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FQ reword 

This book is the second in a series of treatises dealing with the chem- 
istry of functional groups. As in the first volume (The Chemistry of 
AIkmes, 1954), this present volume again attempts to encompass all 
facets of a functional group and to give up-to-date descriptions of the 
nature of the carbonyl group, of the main pathways leading to its 
formation, and of its main modes of reaction. Special topics, such as 
the biochemistry and the photochemistry of the carbonyl group and 
the chemistry of thiocarbonyl compounds, are treated in separate 
chapters. 

T h e  authors of the chapters were asked to concentrate their efforts 
on a critical discussion of their subjects, emphasizing recent advances 
and new developments, and addressing themselves mainly to post- 
graduate students and research workers. Material appearing in  
modern testbooks or reviewed satisfactorily in  easily available 
sources was to be covered briefly and only then if it was considered 
to be necessary for the balance of the presentation. Nevertheless, each 
author was asked to treat his subject monographically and a certain 
amount of overlap between the chapters was accepted in order to 
preserve their structural unity and to spare the reader from too fre- 
quent recourse to different chapters of the book. 

Two of the chapters promiscd for the book failed to materialize on 
time (‘Equilibrium additions to carbonyl groups’ and ‘ Syntheses 
and uses of isotopically labelled carbonyl compounds ’). The policy 
previously established for the series was followed again and the 
volume is presented on schedule, the editor and publisher preferring 
relative incompleteness to obsolescence. 

For the guidance and trust of Dr. Arnold M‘eissberger, my mentor 
and friend, I continue to stand indebted. Most of my editorial work 
on this volume was carried out in a period of hardship and calamity : 
the shared strength and understanding of my wife made coniplction 
of my task possible. I also wish to thank the staff of the publisher’s 
editorial office in London for their exceptional patience, helpfulness, 
and efficiency. 

Jerusalem, November 1965 
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SAUL PATAI 
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2 G. Berthier and J. Serre 

1. INTRODUCTION 

In  this chapter we shall deal with the physicochemical properties 
and the theoretical treatment of carbonyl compounds. In  the 
carbonyl group, a very characteristic functional group of organic 
chemistry, the bonds between the carbon and the oxygen atoms are 
made up of 0 and 7r types, The oxygen atom bears two lone-pair 
electrons; one lone-pair orbital is mainly of type 2s, but the other 
lonr:-pair orbital is of type 2p and its axis is directed perpendicularly 
10 the direction of the rr orbitals. The main physicochemical properties 
of carbonyl compounds are controlled by this electronic structure 
and also by the geometrical position of the carbonyl bond. In  an 
aldehyde the functional group is necessarily located at a terminal 
position in the molecule; in a ketone the group may be located in 
another part of the molecule but the oxygen atom is still bound only 
to one carbon. We will see in section I1 that the physicochemical 
properties of carbonyl compounds are very homogeneous in the case 
of aldehydes, and also in the case of those ketones where the carbonyl 
group is not connected with another functional group. As the 2) lone 
pair has its orbital directed in a direction perpendicular to that of 
the rr bond, the lone-pair electrons cannot be conjugated with the 
n- system, and the properties of this lone pair are relatively constant. 
The properties connected with the rr electrons of the carbonyl bond 
we also fairly constant, this bond being usually very slightly de- 
localized. With pyridine or analogous compounds, there are two 
unsaturated atoms in the vicinity of the nitrogen atom and the 
heteroatom lone pair has a certain amount of s character which may 
vary from one compound to another. Hence, the explanation of the 
physicochemical properties is much less simple in these cases. 

In  section I11 the diffcrent possible theoretical treatments of 
carbonyl compounds are given for the ground state and for some 
excited states ; the theoretical treatment of some radicals derived 
from carbonyl compounds is also outlined. In  order not to repeat the 
definitions of the essential concepts of quantum chemistry, section I11 
is based on the chapter written by Coulson and Stewart in the first 
volume of this series". The notation of these authors is kept as far as 
possible, and many references are given in section I11 to equations 
used by them (referred to, in parentheses, as C.S. followed by the 
section number). However, the complete theoretical treatment of the 

* C .  A. Coulson and E. T. Stewart in The Chenzistty of rll/;mes (Ed. S. Patai), 
Interscience Publishers, London, 1964, pp. 1-147. 
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carbon-carbon double bond is not necessary for the understanding 
of the present chapter on carbonyl compounds. 

!I. PHYSICOCHEMICAL PICTURE OF T H E  
CARBONYL GROUP 

A. Physical Properties and Polurity 

1. Length of the C=Q bond 

The length of the C=O bond in aldehydes, ketones, acids, and 
estersis about 1-20 A according to the most recent determinations, par- 
ticularly those by electron diffraction and by microwave spectro- 
scopy. Inorganic molecules containing the carbonyl group, such as 
carbon monoxide, carbon dioxide, or the carbonate ion, have bond 
lengths clearly different from 1.20 A (see Table 1). Walsh' proposed 
to correlate the length of the carbonyl bond with its polarity: the 
length of a bond increases as its polarity decreases. This would 
explain the fact that the carbon-oxygen distance is larger in acetalde- 
hyde than in formaldehyde by taking into account the direction of 
the inductive effect of the CH, group. For the same reason, the 
length of the carbonyl bond in acetyl fluoride is less than 1.20 b 
(1.181 A) and smaller than in acetyl chloride (1.192 A). The C=O 
distance (1.166 A) in phosgene shows that the polarity of the carbonyl 
bond in this molecule is much smaller than in formaldehyde. 

I t  is well known and has been borne out ky :he theoretical work 
of Mulligan2 and of Peters3 that the polarity of the carbonyl bond 
in  carbon dioxide is small. The experimental determination of the 
dipole moment of carbon monoxide has given a very small value 
(p  = 0.1 D) with the polarity C --0 + '. In fact the direction of this 
polarity has recently been discussed critically5. The very small value 
of the dipole moment, i.e. the very small polarity, is in  agreement 
with the very small value of the bond length (1.128 A).  

The conjugation of the carbonyl bond with a double or a triple 
carbon-carbon bond or with the k N  bond has only a small 
influence on the C=O distance; thus the length of the carbonyl 
bond is the same in propynal as in acetaldehyde (1.215 A). A value 
of the same order of magnitude (1.222 A) is given by a recent x-ray 
structure determination of p-benzoquinone 6. The same situation 
exists for conjugated double and triple carbon-carbon bonds ', the 
constancy of the C=C and the C=C bond length at about 1.335 b 
and 1 ~ 2 0 6  A, respectively, being well established 8. 
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I t  is clear that the hybridization is not simple sp2 when the bond 
directions of the carbon linked to the oxygen are considered. For 
example, in the planar ground state of the HCHO molecule, the 
HcH angle is 116°31'9 and in acetaldehyde the CSO angle is 
123°55'10 instead of 120" for a simple sp2 hybridization. We will see 
(section 1II.E) that this fact does not affect the results of ab initio 
calculations such as those made on formaldehyde by Goodfriend 
and coworkers 11, since these calculations do not rely on hybridization. 

The data on the bond lengths used in this discussion are collected 
in Table 1. 

TABLE 1. C=O bond lengths. 

Compound Length Method" Ref. 
(A) 

co 

COZ 

cos 
COCl, 
COFz 
CH3COF 

c302 

CH3COCI 
HCOOCH3 
IICOOH 
HCHO 
CH3CHO 

C b C C H O  
CH3COCH3 
CH,=CHCHO 
CHOCHO 
fi-Benzoquinone 
CHSCOCN 

co: - 
HCOOCH3 (CO) 
CH30H 

1-1282 
1-1308 
1.1632 
1-16 
1-1637 
1.166 
1-174 
1.181 
1.192 
1.200 
1 -202 
1.2078 
1.216 
1.208 
1.215 
1.22 
1.22 
1-20 
1.222 
1.226 

{ ;:;:: 
1.334 
1 -42 7 

spect. 
m.w. 
spcct. 
e.d. 
m.w. 
m.w. 
m.w. 
m.w. 
m.w. 
m.w. 
m.w. 
m.w. 
m.w. 
e.d. 
m.w. 
e.d. 
m.w. 
spect. 
x.r. 
m.w. 

X.S. 

m.w. 
m.w. 

1 
2 
3 
4 
5 
6 
7 
8 
9 

!O 
11 
12 
13 
14 

15, 16 
17 
18 
19 
20 
21 

22 

10 
23,24 

a Abbreviations are as follows: 

spect. = spectroscopy 
m.w. = microwave spectroscopy 
e.d. = electron diffraction 
x.r. = x-ray structure determination 
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2. Bond energies 

Glockler l2 determined carbon-oxygen bond energies for the most 
important molecules containing this bond. From the values show~l 
in Table 2, it can be seen that strong carbon-oxygen bonds have 

TABLE 2. Carbonyl bond energies. 

Compound Bond energy 
(kcal/mole) 

co 257-3 
co2 192.1 
CH,=C=O 184.8 

HCHO 

CH3COCH3 

c=O 160.0 
C-0 106.0 HCOOH 

HCOOCH3 

CH30H 

-0 160.0 
C-0 106.0 
G O  81.2 
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relatively short lengths. The bond in carbon monoxide has the 
highest carbon-oxygen bond energy (257.3 kcal), which strongly 
supports the interpretation of a carbon monoxide electronic structure 
with a triple bond between carbon and oxygen. 

The behavior of formaldehyde was found unusual, and Glockler 
assumed this to be due to the presence of an intramolecular hydrogen 
bonding. The hydrogen-bonding energy was estimated as 5.0 
kcal/mole. The same situation is found in other aldehydes and in 
czrboxyfic acids; the existence OF an intramolecular hydrogen bond- 
ing of about the same energy is thought to exist between protons and 
the oxygen atom of the carbonyl group in the aldehyde and carboxyl 
groups 12. 

3. Dipole moments 

Dipole moments are usually determined by studying the dielectric 
constant of solutions and by measurement of the Stark effect on 
microwave transitions 13. The dipole moment, as obtained experi- 
mentally, is a number that does not specify direction. One of the very 
rare determinations of direction has been recently discussed criti- 
cally4s5. With suitable assumptions, the total dipole moment of a 
molecule can be dissected into component bond moments which are 
assumed to be relatively constant properties of the u bonds of the 
molecules. This procedure is only of empirical utility; it ignores the 
!ox-pair electrms ar,d the polarization induced by neighboring 
dipoles. This last effect can change the ionic character of a bond and 
sometimes even the geometry of the molecule. 

For compounds containing n-bond networks it has been convenient 
to separate the total dipole moment into a u moment and a ‘ i ~  moment. 
We will see later (section 1II.E) that such a procedure is not 
theoretically justifiable. 

The dipole moments of some carbonyl compounds are collected 
in Table 3. The very small bond polarity of carbon monoxide and of 
carbon oxysulfide is in agreement with remarks by Walshl. The 
influence of the inductive effect of the methyl group is very clear if 
we compare the dipole moment of acetone (2.9 D) with those of 
acetaldehyde (2.68 D) and of formaldehyde (2-339 D) ; adjacent 
methyl groups increase the polarity of the carbonyl bond. On  the 
contrary, chlorine atoms decrease the polarity as seen from com- 
parison of the dipole moment of phosgene (1-19 D) with that of 
formaldehyde (2.339 D). This is also very clear in the cases of acetyl 
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TABLE 3. Dipole moments of some carbonyl compounds. 

Compouncl Dipole moment Method" Ref. 
(D) 

co 0.1 12 m.w. 1 
0.13 comp. 2 

cos 0.7 124 m.w. 3 
COCl, 1.109 d. 4 
HCOF 2.02 m.w. 5 
HCHO 2.339 m :.a,'. 5 
HCOCT-: 1,415 m.w. 5, 6, 20 
CH30H 1.69 m.w. 7 
clcococl 0.92 d. 8 
H,C=C=O 1 -387 m.w. 9 
(COOH), 2-63 d. 10 
CH3CH0 2.68 m. 11 
CH3COBr 2.45 d. 12 
CH,COCl 2.47 d. 12 
CH,CICHO 1.99 d. 13 
CH3COCH3 2.90 m.w. 14 
HZC=CHCHO S-cis 2.6 m.w. 15 

s-trans 3.1 1 m.w. 15 
HCzCCHO 2.46 m.w. 16 
CsHSCHO 2.724 I-. t .  17 
CeHSCOCH3 2.97 d. 18 

CH3(CH2)5CHO 2.58 d. 19 
Cyclohexanonc 3.08 conip. 2 

a Abbreviations are as follows: 
m.w. 
comp. = computation from the experimental values obtained by difi'ercnt mcthods 
d. = dielectric-constant method 
r.t. = rclaxation-time method 

= Stark effect on rr?icro:vssc spcctra 
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3. S. A. Marshall and J. M'cber, PAYS. Rev., 105, 1502 (1957). 
4. C. G. Le Fkbvre a i d  Ti. J. M'. Le Ftbvre, J .  Chern. Soc., 1696 (1935). 
5. 0. H. LeUlanc, V. W. Laurie, and W. D. Gwinn, J .  Clem. Phys., 33,  598 (1960). 
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1963. 
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chloride and of chloroacetaldehyde, where the inductive effect of the 
methyl group is completely cancelled. 

The conjugation of the carbonyl bond with a double or a triple 
carbon-carbon bond has only a very small influence on the C=o 
moment as in the case of bond lengths: for example, propynal has a 
dipole moment of 2-46 D. 

One might expect that to a first approximation the moment of an 
aromatic compound and that of the corresponding aliphatic com- 
pound W G L ? ! ~  be ~lear!y the same; but because ofthe greater poiariz- 
ability of the phenyl group in the near neighborhood of a dipolar 
group, the moment of an aromatic compound should be slightly 
larger. I n  fact this is roughly true in the case of a meta-directing 
group (such as -CHO or -COR) but not in the case of an  ortho- 
para-directing group. In  any case it seems that the influence of the 
mesomeric effect is very small; it must be responsible for the very 
small difference between the dipole moment of benzaldehyde (2.72 D) 

and that of the corresponding aliphatic aldehyde, n-heptaldehyde 
(2.61 D). 

4. Ionization potentials 
Ionization potentials can be determined either by extrapolation 

of the Rydberg series in the vacuum ultraviolet spectra of the 

). 

al C 

W 

? 

L 
0 

Distonce 

FIGURE I .  Vertical and adiabatic ionization potentials. 

molecules, or from the appearance potentials of the ions in a mass 
spectrometer (electron-impact method), or by studying the photo- 
ionization efficiency curves 14. The first of these methods yields the 
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energy difference between the ground states of the ion and of the 
molecule, both of these states being at the zeroth vibrational level; 
this spectroscopic value is an adiabatic ionization potential. I n  the 
second method the transition is considered to be so fast that the 
nuclei do not effectively change their positions during the transition. 
The ion is at a vibrational levcl freauently above that of the zeroth 
level; thus the electron-impact method is supposed to yield the 
vertical ionization potential. The relation between these two ioniza- 
tion potentials iii the case of a diatomic molecule is indicated in 
Figure 1. The vertical ionization potentials (I , )  are equal or greater 
in magnitude than adiabatic potentials (IA). In fact the identifica- 
tion of electron-impact appearance potentials with vertical ionization 
potentials has been doubted by Morrison15. It was recently shown, 
by photoionization and by using a mass spectrometer to collect 
the product cations, that it is possible to obtain values for the two 
potentials 1, and IA16. Both of these values for different ketones are 
given in Table 4. For the same molecule they differ by some 
hundredths of an electron volt. 

9 

TABLE 4. Ionization potentials of some carbonyl compounds. 

Molecule 
Ionization 
potential Method Ref. 

(cv) 

co 

CH,CHO 

CH3CH2CH0 
CH,=CHCHO 

CH,CH=CHCHO 
CH3CH2CH2CI-10 

1* 

14.0 13 
14.0 1 
14.01 
14.1 1 
13.88 
13.788 
11.23 
10.8 
10.87 
10.85 
10.87 
10.88 
10.25 
10.25 
10.228 
10.14 
10.10 
10.14 
9.8 1 

10.14 

spect. 
impact 
photoion. 
impact 
impact 
spect. 
spect. 
impact 
photoion. 
impact 
impact 
spect. 
impact 
photoioniz. 
spect. 
impact 
photoioniz. 
impact 
impact 
impact 

! 
2 
3 
4 
5 
6 
7 
8 
2 
9 

10 
11 
12 
13 
14 
12 
2 
9 

10 
10 

(Table  continued) 
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TABLE 4-continued 

Molecule 
Ionization 
potential Method Ref. 

(ev) 

H3C 
'\ 

/ 
CHCHO 9.8 1 

H3C 
HCO - 9.88 
CH3CO. 7.08 

8.08 
CHz=C==O 9607 

9.60 
CH,COCH:, 9.69 

9-68 
9-89 
9-92 

CH3COCH3, enol form 8 -2 ~. 

9.58 
I, = 9.51 ; I, = 9.48 

CH3COCHZCH3 
- .  . .. 

CH3COCHzCHzCH3 1, = 9.41 ; 1, = 9.37 
CH30H 

HCOOH 
CH3COCl 
COClZ 

TiCOOCH3 

CH30CH3 

10-85 
10.9 
11.05 
11.02 
11.78 
11-77 
11.14 
10-92 
10*00 
10.13 

impact 

impact 
photoioniz. 
impact 
spect. 
photoioniz. 
photoioniz. 
photoioniz. 
impact 
impact 
photoioniz. 
impact 
photoioniz. 
photoioniz. 
photoioniz. 
impact 
photoioniz. 
spcct. 
photoioniz. 
impact 
impact 
impact 
photoioniz. 
impact 

15 

15 
16 
15 
17 
18 

3, 18 
16 
10 
19 
16 
20 
16 
16 
3 

21 
3 

22 
23 
24 
25 
20 

26 
3, 18 

References to Table 4 
1. P. G. Wilkinson, J .  M o l .  Spccfry., 6 ,  1 (19Gl). 
2. R. E. Fox, J.  Chem. Phys., 35, 1379 (1961). 
3. K. Watanabe, J.  Cham. Pliys., 26, 542 (1957). 
4. Y .  Kaneko, J .  I'liys. Soc. Jupun, 16, 1587 (1961). 
5. R. Taubert and F. P. Lossing, J .  Am. Chcm. Soc., 84, 1523 (1962). 
6. Y. Tanaka, A. S. Jursa, and 1:. J. Le Blanc, J .  Chem. Phys., 32, 1199 (1960). 
7. Y. Tanaka, A. S. Jursa, and F. J. Le Blanc, J.  Chem. I'hys., 32, 1205 (1960). 
8. R. Bottcr, Aduuri. Muss Speclroniefry, 2 ,  540 (1963). 
9. R. I. Reed, Trans. Furuduy Soc., 52, 1195 (1956). 

10. I. Omura, K. Higashi, and H. Bnba, Bull. Chrm. Soc. Jupun, 29, 504 (1956). 
11. W. C. Price, J .  Chem. Phys., 3, 256 (1935). 
12. R. I. Reed and LM. B. Thornley, Trans. Furuduy Soc., 54, 949 (1958). 
13. H. Hurzeler, M. G. Inghram, and J. D. XIorrison, J .  Chem. Pliys., 28, 76 (3958). 
14. A. D. Walsh, Pror. Roy. SOC. (London), Ser. A, 185, 176 (1946). 
15. R .  I. Reed and J. C. D. Brand, Trans. Furuday Soc., 54, 478 (1958). 
16. E. Murad and M. G. Inghram, J. Chem. Phys., 40, 3263 (1964). 
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17. 11’. C .  Price, J. P. Teegan, and A. D. Walsh, J .  Chem. SOL, 920 (1951). 
18. L. D. Isaacs, W. C. Price, and R. G. Ridley, ‘Ultraviolet spectra and molecular ionization 

potentials’, The Threshold of Space (Ed. M. Zelikoff), Pergamon Press, London, 1957, 
pp. 143-151. 

19. J. D. Morrison, J .  Chm. Phys., 19, 1305 (1951). 
20. C. J. Varsel, F. A. hlorrell, F. E. Resnik, and W. A. Powell, rlnaf. Chem., 32, 182 (1960). 
21. L. Friedmann, F. A. Long, M. Wolfsberg, J.  Chcm. Phys., 27, GI3 (1957). 
22. S. R. La Paglia, J .  M o f .  Sfleclry., 10, 240 (1963). 
23. S. R. La Paglia and A. B. F. Duncan, J .  Chem. Phys., 31, 125 (1961). 
24. J. D. h4ortison and A. J. C. Nicholson, J .  Chem. P h y ~ ,  20, 102 1 (1952). 
25. C .  E. Brion and W. J. Dunning, Trans. Famdoy Sot., 59, 647 (1963). 
26. J. D. Craggs and C. A. hlcDowell, Refit. Progr. Phys., lS,  374 (1955). 

The values of the first ionization potentials of some molecules 
containing the carbonyl group are collected in  Table 4. I t  is easy to 
see that the inductive efFcct has a much stronger influence on the 
ionization potential than on the bond length. For example, acetalde- 
hyde has an ionization potential (10.25 ev) greater than propanal 
(10.14 ev) and the very strong inductive effect of chlorine is shown 
by the difference between the ionization potentials of acetyl chloride 
(1 1.02 ev) and of phosgene (1 1-78 ev). The  effect of a conjugated 
double bond is also clearer in this case; thus acrolein has a smaller 
potential (10.10 ev) than has formaldehyde (10.87 ev). I n  this mole- 
cule the first ionization process (10.8 ev) is almost certainly the 
removal of a nonbonding electron1’. According to a suggestion of 
Sugden and Price1*, the second ionization process (11.8 ev) corre- 
sponds to the removal of a 7r electron and the third one (13.1 ev) to 
the removal of a (T electron from the carbonyl bond. These facts had 
been corroborated by the ab initio calculations11*19 on this molecule. 

Many years ago, Walshl showed that i t  is possible to correlate the 
length of the carbonyl bond of a molecule with its first ionization 
potential : the bond length increases with a decrease of the ionization 
potential. A relation of this sort is to be expected because a decrease of 
the ionization potential means an increase of the negative charge on 
the oxygcn atom, and this in turn means an increase of bond length, 
probably because of increased single-bond character according to 
the resonance description of the carbonyl bond. 

\ +  - c=o* c-0 \ 

/ / 

5. Vibration spectra 
We will consider here only the carbonyl stretching vibration which 

is typical ofinfrared spectra. Since in the majority of cases the Raman 
and infrared bands occur near the same frequencies, we will discuss 
only the infrared spectra 20. All compounds containing a carbonyl 
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group show a very strong band in the region 1650-1850 cm-l (Table 
5). The region where this vibration appears is vcry narrow for a 
series of similar compounds. For cxample, most aromatic aldehydes 
have a stretching vibration in the region 1670-1750 cm-l. Further- 
more, it is gcnerally possible to identify a carbonyl group by a 
vibration located in this region. Indeed, there are only a few other 
groups (C=C, aromatic, >NH and -OH) having a characteristic 
vibration frcquency in the carbonyl region, but with the exception 
of the --C-NH group the carbonyl bands are much stronger. 

An analysis of the carbonyl strctching frequencies in various types 
of carbonyl compounds suggests that the observed band position 
results from the interplay of several factors among which the follow- 
ing are clearly important: (a)  the physical state of the compound ; 
(6) the inductive effect; ( c )  electronic and mass effects of neighboring 
substituents; ( d )  ring strain and vibrational coupling between 
neighboring carbonyl groups ; ( e )  hydrogen bonding; ( f  )enohation ; 
and (9) solvent effects. Before studying the variation of thc carbonyl 
group frequency with the environment of this group in the molecule, 
it is necessary to point out that the physical state of a compound has 
a rather important effcct on the frequency value. For many com- 
pounds the highest value is for the gaseous state, with lower ones for 
the liquid or solid state. The values corresponding to the solutions are 
intermediate between these two limits ; for example, cyclohcxanone 
in the vapor phase absorbs at  1742 c m - l  and in the liquid phase at 
1717 cm-l. The frequency variations sccm to be mainly due to 
variations in bond typc or to variations in molecular geometry. We 
will see in the following section that it is possible to calculate the 
force constant K, which in the case of an isolated diatomic vibrator 
is linked to the vibration frequency u by 

where p is the reduced mass of the system. The force constant varies 
with the molecular electronic distribution ; thesc variations are 
usually interpreted as resulting fi-om inductive and mesomeric cffccts. 

