e 82 which is produced by loss of acetylene from the molecular ion 
(see 142). When an alkylbenzoquinone is unsymmetrically substituted, 
the fragment eliminated corresponds to the most highly substituted 
acetylene. These features can be seen in the spectrum (Figure 32) 
of 2,3-dimethylbenzoquinone (148) which fragments by processes 
143 — 144 and 143 — 145 — 146. 

When a benzoquinone contains an hydroxyl group, additional 
fragments originate by cleavage of the 1,2 and 4,5 bonds (or 3,4 and 
1,6 bonds) with accompanying rearrangement of the hydrogen from | 
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the hydroxyl group’®. The spectrum (Figure 33) of 2-hydroxy-5- 
methylbenzoquinone (147) contains ions at m/e 69 and 70. Sixty 
per cent of the ion at m/e 69 is formed by the process 148 —> 149 while 
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mle 70 is produced by a double hydrogen rearrangement (148 — 150). 
The complement (40%) of m/e 69 is due to 151 (see section III.C.2). 

Ais oS 
(148) m/e 110 (149) m/e 69 (607%) 

| n +O =C—CH=C=0 

(150) m/e 70 (151) m/e 69 (40%) 
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Benzoquinones with isoprenoid substituents fragment specifically 
through the side chain11®123, The spectrum??* of ubiquinone Q3 
(152) exhibits allylic cleavage of the side chain. The base peak of the 
spectrum is produced by the process 153 — 154. The formation of 
a stable species (e.g. 154) is a general fragmentation process of iso- 
prenoid benzoquinones and of vitamin K derivatives?*°. 

O 
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MeO Me MeO | Me 

—R: 

MeO | MeO | ‘ 

ee 1. FA 

ber Me 
(153) (154) m/e 235 

2. Naphthaquinones 

Naphthaquinones behave in a well defined manner upon electron 

impact. 1,4-Naphthaquinone (155) fragments initially by the process 

M — CO to 156, m/e 130. This ion decomposes by loss of either CO 

(to 159) or acetylene (to 157), thus producing a ‘doublet’ at M — 54 

and M — 5617-124, 1,2-Naphthaquinone (158) behaves differently, 

as the process M — CO — CO predominates®°. The spectra of 

alkyl 1,4-naphthaquinones retain the features of 155, but losses of 

the alkyl radical from various ions are noted ***"1?°, 

The initial fragmentations of hydroxy-1,4-naphthaquinones which 

have the hydroxy] substituent in the A ring are similar to that of 155, 

but when the hydroxyl is in the B ring a specific hydrogen transfer 

process occurs, analogous to that observed in the spectra of hydroxy- 

benzoquinones (section WVI.E.1)1?*. This rearrangement, which 

has been substantiated by deuterium labelling, can be seen in the 
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spectrum (Figure 34) of 2,5-dihydroxynaphthaquinone (160) (viz. 
161 — 162). This spectrum should be compared with that (Figure 
35) of 5,7-dihydroxynaphthaquinone (163) where the normal ‘doub- 
let’ at M — 54 and M — 56 is observed. 

Mass spectrometry has aided the structure elucidation of the 
spinochrome pigments??°, vitamin K analogues!?° and of naphtha- 
quinones containing the ‘aphin’ side chain (see section VI.E.3) 12". 

O o ) 
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HO Oo HO HO 

(160) (161) m/e 162 (162) m/e 121 

3. Polycyclic Quinones 

Anthraquinone and phenanthraquinone both fragment by the 
process M — CO — CO to form the biphenylene radical ion (m/e 
152), this fragmentation being more pronounced in the spectrum of 
phenanthraquinone?’. The spectra of substituted anthraquinones **” 
are much simpler than those of benzoquinones and naphthaquinones. 
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The molecular ion is generally the base peak, and the fragmentations 

follow those of anthraquinone, with additional breakdown through 

the substituents. 

HO oO 

(166) (167) 

Mass spectrometry is most useful for structural investigations when 
the anthraquinone or phenanthraquinone contains an aliphatic side 
chain. The anthraquinone 164 fragments as indicated to form the 
1,6,8-trihydroxy-3-methyl-anthraquinone (emodin) molecular ion?*®. ° 
Ochromycinone (165) fragments initially as a 1-tetralone system 
(section VI.D), then by additional loss of carbon monoxide??%. The 
fragmentation patterns in the spectra of the rhodomycinone and 
pyrromycinone pigments are extremely complex *%° 191, This work has 
been reviewed 192, The base peak (m/e 314) in the spectrum of «- 
rhodomycinone (166) arises by retro Diels—Alder cleavage of ring D. 
Other peaks observed are due to losses of water and carbon monoxide 
from various ions!*!, The side chain of piloquinone (167) undergoes 
a characteristic McLafferty rearrangement?*°, 

The mass spectra of aphin derivatives are very simple+?’. No 
fragmentation of the dihydroxyperylene quinone system is noted. 
Loss of two molecules of acetaldehyde from the molecular ion of 
erythroaphin fb (168) possibly produces 169, m/e 422. This ion frag- 
ments by loss of an electron to form the doubly charged species m/e 211 
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(base peak). Loss of methyl from the molecular ion is also an observed 
process. 

=e 
— 

—2CHsCHO 
Gs") 

(169) m/e 422 (m/e 211) 

F. Tropones and Related Compounds 

The mass spectrum of tropone (170) exhibits pronounced loss of 
carbon monoxide (M — 28) to produce the benzene ion radical 
(m/e 78) 194-185, Benzotropone (171) fragments similarly +®° with the 
production of the naphthalene ion radical (m/e 128). 

Ee -Ore 
(170) (171) 

Substituted tropones may also fragment by initial loss of carbon 

monoxide 1*°, Tropolone (172) fragments by loss of carbon monoxide 

to the phenol radical ion (178). Further decomposition of 173*°° 
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ultimately produces the cyclopentadienyl cation (175) (see Figure 
36). The M — CO process is even pronounced in the spectrum of 

+ 

=CO, "=H 
=a” b+ CF mae 

+ 

OH 

(172) (173) m/e 94 (174) m/e 66 (175) m/e 65 

colchicine (176) *®”, The base peak (177) of this spectrum is produced 
by loss of acetamide from the M — CO peak. 
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G. Miscellaneous Aromatic Carbonyl Compounds 

There are certain classes of aromatic carbonyl compounds that are 
not discussed in this chapter. Obvious examples are the flavonoid, 
coumarin and xanthone pigments. These are not included because 
they are best classified as pyrone derivatives. Alkaloids which contain 
carbonyl groups have been discussed by Djerassi, Budzikiewicz and 
Williams®. Only colchicine (176, section VI.F) and atherospermidine 
(178) are included here. , 

O—Me 
io 

Or 
(178) (179) m/e 262 (180) m/e 262 

eon -CcO(*), 
—CH20(*) 

[CiaHeN]t 
(181) mje 176 

The fragmentations of alkaloids which contain a carbonyl group 
are generally not controlled by the carbonyl group®. The alkaloids of 
the spermatheridine series are exceptions to this generalization. When 
atherospermidine (178) is subjected to electron impact, all the sub- 
stituents on ring A are lost by concerted processes involving the 
carbonyl group (178 — 181) 1°°. 
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The mass spectra of tetracycline derivatives are complex, most of 
the fragmentation occurring in the D ring!%°, The spectrum of 5a,6- 
anhydrotetracycline (182) is illustrated in Figure 37, and the major 
fragmentations are outlined below. 



5. Mass Spectrometry of Carbonyl Compounds 333 

Vil. SKELETAL REARRANGEMENT PROCESSES 

Until several years ago, reports of the occurrence of migration of 
groups other than hydrogen in the mass spectrometer were rare. 
Since 1965, the discovery of many such processes (now termed skeletal 
rearrangements), has shown that a priori prediction of the fragmenta- 
tion modes of certain classes of organic compounds is a difficult 
undertaking. Even now it is not possible to predict with any certainty 
when skeletal rearrangements may occur. The presence of these 
processes at present places restrictions on the use of the extremely 
elegant “element-mapping’ technique, developed by Biemann from 
his studies of computer-aided mass spectrometry1*°, This technique 
assumes that either skeletal rearrangement processes are absent in mass 
spectra or that their occurrence is predictable. It is to be hoped that 
this deficiency will be overcome in the future. 

The early work on skeletal rearrangement processes has been 
reviewed by Brown and Djerassi®°. Although skeletal rearrangement 
processes are not yet fully understood, they may be divided into two 
broad classes: (a) Processes of the type ABC > AC + B. These may 
occur from either an odd or an even electron species. A and C are 
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initially not joined together and B is a neutral molecule (if this de- 

finition is used, the M — CO process in quinones (section VI.E) 

is not a skeletal rearrangement process®*). (b) Many skeletal rear- 

rangement processes can only be explained by specific rearrangement 

of the molecular ion to give a structure which is quite different from 

the ground state structure. Recognition of such processes is becoming 

relatively common, and they often involve migration of substituents. 

The skeletal rearrangement processes of type (a) observed in the 

spectra of simple carbonyl compounds generally involve the loss of 

carbon monoxide from the molecular ion. The relative abundances 

of the ions produced range from less than 10% (cf. acetylacetone, 

section II.C.2, and benzil, section VI.C) to the base peak of the 
spectrum (see Figure 38). A process of this type often requires a double 
bond (C=C or C=O) to be ionized in order that the incipient 
radical may migrate to an electron-deficient centre®*. The migrating 
group presumably does not become free, but migrates at the same 
time as the neutral molecule is ejected. 

The following carbonyl compounds show M — CO peaks in their 
mass spectra: benzophenone !*1, 2-acylthiophens?*?, 2-acylbenzimida- 
zoles!*3, o®-unsaturated carbonyl compounds (chalcone, diben- 
zalacetone, phorone) +*4, benzoylphenylacetylene?*°, benzil®°, B-dike- 
tones (acetylacetone, benzoylacetone) °152, B-ketoesters (78O labelling 
shows that the CO lost originates from the ketone moiety) **®+*° 
and alkyl acetothioacetates+*®. The spectrum of benzophenone also 
contains an M?* — CO ion of low intensity ?°°. 
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XN N cl 
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H H H 
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The spectra of benzoylphenylacetylene (183) and 2-benzoylben- 
zimidazole (185) are illustrated in Figures 38 and 39. The rearrange- 
ment processes involved are 183-> 184 and 185->186. The ions 
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184 and 186 fragment exactly as do the molecular ions of dipheny]- 
acetylene and 2-phenylbenzimidazole respectively. 

Molecular ion rearrangements have been reported for cyclic 
ketones. The formation of the base peak (m/e 74) in the spectrum of 
4-methoxycyclohexanone (187) involves a methoxyl migration, 
plausibly represented by the process 187 — 188151. This process is 
more pronounced than the McLafferty rearrangement in the spectrum 
of 2-ethyl-4-methoxycyclohexanone. Analogous processes are observed 
in the spectrum of 4-hydroxycyclohexanone?*?, 
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Migration of a methyl group from Cw) to Ca) in the molecular ion 

of trans-A8-10-methyl-2-octalone (189) is necessary for the formation 

of an abundant ion at m/e 69 (189 —> 190) 1°. Methyl migrations also 

occur when 2-arylidene-9-methyl-1-decalones are subjected to electron 

impact 15%, Deuterium labelling studies have shown that the base 

peak (mje 121) in the spectrum of trans-2-furfurylidene-9-methy]-1- 

decalone (191) owes its genesis to migration of the methyl group 

from Cy) to Cy)?°®. 
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Il. INTRODUCTION 

Absorption of high energy radiation creates ionization and excitation 
in the absorbing material and the ionized and excited species may 
undergo chemical changes. In many systems, ionization and excita- 
tion can be transferred from one molecule to another, so it is not 
necessarily the molecule that initially absorbs the energy that ulti- 
mately undergoes chemical change. High energy photons (x- and 
y-rays) and high energy particles (a- and f-rays, accelerated electrons, 
accelerated positive ions, neutrons) are used as energy sources. The 
most common radiations in current use are y-rays from ®°Co and 
electrons from linear accelerators or Van de Graaff accelerators. 

Photochemistry is related to radiation chemistry. Studies in photo- 
chemistry have traditionally involved the use of photons that have 
insufficient energy to produce ionization in most systems. This limita- 
tion was imposed mainly for technical reasons. The ionization poten- 
tials of many compounds are in the vicinity of 10 electron volts (ev). 
Energy sources that would emit photons of this energy and reaction 
vessels that would permit their entrance were not readily available. 
In recent years these difficulties have been partly overcome and the 
borderline between radiation chemistry and photochemistry is ill- 
defined. For example, a hydrogen lamp with a lithium fluoride 
window emits photons of energies up to 11-8 ev?. Many interesting 
experiments will be possible when photons in the region 20-200 ev: 
can be used. 