Groups with a strong electron-attracting inductive effect decrease 
the negative charge on the oxygen and the vibration frequency 
increases by comparison to that of the normal ketones. For example, 
acetone absorbs at 1738 cm-l  in the vapor phase whereas acetyl 
chloride absorbs at 1822 cm - l. The electron-repelling inductive 
effect of the ethyl group is larger than that of the methyl group; its 
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result is an increase in the negative charge on oxygen, and this effect 
is responsible for the shift in stretching vibration from I689 cm-I 
for acetone to 1694 cm-l for propiophenone. Other effects can add 
their influence to that of the inductive effect ; these include variation 
of the force constant of adjacent bonds or the action of an electro- 
static field created by a neighboring electronic cloud. The first effect 
is responsible for the acid fluoride frequency being higher by approxi- 
mately 50 cm-l  than the frequencies of acid chlorides and acid 
bromidesz1. The sccond effect causes the rotation isomers of a-chloro- 
carbonyl compounds to have a different stretching vibration : the 
compound with the shortest chlorine-oxygen distance has the highest 
frcquency 22. By this repulsive electrostatic interaction, both the 
dipole moment and the stretching vibration of a-halogenated 
aldehydes and ketones can be explained 23. 

The mesomeric effect occurs when the carbon-oxygen double 
bond is conjugated either with another double bond or with a lone 
pair of electrons. Usually in this case the carbonyl bond is more 
polarized, the force constant is smallcr, and the stretching bands are 
shifted towards lower frequencies; for example, the carbonyl 
stretching frequency shifts from 1739 cm-l in acetone to 1724. cm-l 
in acrolein. Similarly for propynal, where conjugation is possible in 
the direction of the 2p, orbitals and in the direction of the 2p, 
orbitals, the vibration frequency is located at 1697 cm-l. The 
stretching bands of ketones conjugated with two double bonds and of 
quinones are shifted towards frequencies under 1700 cm-l. Benzo- 
quinone shows a triplet at  the frequencies 1689 cm-l, 1683 cm-', 
and 1667 crn-l. This charge displacement on the oxygen can be 
transmitted through a benzene ring; for example, substituents like 
the p-amino group which force electrons into the benzene ring to 
stabilize the quinoid structure 

H 3 c \ c 0 k H 2  -0 / 

will reduce the double-bond character of the carbonyl bond and 
lower the frequency24. The nitro group which attracts electrons from 
the benzene ring to stabilize the structure 

\ 
0- - C 

/ 
*O 
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will reduce the polarity of the carbonyl bond and increase the 
frequency. The stretching frequencies are 1677 cm-1 in p-amino- 
acetophenone, 1689 cm-l  in acetophenone, and 1700 cm-I in 
p-nitroacetophenone. The charge displacement on the oxygen is 
impossible when the carbonyl group is conjugated with another 
carbonyl group. Experimentally the carbonyl groups conjugated 
with other carbonyl groups show a stretching vibration frequency 
comparable to those of isolated carbonyl groups ; for example, glyoxal 
absorbs at  1730 cm-l.  

All these effects can be seen on other molecules containing a non- 
ketonic carbonyl group. The inductive effect of the residues CH3, 
CH2CH3, CH2CH2CH3, and C1 is very clear from the stretching 
vibration frequencies of ethyl acetate (1 745 cm-l), ethyl propionate 
(1741 cm-l), ethyl butanoate (1739 crn-l), and ethyl chloroformate 
(1782 cm-l). The stretching vibration frequency of ethyl benzoate 
(1725 cm-l) shows the mesomeric effect of the aromatic ring25. 

A mesomeric effect can also occur in molecules with hydrogen 
bonding, as in the case of ketones with conjugated bonds and with a 
hydrogen bond, i.e. a contributing structure becomes important, in 
which a negative charge appears on the carbonyl oxygen and a 
positive charge on the atom carrying the hydrogen atom of the 
hydrogen bond. Due to hydrogen bonding the charge displacement 
is again increased. For instance, in 6-hydroxyfulvenes with the 
carbonyl in position 1 the carbonyl vibration frequency appears at 
1635 cm-126. The influence of the geometry of the molecule is 

particularly clear in the case of cyclic ketones. The carbonyl group 
of cyclohexanone has a vibration frequency (1 7 17 cm-l in solution) 
very close to that of acetone (1715 cm-l ) ;  but this frequency 
increases as the ring angle decreases in the smaller ketones. I t  will be 
seen in the next section that this change of geometry increases the 
ccupling between the C=O and the adjacent C-C vibrators 
(section 1II.C). 

Jones and coworkers24 noticed that if the vmaX of the carbonyl 
stretching band is plotted against the Hammett reactivity constant, 
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the linearity of this relationship seems to show that the same com- 
bination of factors is responsible for both the shift in carbonyl 
stretching frequency and the reactivity. This is probably the resultant 
of the mesomeric and inductive effects. Similarly, the carbonyl 
stretching band intensity in substituted ketones can be correlated 
with the inductive properties of the attached groupz7. For the halo- 
genated derivatives of acetic acidz8 and for some estersz5, the 
intensity decreases when the substituents are more electronegative. 
For conjugated ketones it was pointed mZ9 that a linear relationship 
exists between the intensity and the resonance energy. 

There is also the mass effect of the a-substituents to be considered. 
I n  series of related compounds the mass effect is small; for example, 
diethyl ketone has a moderately intense band at  1720 cm-l  in carbon 
tetrachloride solution whereas in the fully deuterated compound the 
band maximum is displaced to 1714 cm-130. The deuterium atoms 
in the methylene group are mainly responsible for this displacement, 
since CH,CD,COCD,CH, also absorbs at 1714 cm-l and 
CD3CHzCOCHzCD, at 1720 cm-l. 

If  partial enolization should occur in a single saturated ketone, it 
would be expected to cause a fall in the carbonyl band intensity and 
the appearance of 0-H and C=C stretching bands. A new 
carbonyl band might also appear as a consequence of hydrogen 
bonding between the ketonic and enolic species. For example, when 
an ortho-hydroxyl group is introduced into acetophenone, the 
carbonyl frequency is shifted from 1687 to 1635 c m - l  31. Conjugated 
chelation seems to be responsible for this shift to a shorter wavelength, 
due to the contribution of a resonance form such as 

&o- 

- \ 
CH3 

The last effects to be considered are the solvent effects. Some 
workers 32 have associated frequency shifts with changes in the 
dielectric constant of the medium. Bellamy and Williams showed 
that the frequency shifts all follow a common pattern and seem to be 
produced by local association effects 33. They plottcd the relative 
variation of frequency Ov/v  x lo3 for a given ketone against the 
same quantity for acetophenone and they found no break or change 
in slope of any of the obtained lines on passing from a proton- 
donating solvent such as pyrrole to a nondonor such as ether. The 
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TABLE 5. Stretching vibrations of carbonyl compounds. 

Stretching vibration 
Y ~ = ~  (cm-I) 

Molecule Vapor phase Solution 

CH3COF 
CH3COCl 
CH3COBr 
CH3CHO 
(CHd2CO 
CHSCOCN 
HCHO 

Cyclohexanone 
Cyclopentanone 
Cyclobutanone 

CeH5CHO 

HCOOC2H5 
CH3COOCH3 
CHSCOOC2H5 
ClCOOC2Hs 
CsH5COOC2H5 
CH3CH2COOC2H5 
CH3CH2CH2COOCZHs 
CBH5COCH3 
CoH5COCHzCH3 
COBrF 
COClF 
COFz 
COCl2 
HCOCHO 
CH,=CHCHO 
C-CCHO 
p-Benzoquinonc 
p-Aminoacetophenonc 
p-Methylacetophenone 
p-Fluoroacetophenone 
p-Ni troacetophcnone 

1869 (1, 2) 
1822 (1, 3) 
!82! (1) 
1743 (4) 
1738 (2), 1736 (5) 
1740 (7) 
1744 (8) 

1742 (2) 

1715 (6)  

1710 (6) 
1717 (2, 9) 
1746, 1728 (10) 

1816 (1 1) 
1733 (12) 

1770 (2) 

1709 (2) 

1745 (12) 
1782 (12) 
1725 (12) 
1741 (12) 
1739 (12) 
1689 (13) 
1694 (13) 
1874 (14) 
1868 (1, 15) 
1928 (1) 
1827 (1) 

1730 (16) 
1724 (16) 
1697 (17) 
1689, 1683, 1667 (18, 19) 

1677 (20) 
1687 (20) 
1692 (20) 
1700 (20) 

References to Table 5 
1. R. A. Nyquist and W. J. Potts, Jr., Specfrochitn. Ada ,  17, 679 (1961). 
2. L. J. Bellamy and R. L. Williams, Truns. Furuduy SOC., 55, 14 (1959). 
3. J. Overcnd, R. A. Nyquist, J. C. Evans, and W. J. Potts, Spt-cfrochim. Actu, 17, 1205 (1961). 
4. J. C. Evans and H. J. Bernstein, Con. J. Chcm., 34, 1083 (1956). 
5. J. Overend and J. R. Scherer, Spectrochim. Ada, 16, 773 (1960). 
6. H. W. Thompson and D. A. Jameson, Spectrochim. Acta, 13, 236 (1958). 
7. L. C. Krishcr and E. B. Wilson, Jr., J .  Chem. Phys., 31, 882 (1959). 
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8. I .  C. Hisatsune and D. F. Eggers, Jr., J .  C h .  Phys., 23, 487 (1955). 
9. kf. L. Josien and J. Lascombe, J .  Chim. Phys., 52, 162 (1955). 

10. C. I.. Angcll, P. J. Krucger, R. Lauzon, L. C. Lcitch, K. Noack, R. D. Smith, and R. N .  

11. K. Frei and H. 13. Gunthard, J. Mol. Spectry., 5, 218 (1960). 
12. L. Gutjahr, Specfrochirn. h a ,  16, 1209 (1960). 
13. J. hlorcillo, J. Herranz, and M. .J. de la Cruz, Specfrorliim. Ado,  15, 497 (1959). 
14. R. R. Patty and R. T. Lagernann, Spectrochim. Acfo, 15, 60 (1959). 
15. A. H. Niclsen, T. G. Burke, P. J. H. W o k ,  and E. A. Jones, J .  Chtm. Phys., 20, 596 (1952). 
16. 12. K. Harris, Specfrochirn. Ado,  20, 1129 (1964). 
17. .J. C. D. Brand and J. K. G. \Vatson, Truns. Faraday Soc., 56, 1582 (1960). 
18. M. Davies and F. E. Prichard, Trans. Faraduy Soc., 59, 1248 (1963). 
19. T. L. Brown, Specfrocliim. h a ,  18, 1065 (1962). 
20. li. iu'. Jones, it'. F. Forbes, and W. A. Muller, Con. J. Chenz., 35, 504 (1957). 

Jones, Specfrochirn. Ada ,  15, 926 (1959). 

individual sensitivities to solvent effects vary widely; for example, 
the observed slopes for some ketones are as follows: 

benzophenone 1 -1 2 cyclohexanone 0-74 
acetone 1 -08 diisopropyl ketone 0.96 
acetophenone 1-00 

These values do not parallel the variations of the stretching vibration 
frequencies nor of the ionization potentials. Probably there are two 
factors: the proton affinity of the carbonyl group and the geometry 
of the molecule. The theoretical treatment by Buckingham 34 and 
the experimental results on s-cis and s-trans unsaturated ketones 35 
seem to corroborate this interpretation. 

B. Ultraviolet Spectra 
I n  this section we will discuss the ultraviolet spectra of carbonyl 

compounds, but have excluded steroid spectra, as many books can 
be consulted on this subject 36.37. 

Simple carbonyl compounds present several regions of absorption 
below the Kydberg bands in the ultraviolet region. The first band 
is located near 4000 A and corresponds to a very weak absorption 
(emax -N ; the second band near 3000 A corresponds to a weak 
absorption (emax 2 10). The third and the fourth bands of moderate 
to strong intensity lie near 1800 A ;  the fifth band, which corresponds 
to a very strong intensity, is at shorter wavelength (about 1600 A). 

As we will see, the first two bands correspond to a transition from 
an oxygen 2p lone-pair orbital to the carbonyl antibonding 7~ orbital. 
We will study them together. Either the third band or the fourth one 
(both of which are located in the far ultraviolet and do not show a 
strong absorption and are therefore not well known) corresponds to 
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a transition of an oxygen 2p Ione-pair electron to the carbonyl anti- 
bonding u orbital. The fifth band is better known and it corresponds 
to a transition from a 7, electron to the antibonding T* orbital. 

We will discuss first the main characteristics of n 3 v *  transitions 
(Tables 6 and 7). Since the n-~* bands are near the visible part of 
the spectrum, they were the first ones to be studied. 

TABLE 6. Singlet-singlet n-++* transitions. 

Compound Transition Phase R cf. 

(4 

HCHO 
CH3CHO 
CH,=CHCHO 
CH2=C(CH3)CHO 
C k C C H O  
C H 3 k C C H O  
CeHSCHO 
CHSCO CH3 
CH,CH=CHCOCH=CHCH, 
Cyclopen tanone 
Cyclohexanone 
Cyclohep tanone 
CeHSCOCH3 
C ~ H S C O C ~ H ~  
(CHO)2 
(COCH3) z 
CH3COCl 
(COCl), 
CH3COBr 
p-Benzoquinone 
HCOOH 
CH3COOC2HS 

~~~ 

3538 
3390 
3860 
3350 
382 1 
3756 
3909 
2750 
3360 
2 780 
2820 
2838 
3628 
3787 
4550 
4484 
2400 
3553 
2500 
4958 
2173 
2070 

E = 25 

& = 91 
& = 10 
& = 22 
& = 55 
E = 18 
E = 15 
& = 20 
E = 78 
& = 33.7 
E =  18 
E = 21-4 
& = 34 

& = 95 

E = 70 

vapor 
vapor 
vapor 
cyclohexane 
vapor 
vapor 
n- hexane 
cyclohexane 
ethanol 
methanol 
methanol 
methanol 
n-hexane 
n-hexane 
vapor 
n-heptane 
n-heptane 
cyclohexane 
cyclohexane 
vapor 
vapor 
petroleum ether 

1,2 
3,4 

5 
6 
7 
8 
9 

10 
11 
12 
12 
12 
9 
9 

13 
14 

6, 15 
6, 16 

6 
17 
18 
19 

References to Table 6 
1. J. C. D. Brand, Chem. Ind. (London), 167 (1955). 
2. J. C. D. Brand, J.  Chem. SOC., 858 (1956). 
3. A. D. Walsh, J .  Chem. SOC., 2318 (1953). 
4. K. K. Innes, J.  Mof. Spectry., 19, 435 (1961). 
5. J. M. Hollas, Spectrochim. Actu, 7 ,  1425 (1963). 
6. B. D. Sakena and R. E. Kagarise, J.  Chem. Phys., 19,994 (1951). 
7 .  J. C. D. Brand, J. H. Callomon, and J. K. C. Watson, Con. J.  Phys., 39, 1508 (1961). 
8. J. S. Muirhead and J. A. Howe, J.  Chem. Phys., 36, 2316 (1962). 
9. Y. Kanda, H. Kaseda, and T. Matsumara, Specfrochim. Acfu, 20, 1387 (1964). 

10. K. Stich, G. Rotzler, and T. Reichstein, Helu. Chim. Acta, 42, 1480 (1959). 
11. E. A. Braude and J. A. Coles, J. Chem. SOL, 2078 (1951). 
12. E. M. Kosower and G. S. Wu, J.  Am. Chem. Soc., 83, 3142 (1961). 
13. J. C. D. Brand, Truns. Furuduy Sac., 50, 431 (1954). 
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15. R. P. Bell and A. 0. McDougaU, Trans. Faraday SOC., 56, 1281 (1960). 
16. B. D. Saksena and G. S .  Jauhri, J .  Chnn. Phys., 36, 2233 (1962). 
17. J. M. Hollas, Specfrochim. Ada, 20, 1563 (1964). 
18. E. E. Barncs and W. T. Simpson, J. Chem. Phys., 39, 670 (1963). 
19. S. Nngakura, Bull. Chem. SOL. Japan, 25, 164 (1952). 

TABLE 7. Singlet-triplet n+n* transitions. 

Compound Transition 
(4 

Phase Ref. 

HCHO 
CH,=CHCHO 
C b C C H O  
CeHsCHO 
CsH5COCH3 
CBH5COCeHS 
CHOCHO 
CH3COCOCH3 

p-Benzoquinone 

3968.2 
4059 
4145 
3969 
3885 
412 1 
51 17 
4897 
5279.3 
5352.7 

vapor 
vapor 
vapor 

& = 0.1 n- hexane 
E = 0.03 n-hexane 
E = 0.03 n-hexane 

vapor 
crystal 

& = 12 crystal 
E = 19.6 vapor 

References to Table 7 

1. G. M’. Robinson and V. E. Di Giorgio, Can. J .  Chein., 36, 31 (1958). 
2. S. E. Hodges, J. R. Henderson and J. B. Coon, J. X o l .  Specfry., 2 ,  99 (1958). 
3. J. C. D. Brand, J. H. Callomon and J. K. G.  Watson, Can. J. Php., 39, 1508 (1961) 
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5. Y. Kanda, H. Kaseda and T. Matsumura, Specfrochiin. Ada, 20, 1387 (1964). 
6. V. G. Krishna, J.  M o t .  Specfry., 13, 296 (1964). 
7. J. C. D. Brand, Tram. Fainday SOL., 50, 431 (1954). 
8. W. 13. Ebcrhardt and H. Kenner, J .  Mot. Specfy., 6, 483 (1961). 
9. J. W. Sidrnan and D. S .  McClure, J.  Am. Chem. Soc., 77, 6461 (1955). 

10. J. W. Sidrnan, J.  Am. Chem. SOL., 78, 2363 (1956). 
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1. ri+n* transitions 

After the pioneering work of Burawoy 38, Mulliken and 
M c M ~ r r y ~ ~ . ~ ~  gave a theoretical interpretation and Kasha 41 and 
McConnell 42 developed criteria for characterizing n-m* transitions. 

If we compare the spectrum of formaldehyde with that of its 
hydrocarbon analog, ethylene, we can see that ethylcne presents a 
strong absorption in the far ultraviolet; this absorption begins a t  
1750 k and there is a maximum at 1620 k but there is no absorption 
near 3500 To observe a long wavelength n-r* band it is 
necessary that a lone-pair electron should be on a heteroatom, e.g. 
on 0 or N, conjugated with at least one other atom. The existence of 
an electron lone pair can be demonstrated by the fact that the 
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n-r* bands can disappear in acid media by protonation of the lone 
pair 44. 

I t  is now well accepted that the first band around 4000 A is due to 
an n+r* transition, where the ground state is a singlet (all the 
electrons arc paired) and the excited state is a triplet (two unpaired 
electrons). Some of these bands have been recently studied again45, 
and the position of the 0-0 band determined by phosphor- 
escence 46*47.  Many experiments have established that phosphor- 
escence is due to a triplet state4*. The intmsity of this first band is 
always very small, since these bands invdve two states of different 
multiplicity and are therefore ‘forbidden ’. The polarization of the 
phosphorescence spectrum indicates that the lowest triplet state is an 
(n, n*) state47. The separation of the two n - ~ *  bands is rather small; 
for example, 1765 cm-l  for benzaldehyde or 1820 cm-l  for 
acetophenone 46. 

The first intense absorption band of ethylene occurs a t  about 
1680 A (59,400 cm-l) 43 and the first triplet state has been located at 
2700 A (37,000 cm-l) 49; the triplet-singlet separation is about 
22,400 cm-l. A small triplet-singlet separation will be a necessary 
but not a sufficient characteristic of an n 4 n *  transition. 

If the carbonyl bond is conjugated with a double bond or with a 
conjugated system, both the singlet-singlet and the singlet-triplet 
n+r* transitions will shift to longer wavelengths (red shift); for 
instance, the shift is of 91 A for the singlet-triplet transition and of 
322 A for the singlet-singlet transition or: going from formaldehyde 
to a ~ r o l e i n ~ O - ~ ~ .  In the case of several conjugated bonds the shift 
of the T-T* band can be so large that the n--7T* band will be seen 
only as a shoulder of the T+* band or will even disappear53. The 
~-n*  shift is due to the lowering of the T* orbital, but also to the 
raising of the T orbital. Because of this, the T-IT* shift is larger than 
the n-r* shift (375 A instead of 322 A on going from formaldehyde 
to acrolein). 

In contrast to the effect of a double bond an alkyl group replacing 
an aldehyde hydrogen shifts the carbonyl n 3 r *  transition to shorter 
wavelengths. This is very clear in the series formaldehyde 
(A,,, = 3538 A) 51, acetaldehyde (A,,, = 3390 A) 54, and acetone 
(Amax = 2750 A) 55. As stated by Nagakura56, the n 3 n *  transition 
involvcs transfer of negative charge from the oxygen to the carbon 
atom; the substituent groups that donate charge to the carbonyl 
carbon raise the energy of the antibonding T orbital, causing a blue 
shift of the n+T* transition of carbonyl compounds. This effect is 
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still the same in  the replacement of H by CH, in a conjugated 
aldehyde. The  n+~*  transition is shiftcd toward the blue and the 
carbonyl stretching frequency decreases on going from propargyl 
aldehyde to tetrolaldehyde 57~58. This systematic slight blue shift is 
also obvious in  the series formed by propionaldehyde, acetone, and 
diethyl ketone when the measurements are carried out under the same 
conditions for these three corn pound^^^. I t  must be noted that these 
n - ~ *  bands have a very low intensity and that their wavelengths 
depend very much cm t h e  s=!vzrr:. The  values arc usually rather 
scattered in the literature and, if possible, they must be compared 
for exactly the same experimental conditions. I t  has bcen found also 
that the ?i+z* transition in various carboxyl spectra is blue-shifted 
by alkyl substitution in  a much more pronounced fashion59. 

Substitution of the aldehydic hydrogen by a group such as OH, 
NH,, or  C1 gives a hypsochromic cffect (shift to shorter wavelengths) 
relative to acetaldehyde. These groups are more electronegative than 
carbon; and the lone-pair electrons on the carbonyl oxygen are held 
more firmly than they wolild be in  the absence of an inductive effect. 
Thc result is a lowering of the ?z level and a hypsochromic effect on 
going from CH,CHO (Amar = 3390 A)54 to, e.g., CH,COCl 
(A,,, = 2400 A)". 

Cookson61*G2 has analyzed the effect of polar substituents on the 
n--x* band of saturated cyclic ketones. In  the cyclohcxanone series 
axial a-halogen or oxygen substituents shift the carbonyl tz-?r* band 
by somc 40-300 A to Zongzr ivavelengths, whereas equatoriai sub- 
stituents shift the absorption to shorter wavelengths. The intensity 
increase is larger in the case of the axial substituent than in the 
equatorial case. T h e  interaction between a carbonyl group and an 
equatorial substituent seems to  be similar to that between the 
carbonyl group and  the chlorine in acetyl chloride, since i t  gives 
similar changes. I n  the  case of a n  axial substituent it is probably a 
charge-transfer interaction which produces the bathochromic shift 
to longer wavelengths. 

The solvent effect on the position of thc n-z* band has been 
known for many years. There is a large blue shift on going from a 
nonpolar solvent to a polar one, which is a general property of the 
n-* I t  is particularly evident on going from a hydro- 
carbon to a hydrosylic solvent and, as has been shown in the case of 
the infrarcd spectra, the shift is probably due to the formation of 
hydrogen bonds rather than to a dielectric cffect. In  fact a simple 
relationship exists betiveen solvent-induced frequency shifts of the 
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n-rr* absorption band and that of the infrared carbonyl band63. 
The order of the increase in the n q *  band frequency is that of the 
decrease in the carbonyl frequency with the exception of acetone. 
As the solvent shift in the vibrational spectra can only be a measure 
of the solute-solvent interaction in the electronic ground state, the 
existence of a linear relationship between n-r* and carbonyl band 
shifts suggests that the solute-solvent interaction in the excited state 
does not contribute very much to the blue shift of the n-r* absorption. 
As has been shown recently 011 forxaldehjjde64 and on propionai- 
d e h ~ d e ~ ~ ,  the dipole moment of an aldehyde decreases on going 
from the ground state to the excited state, showing that the formation 
of hydrogen bonds in the excited state is unlikely, since the lone pair 
on oxygen is no longer available for the formation of hydrogen 
bonds. The results relating to benzophenone are collected in Table 8. 
Brealey and Kasha66 demonstrated that, in the case of pyridazine, 
a major cause of the n-r* blue shift is the formation of hydrogen- 
bonded solvates at the heteroatom lone pair of the molecule. 

TABLE 8. SoIvent effects on benzophenone spectra63. 

n-n* absorption of Carbonyl vibration band 
Solvent benzophenonc of bcnzophenone 

(cm-l) (crn-') 

n-Hcxane 28,8 10 
Dioxane 29,230 
Chloroform 29,670 
Ethyl alcohol 30,020 

1673 
1667 
1662 
1657 

The qualitative classification proposed by McConnell 42 can be 
replaced by a semiquantitative classification by using Kosower's 2 
constants which were introduced in the study of the 1-alkylpyridinium 
iodide spectra67. The charge-transfer spectra of these iodides show a 
striking shift in the position of the bands with a change in the 
polarity of the solvent in which the light absorption is measured. 
The transition energies for this salt in a given solvent are called 2 
values6*. Usually the n-m* transitions vary linearly69 with the 
solvent polarity standard 2. For example, in the case of cyclo- 

alkanones (CH2)._,C=O with n = 5 or 6, the n+n* transitions 

vary in a linear fashion with the polarity of the solvent as measured 
by 2; if n = 7, 8, 9, and 10, reasonably good correlations arc. 

- - 
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obtained with the same parameter. Cyclopentadecanone (n = 15) 
gives a poorer correlation and hence it is concluded that the nonpolar 
portion of the molecule is folded. This correlation can be explained 
in the case of polar molecules and polar solvents by saying that the 
ground state is stabilized by interaction of the molecule dipole with 
the solvent dipole70. Since the molecule dipole changes very fast (in 
about sec), the excited state is destabilized, because the 
solvent molecules are organized for a dipole moment which is not 
present. The solvent dipole reorientation would need a time greater 
ihan sec. The assumption that the packing of the solvent 
molecules is very different in the ground statc and in the excited state 
is also proved by the fact that there is no solvent shift in emission7'. 

Experimental results about the intensity of the n-n* bands give 
much information: they suggest, for example, that the most important 
of these excitations has a charge-transfer character 72. The progressive 
rcplacement of the hydrogen atoms of formaldehyde by methyl 
groups doubles and then quadruples the extinction coefficient. The 
n-m* transitions are characterized, even if symmetry allowed, by 
oscillator strengths71 of the order of magnitude of with molar 
absorption coefficients in the range 300 to 2000. As we will see in 
section III.B, even if these bands are allowed by the total symmetry 
of the molecule, they are always forbidden by local symmetry. The 
major part of the absorption intensity of formaldehyde ?Z-IT* band is 
found experimentally to be polarized in the plane of the molecule 
but in a direction gerpendicular to the car'oonyl i t  was 
stated 7 3  that the bands with this polarization arise from the mixing 
of the forbidden n+n* transition with a high-energy allowed 
transition induced by the out-of-plane bending vibration. I n  form- 
aldehyde the weaker bands of the n+* transitions have transition 
moments parallel to the carbonyl bond, which have been ascribed to 
an electronic interaction with rotation about the carbonyl axis 73 or 
to a magnetic dipole t r a n ~ i t i o n ~ ~ .  The weak 0-0 band of the 
3500 A system belongs to this weak system. An entirely similar band 
of this system has been recently analyzed75 and it has been shown 
that the only solution is a magnetic transition moment parallel to the 
carbon-oxygen bond. 

More important intensity changes result from the substitution of 
unsaturated groups or atoms bearing lone-pair electrons at  the 
carbonyl group or at neighboring positions along a saturated chain. 
We will see later that this enhancement of intensity is particularly 
clear in the case of some diketones. A similar intensification can also 
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happen in the case of some sterically hindered a,P-unsaturated 
ketones or in P,y-unsaturated ketones. I t  was shown61.7G*77 that a 
necessary condition for such an intensity variation is the non- 
coplanarity of the ethylenic and carbonyl double bonds. These 
intense carbonyl n-z* bands are associated with very large optical 
rotatory dispersions 72*78. The normal carbonyl transition is forbidden 
for electric dipole absorption, which means that 

where and $2 are the wave functions of the two electronic states 
and P the electric dipole operator. This carbonyl transition is 
magnetic-dipole allowed, which means that 

where NL is the magnetic dipole operator. The operator M has the 
same symmetry properties as a rotation and the operator P trans- 
forms as a translation. When, for some geometrical reason, one makes 
the n+r* transition allowed for electric dipole absorption also, as in 
the asymmetric P,y-unsaturated ketones, then one has just the con- 
dition for high optical rotation. An electron-donating substituent 
which, as we have seen above, enhances the 3000 A absorption 
intensity of an asymmetric ketone, also fi-equently enhances the 
rotatory power of the r n o l e c ~ l e ~ ~ - ~ ~ .  

The rotatory dispersion is z c r e  frequently used than the rotatory 
power, and this technique recently found many applications in the 
stereochemistry of ketones. The rotation of the plane of linearly 
polarized light in transparent spectral regions is the dispersion 
phenomenon connected with the differential absorption of left- and 
right-handed circularly polarized light. The light is elliptically 
polarized since the left- and right-handed components are no longer 
equal in intensity. This last effect is called circular dichroism and the 
Cotton effect is the combination of circular dichroism with an optical 
rotatory effect. I n  such a case the rotatory dispersion curve, if 
studied close to an absorption band, becomes anomalous and shows 
a positive or a negative Cotton effect (Figure 2). The rotational 
strength of a transition may be obtained from the observed magnitude 
of the anomaly in the optical rotatory curve a t  the frequency of the 
corresponding absorption 72.  

Recent study of the saturated ketones have led to two empirical 
rules, the ‘axial haloketonc rule’ and the ‘octant rule’. The sub- 



1. General and Theoretical Aspects of the Carbonyl Group 25 

stitution of an axial halogen next to the carbonyl group in cyclo- 
hexanone leads to shifts in the spectra of these compounds as we have 
seen above, resulting in a corresponding shift in the rotatory dis- 
persion peaks. Equatorial substituents (Cl, Br, OH, OAc) have little 
effect on the shape of the dispersion curve. An axial substituent can 
increase the amplitude of the dispersion and the introduction of an 
axial C1, Br, or I next to the keto group may change the sign of the 
Cotton effect. In this case the sign of the Cotton effect may be 
predicted by the ‘axial hdeketone rule’ and ir’ it is known that the 
substituent is axial, then its location may be determined al. The 
‘octant rule’ relates the sign of the rotatory power of an optically 
active ketone in the 3000 A region to the stereochemical disposition 

‘--- ------_____ 

Negative Cot ton effect 
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h 

FIGURE 2. Rotary dispersion curve for ketones. 

of the atoms creating the dissymmetry of the molecule 82.a3. A fluorine 
atom induces a rotatory power of opposite sign to that given by a 
corresponding alkyl or unsaturated group ao-82. Since the enhance- 
ment of the n-n* band intensity is due to charge transfer, the effect 
of fluorine is due to its strong electron-attractive naturea4. I t  has 
been shown that the octant rule cannot be applied to a,S-unsaturated 
ketones 85. Many applications of rotatory dispersion and circular 
dichroism to ketones have appeared in the last few years86-aa. I t  
seems that in the case of carbonyl compounds, the circular dichroism 
yields information slightly more precise and easier to understand 
than that obtained by rotatory dispersion **. 

In  the last ten years the study of the n-n* absorption bands has 
offered much information about the properties of the excited states. 
The first and the most thoroughly studied case was the n-n* excited 
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state of' formaldehyde 50.51*64,88. The 'A1-t3A2 transition (36004000 
A) is forbidden by change of spin multiplicity and is extremely weak 
(f = 10-6)8g. The 1A,-t1A2 transition is forbidden by the electronic 
selection rules, and the absorption intensity of the band system 
3500-2500 A is low (f = 2.4 x lod4).  WalshgO predicted that the 
equilibrium configuration for the first excited singlet of formaldehyde 
must be one in which the carbonyl bond intersects the CH, plane 
at  a small angle. Brand proved this by the complete analysis of the 
absorption and emission spectra 51. The carbcny! stretchkg frzqriency 
in the excited state is equal to about 1180 cm-l  and in the ground 
state to 1745 cm-l, which indicates that the carbonyl bond distance 
changes considerably in the excited state. A rotational analysis of 
the ultraviolet bands has been carried out and the parameters of the 
pyramidal excited state determined by this analysis are: C-H 

= 1.09 A, C-0 = 1.32 A, HCN = 120"; the out-of-plane angle 
(between the H2C plane and the extended C-0 axis) is about 27". 
The vibrational analysis of the singlet-triplet band, 1A1+3A2, is 
similar to that of the singletg1. The barrier to inversion is higher and 
the carbonyl bond is shorter than in the A ,  singlet state. 

Other examples of nonplanar excited states have been found by 
the analysis of the n-n* carbonyl bands. I n  the excited state of 
acetaldehydeg2 the carbonyl bond increases in length, as it does in 
formaldehyde (0- 1 A). In  glyoxal 93 and in acrolein 94 the changes are 

small ; probably the angles CSO and CCC are increased by about 3". 
In propionaidehydeg5 the carbonyl bond length increases by about 
0.11 A; it is not completely clear if the excited state is planar or 
pyramidal; but if it is pyramidal, the out-of-plane angle is unlikely 
to exceed 4". 

By measuring the Stark splittings of some rotational lines, it has 
been possible to determine the dipole moment of the n-n* states of 
f ~ r m a l d e h y d e ~ ~  and of p rop i~na ldehyde~~:  the value is 1-48 rf: 0.07 D 

for the former and 0.92 k 0-02 D for the latter. 
I n  a-diketones there are two 2 j  lone-pair orbitals, n, and 712. If 

there is no overlap between them, then there arc two degenerate 
molecular orbitals available for the four lone-pair electrons. I n  the 
overlap case one of these orbitals corresponds to the symmetric corn- 
bination of n, and n2 and the other one to the antisymmetric corn- 
bination; the first one has the lower energy. I n  the same way the n* 

orbitals of each carbonyl group can combine with each other and 
give two different molecular orbitals. I t  can happen that the IZ 

A 

A 
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orbitals do not differ in energy by more than 100 cm-l. The 
spectrum of glyoxal contains three bands in the long wavelength 
region 96 : the first band corresponds to a singlet-triplet transition 
and is located at 19,544 cm-l. Magnetic rotation spectra corre- 
sponding to the singlet-triplet transition in formaldehyde and in 
glyoxal corroborates the assignment of the triplet states of these 
molecules 97. The second band corresponds to a singlet-singlet 
transition and is symmetry allowed and polarized at  right angles to 
the molecular planeg3. T h e  third band, forbidden by symmetry, has 
a very low intensity and is almost degenerate with the first oneg6. 
I n  biacetyl the situation is about the same: the first singlet-singlet 
and singlet-triplet transitions are located at 22,873 cm-I and 20,42 1 
crn-l, respectively, in the crystalg8 and at 22,300 cm-l and 19,800 
cm-l  in solutiong9. I n  more complicated compounds with carbonyl 
groups not orthogonal to each otherlOO*lO1, two different n-n* bands 
appear because there are two different n orbitals and two different 
T* orbitals. The transitions between the two symmetric or the two 
antisymmetric orbitals are the only ones allowed. 

Biacetyl phosphoresces in the gas, liquid, and solid phases, but this 
is a very rare case, since in solution the long lifetime of the triplet 
which is the excited state responsible for phosphorescence makes it 
highly susceptible to quenching before it radiates. In fluorescence the 
excited state responsible is the singlet state and biacetyl fluorescence 
may be sensitized by a number of other  substance^^^^*^^^. It has 
been observed that the ratio of phosphorescence increases with the 
timx of irradiation for aqueous solutions of biacetyl, and reaction of 
the excited biacetyl with oxygen in the solvent has been assumed lo*. 

Biacetyl is often used in triplet transfer experiments in liquids105*106. 
By quenching the fluorescence of naphthalene, benzene, and twelve 
of its alkyl derivatives by biacetyl, i t  was possible to determine the 
lifetimes of the excited donors lo7. 

The  promotion of an  n-orbital electron to a n-antibonding orbital 
leaves one electron in the n orbital; the n - ~ *  excited state may have 
a radical-like behavior. For example, unsaturated carbonyl com- 
pounds are well known for their rearrangement on irradiation88*108. 
It seems likely that the mechanism of rearrangement involves a 
radiationless transition log ; this transition leads to the final stable 
product. T h e  reduction of ketones upon irradiation in different 
alcohols involves hydrogen abstraction from the alcohol by the 
triplet n - ~ *  state of the ketone1l0Jll and the reactive properties of 
excited ketones are similar to those of alkoxy radicals 'I2. The 
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carbonyl n-r* state is also necessary for the photochemical cyclo- 
addition of ketones to 01e f ins~~~ .  Many other examples show that 
the photochemistry arising from the n-r* excited states requires 
radical-like intermediates for its interpretation. 

2. r+r* transitions 

As can be seen in Table 9, the transition located at about 1500 A 
in simple. carbonyl compounds exhibits a very strong absorption 
(smaX - 20,000). This band has the intensity and the polarization 
required of a r-m* transition and the variations of this band position 
under the influence of an electron-donating substituent or by con- 
jugation with an unsaturated group corroborate this assignment 74. 

I n  a recent study of carbonyl and carboxyl compounds 59 the polari- 
zation of these T-T* bands has been found in the plane of the bonds 
of the carbon linked to the carbonyl oxygen and parallel to the 
carbonyl bond. 

TABLE 9. Singlet r i r*  transitions. 

Compound Transition Phase Ref. 
6) 

HCHO 
CHBCHO 
HzC=CHCHO 

HC;=CCHO 

CH,CH=CHCHO 
(CH,)ZC=CHCHO 
(CH3)2C=C(CH3)CHO 
CGHSCHO 
CH3COCH3 
CHZ=CHCOCH3 
(CH3) zC=CHCOCH3 
CH3CH=CHCOCH=CHCH3 

C H 3 k C C H O  

HC=CCOCH3 

HCOOH 
C~HSCOC~HS 

~ 

1554 E = 23,500 
1650 
1935 E = 16,000 
2070 E = 11,200 
2120 E = 14,600 
2113 E = 10,000 
2180 E = 17,900 
2355 E = 11,900 
2450 E = 13,000 
2480 E = 12,700 
1880 E = 900 
2190 E = 3600 
2490 E = 2490 
2510 E = 15,500 
2150 E = 5000 
2600 
1492 

vapor 1 
vapor 2, 3 
vapor 4 
ethanol 5 
isooctane 6 
vapor 7 
ethanol 5 
ethanol 5 
ethanol 5 
vapor 8 
vapor 3 
ethanol 9 
ethanol 9 
ethanol 10 
ethanol 11 
ethanol 12 
vapor 13 
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An electron-donating substituent shifts the absorption to !onger 
wavelengths, owing to resonance interaction between the n-electron 
system and the substituent. This displacement is clear in the series 
formaldehyde (A,,, = 1560 A),  acetaldehyde (Amax = 1650 A),  and 
acetone (Amas = 1880 A).  The differentiation between homologs is 
possible for alkan-2-ones (c, to c6), alkanals (c, to c6), and cyclo- 
alkanones (C, to C,J114. There is also a bathochromic progression 
in the series acrolein, crotonaldchyde, /3-methylcrotonaldehyde, and 
2,3-dimethylbut-2-enal. This effect is general since there is also a 
bathochromic shift on going from propargyl aldehyde to tetrol- 
aldehyde. A group with a 2pn- lone pair causes a shift in the opposite 
direction : for instance, formaldehyde absorbs a t  1554 A and formic 
acid at  1492 The effect is more pronounced with an oxygen 
atom than with a nitrogen atom; going from mcthylformamide 
to methylformate causes a blue shift (from 1724 A to around 
1538 A) 59. 

The conjugation of a double bond with a carbonyl group leads to 
intense absorption (emax E 15,000) and to an important red shift 
(Table 9) ; this band corresponds to the transfer of a 7r electron from 
a n-molecular orbital to a n*-molecular orbital and has a charge- 
transfer character (see section 1II.C). I n  fact this charge-transfer 
band exists also in the spectra of &y-unsaturated ketones in the region 
of 2200 A77*115. The prediction of the maxima of the n-n* bands of 
a,p-unsaturated ketones can be made by Woodward's rules or by 
extension and modification of these rules 36*116. 

A main difference between the ?z--rr* and the T-T* bands consists 
in the solvent effect. O n  going from a nonpolar solvent to a polar 
solvent, the 7r-n-* bands shift to longer wavelengths. For instance, 
bicyclo[4.4.0]dec-6-en-8-one absorbs at  2290 A in cyclohexane and 
at 2455 A in water and the absorption intensity decreases (E, , ,  = 
16,500 in cyclohexane and 15,100 in water) T h e  interaction with 
the solvent stabilizes the ground and excited states in a different way 
and induces the red shift of the 7r-m* transition. 
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3. Other transitions 
Usually the assignment of the first band on the blue side of the 

spectrum after the n-n* bands is n--o* (promotion of a nonbonding 
electron to an antibonding 0 orbital). T h e  corresponding intensity 
is moderate to strong N- lo3). This band can shift as a result 
of substitution; for example, the hyperconjugative effect of a cyclo- 
propane ring on the carbon atom CL to a carbonyl group causes a red 
shift of the n-o* band118. This assignment has recently been critically 
d - i s c u ~ s e d ~ ~  and an n’-n* assignment (promotion of an electron 
from the second lone pair to the 7r* orbital) has been proposed. The 
polarization is found to be out-of-plane and this fact is not com- 
patible with an n+o* transition. If the lone-pair n‘ was a pure 2s one, 
such an assignment would be impossible, owing to the very large 
promotion energy. However, it is not impossible that this lone pair 
has a strong 2p character. 

There is a second (but little investigated) band in  this part of the 
spectrum, which is narrow and sharp and does not change from one 
carbonyl compound to the other. This band, polarized in the plane 