The photochemistry of ketones and aldehydes, using photons with 
energies less than 6 ev, was described in an earlier volume of this 
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series”, Although photon and electron energies of the order of one 
million electron volts (1 Mev) were used in most of the radiolysis 
work reported in the present chapter, it will be seen that there are 
similarities between part of the radiolysis results and the photolysis 
results. Photo-excitation leads ‘to a small number of states. Radiation- 
excitation leads to the initial formation of a relatively large number of 
states. However, the relative simplicity of the final radiolysis products 
indicates that either many states react in the same way or that many 
states settle into a small number of states before chemical reaction 
occurs. 

The radiolysis of ketones and aldehydes has thus far not received as 
much attention as has that of water, hydrocarbons or alcohols. 

Il. GENERAL ASPECTS OF RADIATION CHEMISTRY 

A. Energy Absorption Processes 

Photons and particles with energies much greater than the ionization 
potential of the absorbing medium will be the main radiations con- 
sidered in this section. 

é 

I. X- and y-Rays 

The number of photons d/ adsorbed in a slice of material of thick- 
ness dx is proportional to the intensity of the impinging beam, J, 
and to the thickness of the slice, dx. Hence 

dI = —pldx (1) 
where p is the linear absorption coefficient. 

Three photon absorption processes are significant in radiolysis 
studies*: the photoelectric effect, the Compton effect and pair pro- 
duction. The linear absorption coefficient can be expressed as 

Bees to Aor (2) 

where 7 is the photoelectric absorption coefficient, o is the Compton 
absorption coefficient and z is the pair production absorption co- 
efficient. 

In the photoelectric effect the photon is completely absorbed by an 
atom or molecule and an extranuclear electron is ejected (Figure 1). 
The kinetic energy T of the ejected electron is given by 

T=h-—w (3) 

12% 
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e (7) 

y (Av) 

atom 

Ficure 1. Photoelectric effect. y(hv) is the incident photon of energy Ay and 

e~(T)) is the electron ejected with kinetic energy T. 

where fy is the incident photon energy and w is the energy with 

which the ejected electron was bound in the undisturbed atom or 

molecule. The photoelectric effect is partly a resonance process, 

so the electron ejected is usually one from the electron shell that 

has the binding energy nearest to but below the energy of the photon. 

Thus, when hy is greater than w of the K electrons in carbon it is 

usually a K electron that is ejected from the carbon atom. The 
photoelectric absorption coefficient per atom of absorber, ,7, increases 
greatly with increasing atomic number Z of the absorber and de- 
creases rapidly with increasing photon energy: 

at oc Z™/(hy)™ (4) 

where m = 4 to 5 and n decreases from 3-5 to 1 with increasing 
photon energy. In matter composed of light elements, for example 
in ketones and aldehydes, 7 is negligible for photon energies greater 
than 0:1 Mev; at energies less than 0-01 Mev, o and = are negligible 
compared to 7 °. 

The Compton effect corresponds essentially to a ‘collision’ 
between the photon and an electron. The photon loses part of its 
energy to the electron and is deflected from its original direction of 
propagation (Figure 2). The kinetic energy of the ejected electron is 
given by 

T =hb — hb’ -—w (5) 

where fv’ is the energy of the deflected photon. The Compton absorp- 
tion coefficient per atom of absorber, ,o, depends only on the num- 
ber of electrons in the atom®: 

ao OG: (6) 
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e (7) 

y (Av) : 

atom 

y' (Av') 

Ficure 2. Compton effect. y(hv) is the incident photon of energy hy, y’(hv’) 
is the deflected photon of energy hv’ and e~(T) is the electron ejected with 

kinetic energy T. 

In radiation chemistry, only the energy actually absorbed by the 
system contributes to the reaction. The energy of the scattered 
photon, fv’, is usually not absorbed in the small systems used in radio- 
lysis studies. The total Compton coefficient is therefore divided into 
two parts, namely, the ‘actual’ absorption coefficient ,c, and the 
‘scatter’ coefficient ,o,. 

th 0x tins (7) 

Thus the fraction of the ‘total energy absorbed’ from the photon 
beam that is ‘actually absorbed’ by the system is given by ,o,/(,0, + 
a7;)- Lhe Compton effect is important for photon energies in the 
range from 0-01 to 100 Mev and ,o, goes through a maximum at 
about 1 Mev °. The y-rays emitted by ®°Co sources are comprised of 
equal numbers of photons of energies 1:17 and 1-33 Mev. At this 
energy the photoelectric and pair production processes are negligible 
by comparison with the Compton process. 

Pair production occurs when a photon interacts with the field 
of a nucleus to produce an electron—positron pair (Figure 3). The 
sum of the kinetic energies of the electron and positron, T and 7”, 

respectively, is given by 

T + T’ = hw — 1-02 Mev — (nuclear recoil energy) (8) 

where 1-02 Mev is the amount of energy that was converted into the 
‘rest mass’ of the electron—positron pair. The recoil energy of the 
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e*(7’) 

y (Av) 

e(7) 

Ficure 3. Pair production. y(hv) is the incident photon of energy hv, e~ (T) is 

the product electron with kinetic energy T and e+ (T’) is the product positron 

with kinetic energy T”’. 

target nucleus is usually negligible by comparison with T or 7”. 
The pair production absorption coefficient per atom of absorber 
increases with the square of the charge on the absorber nuclei®: 

pres a* (9) 

Since two particles with a total rest mass equivalent of 1-02 Mev 
are created, the process has a threshold energy of 1-02 Mev. In matter 
composed of light elements, such as ketones and aldehydes, the pair 
production process is negligible for photon energies below 3 Mev 
but becomes increasingly important above that value®. 

The net effect of the absorption of a single high energy photon by 
any of the above processes is that a single molecule is disrupted and a 
single high kinetic energy electron (or electron—positron pair) is set in 
motion. Most of the photon energy is transformed into kinetic energy 
of an electron and is not retained as excitation energy in the target 
molecule. Overlooking this fact causes uninitiated persons to com- 
ment: ‘It only takes four or five electron volts to break a bond, so 
when you hit a molecule with a million electron volts what can you 
expect besides a mess!’ 

The high energy electron set in motion by the photon travels 
through the absorber and loses little bits of its energy to a large 
number of molecules along its path. For example, a 1-0 Mev photon 
ionizes a single molecule by the Compton process and gives, on the 
average, 0-5 Mev to the ejected electron, the other 0-5 Mev being 
carried off by the scattered photon. The 0:5 Mev electron moves 
through the absorber and causes the ultimate ionization or excitation 
of more than 30,000 other molecules before being stopped. The 
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single molecule ionized by the y-ray interaction is statistically negli- 
gible when grouped with those ionized or excited by the high energy 
electron. Thus it is not surprising that the results of x- or y-radiolysis 
are the same as those of high energy electron radiolysis when other 
reaction conditions, such as therate of energy absorption in the sample, 
are the same. 

2. High energy electrons 

Energetic electrons suffer elastic and inelastic collisions with the 
electrons and nuclei in molecules. A collision is elastic when the 
total kinetic energy of the collision partners is the same before and 
after the collision, otherwise it is inelastic. 

Inelastic collisions with bound molecular electrons are usually 
the predominant mechanism by which a high energy electron loses 
energy in an absorber*. Some of the kinetic energy of the electron is 
transformed into internal energy in the molecule. If the amount of 
energy transferred exceeds the ionization potential of the molecule 
there is a finite probability that it will ionize: the probability of 
ionization rapidly approaches unity with increasing energy in excess 
of the ionization potential’, and much of the excess energy is carried 
off by the ejected electron. The rate of energy loss of a high energy 
electron per unit path length in a medium, by inelastic collisions 
with bound molecular electrons, — (d7/dx).o,, may be estimated by 
the Bethe equation*-®: 

d _ 2ne*NZ Wot 4. cm aaa : 

ele) hes mod” ra ay (2V1— p? — 1+ f?)In2 

lng pags oop = VEE P| (10) 

where ¢ is the charge on an electron, N is the number of atoms per 

cm, Z is the number of electrons or the total oscillator strength per 

atom, m, is the rest mass of an electron, v is the velocity of the incident 

electron, T is the relativistic kinetic energy of the incident electron, 

B = 2JC, c is the velocity of light and J is the logarithmic mean of the 

excitation energies E,, weighted according to the corresponding 

oscillator strengths’, 

indis > 7, lah, (11) 

where f, is the fraction of the total optical dipole oscillator strength 

of the atom for excitation to state n. The Bethe equation (10) involves 
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the assumption that the velocity of the incident electron greatly exceeds 
that of the atomic orbital electrons (Born approximation), so it applies 
only when T >» J*. For electrons with T > 1 Mev passing through 
a condensed medium, equation (10) requires a negative ‘polarization 
correction’ term on the right hand side®. 

Inelastic collisions of high energy electrons with nuclei produce 
x-rays (Bremsstrahlung). The rapid deceleration of an electron in 
the field of a nucleus results in the emission of a quantum of radiation. 
The electron loses an amount of kinetic energy equal to the energy 
of the emitted photon. This is an inefficient process for electron energies 
below 1 Mev and is therefore of marginal interest to radiation chem- 
ists. It must be considered during the design of radiation shielding 
for high energy electron sources. 

Incident electrons that have energies greater than about 100 ev 
do not lose a significant fraction of their energy by elastic collisions 
with the bound molecular electrons in the absorbing medium *. How- 
ever, this process is important at incident electron energies less than 
100 ev. 
When the amount of energy transferred by a very high energy 

electron (e.g. 0-1 Mev) to a molecule, during an inelastic collision, 
very greatly exceeds the ionization potential of the molecule, the most 
probable reaction is the ejection of a single electron with a high 
kinetic energy. If the ionization potential of the molecule is negligible 
by comparison with the kinetic energy of the ejected electron, the 
inelastic electron—molecule collision may be treated as an elastic 
electron-electron collision*. This type of collision is also known as 
a ‘knock-on’ or ‘hard’ collision. Inelastic collisions in which smaller 
amounts of energy are transferred to the molecules are known as 
“glancing” or ‘soft’ collisions, and are much more probable than hard 
collisions. 

In an elastic collision of an electron with a nucleus the electron is 
deflected but it loses a negligible fraction of its energy*. The main 

* At present f, versus E, spectra are not well enough known, so values of 
Z are not obtained directly from equation (11). The Bethe equation for energy 
loss by fast protons in matter is slightly different from equation (10), but it 
involves In J in essentially the same way. Numerical values of J, for elements 
of atomic number Z, are obtained by fitting (d7/dx).on data for ~ 108 ev 
protons in the elemental material. For a compound that contains N, atoms of 
atomic number Z; and mean excitation potential J, the value of J is obtained 
from the equation 

inT’s (> N,Z, In iy) NZ, 
t 
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effect of this process is to increase the tortuosity of the electron path. 
Elastic scattering of non-relativistic electrons by nuclei, also known 
as Rutherford scattering, is important in electron diffraction studies 
used in the determination of molecular structure. 

Nuclear scattering predommates over inelastic scattering by elec- 
trons by roughly a factor of Z, the atomic number of the scattering 
atom *. 

Both positive and negative electrons (positrons and negatrons) 
lose energy by the above interactions. However, a thermalized 
positron (energy of the order of 0-1 ev) has a relatively short life- 
time; it combines with a negatron to form a positronium atom which 
annihilates after about 10~1°s. The mass of the positronium atom is 
converted into two gamma rays, each having an energy of 0-51 Mev, 
travelling in opposite directions‘. 

3. Low energy electrons 

The transfer of energy from high energy electrons to a medium 
is quite well described by equation (10) when 7 > J. The value of 
I used in the equation is an average excitation potential of the inner 
shell and outer shell electrons in the atoms of the absorbing medium. 
For example, the average excitation potential of the K shell electrons 
in a carbon atom is about 280 ev 8, that of the Z shell electrons is 
about 11 ev °, and the value of J for carbon is about 80 ev ’. However, 
when the incident electrons have an energy less than about 280 ev 
in carbon they can not excite the K electrons, so only the L electrons 

are affected. Under these conditions it becomes necessary to redefine 

Z and J in equation (10) such that Z is the effective total oscillator 

strength of the atom or molecule with which the incident electron 

can intereact and J is determined by a suitably truncated summation 

in equation (11), with f, being the fraction of the effective total oscillator 

strength of the atom or molecule for excitation to state m of energy 

E,, < T. Effective oscillator strengths for low energy electron collisions 

do not necessarily correspond to optical oscillator strengths because 

optically forbidden transitions might be strongly excited by low 

energy electrons!°. Values of f, should be obtained from electron 

scattering data, but unfortunately these are scarce**""*. 
The average excitation potential of the K electrons in oxygen is 

about 520 ev ® and the value of J for very high energy incident 

particles in oxygen is about 100 ev’. The value of J for very high 

energy incident particles in ketones or aldehydes is about 60 ev. 