of the bonds of the carbon linked to the carbonyl oxygen and per- 
pendicular to the C-0 bond, is probably the beginning of a Rydberg 
series n-t3s119. Bands of this type can be considered as well as n-o* 
bands 

111. THEORETICAL APPROACH TO MOLECULES WITH 
CARBOiu”ii i30 idDS 

A. Molecular-orbital and Valence-bond Descriptions of Carbonyl 

A complete study of the electronic structure of a given molecule 
means in principle the calculation of the total molecular wave 
function. I n  the case where the nuclei are assumed to be fixed in 
space (cf. C.S., 1II.C) this total wave function depends upon the 
space and spin coordinates of all the electrons of the molecule. This 
function must satisfy the Schrodinger equation, but even an approxi- 
mate solution of the Schrodinger equation is practically impossible 
for the compounds in which chemists are usually interested. Despite 
the development of automatic computing techniques, it is still only 
possible to build up  complete approximate electronic wave functions 
for molecules with a very small number of nuclei. Among carbonyl 

information on the electronic structure of more complex molecules, 

Bonds 

compounds this has only been done for formaldehyde 11J9. To get 
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one takes advantage of the fact that the most accessible physico- 
chemical properties outline the behavior of the electrons that can be 
ascribed to the characteristic chemical groups of the molecule; then 
the problem is simplified by building up an electronic wave function 
limited to these particular electrons. Such a description is more easy 
if the molecule contains well individualized bonds or lone pairs. This 
is precisely the case of molecules containing the carbonyl group, 
since most of their properties are due either to the carbon-oxygen 
doublc bond or to the oxygen lone pairs. 

In saturated aldehydes and ketones, R1R2C=0, the electrons can 
be grouped into three categories: the first one includes the inner 
electrons of the different atoms ( I s  electrons of carbons and oxygen) 
that can be omitted in the study of the usual physical and chemical 
properties; the second one includes the electrons of the C-H and 
C-C bonds of the groups R1 and R2 and the electrons of the C-C 
bonds between the groups R1 and R2 and the C=O grouping; the 
third one includes the electrons of the carbonyl group itself. The 
building up of a wave function limited to the carbonyl group requires 
assumptions about the electronic distribution in the rest of the mole- 
cule. As the localization of the bonds is very strong in such com- 
pounds, one can assume that one pair of electrons corresponds to 
each C-C or C-H and that these electrons can be described by a 
two-center wave function including the two nuclei being considered. 
Though it is not usually necessary to specify the form of these bond 
wave ftiiiciions, they can be considered as the solutions of a two- 
electron problem; this problem may be treated by the usual methods 
of quantum chemistry. To form these bond functions, the valence 
atomic orbitals of the different atoms (1s orbital of hydrogens, 2s, 
2p,, 2p, and 2p2 orbitals of carbons) are used, and the atoms are 
taken in a hybridization state appropriate to the molecular geometry 
(cf. C.S., V1II.C). Four tetrahedral hybrid orbitals (te,, te,, te,, te,) 
point towards the next nuclei from each saturated carbon. The 
carbonyl group carbon itself is placed in a trigonal hybridization 
state, since it is a double-bond carbon with three bond angles of 
about 120"; thus this atom has three coplanar hybrid orbitals ( t r l ,  
tr2, tr,) a t  its disposal and one pure 2p, orbital perpendicular to the 
plane yOz of the three hybrids. This situation allows it to form three 
o bonds and one T bond with the adjacent atoms (Figure 3).  The 
first two hybrid orbitals are used for binding the saturated residues 
R1 and R2, and the carbonyl carbon therefore gives one axial sym- 
metry orbital ( t i 3 )  and one 7-r orbital to the carbonyl system; each of 
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these last two orbitals brings one electron to the carbonyl system. 
It is not necessary here to specify the oxygen hybridization because 
it is not determined by geometrical considerations, there being no 
other atom than carbon in the oxygen neighborhood ; this hybridiza- 
tion depends upon the variational process used to calculate the total 
energy of the molecule (cf. C.S., VII1.G). Besides, the oxygen 
hybridization is probably not an important factor in the nature of the 
carbonyl bond. Every hybridization process indeed involves an energy 
loss at  the atomic level and this loss must be balanced by the actual 
formation of chemical bonds; but the carbonyl group oxygen always 
retains two lone pairs that are unable to make ordinary chemical 
bonds and the energy loss cannot be recovered by these bondings. 

FIGURE 3. Electronic structure of a saturated carbonyl compound. 

The electron ccnfigurations of a saturated aiciehyde or ketone in the 
ground state N will be written, with the notation of Figure 3, 

N :  . . . ( te l t r l )2(~o)2((zotr , )2(xoxc>"(y~)2 
where ( te l tr , )2  describes one pair of electrons making the u bond 
joining the carbonyl group to the residue R1, ( zOtrJ2  and ( X ~ X ~ ) ~  

two pairs of electrons, one of type u, the other of type 7~ involved in 
the formation of the carbon-oxygen double bond, (so)2 and (yo)2 
the two lone pairs of the oxygen atom, one of character s, the other 
of characterp but located in the plane of the carbonyl 

If the carbonyl group is bound to unsaturated atoms (as in the 
conjugated aldehydes and ketones, in quinones, and also in the com- 
pounds where R1 together with the carbonyl group forms a function 
of acid, ester, or amide type), the electrons of the carbonyl and the 
etectrons of the radicals R1 and R2 must be considered as a single 
system of delocalized electrons 40. The carbons of such a conjugated 
chain must be put in the trigonal hybridization state so as to be able 
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to make a system of coplanar orbitals ; this 0 system allows a maximum 
n-electron delocalization and then a maximum stability of the mole- 
cule if other steric factors are not involved (Figure 4). 

Thus, the electron configuration of the conjugated aldehyde 
H(CH=CH),CHO can be written in the following shortened form 

N : .  . . ( t T ~ 1  t r ~ ) 2 ( s o ) 2 ( Z o ~ r ~ ) 2 ( ( . k l X ~ ~ ) 2 n ( X O X C ) 2 ( Y 0 ) 2  

where the elcctrons of the u bonds of R’ are assigned to localized 
bond wave fcnctions, but where the n electron system described by 
(%k1XR1)2n(XoX,)2 must be considered as a whole. 

The compounds with two conjugated carbonyl functions as the 
a-diketones or the quinones have a similar electron configuration with 
a 2s lone pair and a Zp, lone pair for each oxygen. 

FIGURE 4. Electronic structure cf a conjugated carbonyi compound. 

With the cxception of formaldehyde, the theoretical work carried 
out until now is only concerned with the outermost electrons of 
aldehydes and ketones. The number of electrons considered in the 
carbonyl group itself depends upon the level of approximation 
used by the authors in order to analyze the properties in which they 
are intcrested. The carbonyl bond is very often treated only as a 
two-electron problem where the two electrons taken in consideration 
are the 2p, electrons of the double bond; this is particularly the case 
in studies of the conjugation of the C=O double bond with other 
C=C or C=O double bonds or with heteroatoms containing lone 
pairs (amide-group nitrogen, carboxyl-group oxygen). Later, it was 
found advantageous to include the two 2py electrons of oxygen in the 
r-electron system, in order to be able to study the properties con- 
nected with the presence of the n lone pair on All 
these works consider the carbonyl bond u electrons, which were 

2 +c.c.c. 
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placed in the orbitals tr, and zo in Figures 3 and 4, as making a 
‘frozen core’, i.e. an electron cloud whose shape is known a6 initio. 
The a-T electron interaction in the carbonyl group was studied in 
the case of formaldehyde and treated as a problem with two centers, 
carbon and oxygen, and with s ix  electrons, two o and two 7r electrons 
for the carbonyl bond and the two electrons of the iz lone pair of 
oxygen lZ4. 

We will only discuss the descriptions of aldehydes and ketones with 
the T electrons and the n lonc pairs of the carbonyl group, because 
these descriptions are sufficient to explain the usual physicochemical 
properties of these compounds. However, as we will see for form- 
aldehyde, the a and T electrons of thcse molecules are not in- 
dependent-particle systems ; even a small modification in the 
distribution of T electrons can strongly vary the distribution of (T 

electrons and, conversely, a modification of the a distribution can 
also vary the T distribution very much. 

If the principles of the molecular-orbital method are applied to 
building up the total wave function Y of the electrons of aldehydes 
and ketones, an individual wave function xi, called the molecular 
orbital, and an individual energy e ,  can be assigned to each 
electron. The orbitals must be such that the total energy of the 
system be minimum (cf. C.S., VII.A, B). The set of molecular 
orbitals necessary for the description of the molecule is given by 
linear combinations of a basis set of atomic orbitals; these linear 
cornhifiations must have appropriate symmetry properties. I n  the 
present case the molecular orbitals xi are linear combinations of 2px 
orbitals based on the m unsaturated atoms (carbons, oxygens) which 
form the conjugated chain; and we have 

If the molecule contains a number of T electrons equal to 21 
(1 = n + 1 for the previously considered conjugated aldehydes), the 
simplest way of making up the wave function describing the system 
in its ground state is to place two electrons of opposite spins in the I 
molecular orbitals xi, ordered according to increasing energy. Since 
m independent linear combinations can be made up with m functions 
of the basis set $ p  the (m - I )  molecular orbitals not used in the 
ground-state wave function are still available; they can be used to 
describe excited states or to improve the wave fhct ion obtained for 
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the ground state by a configuration interaction treatment (cf. C.S., 
V1.F). I n  the configurational representation we have discussed so 
far, the coefficients c p f  of the occupied orbitals x i  are determined by 
the variational calculation on the energy itself, but the numerical 
values of these coefficients depend upon the more or less elaborate 
form of theory used. In the semiempirical form of the moiecular- 
orbital method, the energies e, of the occupied orbitals X f  and the 
corresponding coefficients c p f  are the first I eigenvalues and eigen- 
vectors of a hamiltonian matrix H; the elements of X are typical of 
the different atoms and the nondiagonal elements typical of the 
different bonds of the molecule. 

The elements of H are usually written in the following form 

HPP = CI + h,/3 

where cx and /3 respectively represent the diagoiial and nondiagonal 
elements relative to an isolated bond taken as a standard125*126. 
The coulomb parameterh, for the atom p is supposed greater when 
the orbital electronegativity of the atom p (for a 2p, orbital) is 
higher in absolute value; according to valence-state tables 127, the 
electronegativities of carbon and oxygen atoms involved in a con- 
jugated system are respectively equal to 6.0 ev and 10 ev so that 
oxygen is characterized by a positive ho parameter. To evaluate the 
exchange parameter kc, relative to the carbonyl bond, i t  is impossibk 
to rely on the corresponding values of the overlap integrals; this 
criterion cannot be applied in the case of such a strong heteropolar 
bond as C=O 12*. If we assume that the exchange integral /3 represents 
approximatively the energy difference between a single bond and a 
double bond129, we can write 

and this leads to a value of k higher than 1. 
in which h, and 

k,, were taken equal to +2, slightly different parameters have 
frequently been used. However, the results obtained by different 
authors do not differ essentially; they simply illustrate the fact that 
the carbonyl oxygen attracts the electrons to  it (h, > 0) and that the 
carbon-oxygen double bond is more strongly set in a conjugated 
svstem than the carbon-carbon double bond. This last point is in 

Since the first work on carbonyl 
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agreement with the usual ideas. In  addition to its empirical character 
this purely parametric molecular-orbital method presents more 
important deficiencies in the case of molecules with heteroatoms 
such as oxygen or nitrogen than it does in the case of hydrocarbons. 
I t  is not easy to modify the carbonyl-bond parameters in a systematic 
way in terms of the electronic structure variations of the 7r system in 
going from one compound to another. It is also not possible to 
improve the description of the molecule by adding electrons of a 
different type to the n electrons, as the 71 lone pair of the oxygen 
atoms, for example. As a matter of fact, the atomic orbitals Zfix 
cannot combine with orbitals of a different symmetry, such as the 
orbitals of type Zp,, or u, and the electrons are distributed among 
completely independent systems. To  study such problems, the 
hamiltonian and the wave function effcctively used must be specified 
and this fact introduces at the very beginning electron-repulsion 
terms that are very difficult to take into account in a completely 
empirical method. The  carbonyl group has been studied non- 
empirically as a two-electron and recently as a 
four- 122*123*134 and a six-electron12* problem. Works on this subject 
are numerous, but a detailed discussion is more interesting fclr the 
sake of comparison of the approximations used than for the know- 
ledge of the carbonyl bond itself. 

If we consider only the r electrons of the conjugated chain and 
the oxygen n lone pair of a carbonyl compound, the wave function 
Y describing the elzctroiiic configuration of the ground state is an 
antisymmetrized product of molecular orbitals ; this product can be 
written in the following form (cf. C.S., V.C) 

Y = (N!)-?det {. . .x,(N - 3)cr(N-3) X,(N - 2) /3(N - 2) 

where N is the total number of electrons included in the calculation 
( N  = 21 + 2) and xI and xlr are the highest molecular orbitals 
occupied by the n electrons and by the oxygcn lone pair respectively. 
The hamiltonian corresponding to the wave function !P is 

X n ( N  - 1 ) 4 N  - 1) X n ( N ) S ( N ) )  

where the operator H""" describes the electron motion in the field 
of the molecule stripped of the Nelectrons considered. If the principles 
of the self-consistent field theory are applied to the molecular-orbital 
theory 135, it is found that the coefficients c p  are the eigenvectors of a 



1. General and Theoretical Aspects of the Carbonyl Group 37 

matrix equation. The full matrix H of this new system includes two 
terms: the first one corresponds to the operator Hcorc and has the 
same structure as in the semiempirical method, but with a slightly 
different physical meaning; the second one corresponds to the 
electrostatic repulsion terms of the molecular hamiltonian and 
depends upon the N-electron distribution among the different atoms. 
The electrons occupying molecular orbitals of different symmetry 
(7 electrons and n lone pairs) interact through the second term of H, 
although the atomic orbitals of different symmetry do not combine 
with each other. 

This by now classical method was applied by several authors to 
conjugated aldehydes and ketones, quinones, and other similar com- 
pounds 136-138. I t  is difficult to compare these calculations, because 
different approximations are used to compute the clectronic integrals 
included in the expression of the matrix elements HPq; however the 
general electronic structure description is the same in these different 
calculations and corroborates the results of the semiempirical method. 
Here, we only give the molecular orbitals obtained for the isolated 
carbonyl bond in a self-consistent treatment where the overlap of the 
carbon and oxygen Zp, orbitals was included for the computations 
of the electronic integrals and of the orbital energies ei139. The one- 
center electron repulsion integrals were estimated from spectro- 
scopic data on the carbon and oxygen atoms and the two-center 
repulsion integrals were accordingly adjusted. The numerical values 
used for the c d ~ i i i b  energy of two electrons beionging to carbon or 
to oxygen are 9.87 ev and 13.66 ev respectively, and 12.19 ev for 
the interaction energy of one T and one n electron of oxygen. The 
core integrals aC and ao, which are the diagonal matrix elements of 
the operator Hcore, were determined by the usual processes using the 
ionization energies W& of the atoms A considered in the appropriate 
valence state; the core integral pc0 was written 

Pco = Pco(xc + xo) + ECO 

where the corrective term cCO was estimated equal to -3.05 evl*O. 
The molecular orbitals corresponding to the atomic-orbital basis 
used are given in Table 10. The n lone-pair orbital is, xn and is com- 
pletely localized on oxyger. and xn. is an additionallorbital of type 7-r 

and unoccupied in the ground state. According to. a well-known 
property of the self-consistent field methods, the energy e, of an 
occupied molecular orbital xi represents the energy quantity neces- 
sary to remove one electron from this orbital. 
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I n  a rr-electron problem the expression for e, contains one or 
several constants Wep representing the energy of an isolated electron 
in a potential reduced to that created by the atom A in the molecule. 
These constants are known for the free atom in the appropriate 
valence state, but the values inferred from the atomic valence state 
tables are too large in absolute value by comparison with the 
molecular ionization  potential^^^'. I t  is not necessary to know the 
constants Wep in order to compute the molecular energies; it is 
sufficient to fix their relative position in an arbitrary energy scale 
using the free atom valence-state table for a basis (see Table 10). 
As has been seen in section 11, the ionization potential, which is 
observed to be about 10 ev in unconjugated aldehydes and ketones, 
corresponds to the removal of an oxygen lone-pair electron. 

TABLE 10. Molecular orbitals for 7r and n electrons of the carbonyl group. 
~ ~ ~ 

Molecular orbitals Orbital energies* 
(ev) 

* W,C = E(C, ~ f i f f )  - E(C+,  ~ f i , P )  W,"= E ( 0 ,  s"f~"fip) - E(O+,  ~"p'fi) 
= W,C - 5.67 ev 
= W,C - 3.21 ev W,O = E ( 0 ,  ~'p"f i f i )  - E(O+,  sfbp) 

The vaiues of Table 10 are in agreement with this interpretation 
and, in addition, they suggest that the ionization potential of the 
carbon-oxygen double-bond T electrons is equal to about 12.5 ev; 
in formaldehyde the experimental value of the second ionization 
potential which is usually assigned to the removal of a ,r electron, is 
11.8 evl*. The shape of the T molecular orbital is the same as in the 
semiempirical method : the occupied orbital xn is polarized in the 
direction C +-0 - , whereas the antibonding orbital xn. is polarized 
in the opposite direction. Later we shall discuss this point several 
times. 

Up to this point the ground state of the carbonyl bond was repre- 
sented by a wave function formed only by the molecular orbital xn 
and the lone-pair orbital xn. With the additional orbital xn., some 
'excited' configurations can be made up, which form with the 
fundamental configuration 
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a set of orthonormal functions, all with the same basis functions 4. 
I n  order that a set of functions 'Pi could represent the different 
stationary states of a system, it is necessary for the matrix of elements 
I YTHYjd.r to be diagonal, since it defines the possible energies of 
the system. In general the clectronic configurations made up with a 
given basis of atomic orbitals do not verify this condition and thus 
it is possible to improve the description of the molcculc by replacing 
the functions Y i  by linear combinations of the form 

where the coefficients dit of every djt are the eigenvectors of the 
previous energy matrix. By this configuration interaction a limited 
set of wave functions at is obtained, for which the new energy matrix 
is diagonal. 

The nine possible configurations for the carbonyl group considered 
as a four electron problem arc gathered in Table 11. There are three 
excited configurations combining with the ground configuration !PI. 
The three excited singlets of the same symmetry are ul,, Y3, and 
Y5. With thc electronic integrals used in this calculation, the 
carbonyl-group ground state appears as almost entirely made up of 
the lowest energy configuration ul,. 

The interest of this configuration-interaction calculation lies in 
using it as an intermediate for studying the carbonyl group by the 
valence-bond method. It is well known that the molecular-orbital 
method with configuration interaction and the valence-bond method 
with ionic structures are completely equivalent representations for an  
homopolar two-center problem such as the two Is electrons of the 
hydrogen molecule or the two T electrons of ethylene. This can be 
extended to  any molecular system, providing that the same basis of 
atomic orbitals and the same electronic integrals are used in both 
methods and providing that on one hand all the configurations and 
on the other hand all the ionic structures are taken into consideration. 
The equivalence of both methods is due to the fact that the set of 
configurations Y ,  and the set of structures Qj are linked by a linear 
transformation T leading to the same eigenvalue problem 123. I n  the 
present case the carbonyl-group wave function in the valence-bond 
method has the form 

where the Qj are the valence structures of Table 12. 
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TABLE 1 1. Configurations for the carbonyl group. 

Singlet configurations" Symmetryb Weight' Triplet configurationsa 

t J  

t 4  
A1 0.988 

A. .1 I 4, I 
A 

t J  I L  t J  t . ! ,  A 

A .f 4, I J 

a The upper arrow dcnotc clcctrons with the spin function rc and the loxvcr ones electrons with 
the spin functions 8. 

Symmetry spccics for the Czo group. 
Normalized weights for the ground statc. 

By using the matrix transformation T, the ground configuration 
!PI is found to be a linear combination of Qj including only the 
normal covalent structure Q, and the two opposite ionic structures 
52, and Q,; the same result is found for the configurations ?Pa and Y5. 
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TABLE 12. Valence-bond structures for the carhonyl group. 

Singlet Triplet 
structures" Syrnnietry 12'ciglitb structuresa 

. .  . .  
c.20 

Y:, 
c=o A ,  0.540 Qi 

Y Y  
Q l  

Q6 

. .. c=o A2 0 Q;i c-0 
Y Y 

a Straight lines between atoms denote singlet valence-bond wave functions of Hcitler-London 

A bold dot indicates a n  electron in a 2p, atomic orbital; a small y indicates one in a 2py orbital 

I\-orrnalized weights for the ground state, including the contributions of transitional structures. 

type (covalcnt structures) ; dotted lines denote the corresponding triplet functions. 

(Zimmcrman's notation, Adcon. Phofoclrcm., 1, 183 (1963)). 

T h e  structure Q,, which has the same symmetry, is an  ionic structure 
in which one electron of the oxygen lone pair is trznsfcrred towaid 
the carbon 2p, orbital and the other toward the oxygen 2px orbital. 
I t  is completely equivalent to the configuration Y2 involving the 
excitation of the lone pair and does not make any appreciable con- 
tribution to the ground state configuration. Thc carbonyl bond tail 

bc reprcscnted by the superposition of the covalent and ionic 
structures C=O, C'-O-, and C--O+, even if the lone pair is 
included in the calculation. T h c  normal covalent structure con- 
tributes to the carbonyl bond with a lveight of slightly more than 
500/, but the actual charge on the oxygen atom is only about one- 
third e because the structure C--O+ also contributes. 

If the carbonyl-group dipole moment is computed and if the 
overlap moment due to the different sizes of the carbon and oxygen 
2px orbitals is taken in account, a value of 2-23 D is obtained; this 
value corresponds to a charge transfer of 0.38e on to the oxygen. 
The  same calculation carried out for the ground configuration Yl 
yields 2.38 D or a charge of 0-41e. Smaller values were obtained with 

2* 



42 G .  Berthier and J. Serre 

different approximations by several authors 133s134.141. As has been 
seen in section II.A, the dipole moment of aldehydes and ketones is 
close to 2.5 D. This total moment includes not only the contribution 
of n- electrons but also that of a localized bond electrons and that of 
oxygen lone-pair electrons. In  the works on unsaturated molecules 
the dipole moment of a compound is usually evaluated by vector 
addition of the calculated 7~ moment and of the empirical (J bond 
moments; the value for the C-0 a bond is 1.1 D ~ ~ ~ .  However, the 
a-bond polarity of the carbonyl group is usually considcrcd as 
negligible and the hybridization moment of the oxygen lone pairs is 
considered as the only important contribution coming from the 
localized electrons. This lone-pair contribution is estimated to equal 

Even if the splitting of a dipole moment into sevcral components 
is justified from an experimental point of view, it can be dangerous 
to add experimentally determined moments to a thcoretical moment 
obtained in a rr-electron problem; these formcr moments are only 
used to palliatc the deficiencies of the theory. We will see in discussing 
the electronic structure of formaldehyde (section 1II.E) that such x 
practice for the carbonyl compounds seems rather dubious. 

B. Excited States 
The electronic spectrum of a molecule is formed by the set of 

stationary states satisfying the Schrodinger equation of the electronic 
system under consideration. Therefore the electronic transitions do 
not correspond to the jump of electrons from a level to another, but 
to the jump of the electronic system as a whole from one possible 
state to another under the influence of an  external factor. In  order to 
visualize the different excited statcs, however, it is convenient to 
adopt an independent particle model as in the atomic case; in such a 
model it is possible to define individual wave functions and individual 
electronic levels. All the electrons of a molccule are described by 
orthogonal molecular orbitals which are completely delocalized ; 
these orbitals reflect the symmetry properties of the molecule. Thus 
it is not possible to keep wholly the concept of o electrons localized 
on particular bonds; but the total wave function so dcfincd can be 
submitted to linear transformations restoring thc optimum localiza- 
tion degree. The  ground state of the system is obtained by filling the 
orbitals in the natural order of their energies; the excited statcs are 
obtained by leaving vacant some of these orbitals occupied in the 
ground state and by filling higher energy orbitals. 

about 1.5 D 133.134.141. 
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As an atomic orbital occupied by an electron of given spin is 
characterized by four quantum numbers (71, 1, m,, nz,), four indices 
(7, A, p, a) would have to be assigned to every mo!ecular orbital of a 
given electronic configuration. The  last index, u, ,would specify the 
nature of the spin function, a or 8, associated with the electron, the 
second and the third ones, h and p, would characterize the symmetry 
properties of the considered orbital, and finally the first index, 7, 
would simply be a number used to distinguish orbitals of the same 
symnictry. But since for one energy level it is possible to place two 
electrons of opposite spins in a space orbital x, it is useless to specify 
the indes u if the orbital x is doubly occupied and it is superfluous if 
the orbital x is occupied by one electron, because the value of (3 can 
be determined from the total spin of the system. Likewise it is useless 
to specify the index p in the case of a nondegenerate level, since the 
index p is connected to the degree of degeneracy of a level e;  in the 
case of a deoenerate level it is superfluous, because the level e 
is associated with a family of orbitals xP transforming into each other 
by the symmetry operations. For instance, the molecular orbitals of 
the two equivalent groups of 7~ electrons in linear mo!ecules as COz 
or C,H, differ fi-om each other only by the factor exp (&$)  and 
form the basis vectors of a representation of dimension two in the 
group D,, or C,, (rcpresentation n). Thus the nature of the 
occupied levels can be specified by the symbol (?A)" where n is the 
number of electrons placed in a given levcl e of multiplicity m 
(n < 27n). The complete spcctroscopic notation143 identifies the index 
h with the symbol of the irreducible representation to which the 