For electrons with less than roughly 1000 ev energy in aldehydes 
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or ketones, the values of Z and J in equation (10) should gradually 
decrease with decreasing 7. Since better information is lacking, 
approximate values of the rates of energy loss by electrons of energies 
down to about 10 ev can probably be obtained from equation (10) 
by using suitable values of Z and J. These values could be obtained 
for a given absorbing medium, with the aid of the oscillator strength 
versus energy (f, versus E,,) spectrum of the medium, by the way 
mentioned in the preceding paragraph. 

The theory of energy loss by electrons in the subelectronic excitation 
energy region of the medium is not yet complete enough to be used 
with confidence in the estimation of the ranges of the electrons: Equa- 
tion (10) is not even crudely valid and the rate of energy loss is greatly 
reduced. In the recent development of a model of non-homogeneous 
kinetics for ionic reactions in the radiolysis of dielectric liquids*®-1” 
it was considered preferable to estimate the ranges of low energy 
electrons by an arbitrary method that has no theoretical justification, 
rather than to try to justify the use of one of the presently inadequate 
theories. 

4. Charged heavy particles 

Energetic protons and other heavy particles are less easily deflected 
and are decelerated less abruptly than are energetic electrons. Thus, 
elastic scattering and energy loss by radiation emission (Bremsstrah- 
lung) are much less significant for heavy particles than for electrons 
of the same energy. In the energy ranges usually used in radiolysis 
experiments, up to about 30 Mev for helium ions and about 10 Mev 
for protons, the primary mode of energy loss by heavy particles is 
through inelastic collisions with the bound electrons of the medium?>*”, 
Bethe® developed the following equation for the rate of collisional 
energy loss by a heavy particle of charge ze and velocity v passing 
through matter: 

aL anze 

dx mov" 

2 2mov 
NZ|In yr ie In (1 — B?) - P| (12) 

where ¢, mo, N, Z, J and B mean the same as in equation (10). The 
derivation of equation (12) involved the Born approximation, which 
breaks down for protons of energies below about 1 Mev in ketones 
or aldehydes (because of the K electrons in the oxygen atoms). It is 
customary to correct equation (12) by adding an ‘inner shell cor- 
rection’ term (—C/Z) into the square bracket. Values of C/Z have 
been obtained empirically for protons of various energies in a number 
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of elemental targets and from suitable nomograms for other target 
materials+®. 

The inner shell correction term (—C/Z) obtained for protons 
of a certain velocity cannot be applied to equation (10) for electrons 
of the same velocity’? because an electron has much less energy 
and is much more readily deflected from its path than is a proton of 
the same velocity ?°. 

The density effect correction (— 6/2) that is added into the square 
bracket of equation (12) when the value of 8 approaches unity is 
negligible for protons with T’ < 300 Mev in ketones and aldehydes**. 
A moving positive particle with charge ze has a high probability 

of capturing an electron when the particle velocity v is in the vicinity 
of the Bohr orbital velocity of a K electron in the moving particle, 
i.e. when ?? 

v S ze*[h = 20/137 (13) 

For example, a proton f can capture an electron from the medium 

through which it is passing: 

p + medium ——> H* + medium+* (14) 

where H* represents an energetic hydrogen atom and the medium is 

ionized. The rapidly moving hydrogen atom can lose its electron in a 

subsequent collision: 

H* + medium ——-> p + e7 (medium) (15) 

The net result is that the moving particle is alternately a proton 

and a hydrogen atom until it has been slowed down so much that 

reaction (15) can no longer occur. The probabilities of occurrence of 

reactions (14) and (15) are equal when the particle velocities are 

e2/h = 2-2 x 108 cm/s, or T = 25kev. The ratio of the reaction 

probabilities 014/015 increases with decreasing energy of the moving 

particle??. The theory of energy transfer from fast heavy particles in 

this energy region is incomplete and apparently very complex. 

Equations (10) and (12) indicate that the rate of energy loss by a 

high energy electron is similar to that by a heavy charged particle 

that has the same velocity. Furthermore, since a heavy particle has a 

much lower velocity than does an electron of the same kinetic energy, 

the former particle has a much greater rate of energy loss than does 

the latter in the energy region where equations (10) and (12) are 

valid. Thus the density of excitation and ionization along the track 

of a proton or « particle is much greater than that along the track of 
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an electron of the same energy. This is the main cause of the differ- 

ences in product yields obtained when heavy particles rather than 

y-rays or electrons are used in some systems. The name commonly 

given to (—d7/dx) is ‘linear energy transfer’ or LeT and changes in 

radiolysis product yields from one type of radiation to another are 

frequently explained as ‘Ler effects’ ?°. 

5. Neutrons 

Neutrons have no electric charge so they do not interact with 
the electrons of a system. In systems such as aldehydes and ketones, 
that have only light elements and relatively low neutron capture 
cross-sections, high energy neutrons lose their energy mainly through 
elastic collisions with nuclei (Figure 4). The initial kinetic energy of 
the neutron is 7 and that of the nucleus is zero. The amount of energy 
transferred to the atom (nucleus) is given by® 

AT = area (T cos? 6) (16) 

where MM is the ratio of the mass of the atom to that of the neutron 
and @ is the recoil angle of the atom (see Figure 4). The recoil atom 
is usually ionized and it loses its kinetic energy in the manner described 
in section IT.A.4. 

It is evident from equation (16) that AT is greatest when M = 1, ie. 
for collision with a hydrogen nucleus, and gets progressively smaller 
as M increases. One may thus calculate that 85% of the energy 
absorbed by acetone from high energy neutrons is transmitted to the 

nucleus (A7 ) 

Ficure 4. Elastic collision of a neutron of energy 7 with a nucleus, with the 
transfer of kinetic energy AT from the neutron to the nucleus. 
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medium by recoil protons, 12°% is transmitted by recoil carbon ions 
and 3%, by oxygen ions. The results of radiolysis of organic systems 
by high energy neutrons are therefore expected to be similar to those 
of proton radiolysis. 

High energy charged particles can be generated in a system by 
the absorption of low energy neutrons by suitable nuclides. For 
example, if the system contains a boron or a lithium compound, one 
of the following reactions can occur by the absorption of a thermal 
neutron ?*; 

108 + n ——> "Li (0:85 Mev) + «(I-49 Mev) + y (0-45 Mev) (17) 

SLi + n ——> 5H (2:73 Mev) + a (2:05 Mev) (18) 

The y-ray produced in reaction (17) would pass out of an ordinary 
small radiolysis sample without being absorbed. The other product 
particles of reactions (17) and (18) would be charged and would 
transfer their energy to the sample in the manner described in section 
TT.A.4. 

B. Spacial Distribution of Activated Species / 

In radiolysis systems the excited and ionized species are not homo- 
geneously distributed in space, but are initially concentrated in the 
energetic particle ‘tracks’. Furthermore, the energy of a high energy 
particle is transferred in packets of various sizes to the medium. The 
average amount of energy in a packet is of the order of 10? ev, and 
is sufficient to produce several pairs of ions and several excited mole- 
cules. The activated species (ions, electrons, excited molecules and 
free radicals) stemming from a single packet of energy are formed in 
close proximity to each other and have a finite probability of reacting 
among themselves before they can diffuse into the bulk medium. 
Such a localized grouping of activated species is commonly called a 

‘spur’. There is a wide distribution of spur populations and popula- 

tion densities; one spur might contain a single ion—-electron pair and 

another might contain several ion-electron pairs plus several excited 

molecules. Random diffusion forces tend to cause the spur to expand 

and fade away into the bulk medium surrounding it. The coulombic 

force between an ion and an electron tends to make them recombine. 

There is also a finite probability that some of the neutral activated 

species will encounter and react with other neutral or charged 

activated species before the spur has faded away. 
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For a 1 Mev electron in water the average value of (—dT7/dx) 

is 0-024 ev/A 25, and the value is similar for a 1 Mev electron in a 

liquid ketone or aldehyde. If an average of 10? ev is deposited in 

each spur, the average distance between spurs is several thousand 
Angstroms. It can be estimated that an average spur in an electron 
track has an initial diameter of 20-60 A and that it will be essentially 
completely dissipated by the time the diameter has increased to 
100-300 A. Thus the electron track is made up of a series of relatively 
widely separated spurs. A 10 Mev a-particle in water has an average 
—dT/dx = 9-2 ev/A 7° and the particle track is a single, long cylin- 
drical spur that has short side branches that are caused by occasional 

moderately energetic electrons that are set in motion by the harder 
collisions of the «-particle. 

In the gas phase at pressures of one atmosphere and below, the 
density of the medium is so low that activated species are formed 
relatively far apart. The concept of spurs has generally been assumed 
not to apply in gases because it has been assumed that two activated 
species formed ‘near’ to each other are sufficiently far apart to cause 
them to diffuse into the bulk medium rather than react together. 
The pressures of gases that are required for spur formation with 
different types of radiation will doubtless be the subject of many 
future investigations. 

Reactive solutes are frequently added to interfere with the ‘normal’ 
reactions of the activated species. For example, some of the normal 
reactions in an alkane during radiolysis might be 

RH+ + e- ——> RH* (19) 

RHF => RH (20) 

H £°RH ——+> ‘Hy + R° (21) 

Addition of nitrous oxide to the alkane causes reaction (22) to compete 
with reaction (19), which means that reaction (23) partly replaces 
reactions (20) and (21). Part of the normal product hydrogen is 
thereby replaced by the new product nitrogen. 

e~ + N20 ——> N2O- (22) 

N.Or, ee Mpa (23) 

In general, the concentration of activated species in a spur is 
several orders of magnitude greater than that in the bulk medium. 
For this reason, much higher concentrations of reactive solutes, 
commonly called scavengers, are required to interfere with spur 
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reactions than are required to interfere with reactions of activated 
species in the bulk medium. 

Since the activated species are not homogeneously distributed 
in space, especially in condensed phase systems, non-homogeneous 
kinetics is required for the quantitative interpretation of radioylsis 
results in terms of reaction mechanisms. Two models of non-homo- 
geneous kinetics for the radiolysis of liquids have been developed. 
One model is based upon random diffusion of the activated species 
and it neglects the coulombic interaction between ions?®?°, The 
other model treats the coulombic interaction as the main cause of 
reaction between activated species in spurs*®1”, It is significant that 
the random diffusion model was developed for water, which has a 
high dielectric constant, and that the coulombic interaction model 
was developed first for liquid alkanes, which have low dielectric 
constants. Both models are obviously gross oversimplifications of 
reality and much more work has to be done to improve them or to 
develop new ones. 

C. General Types of Radiolysis Reactions 

The chemically significant activated species initially’ formed by 
the absorption of high energy radiation appear to be mainly positive 
ions, electrons and electronically excited molecules. These can react 
to form other ions and excited molecules, free radicals and stable pro- 
duct molecules. Ions are ultimately neutralized, excited molecules 
ultimately decompose or are de-excited and free radicals ultimately 
react with each other. All of these general types of reactions must 

ultimately be considered when the overall mechanism of the radiolysis 

of a system is being devised. 

Il. REACTIVE INTERMEDIATES 

Even in the most extensively studied radiolysis systems, namely, 

water, alcohols, and hydrocarbons, the exact natures of the reactive 

intermediates are not known. The radiolysis of ketones has received 

much less attention and that of aldehydes has thus far been almost 

ignored. The purpose of the present section is to provide a back- 

ground against which future studies, as well as the limited ones of the 

past, may be viewed. The reactive intermediates in radiation chemistry 

may be classified into positive ions, electrons, negative ions, excited 

molecules and neutral free radicals. 
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A. Positive lons 

|. Formation 

Primary positive ions are formed by the interactions of energetic 

charged particles with the molecules in the irradiated medium. 

When the primary radiation is not charged, e.g. y-rays or neutrons, 

the ionizations produced directly by the primary radiation are 
numerically negligible by comparison with those produced by the 
recoil electrons or recoil ions (see sections II.A.1 and I.A.5). 

It seems likely that some of the positive ions are formed in electron- 
ically excited states and that others are formed in the ground elec- 
tronic state. Some of the ions are vibrationally excited, due to the 
Franck—Condon effect and to internal conversions from lower vibra- 
tional levels of higher electronic states to higher vibrational levels of 
lower electronic states. The initial ionizing interaction of an energetic 
particle with a ketone or aldehyde molecule might remove an electron 
from either an alkyl group or the carbonyl group of the molecule. 
The ionization potential of an alkyl group is higher than that of a 

carbonyl group: the ionization potentials of CH,CO and CH;COCH, 
are 7:9 ev and 9-9 ev, respectively, whereas those of C,H; and C3;Hg, 
are 8-7 ev and 11-2 ev, respectively 2°. Thus, if an electron is removed 
from an alkyl group in a ketone or aldehyde the charge will tend to 
migrate to the carbonyl group. This type of charge migration is 
included in the meaning of the term internal conversion. 
New positive ions are formed by subsequent reactions of other 

positive ions. 

2. Reactions 

a. Decomposition and deactivation of excited ions. Ions that have suffi- 
cient excitation energy can decompose by fragmentation or rear- 
rangement. ‘The average amount of time required for a decomposition 
reaction to occur decreases with increasing excitation energy above a 
certain minimum energy requirement (threshold). If an excited ion 
undergoes a sufficient number of collisions before decomposition can 
occur, the excitation energy may be removed from the ion and the 
decomposition prevented. It is generally noted that molecular 
fragmentation occurs to a greater extent during radiolysis in gas 
phase than in condensed phase systems. This is probably because 
fragmentation of both excited ions and neutral molecules occurs 
readily in gases at about one atmosphere pressure or below, whereas 
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collisional deactivation and the recombination of radical fragments in 
cages (see section III.E.2) can occur in liquids and solids. 

Presumably the excited ions can undergo much the same types of 
decomposition and deactivation reactions as can the corresponding 
excited molecules (see section III.D.2), with the added consideration 
that the charge centre in the ion might be chemically active. 

b. Ion—molecule reactions. In hydrocarbon systems, the reactions of 
positive ions with neutral molecules can be roughly classified accord- 
ing to the number of electron vacancies in the valence shell of the 
reactant ion®°. A hydrocarbon ion that has no electron vacancy in 
its valence shell can donate a proton to another species that has a 
higher proton affinity. For example *?, 

CHs 4G, = CH, 4 Ce (24) 

A hydrocarbon ion that has one electron vacancy in its valence shell 
can undergo reactions that have the appearance of those of a mono- 
radical. For example ®?-%3, 

CHj* + CH, ——> CH#.+'CH; (25) 

CH;+ + CH, ——> C3H;* (26) 

However, it is difficult to tell whether reaction (25) is actually a 
hydrogen atom abstraction or a proton transfer reaction. Reaction 
(26) is also more complex than a simple free-radical addition to a 
double bond; once the initial addition complex of the CH;* and 
C,H, has formed, proton migration occurs®°. A carbonium ion lacks 
two electrons and has a completely empty orbital in the valence shell, 
and it tends to abstract H~ from other species**: 

ee - OH. = Ci, Che (27) 

Ion—molecule reactions in ketones and aldehydes have so far 
received little attention. The proton transfer reaction (28) probably 

Chee CHCHO.—-—= CH, + CH.CHOH (28) 

can occur because the proton affinity of acetaldehyde (180 kcal/ 
mole**) is greater than that of methane (118 kcal/mole*). The 
carbony! molecular ion is a free radical so hydrogen atom abstraction 
might occur (reaction 29). However, it is not possible to distinguish 

(CHs)2COt + CDgCOCD, ——> (CHs)aCOD + “CD,COCD, (29) 

reaction (29) from the proton transfer reaction (30) on the basis of 
present knowledge. Polarization forces might keep the (CH,COCH,;— 
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CD,COCD,)+* activated complexes together long enough to allow 

internal rearrangements to cause products of reaction (29) to be 

formed from some of the complexes and products of reaction (30) 

to be formed from others. 

. + 9 

(CHgCOCH,)* + CDsCOCD; ——» CHsCOCH, + (CDs)2COH (30) 

More speculation about ion molecule reactions in carbonyl com- 

pounds would not be worthwhile here. There is obviously a great 

need for experimental data in this field. 

c. Charge exchange. Charge exchange has been observed to occur 
between simple ions and molecules in mass spectrometers*®. For 
example*®, 

Xe+ (2P3) + CoHy ——> Xe + (CoH? :)* (31) 

The recombination energy of the Xet (?P3) ion is 12-1 ev°® and the 
ionization potential of ethylene is 10-5 ev®, so reaction (31) is 1-6 ev 
(37 kcal/mole) exothermic. The energy liberated in reaction (31) is 
probably mainly localized in the polyatomic product, so it is shown 
to be excited, (C,H7-)*. 

The charge exchange reaction between Xet(?P3) and acetone 
is 3-7 ev exothermic. The activation energy for the decomposition 
of an unexcited acetone ion into an acetyl ion and a methyl radical 
is probably nearly 3 ev, because the reaction is 2-4 ev endothermic 
and the activation energy of its reversal can be assumed to be a few 
tenths of an electron volt. Thus reaction (32) in the gas phase is 

Xe? (Pp) Crs COChs ——--> Xe 1 (CHeCOC ra.) * (32) : 

(CHgCOCH $.)* ——> CH3,CO+t + CH3 (33) 

probably frequently followed by reaction (33). In the liquid or solid 
phase, substantial deactivation of the acetone ion might occur before 
reaction (33) could occur. However, if acetone exchanged charge 
with an ion that had a larger recombination energy, such as Ar* (?P 3) 
(recombination energy 15-8 ev®®), reaction (33) might occur to an 
appreciable extent even in the condensed phases. 

Charge exchange with atomic ions is used as a method of producing 
molecular ions of known energies. 

Exchange of charge between complex molecules and complex 
molecular ions is relatively difficult to study because of the probable 
simultaneous occurrence of ion—molecule reactions. However, infor- 
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mation on this topic is needed for the elucidation of the overall 
mechanisms of the radiolysis of complex molecular systems. 

d. Neutralization. Yon neutralization reactions are difficult to study 
directly in radiolysis systems, so the literature contains little more than 
reasonable speculation on the subject. The products formed from the 
neutralization of a given positive ion should depend strongly on the 
nature of the negative species that takes part in the reaction. Dis- 
cussion of ion neutralization will be deferred to section ITI.C.2.e. 

B. Electrons 

I. Possible states of extra electrons in different media 

It is necessary to distinguish between several possible states of 
electrons that are not bound to individual molecules, namely the 
free, quasi-free, trapped and solvated states. The free and quasi-free 
states are non-localized states, whereas the trapped and solvated 
states are localized states of electrons. 

An electron can be truly free only in a vacuum. A free electron in 
an applied electric field is continuously accelerated as long as it is in 
the field, so the conventional term ‘mobility’ has no meaning with 
regard to free electrons. ; 

If the electron is in a medium that hinders its motion, the medium 
can remove, by means of collisions, the energy that the electron 
acquires by acceleration in an electric field. In an electric field of 
constant strength, the electron acquires a constant ‘drift velocity’ 
in the direction of the field. The electron mobility is then defined 
as the quantity (drift velocity/field strength). This situation applies 
to quasi-free and solvated electrons. 
A quasi-free electron is one that interacts only slightly with the 

surrounding medium. If an extra electron is in a low pressure 
gas that does not capture electrons, such as helium or nitrogen, the 
time-averaged distance between the electron and the molecules of 
the gas is so large that the time-averaged interaction between them 
is very small. The electron is deflected and exchanges energy each time 
it collides with a molecule, but it moves freely between collisions for 
distances that are long compared to a molecular diameter. The 
mobilities of electrons in gases such as the rare gases, hydrogen and 
nitrogen are dependent upon the gas density and the applied electric 
field strength, but at atmospheric pressure, room temperature and 

very low field strengths they are 10°-10* cm?/v s°7°°, 
The net interactions of nearly-thermal energy (~ 0-1 ev) electrons 
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with argon, krypton and xenon are so low*®-*° that extra electrons are 

quasi-free even in the liquids of these substances. The mobilities of 

extra electrons is 470 cm2/vs in liquid argon at 90°x, and is 1300 

cm?/v s in liquid krypton at 120°x. 
However, the repulsive interaction between electrons and helium 

atoms is sufficiently great *° that a thermal electron in liquid helium is 

localized in a bubble*!, so it becomes a solvated electron. Contrary to 

a recent prediction’, it is quite possible that a thermal electron in 

liquid neon is also localized in a bubble, because the energy depend- 

ence of the electron scattering cross-section of neon *° and the possible 

magnitude of the zero-point energy of the localized electron was 

neglected. 
The quasi-free state of electrons occurs in media where the potential 

energy barriers to electron translation are not sufficiently large to 
confine an electron in a small space for a finite time. 

In cases where the electron—-medium interactions provide suffi- 
ciently great potential energy barriers to electron translation through 
the medium, a low energy electron becomes localized in a small 
space. A localized electron diffuses through the medium at a rate 
similar to that ofa molecular ion. The mobilities of localized electrons ** 
and of positive helium ions** in liquid helium at 4-2°K are 2:2 x 10~? 
and 5 x 10-2cm?/vs, respectively; those of electrons*® and sodium 
ions*® in liquid ammonia at 240°Kx are 9-1 x 107% and 1:5 x 107° 
cm?/v s, respectively; those of electrons*®*? and sodium ions*® in 
water at 298°K are, respectively, 1-8 x 107% and 0-52 x 107% cm?/vs. 
It seems very likely that electrons form localized states also in some 
liquid hydrocarbons**:?”, 

No completely satisfactory model for the structure of solvated 
electrons has yet been proposed *®, with the exception of the structure 
of electrons solvated in liquid helium®®. The continuous dielectric 
models*® are consistent only with electron localization in polar 
liquids. A very crude general model for electron localization in polar 
and non-polar dielectric liquids has been proposed ®°: present experi- 
mental results seem to be consistent with the qualitative picture of the 
solvated electron occupying an interstitial cavity in the liquid, with a 
fraction of the electron density extending into surrounding cavities. 
The medium around the cavity is polarized and it is contracted some- 
what by the long range polarization attractions (electrostriction). 
The central cavity might be larger than a normal interstitial position 
in the liquid, due to short range repulsions and the zero-point energy 
requirement of an electron confined in a small space®®5?, 
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The trapped state of an electron is not in thermal equilibrium with 
the surrounding medium: it is a transient state that is transformed 
into the solvated state over a period approximately equal to the 
dielectric relaxation time of the medium. The solvated state is in 
thermal equilibrium with the medium. 

2. Reactions 

a. Attachment to neutral molecules. Electrons can attach themselves to 

suitable molecules to form negative ions, 

erp Ap aes, (ABR h8 (34) 

If the reactant molecule has a positive electron affinity, the attach- 
ment reaction is exothermic and the heat of reaction is contained as 
excitation energy in the product ion. The excited ion has four possible 
fates: it might release the electron, reforming the reactant (reaction 
35) ; it might dissociate into two fragments (reaction 36); it might be 

(AB-)* ——> AB + e- (35) 
(AB-)* ——> A + B- (36) 

(AB-)* + M ——> AB- + M (37) 
(AB-)* + C ——> AB + C- (38) 

stabilized by a collision with another molecule (reaction 37); or it 
might transfer the electron to another molecule during a collision 
(reaction 38). The excitation energy of the ion is usually vibrational 
and it can be dissipated amongst the various vibrational modes in 
the molecule. The larger the number of modes, the less likely is 
reaction (35) and the more likely is one of reactions (36)—(38) to occur. 
Reaction (36) is favoured by a large amount of excitation energy per 
vibrational mode in (AB~)*, by a weak A—B~ bond and by a low 
concentration of collision partners M or C in the system (these include 
AB molecules). When reaction (36) occurs, the overall process of 
reactions (35) and (36) is known as dissociative attachment. Reaction 
(37) is favoured by the opposites of the above-mentioned conditions 
that favour reaction (36). Reaction (38) is a possible method of ion 
stabilization, although it would be difficult to distinguish experi- 
mentally from reaction (37) if C is AB or has a lower electron affinity 
than AB. In the latter case the electron would probably be transferred 
back to an AB molecule in a later collision (see section III.C.2.c). 
If C has a greater electron affinity than AB, reaction (38) could only 
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be distinguished on .a reaction time basis from the corresponding 

reaction of the stabilized ion (see section III.C.2.c), 

AB” 4+ C.-——> AG Fr (39) 

Negative carbonyl ion formation in the gas phase has not yet 
received much attention, but the few available results®?°? are 
readily explainable in terms of reactions (34)-(37). For electrons 
with energies in the thermal region, the efficiency of electron attach- 
ment, i.e. the electron attachment coefficient, appears to be inversely 
proportional to the electron speed®?. The average electron speed 
varies from one experimental system to another, so the quantity 
that is most readily compared from one compound to another is the 
product of the attachment coefficient and the electron velocity, 
called the attachment frequency v of the compound®?. Values of v 
were determined for several compounds mixed with diluent gases at 
total pressures of a few tens of torr°?. The values of vy depended some- 
what on the diluent gas (ethylene, carbon dioxide or methanol). The 
average values obtained for a few carbonyl compounds are listed in 
Table 1. 