orbitals x belong in the symmetry group of the whole molecule. 
Thus thc geometry of formaldehyde (see section ILA), at least for 
the ground state: has the symmetry elements of the group Cz,; thc 
wave function Y of the system of sixteen clectrons is totally sym- 
metrical and belongs to the representation A ,  of C,, but the individual 
electrons have for wave functions orbitals of species A,,  B,, or B,. 
These molccular orbitals x are characterized by taking the corre- 
sponding lowcr-case lettcr a,, b, or bz.  Thc totally symmetrical mole- 
cular orbitals a, are occupied by electrons usually assigned to the 
bonds of thc formaldehyde skeleton. The molccular orbitals b,  are 
also symmetrical with respect to the molecular plane but they arc 
antisyinmctrical with respect to the perpendicular plane containing 
thc C-0 axis; thcy reprcsent the hyperconjugation of the CH, 
group with the 12 lone pair of oxygen and the highest orbital (20,) is 
mainly forinccl by thc 2p, orbital of oxygen. The molecular orbitals 

9 
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6 ,  arc antisymmetrical with respect to the molecular plane and thc 
7r electrons of the carbonyl bond are placed in them. If thc inner 1s 
electrons of carbon and oxygen are ncglectcd, the ground state of 
formaldehyde may be written 

. . . (lal) '  ( 2 4 '  (16,)2 (34) '  (16,)2 (26,), 

The first excited states of the molecules are obtaincd by completing 
the set of molecular orbitals of the ground state with molccular 
orbitals of higher energy, which are made up with the same atomic 
orbitals, and among which the outer electrons of the molecule can 
be distributcd. In the unsaturated hydrocarbons these transitions 
which do not entail any change of the principal quantum numbcr 
of the basic atomic orbitals involve the highest bonding and the 
lowcst antibonding molecular orbitals of the 7r electrons. The 
carbonyl compounds have both 7r electrons and lone-pair electrons 
and the 2p, lone pair of the heteroatom has higher energy than the 
' i ~  electrons; one can anticipate transitions where one of the oxygen 
Zp, electrons is shifted toward onc of the antibonding molecular 
orbitals (a or T) of the carbonyl oroup. If we disregard the possibility 
of geometrical deformation at t h s  point, the lowest excited states of 
formaldehyde are the triplets and the singlets obtained after these 
three types of excitation 

. . . (la,)' (2a,), (16,)' (34 ) '  (16J2 (26,) (26,) lu3A2 

. . . (la,)' ( 2 4 ) '  ( l l ~ , ) ~  (3a1)2 ( lb , ) ,  (26,) (h,) 1*3& 

, . . ( l a , ) ,  (Za,)' (16,)' (3a,)2 (16,) (2b,)2 (26,) 'e3A1 

where (261) and (4a,)  are m and cr orbitals with a node between 
carbon and oxygen. As we will see later, the transitions to these 
excited states can be identified in carbonyl-compound spectra, even 
if the molecule does not possess the same symmetry elements as 
forinaldehyde (see also section 1I.B). The possibility of a Rydberg 
transition in which one of the oxygen 2 j 1 ~  electrons is excited to a 
Rydberg orbital similar to a 3s orbital of the oxygcn atom cannot be 
left out; but it is not easy to distinguish by experiments as well as by 
theory between a state such as 

? 

. . - ( l a d 2  P a l l 2  (W2 (3aJ2 (W2 (2bd (33,) 

and the A ,  state formed by the antibonding 0 orbital of the carbonyl 
bond 

In the former dcscription we have a configurational model Ivhere 
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the wave function is given by the product of the molecular orbitals 
occupied in each state, but no restrictive relation between the 
molecular orbitals of the different excited states has been assumed. 
I f  we now suppose that the initial and final states considered are 
described by molecular orbitals belonging to the same set of ortho- 
normal monoelectronic functions, in order to define completely thc 
problem from a theoretical point of vietv, i t  is enough to quote the 
molecular orbitals whose number of electrons change during the 
transition. Instead of keeping the group theory terms (implying thar 
the molecular geometry is known), the molecular orbitals are 
described by the symbols n, T, T*, cr, (I* ; these symbols represent the 
lone-pair orbital of the heteroatom, and the highest occupied and 
the lowest unoccupied T or cr orbitals, respectively. In  these con- 
ditions thc notations for the first transitions of formaldehyde are 

2b2-2b1 or n-n* singlet and triplet 
2b,-4.a1 or 12-u* singlet and triplet 
lb,-Zb, or T-T* singlet and triplet 

In  the cxperimentally important transitions involving the lone 
pairs 41-44*144 i t  is now usual, particularly in photochemistry, to 
designate the different transitions and the corresponding chemical 
processes by the symbols n-n* and n-o*. The recommended 
spectroscopic notations are N-Q for the lone-pair transitions, called 
also N-A in  the first case (?Z-T*) and N-B in the second case (n--tcr*), 
and AT-V €or the T+T* transitions143. 

If the p ~ ~ s s i b k  changes of geometry are not taken in  account, the 
transition intensity from the ground state to the different cxcitcd 
singlet states is given by the selection rules of the symmetry group to 
which the molecule belongs. For the C,, group, the n-m* transition 
is forbidden, the n+u* transition is allowed and polarized in the 
molecular plane in  the direction of an  axis perpendicular to the 
C=O bond, and the ~+n* transition is allowed and polarized in the 
C=O direction. Instead of considering the total molecular symmetry, 
which is not the same for all carbonyl compounds and can vary with 
the excitation, it would be more convenient to connect the electronic 
transition characteristics to the shape of thc concerned molecular 
orbitals (Figure 5). Thus the local symmetry of the carbonyl group 
can be used, and this is indeed the most useful factor for the identifica- 
tion of transition~'4.14~. I n  an  n+x* or n+a *transition, the electron is 
almost entirely localized on the oxygen atom at the starting point; 
the only appreciable contribution to the transition moment comes 
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from the oxygen-atom orbitals appearing in the initial and final 
molecular orbitals. According to the atomic selection rules, the 
transition is allowed if there is a change in the quantum number I of 
the oxygen atomic orbitals in the transition. For an n lone pair 
localized on a pure 2pY orbital, the final molecular orbital must have 
an s component on the oxygen atom. This is possible in the case of 
the o* orbital but not in the case of the T* orbital. However, it can 

+t-----' \- 

u ,c- 7- - 0 

FIGURE 5. Molecular orbitals in a carbonyl bond. 

happen that the n lone pair forms a single molecular orbital with 
some atomic orbitals whose transition moment with double-bond 2px 
orbitals is not equal to zero. This can occur for instance under the 
effect of geometric distortions caused by the substituents R of the 
carbonyl group. Such a transition is not forbidden at  the level of the 
carbonyl group, except in the cases of absolute prohibition enforced 
by the symmetry group to which the whole molecule belongs. If we 
are not considering this last case, the transition moment is different 
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from zero, but as the molecular orbitals have very different shape 
the electronic transition intensity remains low. 

T o  emphasize the influence of the local conditions on the n electron 
transition intensity, the excited states corresponding to an n-m* or 
n+u* transition allowed by the local symmetry of the carbonyl 
group are sometimes assigned the symbol W (W for allowed) and 
those corresponding to a locally forbidden transition are assigned the 
symbol U ( U  for unallowed). Thus the n-m* transition from the 
ground state A,  to the first singlet state A,  of formaldehyde is called 
l U c l A 1 ,  and the n+o* transition from the ground state to the first 
singlet state B, is called IWt lA, .  In  the case of triplet upper states 
the transitions are called 3Ut1A, and 3W+1A, 144. 

As it has been pointed out before (section II.B), the transitions of 
the n electrons of oxygen atom are the ones observed at the longest 
wavelengths in the spectrum of molecules containiilg a carbonyl 
group: the n--rrr* transition is responsible for the region of low 
intensity a t  the long Wavelengths and the n+u* transition is respon- 
sible for the region of higher absorption at  the end of the ordinary 
ultraviolet spectrum. The ‘ir-m* transition involving the excitation 
of the carbon-oxygen double bond is located in the far ultraviolet; 
the intensity is not determined any more by the characteristics 
of the atomic orbitals but by the shapes of the bonding and anti- 
bonding molecular orbitals describing the states of the r electrons of 
the carbonyl bond. 

When an  ethylenic grouping and the carbonyl group are con- 
iigated, the energy levels of the n and u* localized orbitals do not 

vary much but the same conjugation shifts the levels of the electrons 
assigned to the ‘ir and T* orbitals closer to each other. The result is 
that the T+T* transition is shifted very clearly toward the red and is 
located very close to the n-m* transition, whereas the n+u* 
transition remains in the same spectral region14s. We will discuss 
only the n-m* and T+T* transitions that are of most importance in 
photochemistry. 

We have seen in section 1II.A that the system formed by the two 
2px orbitals of the carbon-oxygen double bond and the 2py orbital 
of the oxygen atom gives four configurations of symmetry A ,  and 
two configurations of symmetry A,  for the possible singlet states of 
the carbonyl group considered as a four-electron problem. I t  gives 
also one configuration of symmetry A ,  and two configurations of 
symmetry A,  for the triplet states (see Table 1 1).  If a single configura- 
tion is only taken to represent the excited states of the system, the 

47 
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wave function of the first excited state of symmetry A ,  will be given by 

'e3Y 4 = 2-i!4!) -+[det ( x n ( l ) a ( l )  ~,7(2)/3(2) xn(3)a(3) xn*(4.)P(')) 

5- det (xiI(l)a(I) X X P ) r 6 ( 2 )  xn(3)P(3) XZ*(4)44)11 
with the negative sign for the singlet state and the positive sign for 
the triplet state. I n  the same way the wave function of the lowest 
excited state of symmetry A ,  will be 

1.3y5 = 2-!(4!) -+[dct (xz ( 1) a ( 1) Xn(2)  a(2) xn(3)P(3) ~ n *  (4.1 B (4) 1 
I det (xz(l)B(l) xn(2)a(2) xn(3)P(3) ~n*(')a(4)11 

By keeping the carbon-oxygen internuclear distance and the 
electronic integrals of the ground state to compute the excited states, 
the first triplet and singlet A2 states are found 4.03 and 4-51 ev 
higher than the ground state, while the region of low intcnsity 
assigned to the n-m* transition is located a t  about 2900 A (4.3 ev) 
in the absorption spectra of saturated ketones. The first excited 
triplet state of symmetry A ,  is 5.20 ev above the ground state and 
the corresponding singlet is at 8-49 ev; these results are in good 
agreement with the position of the region of high absorption which 
arises from the r+r* transition in the far ultraviolet. I t  is interesting 
to note the very different order of magnitude of the singlet-triplet 
separation in the two types of transition. The small value obtained 
for the n+r* transition comes from the very different shapes of the 
molecular orbitals involved in the excitation and more precisely i t  is 
due to the fact that the n and n-* orbitals are formed by atomic 
orbitals pointing in perpendicular directions. In  such a case the 
variation of energy due to the change of the total spin of the two 
electrons occupying the n orbital before the transition (twice the 
exchange integral K,,,) is necessarily small 74.146. On the contrary, 
the singlet-triplet separation obtained for the T+* transition is 
rather important, since the molecular orbitals point in the same 
direction; its value is near to that observed for ethylene, 3-0 ev49. 

In  quantum methods where the two-electron interaction integrals 
are approximated by values obtained from atomic spectroscopy, the 
energy of the excited states in the two equivalent treatments, i.e. 
configuration interaction and valence bond, is not very different 
from the values obtained by a simple configurational representation 
(Table 13). The n--rrr* transition is now equal to 3.99 ev for the 
triplet and 4.22 cv for the singlet and thus the separation 3A2-1A, 
is reduced to 0.2 ev. The transition T+T* does not vary much: 
5-46 ev for the triplet, 8.41 ev for the singlet or a 3AI-1A1 separation 
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of about 3 ev. O n  the other hand, the description of the excited states 
is slightly different, particularly for the polarity of the singlet and 
triplet states deriving from the same configuration (Table 14). I n  the 
excited state A,, the carbonyl group must be considered as formed 
by a three-electron ir bond, essentially covalent, and one n electron 
localized on the oxygen atom; a mixed ionic-covalent structure such 
as C-=O + shifts the charges in an opposite direction to the polarity 

of the ground state; and this shift is more important for the triplet 

TABLE 13. Excited states of the carbonyl group. 

Y 

Configurationsa Structuresb EnergiesC 

Weight Weight (ev) 

Ground state see Table 11 see Table 12 -0.18 

Y'l 0.974 a; 0.179 3.82 

' y 4  0.95 1 Q, 0.135 4.05 

Yd 0.026 Q& 0.82 1 34 

'u, 0.049 Q.5 0.865 ' A 2  

3f l  1 ulj 1 Q; 1 5.29 

ul, 0.00 1 Q l  0.201 

Y3 

u2 0.006 Q, 0-523 8.23 
0.030 Q 3  0.269 

u/, 0.963 Q, 0.006 

lfl: 

(I Notations in Tablc 11. 
Sotations in Tablc 12. 
With respect to thc cncrg). of thc ground configuration. 

state than for the singlet statc. This nature of a three-electron bond 
is in harmony with the decrease of the carbonyl bond strength 
constant: 6.29 x lo5 dyn/cm instead of 11-72 x and in 
harmony with the smaller value of the dipole moment in the ' A ,  
excited state of formaldehyde (1.48 D) than in the ground state 
(2.34 D ) ~ ~ .  But owing to the influence of the (T electrons on these 
physical properties, i t  would be very difficult to compare these 
experimental data with numerical values obtained in a treatment 
limited to the 12 and ' i ~  electrons. 

I n  the first excited state A ,  of the same symmetry as thc ground 
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state, an important difference between the triplet and the singlet is 
established. The electron system of the carbonyl group in the triplet 
state 3A1 is almost neutral, for it is described by one structure of 
covalent type C-0.  On the other hand in the singlet excited state 

lA1 this electron system has a polarity similar to that of the ground 
state l A l ;  this polarity is only slightly reduced owing to the smaller 
importance of the structure C +-0 -. 

YY 

YY 

TABLE 14. Charge distribution in excited states of the carbonyl group. 

Self-consistent field method Configuration-interaction or 
valence-bond method 

Net charges Dipole moment Net charges Dipole moment 
in D in D" 

c +-0 - 
rf: 0.41 Ground state 

2.38 c+-0- 
+_ 0.38 

2.23 

c--o+ 1 *78 c--o+ 0.98 
T 0.31 T 0.17 3A2 

c--o+ 1 *78 c--o+ 0.73 
T 0.31 T 0.13 l A 2  

c--o+ 0.06 C--Of 0.06 
0.01 T 0.01 3A1 

c--o+ 0.06 C+-0-  1.37 
T 0.01 rf: 0.24 IAl 

a Found by taking the same internuclear distance (CO = 1.21 A) for the ground state and all 
excited states. 

There is no difference between the singlet and the triplet states in 
the simple configurational representation of the self-consistent field 
(SCF) method, because the function Y5 assigns equal weights to the 
former two ionic structures whatever may be the molecular orbital 
coefficients; hence for the calculation of the charges there is just a 
contribution of the only covalent structure C-0. Although the 

function U, gives a reasonable value for the transition energy 
lA1-IA1, i t  gives a rather bad description of the first excited state 
lAl.  I t  seem to us that this result must be kept in mind for the 

Y Y  
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theoretical interpretation of the photochemical reactions involving 
the TTT--~~T* transition. 

C. Electronic Structures of Conjugated Carbonyl Compounds 
The interaction between a carbonyl group and an unsaturated 

residue R directly attached to it is usually considered as an inter- 
action of donor-acceptor type involving the r electrons of the mole- 
cule. The group R acts as the electron donor and the carbonyl bond 
as the electron acceptor in consequence of thc electron delocalization. 
If R does not possess heteroatoms having lone pairs conjugated with 
the carbonyl bond, the acceptor character of the carbonyl grouping 
can be entirely attributed to the larger electronegativity of the 
oxygen atom; for there would be no intramolecular charge transfers 
according to the semiempirical molecular-orbital method (at least in 
absence of odd conjugated cycles) if all the atoms could be character- 
ized by the same coulomb parameter a. We will only discuss here the 
cases where R is a system of conjugated double bonds or an aromatic 
ring, disregarding the case where R forms a single functional group 
with the carbonyl bond. When a conjugated residue R is fixed to a 
carbon-oxygen double bond, some physicochemical properties under- 
go significant changes. Thus from formaldehyde to acrolein the 
ionization potential decreases by 0-63 ev and the carbonyl stretching 
vibration by 44 cm-l, whereas the dipole moment increases by 
0.77 D ~ ~ ~ .  

All these properties - -  are explained by showing ar, increasc of the 
carbonyl-bond polarity as a result of conjugation. Indeed the 
ionization of one oxygen n electron depends upon the electrostatic 
repulsion between the lone pair and the r-electron cloud and is 
made easier by a rr-charge accumulation on the oxygen. In the same 
way the decrease of the carbonyl stretching vibration is explained in 
resonance language by an enlarged contribution of ionic structures, 
e.g. 

- + 
c=c-CEO ++ c-c=c-0 

Such a purely descriptive explanation does not say anything about 
the nature or the magnitude of the observed physical effects. By 
taking as an example the variations of the carbonyl stretching 
vibration in carbonyl compounds, we would likc to emphasize the 
necessity of analyzing the molecular properties in terms of physical 
quantities effectively related to them in the frame of the approximate 
method taken for thc calculation. 
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I n  the theory of normal vibrational modes the vibration frequencies 
of a polyatomic molecule are given by 

where the A j  are the eigenvalues of the Wilson FG matrix. T h e  
matrices F and G represent the potential energy and the kinetic 
energy of the molecule vibrating in the normal coordinate system 
and respectively depend upon the restoring and coupling forces 
between the different oscillators and on the reciprocal of the mass of 
these oscillators. In principle any stretching vibration depends upon 
the set of force and coupling constants and on the set of masses of the 
atoms forming the molecule. However, it is sometimes possible to 
simplify the problem as, e.g. in  the cases of the C=O or N-0 bonds. 

The study of the infrared and Raman spectra of compounds of 
type R1R2C=0 suggests that the characteristic frequency of the 
carbonyl group located around 1700 cm-I represents to a first 
approximation the vibration of a system of reduced mass p under the 
effect of a simple restoring force proportional to the force constant of 
the carbonyl bond 

K 
(FG)co = r-L = A 

where A is the only term of the FG matrix in this case; and we have 

1 K . E  
v = -(-) 277 p 

Furthermore, for a given type of bond (e.g. in aldehydes, ketones, 
or esters) v does not depend much upon the masses of substituents, 
so that the reduced mass p can be considered as an effective constant. 
Under these conditions the variations of the carbonyl frequency in a 
series of related compounds must be assigned to electronic pcrturba- 
tions having an effect on the force constant K of the carbonyl bond; 
then we will have 

where K and KO are the force constants of the compound studied and 
of a reference compound, and v and vo the corresponding frequencies. 
As a matter of fact, the carbonyl vibration is not-completely in- 
dependent of the rest of the molecule, but the contribution of the 
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different couplings to the observed frequency can be calculated by a 
perturbation procedure providing that the force constant Kc,149 is 
given. I n  practice it can be more than enough to estimate the effect 
of the couplings in comparison with a pattern whose structural 
parameters are fixed. If the carbonyl vibration of the saturated 
ketones (v = 1706 cm-l) is taken as a standard, the effect of the 
vibroperturbations dv is found to be an increase or a decrease of the 
carbonyl frequency depending upon the case considered (Table 15). 

The importance of the vibrational perturbations is illustrated by 
the typical example of the saturated cycloalkanones, e.g. cyclo- 
butanone. In this compound the abnormally high value of the 

TABLE 15. Effect of the vibroperturbations A V ' ~ ~ .  

Compounds A v  vc =o kc =o 
(cm- l) (cm-l) (lo5 dynlcm) 

Saturated ketones 0 1705-1 725 10.0-10.3 
Conjugated ketones +11 1650-1700 9.0-9.8 
Cyclobutanone + 46 1775 10.3 
Aldehydes - 17 1720-1 740 10.6-10.9 

o-Quinones 

p-Quinones 

- +61 1660-1690 9.7- 10.1 

- 10 1660-1 690 9.5-9.9 
asym- -26 

carbonyl frequency is mainly due to the coupling of the C=O group 
with the adjacent C-C bonds. This perturbation is a decreasing 

function of the angle (0C)CC and an almost purely mechanical 
explanation must be given for the decrease of the carbonyl frequency 
in the higher cyclanones. In a general way the vibrational eifects 
come mainly from the coupling between the motions of the carbonyl 
group and those of the surrounding atoms. This fact explains that the 
carbonyl bond might be considered as an apparently isolated 
oscillator and that it is possible to ascribe the carbonyl frequency 
changes to variations of the force constant K,=, of an electronic 
nature, provided one remains within a homogeneous series of 
compounds. 

The resonance theory, in a qualitative way, explains the lowering 
of the force constant Kc=, in the conjugated aldehydes and ketones 
by the decrease of the double bond character and by the resulting 

A 
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charge increase on oxygen 150. In  the molecular-orbital method 
without overlap, the corresponding quantities are 

where the summation is taken over the squares or over the products 
of the coefficients relative to the orbitals of oxygen (cli) or of the 
adjacent carbon ( c z i )  in the occupied molecular orbitals. 

The analysis of the problem in the frame of the semiempirical 
molecular-orbital method shows that the force constant Kc,o does 
not depend upon the oxygen charge qo (in T electrons) , but first of all 
depends upon the carbonyl mobile bond order pco 151*152. In  fact the 
complete expression of the force constant Kab of a conjugated bond 
between two atoms A and B contains two terms 

where pab and Tab,& are the n-bond order and the autopolarizability 
of the considered bond, and s and Ks, d and K ,  constants representing 
the length and the force constant of a purely single bond (Pab = 0) 
and of a purely double bond (pab = 1) between the atoms A and 
B 153. The bond order pab and the autopolarizability are half 
the first derivative and half the second derivative of the total energy 
of the 7r electrons with respect to the exchange integral paby respective- 
ly; as K..% is the second derivztivz of the  energy with respect to the 
equilibrium distance between atoms A and By they both appear in 
the expression of the force constants. However, in the particular case 
of the carbonyl bond the second term brings a negative contribution 
not exceeding 4% of the total force constant; since the bond order 
pco remains close to its maximum value, owing to the fact that the 
carbonyl bonds are not very delocalized, consequently the auto- 
polarizability rc0 remains very small 128. If the self-consistent field 
method is used to determine the molecular orbitals , the theoretical 
expression of the force constants keeps the same structure as in the 
semiempirical method: the first term is a function of the bond order 
and plays a leading part for the very localized bonds138. But it must 
be noted that this first term in addition includes a function of the 
electron repulsion integ-rals representing long-range forces. 

The theoretical data obtained by the molecular-orbital method for 
a series of conjugated aldehydes and ketones are given in Table 16 
with Kco = 10.7 x lo5 dyn/cm for the isolated carbonyl group- 
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ing149. Figure 6 shows that there exists a rather good linear relation- 
ship between the experimental infrared frequencies vco and the 
square root of theoretical force constants in agreement with the 
approximation of the independent C=O oscillator; but it must be 
noticed that the straight line representing ketones is lower than that 
of aldehydes and particularly that the point for formaldehyde is far 
from the aldehyde linc. This shift must be ascribed to the electronic 
effect of the alkyl groups on the constant KcO, because that is the 
same in the force constants assigned to thc saturated compounds 

TABLE 16. Theoretical force constants Kco for conjugated carbonyl compounds. 

Compound 40 Ico  - m o l B  K C O  

(1) Carbonyl group 
(2) Glyoxal 
(3) Benzaldehydc 
(4) Acrolcin 
(5) Benzophenone 
(6) Perinaph thcnonc 
(7) Cyclopentadienone 
(8) Fluorenone 
(9) 1,2;7,8-Dibenzofluorenone 

(10) Tropone 
(1 1) 4,5-Benzotropone 
(12) 2,3;6,7-Dibenzotropone 
( 1  3) o-Benzoquinonc 
(14) p-Benzoquinox 

1.287" 
1.266 
1.317 
1.323 
1 *346 
1 -384 
1.214 
1.308 
1.300 
1.459 
I -424 
1.376 
1.283 
1.307 

0.958" 
0.937 
0.905 
0.895 
0.857 
0.820 
0.895 
0.87 1 
0.869 
0.779 
0.799 
0.834 
0.879 
0-856 

0.048b 
0.044 
0.076 
0.085 
0.105 
0.146 
0.063 
0.092 
0.097 
0-172 
0-157 
0.128 
0.090 
0.104 

10-37* 
10.25 
10.00 
9.93 
9.66 
9.35 
9-97 
9.77 
9-75 
9.03 
9.19 
9.47 
9.82 
9.66 

~ 

a Paramctcrs for carbonyi groups: a0 = a + 1.28, ~ C O  = 2s. 
b Calculated with fl = 3 x 10l2 erg and the constants ofrcf. 149, 

s = 1.43 A 
d = 1.22 A 

K ,  = 5 x lo5 dynlcrn 
K ,  = 1 O . i  x lo5 dyii/crn 

themselves : the analysis of the vibration spectrum with a rather 
simple potential function leads to a value of 10.2 x lo5 dyn/cm for 
the unconjugated ketones 15*, against 1 1-72 x 1 O5 for formalde- 
hydeI4'. O n  the whole, the carbonyl frequency decreases when the 
size of the conjugated system increases, except for tropones and some 
series of quinones (not discussed here) 12**154. The calculation gives 
only an account of the essential properties of the cyclic conjugated 
ketones: a very low carbonyl frequency is associated with a large 
polarity in the cycloheptatrienones (tropones) and a very high 
frequency and a lowered polarity with cyclopentadienones (fluoren- 
ones) ls5; but the numcrical agrecment with experiment is much less 
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good than in the usual compounds. The abnormally high value of 
vco in fluorenone must be compared with the frequency increase by a 
vibrational effect that we found previously in the saturated homo- 
logs (cyclopentanone). But another explanation must be found for 
the augmentation of tropone frequencics (influence of electron re- 
pulsion terms, of the cr skeleton, etc.) because the vibrational perturba- 
tions in cyclohexanone and cycloheptanone create an effect in the 

I I 
300 305 310 315 329 325 

I600 

I 

K z  (dynkrn)' 

FIGURE 6. Experimental infrared frequencies versus force constants. (Numbers refer 
to compounds in Table 16; FA = formaldehyde, A = aldehydes, K = ketones.) 

opposite direction. The theory is also deficient in the case of fluoren- 
ones; a variation of vco is observed on going from fluorenone to 
dibenzofluorenone 155, but the calculated force constant remains 
almost unchanged, because the addition of distant benzene rings is 
almost without effect on the bond order of the carbonyl in the 
middle of the molecule. Similar facts have been reported for 
q ~ i n o n e s l ~ ~  and the agreement with experiment was improved by 
modifying the exchange integrals in function of the interatomic 
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distanceslS7. I t  is tempting to ascribe these variations to the long- 
range forces completely neglected in the usual molecular-orbital 
method. 

I t  is hardly possible to apply the nonempirical methods of quantum 
chemistry to conjugated aldehydes and ketones, even if only the T 
electron systems are considered. By using the configurational approxi- 
mation of the self-consistent field theory it has been possible to 
improve the calculation of n-electron molecular orbitals, but only 
with very drastic simplifications in the estimation of the electron 
repulsion terms137J38. The problem of the conjugation of the 
carbonyl group with an unsaturated residue R (C=C double bond 