The attachment frequencies can be related to the rate constants 
of reactions (34)—(37) as follows: in the experimental apparatus ®?, 
the electrons could be captured by molecules as the electrons drifted 
in an electric field from their source (a photocathode) to their point 
of measurement (a grid that collected the electrons but not the negative 
ions). The decay of the electron concentration during the time of 
passage between the source and the collecting grid can be represented 
by expression (40), for electrons of a given velocity distribution (e.g. 
for thermal electrons at a given temperature). 

die. 
~ dt oc v[e~ ] [AB] (40) 

A steady state kinetics treatment of reactions (34)—(37) yields equation 
(41). 

d[e™] kgs = 
laine: Faa(I AB sashisheodk dean em) [AB] 41) 

By comparing expressions (40) and (41) for electrons of the same 
velocity distribution it can be seen that 

k 
Cr (1 = eek TE) 42 

‘ a kgs + kag + ka7[M] a 
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Taste 1. Thermal electron attachment frequencies. 

Compound Y(SmoetOrnms) ce 

1. CHz;GOCOCH, See 
2. CH;GOCOC,H; De ee 
3. CH;COCH,COCH; 5: a LOSS 
4. CH;COCH,CH,COCHs3 20% 10" p 
5. CH,=—CHCHO 8 x 10° p 
6. CH,—CHCOCHs Gexel02 Dp 
7. (GH 3)2C—-CHCOCH, Seca OPA 
8. CsH;COCH, 6 x 10° p 
9. CsH;CH,COCH3 2% 10°.p 

10. CH3;GOCH3 400° 
11. CHOCHO 1084 

“1. Bouby, F. Fiquet-Fayard and H. Abgrall, Compt. Rend., 261, 4059 (1965). Where more than 
one diluent gas was used, the average value of v is reported. 

> p is the gas pressure in torr. 
© This is an upper limit because the observed effect might have been due to impurities. 
4R.N. Compton and L. Bouby, Compt. Rend., 264, 1153 (1967). 

Under conditions where (k35 + kag) « kg7[M], expression (42) 
reduces to 

v © kgg , (43) 

and the observed attachment frequency should have a relatively high 

value and should be independent of the gas pressure. This was observed 

for the conjugated diketones biacetyl and pentane-2,3-dione (com- 

pounds 1 and 2, Table 1). 
Under conditions where k35 > (k3g + k37[M]) and kg6 < ka7[M], 

expression (42) reduces to 

v © kgaka7[M]/kos (44) 

and the attachment frequency should have a relatively low value and 

be proportional to the pressure. This was observed for compounds 

3-9 in Table 1. 
The attachment frequency of acetone (compound 10, Table 1) 

was very low and should have been proportional to the pressure, 

contrary to observation. For this reason it seems very probable that 

the observed attachment was due to the presence in the system of a 

trace (<1 p.p.m.) of an impurity such as biacetyl. 

It was pointed out® that conjugated double bonds are important 

in the attachment process. 
The value of kg, is very small for the biacetyl negative ion. The 

average lifetime for autoionization of the ion, when formed from 
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thermal electrons, is. 12° "10-55%" (1.e)"%3, = 8 « 10*+s-*). The 
average time between collisions for an ion in the systems used to 
obtain the values in Table 1 was 10~®-10~° s, so kgz[M] > kgs and it 
is clear why the value of v for biacetyl was observed to be independent 
of pressure. It can also be deduced from the results of Compton and 
coworkers °° that k3g « kg, in biacetyl. Since the 2,3 bond of biacetyl 
is relatively weak (70 kcal/mole®*) by comparison with the bonds 
in most of the other compounds in Table 1, it follows that the value 
of kgg is probably negligible for all of these compounds when they 
attach thermal electrons. Radiolysis systems usually have pressures 
greater than | torr and reaction (37) apparently dominates reaction 
(36) at these concentrations of carbonyl compounds. 
Comparison of the electron attachment frequencies of compounds 

5 and 6 in Table | indicates that the value of v for acetaldehyde would 
be approximately as small as that of acetone in the vapour phase. 
On the other hand, acetaldehyde reacts rapidly with solvated electrons 
in liquid ethanol®*°® and acetone reacts rapidly with solvated 
electrons in liquid water®’. The difference between the attachment 
coefficient of the thermal quasi-free electrons in the gas phase and 
that of the solvated electrons in the liquid solutions probably reflects 
differences in the rate constants of reactions (34)—(36) as well as the 
difference in the concentration of M for reaction (37) in the two 
phases. For example, if the gas phase reaction (45) is more exothermic 
than is the aqueous phase reaction (46), the reverse of reaction (45) 
probably has a greater rate constant than has the reverse of reaction 
(46). This would mean that kg, has a greater value in the gas than in 
the liquid phase. 

e- + CHsCOCH, ——> (CH,COCH;)* (45) 
€aq + (CHsCOCHs).q ——> (CHsCOCH?;)&, (46) 

Electron attachment probably occurs readily in the pure liquids 
acetone and acetaldehyde. Attachment of thermal electrons would 
be extremely rapid in the condensed states of the other compounds 
listed in Table 1. 

Negative ions in liquid and solid ketones and aldehydes have been 
studied by various spectroscopic techniques®®®°, The carbonyl 
anion can be represented as follows: 

On o> 

Ra fie Re 
Pe x Re R’ 

(1) (2) 
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In aliphatic aldehydes and ketones structure 1 predominates because 
of the electronegativity of the oxygen atom. In aromatic aldehydes 
and ketones, especially if the aromatic groups contain electronegative 
substituents ®*® or fused rings, some of the negative charge is delocalized 
over the aromatic groups. 

One of the many questions that remain to be answered is whether, 
in liquid phase carbonyl compounds, electrons have time to reach 
the solvated state before they are captured by the carbonyl groups. 
The electrons might be captured when they have been greatly slowed 
down but before they have become trapped. On the other hand, they 
might be captured after being trapped but before they have settled 
completely into the solvated state. If the capture process is relatively 
slow, the electron becomes fully solvated before being captured. For 
example, if the most stable geometry of the negative ion is significantly 
different from the most stable geometry of the uncharged carbonyl 
compound, the electron might not be captured until it meets a mole- 
cule with a favourable geometry. This might require sufficient time 
that the electron becomes trapped, or even solvated, before the cap- 

ture process occurs. 

The time required for electron solvation in many simple organic 

liquids that have viscosities of 1-10 millipoise should be 10717— 

107 ts: 

b. Neutralization. It is probable that most electrons generated in 

most pure dielectric liquids have sufficient time to become solvated 

before being neutralized?®. Whether or not most of the electrons 

generated in the radiolysis of carbonyl compounds are captured by 

the carbonyl groups before being neutralized is not known. The 

discussion at the end of the previous section is relevant to this question. 

For the moment we will assume that nearly all of the electrons 

generated in ketones and aldehydes are captured before being neut- 

ralized, and discussion of the neutralization reaction will be deferred 

to section ITI.C.2.e. 

C. Negative Ions 

1. Formation 

Essentially all of the initial negative ions formed in irradiated 

systems apparently result from the attachment of electrons to mole- 

cules (see section III.B.2.a). There is no evidence that the heterolytic 

dissociation reaction (47) occurs in any radiolysis system studied : 

AB* ——> A+ + Bo (47) 
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where AB* is an: excited molecule. In discussions of negative ion 
formation one frequently encounters reaction (48) ®'®*. However, 

eo AB =o ee ee (48) 

reaction (48) is really an overall process composed of the elementary 
steps (47) and (49), and it has a very low probability of occurrence 
in most systems. 

en HP APtLE Se plApe (49) 

Other negative ions may be formed by the reactions of the initial 
negative ions. It should be stressed that dissociative electron attach- 
ment is not a single step process, but is merely reaction (34) followed 
by reaction (36). 

2. Reactions 

a. Autoionization, decomposition and deactivation of excited ions. See 
section III.B.2.a. 

b. Thermal decomposition. It is interesting to note that the rate 
constant for the decomposition of the N,O~7 ion to Nz + O7 at 
110° (k = 3 x 10%s~?} for thermal activation ®*) is greater than that 
for the decomposition of the neutral N,O molecule to N, + O at the 
same temperature ®* by a factor of 1027. A factor of about 10* of this 
enormous difference is probably explained by the fact that a for- 
bidden singlet — triplet transition is involved in the decomposition 
of molecular N,O°, whereas no spin change is involved in the 
decomposition of the ion (doublet —> doublet). The electron affinity 
of the O(?P) atom is probably significantly greater than that of the 
NO molecule, so the endothermicity and hence the activation energy 
of the ion decomposition is probably lower than that of the molecule, 
which would explain much of the rest of the difference in the decom- 
position rates. 

Similarly, the decomposition of a ketone or aldehyde ion [e.g. 
reaction (50)] should have a lower activation energy than has the 

CHsCOGHs =—> CHCO— SCR: (50) 

decomposition of the corresponding neutral molecule [e.g. reaction 
(51)] because the electron affinity of the radical should be greater than 

CH3sCOCHs ———> CHsCO* + CH3 (51) 

that of the molecule. Thus the rate constants for the decomposition 
of carbonyl negative molecular ions should be greater than those for 
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the decomposition of the corresponding neutral molecules under the 
same conditions of temperature and pressure. 

c. Electron transfer (charge exchange). An electron can be transferred 
from a negative ion to a suitable molecule during a collision ®*: 

ABW Cia AB + CO (52) 

For reaction (52) to occur at an appreciable rate at temperatures 
in the vicinity of 300°x, C must have a greater electron affinity than 
has AB. Furthermore, AB~ must be sufficiently long lived to be able 
to encounter a C and react with it. 

There is a great need for accurate values of the electron affinities 
of many types of compounds and radicals. Apart from the crude 
value (225 kcal/mole) for biacetyl, no values of electron affinities 
for carbonyl compounds and radicals appear to be available. 

Solvation effects doubtless influence the values of electron affinities, 

so values are required for compounds in solvents of various polarities 

as well as in the gas phase. 

d. Bronsted base reaction. Carbonyl negative ions are Bronsted bases 

and can accept protons from Brgnsted acids. For example, reaction 

(CHs)2CO* + ROH ——> (CHs)2COH + RO-’ (53) 

(53) occurs during the radiolysis of solid phase solutions of acetone 

CH,;CHO* + C,H;OH# ——> CH,CHOH + C.HsOH (54) 

in alcohols at —196°®°. Reaction (54) occurs during the radiolysis 

of liquid ethanolic solutions of acetaldehyde®°-°®. 

The ion (CHs3) ,COH is probably formed during the radiolysis 

of pure acetone (section III.A.2.b), so one of the neutralization 

reactions will be 

(CHs)aCO* + (CHs)2COH ——> (CHe)gCO* + (CHs)aCOH# (55) 

where one or both of the neutral products are formed in excited 

states (*,*). 

e. Neutralization. Charge neutralization commonly occurs by the 

transfer of either an electron or a proton. Neutralization reactions 

that involve solvated electrons obviously occur by electron transfer. 

The above ion—ion neutralization reaction (55) probably also occurs 

mainly by electron transfer, although proton transfer might make a 

contribution. Reaction (54) occurs by proton transfer. 

The products of a neutralization reaction depend on the natures 

of the reactant ions. Positive ions that can act as Bronsted acids are 

13+6.C.G. II 
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associated, or ‘clustered’, with several of their parent molecules in the 
gas phase at pressures in the vicinity of and greater than 1 torr®’. 
In acetone at 0-4 torr, 50°%% of the positive ions observed with a mass 
spectrometer were H* (CH,GOCH3).°®”. Clustering also occurs about 
positive ions in acetaldehyde vapour ®’. Negative ions have also been 
observed in acetone vapour by high pressure mass spectrometry ©, 
but the vast majority of the ions observed at ion-chamber pressures 
greater than 0-01 torr might have been due to impurities. The main 
negative ion that was clearly formed from acetone was CH,COCH 
and its concentration decreased from 39%, to 3% of the total observed 
negative ion concentration as the acetone pressure increased from 
0-001 to 0-05 torr. It is therefore not yet worthwhile to speculate about 
the products of neutralization reactions in the vapour phase radiolysis 
of simple carbonyl compounds. 

The clustering of molecules about ions in the gas phase corresponds 
to partial solvation, but most of the ions that undergo neutralization 
in the liquid state are completely solvated. The reaction of a given 
pair of ions is less exothermic the more highly they are solvated. This 
may be one of the reasons that the yields of fragmentation products 
are much greater in gas- than in liquid-phase radiolysis. 

In the liquid phase, the ions are initially scattered along the high 
energy particle tracks. They are not homogeneously distributed in 
the system, so their neutralization reactions have to be described by 
non-homogeneous kinetics. The kinetically significant electrons are 
the secondary electrons set in motion by the high energy primary 
charged particles (see sections II.A.1 and II.B). The formation and 
neutralization of ions during the radiolysis of pure dielectric liquids 
can be represented by the following mechanism}5. The square 
brackets around the reactants and products indicate that the entities 
are inside a spur. The wiggly arrow in reaction (56) represents absorp- 
tion of energy from the radiation. 

A ~~~ [At + e-] (56) 
[e- + mA] —— [N-] (57) 
[At 2 Alene TMS] (58) 

” [geminate neutralization] (59) MEN ote 
[ + ] aM Poh (free ions) (60) 
M+ + N~ ——+» random neutralization (61) 

Most of the secondary electrons lose their energy so rapidly that 
they form a localized state while still in the vicinity of their parent ions. 
Electron localization is represented in reaction (57) and the precise 
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nature of N~ probably goes through several changes. Whether N~- 
is ultimately a solvated electron or a molecular negative ion depends 
on the nature of A. In some systems reaction (58) might not occur, 
in which case M* would be A*. In pure acetone N- might be 
(CHs)2,CO™ and M+ might be (CH;),COH*, neglecting the solva- 
ting molecules associated with these ions. 

Reaction (59), also referred to as geminate recombination or initial 
neutralization, is driven by the Coulombic energy of attraction between 
the ions. Reaction (60) is simply a diffusion process and is driven by 
thermal energy (kT). The competition between reactions (59) and 
(60) at a given temperature depends mainly on the strength of the 
Coulombic attraction between the pair of ions, which depends on 
their separation distance and on the dielectric constant of the inter- 
vening medium}, but does not depend on the identities of M+ and 
N-. For this reason the yield of free ions in a given liquid cannot be 
increased by adding a reactive solute to it, as has sometimes been 
supposed (unless, of course, the solute increases the dielectric constant 
of the liquid, which is sometimes the case”). The result of this 
competition is illustrated by the fraction of the total ions generated by 
reaction (56) that become free ions. Calculated values of this fraction 
for the y-radiolysis of several liquids are listed in Table 2. 

The free ions diffuse at random and, in the absence of other ions, 
ultimately meet free ions from other spurs and react with them 
[reaction (61)]. 

Tasie2. Yields of free ions in the y-radiolysis of liquids, expressed as fractions 
of the total ions. 

Dielectric Density? Free Ions° 

Liquid Constant? (20°) (20°, g/cm®) Total Ions 

Cyclohexane 2.0 0.78 0.027 
Diethyl ether 4-3 0-71 0-054 
Cyclopentanone 13-5 0-95 0-15 
Acetaldehyde ~ 15-20 0-78 0-2-0-3 
Acetone 21-4 0-79 0-33 
Ethanol a 0-79 0-37 
Methanol 33 0-79 0-48 
Water 80 1-00 0-68 

2 Landolt-Bornstein, Zahlenwerte und Funktionen aus Physik. Chemie. Astronomie. Geophysik. Technik, 
Vol. 2, Part 6, Springer, Berlin, 1959, pp. 633-638. 

> Handbook of Chemistry and Physics, 33rd Ed., Chemical Rubber Publishing, Cleveland, 1951. 
© Calculated by the method of G. R. Freeman and J. M. Fayadh, J. Chem. Phys., 48, 86 (1965). 

Recent results indicate that G(total pairs of ions) © 4 in these liquids. 
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Liquid ketones and aldehydes have moderate values of dielectric 

constants, so less than half of the ions initially formed during their 

y-radiolysis become free ions (Table 2). In a liquid irradiated by a 

high ter radiation (heavy particles) the fractional yield of free ions is 

lower than that in the liquid irradiated by a low LET radiation (x- 

and y-rays and high energy electrons). This is because the ions are 

generated closer together by a high Ler radiation, so each electron 

is attracted back towards the region of its origin by the combined 

fields of several positive ions. 

3. Lifetimes 

To the best of present knowledge ions generated in the radiolysis 
of gases at or below atmospheric pressure react essentially according 
to homogeneous kinetics. The average lifetime + of ions with respect 
to neutralization in the absence of an applied electric field can be 
estimated from the rate of production of ions and the value of the 
neutralization rate constant (k ~ 10~® cm/ion s in the gas phase®®). 
The rate of production J of ions is given by the quotient of the absorbed 
dose rate R and the amount of energy W required to form an ion pair: 

I = R|W (pairs of ions/cm s) (62) 

A steady state homogeneous kinetics treatment of the formation and 
neutralization of ions gives equation (63) for their average lifetime 

7 = (k1)~* {s) (63) 

and a typical value of ris 1 x 107% sina gas at atmospheric pressure 
with R = 3 x 10% ev/cm’s and W = 25 ev. 

In liquid systems the free ions are neutralized according to homo- 
geneous kinetics and their average lifetimes are also described by 
equation (63). It may be shown that, to within a factor of two or 
three, the homogeneous neutralization rate constant for radiolytic 
ions in dielectric liquids is given by ®® 

kx 2x 10%eq (I/mole s) (64) 

where e¢ is the dielectric constant of the liquid and 7 is its viscosity in 
poise. In liquids that have viscosities in the vicinity of one centipoise 
(e.g. acetone, acetaldehyde, cyclohexane) the average lifetime of the 
free ions at a typical y-ray absorbed dose rate of 10'® ev/cm®s is 
10-*s. On the other hand, the ions that undergo geminate neutral- 
ization in each of these liquids have a continuous spectrum of life- 
times between about 1077 and 107-1179, The lifetime distributions 
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acetone 

cyclohexane 

O 
12 10 8 6 

-log ¢ (s) 

Ficure 5. Lifetimes of ions in the y radiolysis of liquid acetone and cyclohexane. 
G(N_); is the yield of N~ per 100 ev that would be observed after a time ¢, 
assuming that 3-0 pairs of ions were formed per 100 ev absorbed in an instantane- 
ous pulse of radiation. The corners at the tops of the curves were rounded 
intuitively because the model [G. R. Freeman, J. Chem. Phys., 46, 2822 (1967)] 
is weak in this region. If G(N~),) = 4 instead of 3, the G values in Figure 5 

should be multiplied by 4. 

are independent of the dose rate and are skewed towards the low 
lifetimes, with a peak in the vicinity of 10~11*1s. The relative numbers 
of ions that have lifetimes greater than or equal to ¢ in acetone and 
in cyclohexane, for ¢ values between 10717 and 10~®s are shown in 
Figure 5. The model that was used in the calculations of these 
spectra is very crude?’, but it fits a number of aspects of the radioly- 
sis of liquids moderately well. 
A reactive solute that is in a liquid under irradiation must react 

with an ion before it is neutralized, or not at all. The average amount 
of time f, required for the solute reaction is given by equation (65). 

i, = (Ks[S]) ~* (65) 
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where k, is the rate constant of the ion-solute reaction and [S] is 

the solute concentration. Free ions have relatively long lifetimes, 

so relatively small concentrations of reactive solutes can react with 
(scavenge) them. In fact, unless compounds are very carefully puri- 
fied before radiolysis, trace impurities might react with the free ions 
and prevent the formation of the true radiolysis products of the main 
compound. This doubtless explains at least part of the relatively 
large effect of small amounts of water on the radiolysis of acetone™?’”*. 
Larger concentrations of suitable solutes can also react with the ions 
that undergo geminate neutralization?®*’, 

D. Excited Molecules 

|. Formation 

Excited molecules can be formed by energetic particles or photons 
impinging on molecules, or by the neutralization of ions, or by energy 
transfer from other excited molecules. Specific excited states may 
also be formed by internal conversion or intersystem crossing’? from 
other states in the same molecule. 

Little is yet known with certainty about which specific excited 
states are initially formed during the radiolysis of a given system 
and which excited states ultimately undergo chemical reaction. 
However, in benzene solution the lowest triplet states (n, 7*) of 
cyclohexanone’* and cyclopentanone™®, which isomerize to open 
chain olefinic aldehydes, are formed mainly by energy transfer from 
excited benzene molecules, which are probably in their lowest 
triplet state. 

2. Reactions 

Energetic molecules can dissipate their excess energy by chemical 
reaction, photon emission or energy transfer. Chemical reactions 
of excited ketone and aldehyde molecules were extensively discussed 
in the chapter on photochemistry”. Photon emission and energy 
transfer are described in the recent book by Calvert and Pitts7®. 
Various aspects of energy transfer are discussed in detail in such books 
as that of Birks”” and the published reports of various conferences 7*-®°, 
The present discussion will be limited to a brief outline of the general 
types of chemical and physical reactions. 

The main mode of initial excitation during radiolysis is electronic, 
combined with a smaller amount of vibrational excitation due to 
the Franck-Condon effect. The electronic energy can in many 
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instances be transformed into vibrational excitation by internal 
conversion and intersystem crossing. 

a. Chemical reactions These are of five main types: dissociation into 
free radicals, dissociation into molecules, isomerization, abstraction 
of a hydrogen atom and addition to a double bond. 

The n,7z* excited carbonyl compound that dissociates into a pair 
of free radicals can be in either a singlet or triplet state. The dissocia- 
tion has several possible reaction paths, some of which are: (a) 
predissociation; (b) transition to a high vibrational level of the ground 
electronic state of the carbonyl group, followed by the rapid surge of 
part of the vibrational energy into adjacent bonds which breaks an 
e-C—C bond with a jolt; (c) transition to a high vibrational level 
of the ground electronic state of the carbonyl group followed by more 
or less equipartition of the energy in the molecule and the ultimate 
breakage of a bond; (d) in some instances the Franck-Condon 
vibrational excitation energy might be sufficiently large for dissociation 
to occur in the electronically excited state. Although all four of these 
processes, and even others, might occur, for the commonly occurring 
dissociation of simple ketones from their lowest triplet state, processes 
(a) and (b) seem the more likely. Process (a) seems at'’first sight to 
be more reasonable than process (b), but the group that contains the 
electronic energy (C—O) is not the group that dissociates. For example, 

(CH COP es CH CO hs (66) 

An interesting correlation of the photo-decomposition of formaldehyde 
with the geometry and bonding properties of several of its possible 
excited states has recently been presented *+. It was suggested that the 
initially formed singlet n,7* state undergoes radiationless transitions, 
facilitated by its non-planar geometry, to single electron population 
of singlet antibonding states of the CH, group (o*oy, and o* oy). 
The o@,, state has partial bonding between the two hydrogen atoms 
and decomposes to H, + CO; the o*,,% state is H—H antibonding 

and decomposes to H + HCO*?, 
Remarks similar to the above apply also to the dissociation of 

excited molecules into smaller molecules. Several dissociation proces- 
ses occur during the photolysis of glyoxal with 4358 A light®?. It has 
been suggested that Norrish type II decomposition, to form an 
olefin and an enol, occurs exclusively through the triplet ketone 8°. 

Several types of isomerization are possible, depending on the 
nature of the excited molecule. Cycloalkanones can undergo ring 

137 
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opening to form open chain olefinic aldehydes (reaction 67) 7%. 

9 

* (67) 

Cyclopropyl alkyl ketones can isomerize to propenyl alkyl ketones 
(reaction 68) ®°. 

CH2* 
we 

CH3sCOCH —> CHgsCOCH=CHCHs3 (68) 

CHe 

Alkyl ketones with y-hydrogens can form cyclobutanols (reaction 
69) 86.87, 

OH 

CH,;COCH,CH,CH# ——» CH;C——CH, (69) 

CH,—CHs 

Olefinic carbonyl compounds can undergo cis—trans isomerization 
(reaction 70) 88. 

trans- or cis-CH3;COCH=CHCH* ———+ cis- or trans-CHsCOCH=CHCHg (70) 

Reactions (67) to (70) can presumably have either singlet or triplet 
state precursors, but the triplet state is greatly favoured in most 
instances. Reactions (67) to (69) might also have diradical inter- 
mediates other than the simple triplet state molecules, but the con- 
troversy over diradical and concerted mechanisms will be discussed 
in section ITI.E.3. 

Triplet carbonyl groups can abstract hydrogen atoms from suitable 
donors**:°° and they have reactivities similar to that of tbutoxy 
radicals °°, 

RaCO* + R’H ——»> RgCOH + R” (71) 

Norrish type II decompositions and reaction (69) involve the intra- 
molecular abstraction of a hydrogen atom from the y-carbon by the 
triplet state carbonyl group. Reaction (71) has apparently not been 
observed when R’H is an R,CO molecule. When an excited carbonyl 
molecule meets a ground state carbonyl molecule, perhaps energy 
transfer occurs instead of reaction(71). 
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The cycloaddition of triplet carbonyls to olefins, forming oxetanes, 
can occur when the triplet energy level of the olefin is higher than 
that of the carbonyl (reaction 72) 91. When the triplet energy of the 

RaCO* + R{C=CR4 ——> fRAC—CR, R,C—CR, 
(n,* triplet) ae —_—| | (72) 

RgC—O ACO 

olefin is less than that of the carbonyl compound, triplet-triplet 
energy transfer may occur to the exclusion of oxetane formation ®. 

b. Photon emission. This physical reaction only occurs in excited 
states that are sufficiently long lived for the emission process to occur. 
The amount of time required for emission is greater than about 
10~°s for an allowed electronic transition and greater than about 
10-7 s for a forbidden transition; the lowest triplet states of molecules 
that have singlet ground states not uncommonly have emission 
lifetimes of 10~*s in the fluid phases and even longer in the rigid 
phases’®. Luminescence of certain aromatic molecules has been used 
to study electronic energy transfer processes in multicomponent 
systems °?-°*, However, most excited species generated during radio- 
lysis decompose or are deactivated before they can luminesce °°, 
Photon emission is not, therefore, a major process in most radiolysis 
systems. 