or a heteroatom with a lone pair) was tackled by a simplified 
configuration-interaction method where the choice of the important 

FIGURE 7. Electron configurations for acrolein. A double arrow means that the 
unpaired electrons have unspecified coupled spins, i.e. 2-f(ap - 8.) for singlc: 

states . 

configurations is made according to the physical nature of the problem 
as in the valence-bond method158. The theoretical treatment is 
based upon the composite system f o r m a l i ~ r n ~ ~ ~ J ~ ~  and uses the fact 
that the system C=C-C=O can be separated into one electron- 
donor group, the C=C double bond, and one electron-acceptor, the 
carbonyl group. The total wave function 0 of the 7r electrons of 
acrolein is represented by the superposition of the four configurations 
of Figure 7. Each configuration is the antisymmetrized product of 
the molecular orbitals occupied by the four electrons of the system, 
the spin degeneracy of the excited configurations being taken into 
account. The ground configuration Y,, is simply the juxtaposition 
of the ground configurations of the two bonds. The charge transfer 
configuration ul,, indicates the donor character of the C=C double 
bond and the acceptor character of the carbonyl. The locally excited 
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configurations !F: or Y; correspond to an electron excitation inside 
thedonor group C=C or inside the acceptor group C=O. If the 
energy of the ground configuration Yg, is taken as the zero point, 
the diagonal elements of the energy matrix constructed from the 
function Y can be approximatcd by the energy variation necessary 
to reach the physical state to which the excited configurations 
correspond. Thus the energy of the locally excited configurations is 
represented by the energy of the first absorption band ~-n* of 
ethylene and of formaldehyde: 7.6 ev for Y,d, and 7.9 ev for YE. 
The energy of the charge transfer configuration Y,, will have an 
expression of the form 

Ect = I d  - A ,  - C, = 6.4 eV 

where I d  is the donor ionization potential (10.5 ev for ethylene), 
A,  is the acceptor electroaffinity (assumed as being equal to - 1.2 cv 

TABLE 17. n states of acrolein. 

Normalized weight of each singlet configuration 

Ground state First excited Second excited Third excited 
- 

state state state 

y c g  0.954 0.038 0.00 1 0.008 
u c t  0.045 0.656 0.0 16 0-280 
y 2  0.0007 0.235 0.410 0.360 
y,: 0.0003 0.07 1 0.573 0.352 

L I E U  0 6.23 8.10 8.8 1 

Expb 6.32 8-35 and 8.46 

a Excitation energies in cv according to ref. 158. 
n+n* transitions according to ref. 145. 

for the carbonyl group) and C, is a sum representing the coulomb 
attraction energy between the groupings (C=C) + and (C=O) - . 
The last term depends upon the polarity of the molecular orbitals xn 
and xn. used for describing the isolated C=O grouping and was 
calculated equal to 5-3 ev158. The off-diagonal elements of the 
energy matrix must be theoretically estimated with the formulas 
of the composite-molecule method ; they depend upon the molecular- 
orbital coefficients of the two parts and on the value assigned to the 
exchange integral /3 of the C-C bond joining them (/3c-c = 1.7 ev). 
Table 17 gives the results obtained with these parameters for acrolein. 
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The previous model ascribes an extremely clear physical meaning 
to the configuration-interaction wave functions. The acrolein s o u n d  
state is essentially constituted by the juxtaposition of the ground 
states of the C = C  and C=O groups with a small contribution from 
an intramolecular charge-transfer complex (C=C) + (C=O) -. 

This description, which is similar to that of the classical inter- 
molecular charge-transfer complex, gives a very simple picture of the 
polarity variations of the C=O grouping by conjugation : the 
structure of charge-transfer type brings a contribution to the dipole 
moment increasing the component along the carbonyl bond axis, 
but at  the same time creating a component in the perpendicular 
direction ; the last point is due to the fact that the molecule is bent. 
A Stark-effect study actually showed that acrolein possesses a dipole 
moment of 3-06 D in the G O  direction (compared to 2-3 D for 
formaldehyde) and of 0.54 D in the perpendicular direction1 61. 
The excited states describe only the excitation processes involving 
the T electrons. The structure of charge-transfer type dominates 
in the first excited state, the locally excited configuration of the 
carbonyl group in the second excited state; the third excited 
state is a mixture of these structures. The calculated excitation 
energies A E  (Table 17) are in good agreement with the position of 
the T+T* transition in the acrolein absorption spectrum145. Thus 
the first 7r-w-P transition can be considered as an intramolecular 
charge-transfer band; this band, located at  1935 A in acrolein, shifts 
toward the visible region while the donor ionization potential 
decreases, eg.  if the carbon-carbon double bond of acrolein is 
replaced by a longer conjugated chain. The assignment of the two 
absorption bands found at 14.80 A and a t  1460 A is more dubious; 
the former corresponds in this interpretation to a blue shift of the 
formaldehyde T+* transition located at  1560 A. The interpretations 
to which this simplified configuration-interaction method leads are 
often taken too literally. However, the results obtained must not 
cause the limits set by the semiempirical character of the process to 
be forgotten. 

D. Radical Ions Derived from Aldehydes and Ketones 

The electronic structure of positive and negative ions derived from 
molecules containing only unsaturated carbon and hydrogen atoms 
are very similar, particularly in the case of alternant systems125-126, 
i.e. conjugated and aromatic hydrocarbons without odd-membered 
rings. In  these compounds the levels where it is easiest to capture or 
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remove an electron are those of T electrons. Thus the positive ions 
obtained by the action of sulfuric acid on an aromatic hydrocarbon 
are described by a wave function with one 7r electron less in the 
highest occupied molecular orbital than for the neutral molecule, 
while the negative ions obtained with alkali metals will have one 
electron in the first antibonding orbital of the T electron system. The 
energy of the highest occupied orbital and that of the lowest free 
orbital of an alternant hydrocarbon are quantities of opposite sign 
of the form 

e i  = CL 7niP 

according to the semiempirical Huckel molecular-orbital method ; 
furthermore, the electron density that these two orbitals produce on 
each carbon when they are occupied by one electron is the same, so 
that the distribution of the positive charges coincides with that of the 
negative charges for two ions of opposite sign derived from an 
alternant hydrocarbon. These characteristics have been used to 
explain the rather similar physicochemical properties of the two 
categories of ions such as parallelism of polarographic oxidation and 
reduction potentials 162, similarity of the absorption spectra in the 
visible region 163, and hyperfine structure of the electronic para- 
magnetic resonance spectra164. No analogy of this kind is possible in 
the case of positive and negative ions derived from molecules con- 
taining atoms with lone-pair electrons such as the carbonyl 
compounds. 

As the n electrons of a heteroatom are usually the easiest ones to 
remove, the positive ions will have a positive charge localized on the 
2py orbital of the heteroatom. The negative ions will be formed by 
fixation of an electron in the first antibonding molecular orbital xa. 
of the T electron system, and the resulting negative charge will be 
delocalized on all the atoms of the conjugated chain; this is the 
case in ketyl radicals obtained by reduction of aldehydes and 
ketones. 

The positive ions of the carbonyl compounds are mainly known 
by their appearance potential from the neutral molecules. We saw 
in section 1I.A that the ionization potential and the polarity of the 
carbonyl bond vary in opposite direction under the effect of a sub- 
stituent X on the carbonyl group. The variations of the ionization 
potential of the lone pair are often explained by saying that the 
electric charge at the oxygen atom creates a more or less important 
electronic repulsion on the lone-pair electrons. I n  the case of con- 
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jugatcd aldehydes and ketones a correlation between the ionization 
potential of the molecule and the oxygen charge qo created by the 
.rr-electron system can also be established. In the frame of a classical 
electrostatic interpretation such a process completely neglects the 
coulomb interactions of the lone-pair clectrons with the other atoms 
of the molecule and leads to rather disappointing results when the 
molecule contains several heteroatoms of different nature 165J66. 
By t t e  self-consistent field method it is possible with some approxi- 
mations to establish a simple formula, giving a much more satisfying 
expression, and to calculate the ionization potential of the lone pair 
belonging to a heteroatom involved in a conjugated system. According 
to Koopmans’ theorem, the ionization potential of a n  electron 
occupying a molecular orbital x is equal to the opposite of the energy 
e i  of the considered orbital so that 

e ,  = Ii + J i i  -+ 2 (2J i j  - K i j )  
j # i  

where the summation is over the occupied orbitals in the closed-shell 
ground state of the neutral molecule. For an 12 electron localized on a 
heteroatom, this expression is written 

en = I, + J,, + 2 ( 2 J n j  - 
i 

where the summation is over the molecular orbitals x j  occupied by 
the 7r electrons. The term 1, can be split in two parts: the first one 
1; depicting the contribution of the heteroatorr- itself, the second one 
1; summing up the contribution from the other atoms to the nuclear 
attraction potcntial acting on the n electron. The quantity (1; + J,,) 
is the energy necessary to remove one electron from the heteroatom 
assumed isolated and can be considered as a constant W, in a series 
of related molecules. The quantity (1; + z j 2 J n j )  represents the 
coulomb interaction energy between an n electron and the distribu- 
tion of local charges appearing in the regions where the T electron 
density does not exactly balance the nuclear charges. To the first 
approximation, we can write 

1 ) (nn ; x,x,.) 

where q r  is the total T electron charge of every atom carrying one T 
electron to the system, and (nn; x,x,) the integral giving the value of 
the coulomb repulsion energy for two electrons, one described by 
the $, orbital of the heteroatom and the other one by a 2p, orbital 
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centered at the atom r. As was seen in section III.B, the exchange 
terms Knj are small and can bc neglected in a comparative study. 
With these approximations the ionization potcntial of an n electron 
of the oxygen lone pair (2p,)2 is written 

where W ,  is a negative specific constant and (1 - qr) is the net 
charge in 7-r electrons of the atom r 165-166. The preceding summation 
is over all the atoms r of the conjugated system, including the 
heteroatom itself; as the coulomb repulsion integrals decrcase when 
the distance between the atomic orbital increases, the largest term in 
this expression comes in general from the negative charge qo at the 
hetcroatom and we can write 

But as coulomb repulsion forces are long-range forces, the other terms 
are never negligible. Although the presence of a large negative charge 
on the heteroatom lowers the ionization potential of the lone pair, an 
absolute significance must not be ascribed to such correlations which 
are often noticed in homogencous series of molecules, such as 
carbonyl compounds. 

The negative ions of ketones form stable ketyl radicals, which 
have been known for a long time. They are obtained by the reduction 
of ketones with alkali, alkaline- and rare-earth metals in ether as 
solvent; but they are in equilibrium with paramametic species formed 
by ketyl radicals associated with positive mctal ions. Thus the ketyls 
obtained by sodium give a dimer with two Naf  ions and they are 
transformcd into the diamagnetic pinacolate if, instead of ether, 
benzene is used as solvent167. T h c  electroreduction at  high pH of 
aldehydes and ketones also leads to ketyl radicals ; thc polarographic 
half-wave potential Ei is determined by the electroafinity of thc 
reduced molecule and varies in a parallel direction to the encrgy of 
the lowcst frec orbital of the i7 electron system in conjugated aldehydes 
and ketones168. As the energy of the oxygen lone-pair electrons is 
lcss sensitive to structural modifications than the ener,gy of the free 
orbital, a correlation is found between the polarographic reduction 
potential and the energy of n+r* transition of k e t o n e ~ l ~ ~ . ~ ~ ~ .  As a 
matter of fact, the electronic structure of the ketyl grouping looks 
very much like that of the carbonyl grouping in the A ,  excited state: 
the C-0 bond in the negative ions of aldehydes and ketoncs can bc 

? 



1. General and Theoretical Aspects of the Carbonyl Group 63 

described as a three-electron 7i bond and can be representcd by two 
resonance structures similar to the structures Q4 and i 2 6  of the 
carbonyl group : 

C-=O,, t--, c=o- YY 
The situation is the same for the N-0 bond in nitroxide radicals 
R1R2-NO, which are neutral molecules isoelectronic with the 
ketyls and have similar properties 171m172. 

The study of the hyperfine structure of electronic paramagnetic 
resonance spectra of the ketyi radicals gives informations on the 
importance of the conjugation of the ketyl group with an unsaturated 
residue R. In  the ions derived from benzaldehyde or from its para- 
substituted derivatives XC6H4CH0, the hyperfine coupling con- 
stants of two ortho or meta protons are d i f f e re~~ t l ' ~ - '~~ .  The rotation 
of the ketyl group around the axis C-C is hindered, since there is no 
symmetry axis passing by the C-X bond. The result is that the 
benzaldehyde anions with cyano or nitro substituents and the 
aromatic dialdehyde anions exist as several rotamer forms whose 
presence is detected by the analysis of the corresponding electronic 
paramagnetic spectrum. Thus the terephthalaldehyde anion is a 
mixture of both cis and trans planar conformations, where the trans 
form is more stable. In  contrast there is only one conformation for 
the phthalaldehyde anion and this is the unsymmetrical meso 
rotamer; the large relative stability of the meso rotamer may be due 
to an intramolecular hydrogen bond176: 

.. . . .. 

cis trans endo meso exo 

The hyperfine coupling constants ax of a free radical are deter- 
mined by the electron spin density px that the molecule shows at the 
nucleus X responsible for the coupling. If the wave function of the 
electron system is represented by a series of molecular orbitals doubly 
and singly occupied, the spin density at any point can be considered 
identical to the probability of finding the unpaired electron at this 
point. I n  the case of conjugated free radicals the unpaired electron 
belongs to a wmolecular orbital formed by atomic 2p, orbitals whose 
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nodal plane coincides with the molecular plane; thus it does not 
bring any contribution to the spin density pH on the protons located 
in this plane. But the hyperfine coupling constants uH for the protons 
of the conjugated system are not equal to zero, because the inter- 
action of the unpaired electron with the electrons of the C-H bonds 
creates an s-character spin density on the protons 17'. To explain this 
effect, either the preceding independent particle model must be 
improved by a U-T configuration interaction mechanism, or the 
notion of orbitals occupied by two electrons of opposite spins must be 
abandoned and replaced by a model using different space orbitals 
for different electron-spin values 178-179. To the first approximation, 
the coupling constants uH are proportional to the spin density pg 
brought by the unpaired electron to the neighborhood of the carbon 
of the C-H bonds; the following expression is used 

and the value of the constant Q is determined by using the experi- 
mental value for uH in the case of a compound whose spin density p," 
is known without ambiguity (for methyl radical p," = 1-0, aH = - 23.0 
oe). I n  the LCAO-MO approximation without overlap, the spin 
density p r  on an atom r, which is part of a conjugated system, is 
identical to the partial charge brought to the atom r by the molecular 
orbital x,, of the unraired T electron: 

Pr = C K  

Therefore the spiii densities of the usual molecular-orbital method 
are inevitably positive, or equal to zero if the unpaired electron wave 
function becomes zero on the atom r. But the analysis of the para- 
magnetic resonance spectra of aromatic free radicals, such as benzyl 
or triphenylmethyl radicals, shows that spin densities of some atoms 
actually are negative. To interpret this fact, a spin polarization effect 
must be introduced in the r-electron system itself, either by carrying 
out a configuration-interaction calculation or by using different 
molecular orbitals for different spins To the first approximation, 
the spin densities of the classical method can be corrected simply by 
taking the spin-polarization effect into account by a perturbation 
procedurelsO. In such a case we have 

where h is an adjustable semiempirical parameter and rrs is the 
mutuai polarizability of atoms r and s. 
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Under its parametrical form, the molecular-orbital method gives 
an appropriate distribution of the spin densities in the aromatic 
ketyls, provided that the usual set of integrals for the carbonyl group 
is completed by additional parameters destroying the equivalence of 
the two ortho- and mcta-positions of benzaldehyde. Two processes 
have bcen used: in the first one the coulomb integral aC for the 
ortho-carbon, which is nearer to the carbonyl group, is supposed 
modified by the proximity of oxygen; in the second one the exchange 
integral between this carbon and the oxygen is supposed to take 
an appreciable value 176. 

The order of the carbon atoms of the ring according to the 
relative value of the spin densities is not the same in the two cases, 
but the assignment of the coupling constants aH observed for the ring 

TABLE 18. Spin densities in conjugated ketyl radicals. 

Compound Calculated spin densities" Expcrimen talb 

P Pport P e w  

Benzaldehyde 0.2773 0.3129 0.3589 
4-Cyanobcnzaldehyde 0.2122 0.236 1 0-2346 

0.1641 Terephthalaldehyde (tram) 0.1456 0-  1590 
Terephthalaldchyde (cis) 0.1467 0.1602 0-1607 
4-Nitrobenzaldehyde 0.0697 0.0730 0.0578 

a Paramcten of ref. 174 with X = 1.2 j?. 
pexp = c H / Q  with Q = -23.7 oe. 

protons has not been determined experimentally and it is impossible 
to determine the best process empirically. In  Table 18 we only give 
the spin density of the carbonyl carbon, calculated with the assump- 
tion of a modification of the integral c ~ ~ ~ ~ ~ ,  and the value of the 
ratio a"/& deduced from the hyperfine coupling constant of the 
aldehyde proton, the assignment of which is certain. From a qualita- 
tive point of view, the effects observed with monosubstituted 
benzaldehydes are consistent with the calculation indications, except 
for the two terephthalaldehyde rotamers which are reversed. I t  
happens that the relative positions of the two rotamers is better 
explained by the introdnction of a nonzero exchange integral pOc 
than by a modification of the coulomb integral ac176; but the 
observed effect is probably too fine to be explained by such an over- 
simplified theory. To use less arbitrary processes such as the self- 
consistent field method or the configuration-interaction method, 

3 -f- C.C.G. 
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which have been applied to some ketyl radicalslsO is much more 
advisable. 

E. An Example of a Complete Quantum-rnechanlcal Calcdation: 
the Ground State of Formaldehyde 

The methods of quantum chemistry (molecular-orbital, valence- 
bond, and other methods) are only processes for finding an approxi- 
mate solution of the Schrodinger equation. Their development can 
take on a semiempirical or a purely mathematical aspect: in a semi- 
empirical treatment some theoretical factors are identified with 
experimental quantities and numerically replaced by them; in a 
purely mathematical treatment the wave function used for the 
calculation of the physicochemical observables calls for the funda- 
mental constants of physics only. The introduction of semiempirical 
elements into a theory simplifies the mathematical formalism and 
usually makes the comparison with experiment easier but at the same 
time it spoils the deductive character of the predictions made. I n  
contrast the results obtained by the ab initio methods originate from 
theoretical principles but depend closely upon the degree of approxi- 
mation that the chosen wave functions reprcscnt for the Schrodinger 
equation ; besides, it is impossible to carry a nonempirical calculation 
to the very end without taking into account all the electrons 
and this restricts the application of such methods to small mole- 
cules. 

Two ab i d i o  calculations devoted to the formaldchyde grour,d 
state were published in 196011*19. Both of these works have been 
carried out by the self-consistent field mcthod in the LCAO approxi- 
mation. All the electrons of the molecule, including those of the K 
shells of carbon and oxygen, have been included in a single system of 
sixteen electrons. The total electronic wave function Y/ is represcntcd 
by a Slater determinant made up by eight molccular orbitals x t  
occupied by two elcctrons of opposite spins. The atomic-orbital basis 
used in the development of the molecular orbitals is formed by simple 
Slater functions #,, namely by functions whose radial part is the 
product of a power of r by an exponential e-cpr containing an 
appropriate exponent i,. A choice of more complicated atomic 
orbitals would have increased the already very large number of 
atomic integrals which must be determined before the bcginning of 
the so-called variational calculation. The electronic energy of the 
system has only been computed for the equilibrium geometrical 
configuration as it is given by experiment. 
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We describe only one of these calculations1' in full detail. The 
assumed geometrical structure is the result of an analysis of the 
molecular microwave spectrum In  its ground state formaldehyde 
is planar and belongs to the symmetry group C2v; the internuclear 
distances are T C-H = 1 - 12 A and r C-0 = 1.2 1 W and the angle 

H^CH is equal to 118". The carbon atom is placed at the center of a 
Cartesian coordinate system; the Oz axis coincides with the C-0 
bond and points towards the oxygen atom and the Ox axis is placed 
in the molecular plane (Figure 8). The basis of atomic orbitals 
includes the 1s orbitals of the two hydrogen atoms and the 1s and 2s 
orbitals as well as the three 21 orbitals of both carbon and oxygen, 
i.e. a total of twelve orbitals. With these functions it is possible to 
build up twelve molecular orbitals which can be classified according 

FIGURE 8. Gecmetrical structure of formaldehyde. In  this figure the axes 0.r and 
Oy are the same as in the original work'l. The choice of axes is different in the 

previous sections. 

to their transformations under the action of the symmetry-group 
operations. In  seven of these molecular orbitals appear, on one hand, 
the s and 2pz orbitals of carbon and oxygen and, on the other hand, 
the normalized combination (Is, -t ls,*)/N+ of the 1s orbitals of 
the two hydrogens. These functions belong to the A ,  representation 
of the group Cz,; this means that they remain unchanged by sym- 
metry operations transforming the molecule into itself as, for instance, 
a 180" rotation about the Oz axis. Three of these molecular orbitals 
are built up with the combination (Is, - 1sH,)/N- of the two 
h.ydrogens and with the Zpx orbitals of carbon and oxygen; they 
belong to the B, representation (the functions are antisymmetric 
with respect to the vertical plane passing by the carbonyl bond). 
The last two molecular orbitals contain only the 2p, orbitals of carbon 
and osygen; they belong to the B, representation (the functions are 
antisymmetric with respect to the molecular plane). To describe the 
ground state of the molecule, it is found that five molecular orbitals 
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of type A,,  two of type B,, and one of type B, must be used. The B, 
molecular orbitals can be seen as depicting the hyperconjugation of 
n lone-pair electrons of oxygen with the hydrogens linked to carbon; 
the molecular orbitals B, correspond to the T electrons of the carbonyl 
bond. 

The molecular orbitals of formaldehyde can be written in the 
general form 

where the summation is only over the atomic orbitals occurring in 
the molecular orbital of type T. According to LCAO-SCF theory, the 
energies e ,  of these orbitals are the solutions of the equation 

d e t I L  - eSI = 0 

where S is the overlap matrix and L is the matrix associated with 
Fock’s operator 

occ 

F = H + 2 (25, - K,) 
i 

with respect to the basis +,182. The operator F contains an operator 
H representing the kinetic and potential energy of one electron in 
the field of the nuclei and a sum of coulomb operators J i  and 
exchange operators K operating only on the occupied molecular 
orbitals; this last sum forms the average potential by which the SCF 

theory represents the interaction of the electrons of the system. Due 
to the fact that the operator F contains the molecular orbitals to be 
determined, the computation of the molecular orbitals is an iterative 
process : with the eigenvectors Ci of the previous eigenvalue equation 
the matrix elements of the following iteration are determined. A 
total of twenty iterations has been necessary to obtain a good coin- 
cidence between the matrix elements of two successive iterations. 

If the atomic orbital coefficients in the different molecular orbitals 
are considered (Table 19), it is noticed that each of the orbitals x, 
and x, represent one electron pair almost entirely localized on the K 
shell of carbon or oxygen atom. I t  is also established that the highest 
occupied orbital xs contains a very strong contribution of 2p,  orbital 
of oxygen and that, consequently, the oxygen n lone pair is almost 
entirely localized on the heteroatom; this last result is in agreement 
with those of the less elaborated calculations of section 1II.A. The. 
structure of the orbital x7 representing the electrons of the carbonyl 
bond is more astonishing; contrary to the usual descriptions, this 
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orbital has a homopolar nature with a slight polarity C--Of. 
According to Koopmans' theorem, the energy of the orbital e8 gives 
the value of the first ionization potential of formaldehyde as 11-53 
ev; this value is in rather good agreement with the experimental 
value (10.8 ev). The second ionization potential given by the energy 
of the orbital x7 (15.08 ev) is too high in comparison with the 
experimental value (1 1.8 ev). Hewever, these results corroborate the 
assignment of the first two ionization potentials of formaldehyde to 
the removal of an oxygen n lone-pair electron and to that of a double 
bond T electronI7. 

The distribution of the electrons among the different atoms as can 
be inferred from the molecular-orbital coefficients seems to indicate 
that charge transfer from the hydrogens towards carbon and oxygen 
occurs. If the electron density at the atom A is identified with 
the gross atomic population 

XI(A1) xz(A1) xd-41 )  X 4 ( m  x s ( 4  xd -41 )  XdB2) XdBd 

-0.018 -0.001 -0.150 -0.167 0.647 

-0.001 1.000 -0.037 0.025 -0.035 
-0.002 0.019 0.372 -0.697 -0.375 
-0.042 0.006 -0.013 0.312 -0.336 

1.003 -0.001 -0.026 0*011 0.024 
0.037 -0.008 0.807 0.448 0.447 

-0.017 0.001 -0.207 0.243 0-592 
0.430 - 0.368 

0.489 - 0.270 
0.433 0.905 

0.655 
0.626 

-562.88 -309.14 -38-73 -22.10 -21.94 -19.25 -15.08 -11.53 

where r and s range through the different atomic orbitals $, centered 
in A,  and i ranges through the different occupied molecular orbitals, 
then the following charges are found: 

Ha-C-0 
1.80 610 8.10 
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But the calculated dipole moment has its positive end pointed 
towards the oxygen atom and is equal to 0.62 D. This result is not in 
agreement with the experimental dipole moment (2.34 D) with 
its direction (which has not been determined by experiment) 
probably pointing in the opposite way. 

As atomic populations are defined to characterize the different 
atoms, overlap populations can be defined to characterize the 
bonds183. The overlap population between two atoms A and B is 
given by 

m n  

where S,, is the overlap integral between an orbital +,. belonging 
to the atom A and an orbital +,. belonging to the atom B. The 

TABLE 20. Energy data on formaldehyde1'. 
~~~~~ ~~~ 