The emission of infrared radiation during radiolysis has apparently 
not yet been studied, but one can say intuitively that the importance of 
infrared emission is negligible from the point of view of energy loss. 

c. Energy transfer. The term ‘energy transfer’, when used by radia- 
tion chemists, usually refers to the transfer of electronic excitation 
energy from one molecule to another. It applies equally well to 
the transfer of vibrational, rotational and translational energy, but 
these have so far received little explicit consideration in radiation 
chemistry. 

Electronic energy transfer is of great importance in radiolysis 
systems because the molecules that initially absorb energy from the 
energetic charged particles are frequently not the molecules that 
undergo chemical reaction. This is especially true in the condensed 
phases. Energy transfer therefore has a great influence in determining 
the ultimate radiolysis products. 

Energy transfer is difficult to study in a single component system. 
It is readily observed in many multicomponent systems and, by 
extrapolation, it seems very likely that it also occurs in many single 
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component systems.’ The following are a few examples of electronic 

energy transfer involving carbonyl compounds. 

Triplet n,7* carbonyl compounds readily transfer energy to olefins 

that have lower energy 7,7* states, and the olefins can then undergo 

cis-trans isomerization®’. The energy transfer can also occur if the - 

energy of the 7,7* state of the olefin is higher than that of the n,7* 
state of the carbonyl, but the reaction is less efficient %’. 

During photolysis of a solution of biacetyl in pentan-2-one with 
3130 A light, much more light is emitted by the biacetyl than can be 
explained by the direct excitation of biacetyl by the light beam. 
At the same time, the amount of dissociation of the pentan-2-one into 
ethylene and acetone is much less than that in pure pentan-2-one 
similarly photolysed %*. This probably demonstrates transfer of energy 
from the lowest triplet state (rather than from an excited singlet state 
as suggested by the original authors) of pentan-2-one to biacetyl. 

Triplet state acetone can transfer energy to aldehydes, thereby 
inducing their decomposition’. These reactions were observed in 
the gas phase, but they would probably also occur in the liquid 
because triplet acetone can sensitize the cs—trans isomerization of 
pent-2-ene in the liquid phase*°°. The radiationless-decay lifetime 
of triplet acetone in liquid hexane at room temperature is 5 x 10~&s1%, 
which is long enough to allow the excited molecule to encounter many 
other molecules by diffusion in the liquid. 

The lowest triplet state of benzene can transfer energy to cyclo- 
hexanone™* and to cyclopentanone”®, thereby inducing their isomeri- 
zation to open chain olefinic aldehydes. 

Three conditions are required for efficient transfer of energy 
from one molecule to another: (a) the reaction must be thermoneutral 
or exothermic, i.e. the acceptor molecule must have an energy level 
at the same energy or below that of the excited level of the donor; 
(b) spin must be conserved in the transfer reaction; (c) the excited 
donor must have a long enough lifetime to be able to encounter and 
react with an acceptor molecule. 

Four mechanisms have been proposed to explain energy transfer?7+102 
and the mechanism is not the same in all systems. The mechanisms 
differ in the manner of energy migration from the donor D* to the 
acceptor A. 

(i) D* diffuses molecularly through the system until it meets an 
A molecule. Energy transfer occurs during a physical, molecular 
encounter. 
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(ii) The excitation energy migrates through the system as an exciton 
(an excitation wave, or an energy packet). The exciton can be 
trapped by an irregularity in the system that has an energy 
level lower than the energy of the exciton. 

(iii) The energy is transferred by a long range interaction between 
D* and A, over a distance of several molecular diameters. The 

presence of several inert molecules (solvent) between D* and A 
is required because when the concentrations of D and A are 
large this mechanism reduces to the exciton mechanism (ii) 19%. 
It is sometimes said that in mechanism (iii) a ‘virtual photon’ 
passes from D* to A. A real photon is not emitted and re- 
absorbed in this mechanism. 

(iv) The energy migrates by photon emission and reabsorption until 
it is absorbed by the trapping molecule. The energy of the 
photon emitted by the ‘trap’ is too low to be reabsorbed by the 
medium. This mechanism has received very little experimental 
support. 

For mechanisms (ii)—(iv) the above required condition (a) for 
efficient energy transfer must be restricted somewhat by adding 
that the emission spectrum of the donor must overlap the absorption 
spectrum of the acceptor. This is because the de-excitation of the 
donor and the excitation of the acceptor do not involve simultaneous 
distortions of the molecules, i.e. the transitions are Franck-Condon 
transitions. In mechanism (i) the transfer might involve the inter- 
mediate formation of an activated complex, or excimer, that has an 

appreciable lifetime. The donor and acceptor molecules in the excimer 

could be distorted from their normal geometries, so the emission and 

absorption spectra of the participants would not be the same as those 

of the isolated molecules. Mechanism (i) does not violate the Franck— 

Condon principle; the principle simply does not apply because the 

donor and acceptor are in contact for a sufficiently long time for 

molecular distortion to have time to occur to assist in matching the 

donor and acceptor energy levels. 
Triplet state energy transfer can occur in the solid, liquid and gas 

phases. In crystals transfer occurs by the exciton mechanism (ii) 1 Cen OT, 

When the donor and acceptor molecules are in dilute solution in an 

inert rigid glass, transfer occurs by the virtual photon mechanism 

(iii) 98-199, In the liquid phase the molecular diffusion mechanism 

(i) seems to be favoured°, In the gas phase the exciton and virtual 

photon mechanisms are highly improbable because the molecules 
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are so far apart and it is assumed that triplet state energy transfer 
occurs by the molecular diffusion mechanism. 

The triplet states involved in the above discussion are the lowest 
triplets of molecules that have singlet ground states. The transfer of 
energy from excited singlet states of these molecules is less well known. . 
Presumably the above remarks apply also to transfer from singlet 
states, but their much shorter lifetimes greatly restrict the situations in 
which energy transfer can occur from them. 

E. Neutral Free Radicals 

A free radical can be defined as a substance that has one or more 
unpaired electrons in its valence shell. From this point of view extra 
electrons (solvated, trapped, etc.) and many positive and negative ions 
are also free radicals. The present section concerns neutral free radicals. 
A free monoradical contains one unpaired electron and a diradical 

can be defined as an atom or molecule that reacts as though it has 
two monoradical functions?11,. Many excited molecules can therefore 
be classified as diradicals. Excited molecules were discussed in section 
III.D, so the diradicals considered here (section III.E.3) will be 
mainly those that behave more as a pair-of-doublets!! state than as 
a singlet or triplet state species. 

I. Formation 

Neutral free radicals can be formed by the decomposition of 
excited molecules and ions, by ion—molecule and ion neutralization 
reactions and by reactions of other free radicals with molecules. For 
example: 

(CHs)gCO* ——> CH,CO° + CH; (66) 

(CHsCOCHgt)* ——> CHsCO* + CH; (33) 

(CHs)aCO} + CH,COCH,. —_>. (CH,),COH_ +. CH-COCH. (73) 

(CHs)2CO7 + ROH ——+> (CH,)2COH + RO- (53) 

(CHs)2COz + (CHs)aCOH ——> (CHs)gCO* + (CHs)2COH# (55) 

CH; + CH,COCH, ——> CH, + CH,COCH, (74) 

2. Reactions of monoradicals 

Many kinds of free radical reactions are described in a new series 
of books*!”, and the information available on the subject is extensive. 
The detailed discussion of monoradical reactions in carbonyl com- 
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pounds would require a separate chapter in the present book. The 
discussion given here will be brief and the greatest emphasis will be 
given to reactions that involve the carbonyl group itself. 

Typical reactions of thermal monoradicals in irradiated saturated 
carbonyl compounds at room temperature are hydrogen atom abstrac- 
tion and radical-radical combination: 

CH CHICHO"=——> cHy + CH{CO (75) 

TOr0CO CHC, (76) 

The aldehydic hydrogen is easier to abstract than is a hydrogen 
atom from the alkyl group1!’. In a ketone, the hydrogen atoms on 
the a-carbons are more readily abstracted than are those on other 
carbon atoms??%, 

In the condensed phases molecular motion is greatly hindered 
because there is only a small amount of free space between the mole- 
cules. Thus, when two radicals are formed by a reaction such as (66) 
in the liquid or solid phase, they are held next to each other for a 
finite time until one of the radicals escapes from its twin by a diffusive 
jump. During the time that they are held next to each other by the 
solvent ‘cage’ there is a finite probability that they will react together: 
for example, 

(CH,CO* + CH3) ——> CH,COCH, (77) 

where the round brackets indicate that the radicals are in the same 
cage. 

Disproportionation apparently does not occur to an appreciable 

extent between acyl (RCO) radicals. Radicals that have the unpaired 
electron on the «-carbon might disproportionate if the B-carbon 
contains a hydrogen atom, but the disproportionation to combination 

= CHa=CHCOCH, + CHsCH2COCHs (78) 
2CH3sCHCOCH, ee 

CHsCHCOCH, 

CH3CHCOCH3 (79) 

ratio, ky7g)/ki79) tor these radicals is apparently not known. 

Radicals do not add to the carbonyl 7 bond to an appreciable 

extent. Attachment of a radical to the oxygen of the carbonyl has 

too high an activation energy; for example reaction (80) would have 

an activation energy of 14 kcal/mole", so the more facile abstraction 
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reaction (81), with activation energy of only 7-8 kcal/mole, occurs 
instead+1, Attachment of a radical to the carbon of the carbonyl 

CH,CHOC,Hs (80) 
CH3CHO + C2Hg ; 

Cae CH3,CO + CoHe (81) 

has not been reported either, but possibly for a different reason; for 
example the addition reaction (82)11* and the abstraction reaction 
(83) 118 have the same activation energy of about 8 kcal/mole, so 

CH3CH20° (82) 

CH; +°CH,0 | 
aS CH. + CHO (83) 

perhaps the frequency factor of reaction (82) is much smaller than 
that of reaction (83); Aigs,) ¥ 4 x 1071/mole s11, 

If a carbonyl molecule contains much more energy than it needs 
to decompose, for example if it absorbed a relatively large quantum 
of energy, the radicals formed by its decomposition might have suffi- 
cient energy to decompose further: 

CH3;COCH#* ——> CH,CO* + CH; (84) 

CHCOf => Che CO (85) 

When acetone is irradiated at an elevated temperature, reaction (85) 
also occurs by thermal activation of the acyl radicals produced by 
reaction (66). The CH;—CO dissociation energy is only 11 kcal/ 
mole*?®, so reaction (85) occurs readily at 100-200°c. 

In summary, the most probable reactions of monoradicals in 
saturated carbonyl systems appear to be abstraction, combination 
and decomposition. In the presence of suitable alkyl radicals or 
olefinic compounds, the usual disproportionation or addition reac- 
tions, respectively, presumably occur as well. 

3. Diradical versus concerted mechanism in isomerization 
reactions 

Reactions such as (67)—(69) have more than one possible path. 
This will be illustrated by reaction (67). A concerted mechanism is 
possible in which the intermediate never has a significant amount of 
pair-of-doublets character: A C—C o-bond would break, a C—C 
a-bond would form and a hydrogen atom would shift from one carbon 
to another, all at the same time (reaction 67a), 
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O 1 oO 

H 
Hg} ——> y (67a) 

On the other hand, the excited cyclopentanone molecule might 
decompose by cleavage of a C—CO bond, producing a diradical 
that would attain an appreciable amount of pair-of-doublets character 
as the two free-radical ends separated from each other!!!, The free- 
radical ends could then either disproportionate or recombine intra- 
molecularly (reaction (67b), or (86), respectively). 