Computed Experimental 
(atomic units) (atomic units) 

Total electronic energy - 114.705 
Repulsion of nuclei 31.1 14 
Total molecular energy - 1 13.59 1 - 114.550 
Energy of separated atoms - 113.151 - 113.964 
Dissociation energy 0.440 0.586 

summations on T and s are taken on all the orbitals +r and +s centered 
at the atoms A and B, respectively, and the summation on i is taken 
on all the occupied molecular orbitals xi. The population analysis 
shows that the orbitals x1 and xz are nonbonding orbitals (electrons 
from the K shell of carbon and oxygen) ; it shows also that the orbitals 
x3, x4, xs, x6, and x7 are bonding and that the oxygen lone pair orbital 
xs is slightly antibonding. I t  is established also that the orbital ( 2 ~ ) ~ ,  
built up by orthogonalizing the 2s nodeless function of oxygen with 
the 1s orbital, is mixed with orbitals of the same symmetry; thus it 
cannot be identified with the wave function of a lone pair of character 
s and localized on the heteroatom. 

The energy values of Table 20 are very close to the results obtained 
in the other ab initio calculation of the formaldehyde ground stateIg; 
for instance, the value found for the total molecular energy was 
- 113.534 a.u. However the dipole moment which is much more 
sensitive to the details of the wave function is rather different (1.1 D); 
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nevertheless the structure of the molecular orbital assigned to the T 
electrons of the carbon-oxygen double bond is the same. I t  is well 
known that the completely delocalized molecular orbitals of the 
self-consistent field method can be transformed into localized orbitals; 
with these new orbitals it is possible to find the usual ideas of the 
valence theory again : e.g. two-electron bond, lone pair, etc.ls4. 
The molecular orbitals of the first calculation described here were 
subjcctcd to such a treatment3Js5. To obtain this reprcsentation, in 
general one is obliged to remove the imperfections of the localization 
process used and this alters the observables to a slight extent. 
After such a transformation the electronic structure of formaldehyde 
can be describcd as follows: the oxygen atom bears two lone pairs, 
one of pure p character, the other of s character slightly changed by a 
2p,, orbital contribution; the carbon atom disposes of three u orbitals 
in an approximately sp2 hybridization state, two of these u orbitals 
forming the C-H bonds with the hydrogen Is orbitals and the third 

TABLE 2 1. Charge distribution in formaldehyde le5. 

qH Qc Yo 

D charges in C-H f0.15 -0.15 
cr charges in G O  +0-17 -0.17 
x charges in C--C - 0-03 + 0.03 

one forming a CT bond with the oxygen 2p, orbital. This description 
corresponds to the charge distribution of Table 21 and gives a dipolc 
moment of 2.6 D in rather good agrecment with the experimental 
value. 

A rather astonishing fact appears from the consideration of the u 
and 7~ charge distributions between the two atoms of the carbonyl 
group: oxygen, which as a rule is more electronegative than carbon, 
effectively draws the (T electrons to itself but repels the n electrons 
towards the carbon and, on the wholc, remains negatively charged. 
This rcsult is not an  isolatcd one; it occurs also in molccules con- 
taining nitrogen as a hetcroatom, c.5. in hydrocyanic acid185 and 
in pyridine106. T h e  origin of this peculiarity is immediately seen by 
scrutinizing the structure of thc matrix elcmcnts of the JXAO-SCF 

method : the a-charge accumulation on the heteroatom alters the 
clcctron rcpulsion terms relative to the 7~ orbitals so strongly that the 
heteroatom becomes less electronegative than carbon for the T 
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electrons. It would be interesting to know whether similar phenomena 
occur in most unsaturated heterocyclic molecules: if this were the 
case, it would mean either that the usual theories must be replaced 
by a theory introducing the u electrons or that the prcsent self- 
consistent field method in LCAO approximation must be discarded as 
leading to results which are physically meaningless. 
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1. INTRODUCTION 

Carbonyl compounds are produced by the oxidation of a wide variety 
of organic compounds, the most important of which are hydrocarbons 
and alcohc!s. In order to limit the scope of this chapter ,only these 
starting materials will, in general, be considered here. 

The  required oxidation may be effected by a number of established 
reagents such as dichromate, permanganate, selenium dioxide, ozone 
and various inorganic and organic peroxides. I n  many ways, how- 
ever, the most attractive oxidant is molecular oxygen, the use of 
which sometimes leads to good yields and which has the advantages 
of ready availability and low cost. I t  is not surprising then that the 
use of this oxidant forms the basis of several industrial processes in 
which the starting compound may be present either in the liquid or 
vapour states. Thus useful amounts of carbonyl compounds may be 
formed both from uncatalysed and catalysed liquid-phase oxidation 
and from homogeneous and heterogeneous gaseous oxidation pro- 
cesses. Gas-phase reactions are particularly attractive commercially, 
particularly if the desired product(s) can be separated without 
condensation of the total organic reactor effluent, since a recycling 
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process may then be used to increase the yield without the necessity 
of revaporizing the initial organic compound. 

In much of the earlier work, particularly that on the gaseous 
oxidation of organic compounds, the absence of suitable analytical 
methods for estimating the small quantities of products involved in 
laboratory-scale experiments made it impossible to obtain reliable 
data for the formation of individual carbonyl-containing products. 
Determinations could often be made only of total aldehydes or in 
some cases of formaldehyde and higher aldehydes. Only cornpara- 
tively recently too did workers in this field become conscious of the 
necessity to estimate ketones. However, the development of chromato- 
graphic and spectroscopic methods of analysis has now made it quite 
easy to determine reliably all the individual aldehydes and ketones 
which may be formed as intermediates during oxidation processes. 
In the same way most of the mechanisms proposed by earlier workers 
for the production of such compounds had little experimental support, 
but in recent years the use of isotopic tracer methods has enabled 
more definite conclusions to be reached regarding the nature of the 
reactions leading to the formation of carbonyl compounds. Valuable 
confirmatory evidence has also been provided in some cases by direct 
studies of other related reactions. 

In the present chapter carbonyl-forming oxidations will be 
described which involve both molecular oxygen and other specific 
oxidants, although it is the intention to lay rather special emphasis 
on the uses and wide applicability of the former reagent. The various 
reEctic?ns concerned will be classified according to the diEerent main 
classes of organic starting material which may be used for the 
oxidative production of carbonyl compounds. 

I I .  OXIDATION O F  ALKANES AND CYCLOALKANES 

A. Reactions lnvolving Molecular Oxygen 

I .  Gas-phase reactions 
The sole parent 

alkane giving only one carbonyl compound is methane, which 
produces small amounts of formaldehyde as an intermediate product 
on slow oxidation. Bone and Gardner first detected this compound 
during the induction period preceding methane oxidation at  about 
400°c, the yicld at  the end of the induction period being about 0.2%. 
Slotin and Style2 showed that the yield of formaldehyde at 430"c 

a. Oxidation in the a6sence ofcatalpts. i. Alkanes. 
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passes through a well-defined maximum and then decreases again, 
presumably owing to further oxidation of this product. Egerton, 
Minkoff and Salooja found that the largest amounts of formaldehyde 
were formed in 2 CH, + 1 0 ,  mixtures and that the maximum 
yields decreased as the temperature was increased from 460 to 5 0 0 " ~  
(Table 1). The maximum concentration of the aldehyde formed at  
510"~ is formed at the time of the maximum rate and is said4s5 to 
be given by the relationship (1). 

[HCHO],,, x 10-3[CH,] 

TABLE 1. Maximum yields of formaldehyde formed during the oxidation 
of methane3. 

yo Formaldehyde in products from 
Temperature Pressure 

("a (mm) 2 CH4 + 0, CH4 + 0, CH4 + 2 0 2  

460 
460 
460 
460 
460 

480 
480 
480 

500 
500 
500 
500 
500 
500 

350 
300 
250 
200 
100 

350 
250 
150 

350 
300 
250 
200 
150 
100 

0.40 

0.40 

0.40 

- 

- 

0.37 
0.37 
0.38 

0.39 

0.39 

0.37 

- 

- 

0.38 
0.37 
0.38 

0.35 
0.35 
0.33 
0.35 
0.34 
0.35 

0.33 
0.3 1 
0.30 
0.29 
0.27 

0.3 1 
0.29 
- 

0.30 
0.29 
0.28 
0.27 
0.25 
0.24 

There is little doubt that formaldehyde is produced during the 
non-catalytic gaseous oxidation of methane as a result of the direct 
reaction of methyl radicals with oxygen. Below about 200°c, such 
interaction gives rise by a third-order process 6-8 to methylperoxy 
radicals, the principal fate of which is to decompose bimolecularly 
yielding some formaldehyde (equation 2). There is, however, con- 

CH30, + CH30; ___f CH,OH + HCHO + 0, (2) 

siderable uncertainty as to whether methylperoxy radicals are in fact 
formed at the relatively high temperatures at which methane and 
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oxygen react thermally, although they have apparently been detected 
by mass spectroscopy at temperatures as high as 1 0 0 0 " ~ ~ .  In  general 
it seems more likely that, at  temperatures of the order of 500"c, the 
main reaction leading to formaldehyde is (3) ,  for which there is 
abundant evidence from flash photolysis lo. 

C H j  + 0, ---+ HCHO + -OH (3) 

The slow oxidation of ethane generally also yields formaldehyde as 
well as smaller amounts of acetaldehyde. Bone and Hill l1 found that 
a t  an  oxidation temperature of 313"c, the maximum yields of form- 
aldehyde were about 1% and those of acetaldehyde were about o.3y0. 
T h e  use of high pressures (and consequently lower temperatures) 
increases the amounts of acetaldehyde and decreases those of form- 
aldehyde in the products12. Knox and N ~ r r i s h ~ ~  showed that 
acetaldehyde was a product of ethane oxidation only at temperatures 
below 360"c, and Knox and Wells14 found that at 300-32O"c 
formaldehyde was a very abundant early product, the initial yield 
of which (based on ethane consumed) was in some cases as high as 
60%. The observation that the extent of acetaldehyde formation 
(unlike that of formaldehyde) depended upon the oxygen pressure 
prompted the suggestion that both aldehydes were formed by the 
decomposition of intermediate ethylperoxy radicals l5-I6, the pro- 
duction of formaldehyde taking place by the straightforward rcaction 
(4) and that of acetaldehyde by the process (5) involving a six- 
membered ring in the transition state. 

CH,CH,OO' --+ CH30' + HCHO (4) 

CHjCH200'  + 0 2  4 CHjCHO + *OH + 0 2  (5) 

Most early investigators of the gaseous oxidation of propane came 
to the conclusion that both formaldehyde and higher aldehydes were 
intermediate reaction products 17-31. Newitt and Thorncs 22 showed 
that at  300"c the formation of higher aldehydes precedes that of 
formaldehyde, and Newitt and Schmidt 23 found that acetone was 
also a product of the reaction a t  high pressures. The amount of 
aldehydes which can be isolated generally decreases with increasing 
t e r n p e r a t ~ r e ~ ~ s ~ ~ .  Knox and Norrish26 first showed that the higher 
aldehydes found by earlier workers consisted of both propionaldehyde 
and acetaldehyde ; under cool-flame conditions the. relative amounts 
of aldehydes detected were 1 part C,H,CHO : 40 parts CH,CHO : 60 
parts HCHO. 

Although the formation of carbonyl compounds has generally been 
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assumed to occur as the result of various modes of breakdown of 
propylperoxy radicals 19.27, e.g. reaction (6), recent work28.29 has 

CH&H(OO')CH, - CH&HOOCH3 --+ CH3CH0 + CHQ (6) 

shown that even at low temperatures (300-36O"c) the principal 
primary product is propylene and that the carbonyl (and other 
oxygenated organic) products are formed mainly by the further 
oxidation of the olefin. 

Some useful information regarding the mechanism of formation of 
the carbonyl products has been obtained from isotopic tracer studies. 
Thus Byrko, Kryuglakova and Lukovnikov 30 showed by radioassay 
of the formaldehyde formed by oxidation of 2-14C-propane that 77% 
of this compound arose from the methyl groups of the initial hydro- 
carbon. Ferguson and Yokley have studied the cool-flame oxidation 
of 2-13C-propane and shown that the products formed from an 
equimolar propane + oxygen mixture at  318"c contained all three 
aldehydes as well as acetone. The isotopic composition of the 
aldehydes indicated that propionaldehyde and acetaldehyde were 
formed intact from the parent hydrocarbon molecule, while form- 
aldehyde was of mixed origin, being produced principally from the 
terminal positions. The results also showed somewhat surprisingly 
that about 20% of the acetone formed must have been produced by 
the complete breakdown and reassembly of the carbon chain. 

The oxidation of n-butane is probably in most respects analogous 
to that of propane but there is little detailed information available 
regardiilg :he carbonyl compounds produced during the reaction. 
Apart from aldehydes 17, however, acetone 32-33 and l-butanal-3- 

are reported to be formed, The use of isotopic tracer methods 
has shown that the rate of formation of aldehydes during the oxida- 
tion of n-butane at 250"c is considerably greater than the rate of 
disappearance of butylhydroperoxide 35 ; this implies that a sub- 
stantial proportion of the carbonyl products is formed by routes not 
involving intermediate formation of a hydroperoxide. Measurement 
of the activities of the aldehydes formed during the cool-flame com- 
bustion of I-14C-n-butane36 shows that, whereas the formaldehyde 
is derived approximately equally from each carbon atom, the 
carbonyl group of the acetaldehyde is derived entirely from C(2) and 
C,,,. In other experiments ,'s3* determinations have been made by 
addition of 1% of l-14C-acetaldehyde of the separate rates of 
formation and destruction of this compound in the cool flame of 
n-butane. 
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Batten, Gardner and Ridge39 found that higher aldehydes and 
formaldehyde were formed during the oxidation of isobutane and 
that their concentrations passed through pronounced maxima (corre- 
sponding to a total aldehyde yield of about 5%) at the maximum 
rate of pressure rise; the concentration of acetone, in contrast, rose 
continuously with time, there being about 3% in the final products 
formed at  291"c (Figure 1). Bose40 first detected small amounts of 

FIGURE 1. The formation of carbonyl products (and acids) during the gaseous 
oxidation of isobutanc. Temperature = 29I0c, isobutanc pressure = 80 mm, 

oxygen pressurc = 350 nini. [Rcproduced, by permission: from ref. 39.1 

methyl ethyl ketonc as well a.s acetonc and suggcsted that this 
compound was formed by rezction (7) .  

4- CH, 
(7; 

More recent work41 has confirmed that both kctones are formed 
during the oxidation of isobutane and has shown that, although 
acetone predominates (by a factor of 20) in the products of slow 
combustion, methyl ethyl ketone is the principal kctonic product (by 
a factor of 27) undcr cool-flame conditions. Addition of 1,3-14C- 
acetone to reacting isobutane + oxygen mixtures has established that 
none of the methyl ethyl ketone formed in thc cool-flame region and 
only about 25% of that formed during slow combustion arises from 
further reactions of acetone. The formation of methyl ethyl ketone 
almost certainly involves predominantly isomerization and sub- 
sequent decomposition of t-butylperoxy radicals. The occurrence 
of such intramolecular rearrangement (particularly during the 

-H 
CH3COCH3 --+ CH3C06H, v CH3COCH,CH3 



86 C. F. Cullis and A. Fish 

induction period) has also been suggested by Zeelcnberg and Bickel 43, 

who have detected isobutyraldehyde and methacrolein (as well 
as lower aldehydes) among the products of the slow oxidation of 
isobutane at about 300"c. 

Although aldehydic products have long been known to be formed 
during the slow oxidation of n - ~ e n t a n e ~ ~ ,  it is only quite recently 
that Sandler and coworkers 44.45 have definitely identified such 
compounds. Determinations have been made of the amounts of 
n-butyraldehyde, propionaldehyde, acetaldehyde, formaldehyde, 
acrolein and acetone formed at  different temperatures and from 
different n-pentane + oxygen mixtures. Such products are generally 
believed to arise by the decomposition (sometimes involving also 
intramolecular rearrangement) of alkylperoxy radicals or of the 
corresponding alkylhydroperoxides. The apparent absence of n-valer- 
aldehyde suggests that such decomposition generally involves the 
fission of a C-C bond simultaneously with 0-0 homolysis. The 
formation of the /3-diketone, ZY4-pentanedione, from n-pentane has 
also been reported34. Studies of the combustion of l-14C-, 2-l"- and 
3-14C-n-pentane have shown that C,,, (rather than is the 
major source of formaldehyde 46. 

Very little work has been carried out with branched-chain pentanes 
but a recent study4' of the oxidation of isopentane has shown that 
the carbonyl products include acetaldehyde, acetone and methyl 
ethyl ketone, the formation of which can be accounted for in terms 
of reactions of amylperoxy radicals other than those involving the 
intermediate production of the corresponding monohydroperoxides. 
Oxidation of neopentane at  2 6 0 " ~ ~ ~  yields some acetone as well as 
acetaldehyde, isobutyraldehyde and pivaldehyde ; these (and other 
oxygenated) products appear to be formed by a mechanism involving 
various modes of intramolecular rearrangement of intermediate 
alkylperoxy radicals. 

Both formaldehyde and higher aldehydes have been found among 
the oxidation products of n-hexane a t  quite low  temperature^^^, 
although at higher temperatures only formaldehyde can be detected. 
Bailey and N ~ r r i s h ~ ~  have found a complete series of homologous 
aldehydes (from C, to C,) in thc cool-flame products of n-hexane, 
and Kyryacos, Menapace and Boord 51 have shown that, in addition, 
acetone, methyl ethyl ketone and methyl vinyl ketone may be formed 
by oxidation of this hydrocarbon. The formation of such compounds 
almost certainly involves isomerization of the initially formed 
2-hexylperoxy radicals, e.g. reactions (8). Similar rearrangements are 
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00’ O O H  
I - H,O I ,4 hydrogen transfer 

CH3CH2CH,CH2 c HCH3 z C H 3 C H 2 C H 2 ~ H C H C H 3  

CH3CHZ C H 2 c H C O C H 3  + C2H; + CH2=CHCOCH3 (8) 

probably responsible for the formation of unsaturated aldehydes 52 
and ,8-dicarbonyl compounds 53, e.g. reactions (9). 

‘00 HOO 

CH3CH2CHZCHZ&HCH3 - CH3CH&HCH2CHCH3 w 
1.5 hydrogen transfeer I 0 2  

‘00 HOO -00 

t - H,O 
CH3CH,cHCH2kHCH3 + CH3CH2 HCH2COCH3 

CH3CH20.  + C H 3 C O C H 2 C H 0  (9) 

A variety of carbonyl compounds has been obtained by oxidation 
of n-hexane and higher alkanes in the presence of a ‘rain’ of inert 
solid particles53a. The principal action of the solid is apparently to 
conduct away the heat of reaction and so establish conditions more 
favourable for the preservation of thermally unstable intermediate 
products. 

The oxidation of 2-methylpentane yields appreciable amounts of 
ketones 54 and the principal source of these compounds (acetone, 
methyl ethyl ketone and methyl n-propyl ketone) has recently been 
elucidated by separation and degradation of the ketones formed from 
various specifically 14C-labelled hydrocarbons 55.  T h e  activities of 
the trai-ious compounds jTabie 2) show that the carbonyl group of 
each ketone is always derived from the 2-position of the hydrocarbon, 
and it is clear that the acetone and methyl n-propyl ketone arise 
from decomposition of the radical n-C,H,(CH,),CO-. The formation 
of methyl ethyl ketone, the yield of which (based on hydrocarbon 
consumed) is about 13%, is more difficult to explain. The specific 
activities of samples of this compound formed from 2-14C-, 3-14C-, 
4-14C- and 5-14C-2-methylpentancs show, however, that the four 
carbon atoms from which the ketone is formed have the arrangement 
C-C(C)-C in the fuel. An intramolecular rearrangement pro- 
ducing a straight four-carbon chain must therefore be involved and 
almost certainly occurs in the n-C,H, (CH,),COO* radical (reactions 

A similar rearrangement probably takes place during the oxidation 
of another isomeric hexane, 2,3-dimethylbutane 56. Here the products 
contain (in addition to acetone, methyl ethyl ketone, methyl isopropyl 

10). 
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TABLE 2. Relative activities of ketones formed from 
14C-labellcd 2 - rne thy lpen tane~~~ .  