° 

(67b) 

cones if 
e 

There has been a lot of discussion about the relative merits of 
concerted and diradical mechanisms. Most of the experimental 
results can be equally well interpreted in terms of either path. Some 
results, to be mentioned later, seem to require that a diradical inter- 
mediate be formed. Many results have been presented as evidence in 
favour of concerted mechanisms1??°118, but it was not realized that 
the properties of a diradical are different in some respects from those 
of a mono-radical; most, if not all, of the results presented 119-118 can 
also be explained by diradical mechanisms*119, There is not room in 
this article for a detailed critique of the reported results and conclu- 
sions. Space will only be taken to mention some of the properties of 
the systems that were neglected in the interpretation of the results. 
First, the period of rotation of the end groups in a diradical would 
probably be of the order of 10~??-10~11 s, so intramolecular dispro- 
portionation or recombination could occur in 107115 or less. Thus, 
a very high concentration of an extremely reactive radical scavenger, 
e.g. 100 atm of oxygen, would have to be added to interfere with the 
intramolecular reactions of diradicals. The excited state precursors 
of the diradicals probably have longer lifetimes than the diradicals 

(86) 
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themselves, so the additive would probably attack the excited molecule 
more readily than it would the diradical (this is true for both excited 
singlet and triplet carbonyl molecules). Secondly, the small amount 
of free volume in the liquid phase reduces the rates of molecular motion 
and distortion in comparison with the rates in the gas phase. It can be 
shown with the aid of molecular models that the isomeric distribution 
of hept-5-enals formed from 2-methylcyclopentanone should be very 
similar from both diradical and concerted mechanisms in the liquid 
phase. The determination of the czs/trans ratio of isomers in the 
products of the vapour phase reaction would be much more significant. 
Thirdly, the only type of bond broken in the initial formation of the 
diradical would be a C—CO bond. And so on. 

The following results require the postulation of alkyl acyl diradical 
intermediates. The vapour phase photolysis of cis- and trans-2,6- 
dimethylcyclohexanone each gave the same ratios of cis-and_trans-1,2- 
dimethylcyclopentane and of unsaturated aldehydes}*°. The photo- 
lysis of androsterone caused it to invert to lumiandrosterone ?1, 

It may be noted that the results of the pyrolysis of cyclopropanes 1??? 
seem to require the postulation of diradical intermediates and there is 
strong evidence for diradical formation in the pyrolysis of pyrazol-1- 
ines 123,124 

In some instances, due to molecular structure or lack of free space 
in the medium, the two radical groups in a diradical are held in close 
proximity to each other. When this happens the ‘unpaired’ electrons 
interact with each other and the diradical has some singlet or triplet 
character mixed with its pair-of-doublets character. Crude calcula- 
tions indicate that the amount of interaction is appreciable between 
thermal radicals separated by less than about 3 A (the exact interac- 
tion distance depends on the shapes and relative orientation of the 
unfilled orbitals). The lifetime of a diradical is expected to be longer 
if it has triplet character than if it has singlet character. These sugges- 
tions are strongly supported by recent results of various workers 125126, 

The diradicals formed from small-ring cyclic ketones or from any 
cyclic ketone in the confines of the liquid or solid phase should have 
considerable singlet or triplet character. If the dissociation of radiation- 
excited ketones occurs by predissociation (section III.D.2.a), then the 
diradicals formed from triplet molecules have triplet character, at 
least initially; those formed from singlet molecules initially have 
singlet character. The triplet character of a diradical must be inverted 
to singlet character before internal disproportionation or recombina- 
tion can occur: disproportionation in the triplet state is highly endo- 
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thermic because a triplet 7,7* state would have to be formed, and 
recombination is spin forbidden. This is why diradicals with triplet 
character should have longer lifetimes than those with singlet char- 
acter. 

The reactions that have the greatest appearance of occurring by 
concerted mechanisms might ultimately be found to have singlet 
state precursors that may or may not acquire sufficient pair-of-doublets 
character to classify them as diradicals. 

IV. RADIATION CHEMISTRY OF SPECIFIC COMPOUNDS 

It has been general practice in radiation chemistry to interpret 
results in terms of neutral free radical reactions as long as these 
reactions were consistent with the results. Radiolysis systems were 
tested for the presence of free radicals by adding solutes that are very 
reactive towards radicals. However, recent developments in radiation 
chemistry, especially concerning the reactions of ions and of excited 
molecules, have shown that much of the older work has several pos- 
sible interpretations. Many of the solutes used, such as iodine and 
conjugated diolefins, react with ions and excited molecules as well 
as with neutral free radicals, so more selective solutes and other tech- 
niques will have to be used. 

In this section, the radiation chemistry of carbonyl compounds 
will be illustrated by briefly discussing the radiolyses of acetone and 
cyclopentanone. 

The yield of a product P is reported as G, which is the number of 
molecules of P formed per 100 ev of energy absorbed by the system. 

A. Acetone 

The yields of products from the y-radiolysis of liquid acetone are 
sensitive to the water content of the liquid”!»”? and an extensive study 
of the radiolysis of dry acetone has not been made. However, the 
yields of the major products from wet acetone, containing about 0-1% 
water, will give a general idea of the nature of the radiolysis (see 
Table 3). 

The yield of methane was greatly reduced by the addition of 
10-2 molar iodine or diphenylpicrylhydrazyl (DPPH) to the acetone 
before radiolysis!?”. It was suggested that 85°% of the methane from 
pure acetone was formed by the reaction of thermal methy] radicals*?’: 

CH; + CHsCOCH, ——» CHy + CH2COCH, (74) 
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Taste. 3, Yields of major products from the 
y-radiolysis of liquid acetone’. 

‘Product G 

He 0-87° 

co 0-83 

CH, 2-6° 

C,H, 0-48? 

(CH;GOCH,). 1-0°¢ 

CH;COOH 0-9¢ 

CH,COOR4 0-7¢ 

CH;COCH,COCH, 0-41°¢ 

(CH;),CHOH 0-33° 

((CH3)2CGOH). 0-31¢ 

* Dose 102° ev/ml; dose rate 1017 ev/ml min; temper- 
ature 21 + 6°c; the acetone contained about 0-1% of 

water. 
> P. Ausloos and J. F. Paulson, J. Amer. Chem. Soc., 80, 

5117 (1958). 
¢jJ. Kuéera, Coll. Czech. Chem. Commun., 30, 3080 

(1965). 
4 Unresolved acetates. 

The presence of iodine would cause reaction (87) to compete with 

CHa tJ. CHa (87) 

reaction (74), thereby reducing the methane yield. The yields of 
acetonylacetone and acetylacetone were greatly reduced by the pre- 
sence of oxygen in the system+*°. This is consistent with their forma- 
tion by the combination of radicals, reactions (88) and (89), and 

2 CHsCOCH, ——> (CHsCOCH,)> (88) 

CH;CO° + CH,COCH, ——» CH,COCH,COCH, (89) 

with their reduction in yield by the reaction of the radicals with 
oxygen, reaction (90). 

RO, — > ‘RO; (90) 

However, recent advances indicate that oxygen™*:75, iodine and 
DPPH might have attacked triplet state or ionic precursors of the 
radicals instead of the radicals themselves. Pulse radiolysis studies 
of liquid acetone have shown that roughly 1-2G units of triplet 
states and roughly 1-2G units of negative ions are scavengeable 
by 10~? molar concentrations of solutes such as anthracene129, The 
yield of free ions of each sign (see section III.C.2.e) is also about 
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1G unit*®°, and the negative ions observed by pulse radiolysis 129 
were probably free ions. 

Much more work must be done to resolve the ambiguities of the 
proposed mechanisms of product formation. 

The yields of hydrogen, carbon monoxide and ethane were only 
slightly affected by the presence of 10-2 molar iodine or DPPH in 
the acetone*?’. These results are consistent with the following sug- 
gestions. (a) The acetone species that is a precursor to hydrogen is in 
a higher excited state than is the species that is a precursor to me- 
thane**?. The more highly excited species presumably has a shorter 
lifetime and is therefore less subject to attack by a solute. (b) Carbon 
monoxide is formed by reaction (85). (c) Ethane is formed mainly by 
the combination of methyl radicals in spurs (see section II.B) or by 
ion—molecule reactions. The combination of methyl radicals in spurs 
is further indicated by the increase in ethane yield with increasing 
LET of the radiation ?®? (see section II.A.4). 

The yield of acetic acid was reduced by drying the acetone more 
thoroughly’*. It was therefore suggested that the acetic acid was 
formed by the following mechanism”: 

CH,COCH¥ ——> CH, + CH,CO (91) 

CH,CO + HzO ——> CH;COOH (92) 

The isopropanol and pinacol may have been formed by reactions 
(93) and (94), respectively. The (CH 3),COH radicals could be 

CHsCHOHCH, + CHsCOCHs (93) 
2(CH3)2COH 

((CHs)2COH)2 (94) 

formed in several ways, for example, 

(CHz)2CO= + (CHs)2cOH ——> (CHz)gCO* + (CHs)2COH? (55) 

(CHz)a2cCOHt + M ——> (CHg)2COH + M (95) 

It is unfortunate that liquid products are so much more difficult 
to analyse than gaseous products, and that the techniques are so 
different. These are doubtless the reasons that most workers report 
only gaseous products, and that most of those who report liquid 
products neglect gaseous products. 

B. Cyclopentanone 

The yields of the major products of the radiolysis of liquid cyclo- 

pentanone are listed in Table 4. Many of the yields are similar to 
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those of the analogous products from acetone (Table 3). Hydrogen 
and carbon monoxide’ are produced in nearly the same amounts 
in the two systems. The total dimer yield in cyclopentanone (G = 1-1) 
is similar to that of the total dimer (acetonylacetone plus pinacol) 
in acetone (G = 1:3). Cyclopentanol in cyclopentanone (G = 0-8) is 
nearly equivalent to the sum of isopropanol and acetate in acetone 
(G = 1-0). The primary radiolytic reactions are evidently quite 
similar in the two compounds. 

The effects of solutes on the radiolysis of cyclopentanone 7°*199-194 
indicate that cyclopentanol, pent-4-enal and the dimers each have at 
least one long-lived precursor and that hydrogen, carbon monoxide 
and ethylene do not have long-lived precursors. Benzene is a triplet- 
state sensitizer and a relatively inefficient radical scavenger, whereas 

Tasie 4. Yields of major products from the 
y-radiolysis of liquid cyclopentanone™?. 

Product G 

He 0-78 

CO 0-67 

C,H, 0-80 

C,H, isomers 0-11 
CH,—CHCH,CH,CHO 0-8 

pane tim 

O Oo 

total ‘dimer’ 1-1 

polymer’, (C;HgO)4.¢ 0-4 

“D. L. Dugle and G. R. Freeman, Trans. Faraday 
Soc., 61, 1166, 1174 (1965). 

» Yields extrapolated to zero dose from 1029-1020 
ev/ml; dose rate 1018 ev/ml min; temperature 25 + 2°a; 
the cyclopentanone contained 0-02% of water. 

° Excluding dimer; 1-9 G units of monomer reacted 
to form polymer that had an average degree of poly- 
merization of 4-6. 
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penta-1,3-diene is an efficient scavenger of both carbonyl triplet- 
state energy and free monoradicals. A comparison of the solute 
effects of benzene and penta-1,3-diene indicates that the long-lived 
precursors of cyclopentanol and of the dimers are monoradicals and 
that that of pent-4-enal is thé lowest triplet cyclopentanone mole- 
cule 75-133, 

Only about 70 %, of the pent-4-enal has triplet cyclopentanone as 
a precursor. ‘The rest of this product has a shorter-lived precursor, 
perhaps an excited singlet state7®. 

The controversy over diradical and concerted mechanisms, pre- 
sented for isomerization reactions in section III.E.3, also enters the 
discussion of mechanisms of formation of carbon monoxide, ethylene 
and the isomers of C,Hg (cyclobutane, but-1-ene, and methylcyclopro- 
pane) from cyclopentanone. However, both mechanisms require that 
the molecules that decompose to ethylene have more vibrational energy 
than do those that yield C,H, and that the latter have more vibra- 
tional energy than do those that form pent-4-enal. The triplet-state 
molecules have such long lifetimes (> 10~7s7°) that they are prob- 
ably in their lowest vibrational level before they decompose. It is 
therefore probable that carbon monoxide, ethylene and ,C,H, have 
mainly excited singlet state precursors. These precursors have very 
short lifetimes and solutes at usual concentrations have only slight 
effects on them and therefore on their product yields7®. 

The formation of pent-4-enal is a ring-opening reaction that is 
expected to have a positive volume of activation, i.e. the molar 
volume of the activated complex is expected to be greater than that 
of the reactant. In agreement with this, the rate of formation of pent-4- 
enal decreased when the density of the liquid cyclopentanone was 
increased either by applying pressure to the liquid or by cooling it!!9, 
The isomerization was nearly completely suppressed by freezing the 
ketone either by the application of 5000 atm of pressure at 25° or by 
cooling at atmospheric pressure to — 80°?!°, Unfortunately, it was not 
possible to determine the volumes of activation of the individual 
steps of the radiation-induced isomerization, but the overall value 
at 1 atm was AV* = 2-4 ml/mole and it increased with increasing 
pressure. 
A detailed investigation of the ionic reactions in irradiated ketones 

remains to be done. If G (total ionization) ~ 4-0 in liquid cyclo- 
pentanone, then G (geminate neutralization) ~ 3-4 and G (free ions) 
~ 0-6 (see Table 2). The free ions apparently do not produce a major 
portion of the hydrogen?*?. 
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