Activity of carbonyl products 
(relative to hydrocarbon = 100) 

Methyl 
Labelled hydrocarbon Acetone ethyl ketone 

C 

C-C-C-~*C 1 2 
\ 
/ 

C 

C 

G-c-14c-c 3 3 
\ 

/ 
C 

C 

G-~4G-C-C 
\ 

3 102 
/ 

C 

C 

106 97 
\ 

/ 
14c-GC-c 

C 

ketone and acetaldehyde) appreciable quantities of pinacolone (3,3- 
dimethyl-2-butanone). The most likely route involves the stages 
shown in reaction (11). I t  is of interest, however, that pinacolone 
is not formed from 2 , Z - d i m e t h y l b ~ t a n e ~ ~ ~ ~ ~  although the two com- 
pounds have the same carbon skeleton. Probably the absence of 
tertiary or secondary CH groups in the a-position makes it impossible 

OOH 

1.2 methyl 00' 

CH3COCHZCH3 

CH3 I ,6 hydrogen + C2H4 -t 'OH 
transfer 

(10) 
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00' OOH 

89 

1.4 hydroaen transfer I .  I .2 methyl transfer 
(CH&CC(CHJz (CH3)2CCH(CH3)2 z 

I 

CHjCOC(CHa), + 'OH ( 1  I )  

for the radical (CH,),CCH(OO.) CH, to stabilize itself by internal 
hydrogen abstraction. Without this stabilization, the peroxy radical 
suffers extensive c-c bond fission and no stable c6 oxygenated 
products can be formed from it. 

Although several studies have been made of the gaseous oxidation 
of n-heptane, the most detailed information about the nature of the 
carbonyl products is provided by the work of Garner and his 
colleagues. Thus Garner and Petty5* showed that an appreciable 
proportion of the aldehydes and ketones formed by oxidation of the 
hydrocarbon are of relatively high molecular weight; formaldehyde 
is not produced by stepwise degradation of higher aldehydes and 
carboxylic acids are not formed by further oxidation of the corre- 
sponding aldehydes. Garner, Long and Temple53 found all the 
homologous aldehydes from acetaldehyde to n-valeraldehyde among 
the products but were unable to identify the various ketones also 
present. Cartlidge and Tipper6(' detected all aldehydes up to 
caproaldehyde but concluded that the lower molecular weight com- 
pounds predominated ; they also found some j3-dicarbonyl products 
during the oxidation of n-heptane at about 300"~. 

It is fairly firmly established therefore that carbonyl compounds 
are formed during the uncatalysed gaseous oxidation of alkanes by 
two rnain routes : (i) the decomposition of hydroperoxides giving- 
via alkoxy radicals-carbonyl compounds whose skeletons bear a 
direct relation to that of the e.g. reaction (12), and (ii) the 

-OH - R  
R1R2R3COOH + R1R2R3C0. - f R'R2C=0 + R2R3C=0 + R3R1C=0 (12) 

isomerization, decomposition and oxidation of alkylperoxy radicals 
leading to rearranged carbonyl compounds and dicarbonyls 62, e.g. 
reaction (1 3). 

00' OOH 
I .2 R" Transfer 

and dccornposition 
+ R1COCHzR2 

I .5 hydrogen transfer I ---+ R ~ R ~ C C H ~ ~ H R "  
l 

R1R2CCHzCH,R3 

0, then RH 1 
OOH OOH 

R1 R2CCH,CH R3 f KLCOCH,COR3 
I 1  

(13) 
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ii. Cycloalkancs. The gaseous oxidation of the simplest cyclo- 
alkane, cyclopropane, like that of methane, gives rise to only one 
carbonyl compound, formaldehyde, the concentration of which rises 
to a well-defined maximum a t  the maximum rate of pressure 
increase 63. This compound is believed to be formed by the rearrange- 
ment and ring-splitting of cyclopropylperoxy radicals (reactions 14). 

00’ 
I n ,  

HCHC) 
CHO 
I d + 

‘C H2C H 0 c H,O’ 

(14) 

*CH,CHO is probably further oxidized via *OOCH,CHO to 
formaldehyde, carbon monoxide and OH.. The oxidation of cyclo- 
pentane yields both higher aldehydes (mainly acetaidchyde) and 
formaldehyde, the formation of which appears to involve the inter- 
action of cyclopentylperoxy radicals with oxygen 64. The corre- 
sponding reaction of cyclohexanc can, at appropriate temperatures 
and under otherwise suitable conditions, give quite high yields of 
aldehydes (e.g. 1.4 mole per mole of cyclohexane consumed) and 
carbonyl products identified include formaldehyde, acetaldehyde, 
acrolein, n-valeraldehyde and cyclohexanone 65.  Other workers 66 

have also detected propionaldehyde and have shown that the com- 
paratively small amounts of ketones contain acetone, methyl ethyl 
ketone and methyl n-propyl ketone; the apparent absence of 
appreciable quantities of cyclic ketones was taken as evidence of the 
early breaking of the ring, probably at the cyclohexylperoxy radical 
stage. The presence of /3-dicarbonyl compounds among the products 
of cyclohexane oxidation has also been reported 34. 

A number of studies has also been made of the gaseous oxidation 
of alkyl-substituted cycloalkanes. Burgoyne and Silk 67 showed that 
aldehydes (including formaldehyde) and ketones are formed during 
partial oxidation of methylcyclopentane, and Allen and Long 68 have 
found that acetaldehyde is the principal carbonyl product formed 
from this hydrocarbon. Garner, Long and Temple5” have made 
quite a detailed study of the carbonyl compounds formed during 
oxidation of methylcyclohexane. The results in Table 3 show that 
the products include formaldehyde, acetaldehyde (the predominant 
aldehyde) , propionaldehyde and (at higher temperatures) n-butyr- 
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TABLE 3. The formation of carbonyl products during 
the gaseous oxidation of methykj jc l~hexane~~.  

91 

Products 

Moles per molc of 
hydrocarbon introduced 

330"c 380"c 

Aldchydes 
Formaldehyde 0.058 0.052 

Propionaldchyde 0.050 0.033 
n-Bu tyraldchyde nil 0.007 

Total aldehydes 0.364 0.3 13 

Acetaldehyde 0.256 0.22 1 

- - 

Ketones 0.084 0.064 

aldehyde; ketones (which are on the whole found in comparatively 
small quantities) include acetone, methyl ethyl ketone, methyl 
isopropyl ketone and di-n-propyl ketone as well as traces of the 
cyclic compounds 2-, 3- and 4-methylcyclohexanone. 

b. Oxidation in the presence of homogeneous catalysts. The compounds 
which have been most widely used for the promotion of gaseous 
oxidation reactions are simple oxygen-containing species such as 
ozone and nitrogen oxides (NO and/or NOz), and halogen com- 
pounds such as hydrogen bromide and chlorine. 

Early work showed that alkanes are oxidized by ozonized oxygen 
at  temperatures as low as ~ O O " C ~ ~ - ~ ~ .  The ratio of the oxygen in the 
products to that in the consumed ozone was found to be less than 
unity at thc lower temperatures investigated but to exceed unity 
(showing that true catalysis of a reaction involving oxygen occurs) 
as the temperature was raised. 

The only work giving detailed information about the reaction 
products is that of Schubert and Pease 72, who studied the reaction of 
oxygen containing about 3% ozone with C3 and C4 alkanes at  3 0 " ~ .  
With propane, acetone is a major product and with isobutane about 
one-third of the consumed ozone is converted into acetone and the 
remainder to t-butyl alcohol. The kinetic relationships and product 
distribution were shown to be consistent with a mechanism involving 
the initial reaction ( 15), the resulting alkoxy radical either breaking 

RH + 0 3  - > RO'+ !-lo; ( 1 9  
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down to yield a carbonyl compound or abstracting hydrogen to give 
an alcohol (reaction 16). The formation, predominantly, of carbonyl 

(16) ROH t RO. 4 Carbonyl compound 

compounds from straight-chain alkanes and of alcohols from 
branched-chain alkanes is consistent with the known modes of 
decomposition of the derived alkoxy  radical^'^. I t  should perhaps be 
pointed out that, according to this mechanism, ozone acts solely as 
an initiator and does not apparently take part in the propagation 

-!- RH 

% h'ilrk oxide 

FIGURE 2. The formation of formaldehyde during the NO-catalysed oxidation of 
methane. Temperature = 650°c, contact time = 0.1 sec, CH, : 0, : hTz = 9 : 1 : 10. 

[Reproduced, by permission, from rcf. 8 1 .] 

steps; nevertheless its action is catalytic in the sense that it results in 
the production of species which are not normally formed in the 
early stages of reaction and its presence does therefore modify the 
nature and distribution of the reaction products. 

Nitrogen oxides have long been known to have a powerful pro- 
moting effect on the oxidation of alkanes and early work showed that 
the yields of formaldehyde obtained by oxidation of methane were 
much higher in the presence of these additives (up to 5%) than in 
the uncatalysed reaction 74-76. Later work has confirmed this 
finding77-79 and in particular has elucidated the optimum con- 
ditions for obtaining high yields of formaldehyde 80*81 (Figure 2). 
In studies of the NO-catalysed oxidation of methane in a flow 
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system at 600-9OO0c, it was shown that the use of a boric acid-coated 
vessel (instead of a glass vessel) greatly improved the reproducibility, 
lowered the minimum reaction temperature by about 70"c and 
caused a three-fold increase in the yield of formaldehyde. Indeed 
with a mixture containing 1 part CH,, 2 parts air and not more than 
1 mole NO per 10 moles HCHO formed, a reactor temperature of 
700"c and a contact time of 1 sec, the yield of formaldehyde (based 
on methane consumed) was about 70%82. 

Several studies have also been made of the NO-catalysed oxidation 
of p r ~ p a n e ~ ~ - ~ ~ .  i n  generai it appears that the catalysis is most 
pronounced at  300"c but the products were much the same as those 
from the uncatalysed reaction83. 

Although halogen compounds havc a generally inhibiting influence 
on hydrocarbon + oxygen flame reactions, hydrogen bromide and 
(to a smaller extent) chlorine are powerful promoters of the slow 
oxidation of hydrocarbons 86. HBr-catalysed oxidations are in fact 
characterized by high specificity of attack on the hydrocarbon and 
lead to products which are not formed in appreciable quantities in 
the uncatalysed oxidation. It is chiefly those alkanes which contain 
CH, groups that yield large amounts of carbonyl compounds 
(although only disappointingly low yields of cyclic ketones could be 
obtained from cycloalkanes). Thus a mixture containing 2 parts of 
propane, 2 parts of oxygen and 1 part of hydrogen bromide gives a 
75% yield of'acetone at 190"~.  In the same way n-butane gives a '7576 
yield sf methyl ethyl ketone (together with small amounts of 
diacetyl), and 2,2,-dimethylbutane gives a 5@% yield of pinacdone 
(methyl t-butyl ketone). The mechanism of HBr-catalysed oxidation 
is thought to involve the stages shown in Scheme 1, and reaction thus 

HBr  + O2 Br' + HO, 
RH + Br' d H B r  + R' 

R' + O2 c_3 RO; 
RO; + H B r  - ROOH + Br' 

SCHEME 1. 

results initially in the formation of large amounts of the hydroperoxide 
ROOH. When RH is a branched-chain alkane, the resulting hydro- 
peroxide is usually fairly stable (e.g. t-butyl hydroperoxide obtained 
from isobutane) whereas, if RH is a straight-chain alkane, extensive 
decompcsition takes place (equation 17) mainly to yield the 

R ' R T H O O H  + R'R2C=0 + HzO (17) 
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corresponding carbonyl compound. (In this way ethane gives acet- 
aldehyde which is, however, rapidly and completely further oxidized 
to acetic acid.) Small yields of ketones are nevertheless also formed 
from branched-chain compounds owing to some decomposition of the 
initially formed hydroperoxide; thus traces of acetone are formed 
from isopentane and considerable quantities of this compound are 
produced during oxidation of 2,3-dimethylbutane (reaction 18). 

CH, CH3 CH3 CH3 

(CH3)2CO + (CH3)ZCHOH 
I I  
l o  

CH3C+CHCHR - 
I I  

CHSCH-CHCH3 -- 
O+OH 

(18) 

The HBr-catalysed oxidation of propane has been very fully 
studied by Russian workers 87-89. An equimolar mixture of propane 
and oxygen containing 3-20y0 of hydrogen bromide reacts at  200"c 
to give acetone as the main product, although the yield rarely 
exceeds 50%. This work shows that there is a well-defined limit to 
the amount of this compound which can be formed since its presence 
inhibits further reaction. 

Although chlorine is a less effective promoter than hydrogen 
bromide, its use does enable much more extensive oxkhtion of 
hydrocarbons to take place a t  lower temperatures. I n  particular thc 
addition of this compound to methane + oxygen mixtures causes a 
considerable increase in the yields of formaldehyde obtained 78.90. 
I n  the same way chlorine increases the amount of aldehydes formed 
during the oxidation of propane although the presence of too much 
halogen causes complete combustion of the hydrocarbon 91. 

The 
heterogeneous,catalytic oxidation of alkanes produces, according to 
the nature of the catalyst and the reaction conditions used, several 
types of carbon)-1 compound including saturated and unsaturated 
aldehydes and ketones. The first step in such oxidation is, however, 
usually dehydrogenation of the alkane to the corresponding alkene, 
which is then followed by the oxidation of the alkene. The oxidation 
of alkanes will therefore be dealt with in the discussion of the 
heterogeneous catalytic oxidation of alkenes. 

The  one important exception, where a carbonyl compound is 
formed without the intermediate production of an  alkene, is the 
Oxidation of methane, which can under appropriate conditions give 

c. Gaseous oxidation in the presence o f  heterbgeneoits catalysts. 
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quite high yields of formaldehyde. A wide variety of catalysts has 
been tested92-94 but the two most efficient compounds for this 
purpose are probably barium chloride 95*98 and cupric oxide 97-99; 

the optimum temperature range for this conversion is 500-6OO"c. 
Good yields of formaldehyde are also claimed to be obtained by the 
passage of mixtures of methane and ozonized air over a barium 
oxide catalyst at  1OO"c loo. I n  most instances the catalytic oxidation 
of cycloalkanes probably follows a similar route to that with higher 
alkanes and may lead, as a result first of dehydrogenation and then 
of C--C bond cleavage, to the formation of saturated and unsaturated 
aldehydes. Thus cyclohexane, when osidized over a tin vanadate 
catalyst, yields considerable amounts of acetaldehyde and acrolein, 
which are indeed the predominant products of the reaction at  about 
400"c loo*. I n  other cases, however, there is no evidence for dehydro- 
genation as the first step ; methylcyclohexane, for example, can 
be oxidized ovcr a silver oxide catalyst at  400-5OO"c to give 
principally methylcyclohexanonelOOb. 

2. Liquid-phase reactions 

The liquid-phase osidation of alkanes and cyclo- 
alkanes by molecular oxygcn in non-polar media takes place by a 
mechanism which is in some respects quite similar to that of the 
corresponding gas-phase reaction at low ternpcratures. However, in 
the liquid phase, hydroperoxides are undoubtedly the normal 
primary products and can often be isolated in high yield. Carbonyl 
compcunds are formed only as a result of the further reaction of 
hydroperoxides or of their radical precursors. Thus hydroperoxides 
may decompose to zive a carbonyl compound and an alcohol 
(equation 19) and certain alkylperoxy radicals may disproportionate 

R ~ R Z R ~ C O O H  -+ R ~ C O R ~  + ~ 3 0 ~  (19) 

with the resulting formation of equivalent quantities of a carbonyl 
compound and an alcohol and also regeneration of oxygen 
(equation 20). 

2 R1R2CHO0. ---+ R1COR2 + R1CH(OH)R2 + O2 (20) 

In most cases where carbonyl compounds have been detected 
among the products of the liquid-phase oxidation of alkanes and 
cycloalkanes, the amounts formed arc relatively small and the 
mechanism of production is unspecific. Thus ketones are detected 
(together with hydroperoxides) in the oxidation of n-decane 101*102 
but the formation of 1-, 2-, 3- and 4-dccanol on reduction with 

a.  General. 
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lithium aluminium hydride shows that there is random attack by 
oxygen at the different CH2 groups in the original hydrocarbon 
(Table 4). Similar results are found with n-heptanelo3 where, how-. 

TABLE 4. Relative amounts of ketones formed during 
the liquid-phase Oxidation of n-decanc at 1 4 5 " ~  lo'. 

Ketone :,C of total ketoncs formed 

2-Dccanone 
3-Decanone 
4-Decanone 
5-Decanone 

25 
22 
25 
28 

ever, under appropriate conditions (150"c and 33 aim pressure) 
ketones resulting from oxidative C-C bond fission are formed as 
major products lo4. I t  has been shown that temperature is probably 
one of the most important factors controlling the decomposition of 
hydroperoxides (and hence the yield of ketones) formed during the 
oxidation of Cl0 to C1, straight-chain alkaneslo5. Methyl ethyl 
ketone is quite an important product of the oxidation of liquefied 
n-butane at 145"c and 50 atm pressure lo6; acetaldehyde and acetone 
are also formed during the oxidation of this alkanelo'. In certain 
cases j?-dicarbonyl compounds have been detected among the 
products of autoxidation of alkanes (e.g. 2,6-dimethylheptane) lo8. 

The formation of such compounds is consistent with a mechanism 
involving intramolecular isomerization of the initially formed 
alkylperoxy radical followed by addition of further oxygen to form 
another peroxy radical and perhaps eventually a dihydroperoxide, 
either of which species may subsequently decompose with the 
production of a dicarbonyl compound. 

The liquid-phase oxidation of cycloalkanes also leads to cyclic 
ketones in suitable circumstances. Thus the oxidation of cyclohexane 
at  155"c and 9 atm pressure results in the formation of cyclohexanone 
(and cyclohexanol) log; cyclododecanone is produced in 96% yield 
(via the intermediate corresponding hydroperoxide) when oxygen is 
passed through cyclododecane at 150"c for 2-3 h1l0*l1l. 

The function of a catalyst in the liquid- 
phase oxidation of saturated hydrocarbons is usually two-fold. Firstly 
it may increase the rate of incorporation of oxygen during the 
primary chain cycle producing hydroperoxide; thus, for example, 

6. The role ofcatalysts. 
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the rate of formation of hydroperoxide will be high in the presence 
of a substance, SH, which is itself a good hydrogen donor for 
reaction (21). Secondly, however, it may affect the stability of the 

R 0 2  + SH d ROOH + S- (211 

initially formed hydroperoxide and influence the course of its decom- 
position. Peroxides can decompose by several routes depending upon 
the nature of the catalyst present but in cases where the favoured 
mode of decomposition produces carbonyl compounds the catalyst 
increases the yields of such compounds. Thus metal-catalysed 
decomposition leads to the species RO-, RO-, RO;, ROZ, H+ 
and OH-112. The usual fate of the free radicals RO. and RO, is 
electron acceptance from metal ions to give RO- and ROT. If R is 
a tertiary alkyl group, however, decomposition to carbonyl com- 
pounds is the predominant fate of ROO and RO',. I f  the redox 
potential of the metal ion couple is appropriate, pairs of reactions 
such as (22a) and (22b) combine to give the overall change of 

( 2 2 4  

M("+I)+ + ROOH Mn+ + RO, + H+ (22b) 

equation (23) and thus lead to extensive production of ketones if R 

2ROOH - > RO- + RO; + OH- + H+ (23) 

is a tertiary alkyl group. The solvent too will influence the rate of 
formation of RO* from ROOH as a result of the reaction (24) and 

ROOH + SH S. + RO. + H20 (24) 

will affect also the fate of ROO, hydrogen-donating solvents tending 
to favour production of alcohols, ROH, rather than carbonyl com- 
pounds. Base-catalysed decomposition of peroxides occurs by three 
different elimination reactions, one of which produces specifically 
the carbonyl compound R1R2C0 from the peroxide R1R2CHOOH 
(i.e. from the initial alkane R1CH,R2) (equation 25). 

Mn+ + ROOH __j M(n+l)+ + RO. + OH- 

Mn+ 

4 BH' +R'R2CO+OH- (25) 
F K  & 

R1-CLO 

R2 
I 

The metal-catalysed autoxidation of cycloalkanes to ketones has 
been investigated industrially; cobalt naphthenate, for example, 
catalyses the oxidation of cyclooctane at  120"c giving cyclooctanone, 

4 + C.C.G. 
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I-cyclooctanol-4-one and 1-cyclooctanol-5-one as well as cyclo- 
octanol 2a. 

Boric acid is a useful catalyst for the autoxidation of higher alkanes, 
although mixtures of isomeric ketones are formed as products. At 
165"c the oxidation of n-hexadecane with 4% oxygen in nitrogen in 
the presence of boric acid produces all the possible hexadecanones 
as well as some diones and triones112b. Under similar conditions, 
over 50% yields of ketones (together with alcohols and acids) are 
produced by the oxidation of CI6 to C,, alkane fractions1lZc. The 
reaction probably follows the route (26). 

00- 
-H + 0 2  

R'CH2R2 RieHR2 --+ d H R 2  --+ R~c(OOH)R~ --+ 
R1R2C0 + *OH (26) 

B. Reactions lnvolwing Other Oxidants 

I. Gas-phase reactions 

Severai studies have been made of the gas-phase reaction of 
alkanes with oxygen atoms, but little information is available 
regarding the products. However, small amounts of formaldehyde 
and acetaldehyde are formed from methane and ethane114 
respectively. 

Nitrous oxide also reacts with alkanes to give low yields of carbonyl 
compounds. With methane, reaction takes place only above about 
700"c where some decomposition of nitrous oxide to oxygen atoms 
is probably taking place l15. Reaction appears to involve the stages 
(27a) and (27b) followed by the direct interaction of the resulting 

CH4 + 0 --+ CH; + -OH 
*OH + CH, CH; + H2O 

methyl radicals with unchanged nitrous oxide (reaction 28). The 
formaldehyde produced is, however, rapidly oxidized further. 

CH; + N20 CH30. + N2 

HCHO + H. (28) 

With ethane, reaction occurs at about 550"c (where nitrous oxide 
is stable) and probably involves direct interaction of ethyl radicals, 
formed by pyrolysis of the alkane, with nitrous oxide116. The 
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reaction (29) can be shown, however, to have a high activation 

CZH', + N2O CaH50. + N2 

J. 
CH, + HCHO 

energy (31 kcal/mole) and thus to be slow, so that the yields of 
aldehydes are always low1l7. A similar mechanism operates for 
higher alkanes 118, the small amounts of carbonyl products pre- 
sumabiy arising from breakdown of alkoxy radicals formed by 
reaction (30). 

R. + N,O 4 RO. + N2 (30) 

2. Liquid-phase reactions 
Methyl and methylene groups in saturated hydrocarbons can, 

under appropriate experimental conditions, be oxidized to -CHO 
and >CO respectively by several reagents (e.g. chromates and 
permanganates), although, if a tertiary CH group is also present, 
attack generally occurs preferentially at this latter position leading 
to the formation of a tertiary alcohol. Although a considerable 
amount of work has been done on the liquid-phase oxidation to 
carbonyl compounds of hydrocarbons containina one or more 
aromatic rings (this is discussed in section IV), very little information 
exists regarding the oxidation of alkanes and cycloalkanes. 

One reagent, however, which converts such hydrocarbons into 
carbmyl compounds is chromium trioxide in acetic anhydride (or 
glacial acetic acid). Thus 2,2,4-trimethylpentane is oxidized to 
acetone and 4,4-dimethyl-2-pentanone lI9, and in the same way 
2,3-dimethylbutane can be oxidized to acetone and 3-methyl-2- 
butanone, 2,2-dimethylbutane to 3,3-dimethyl-2-butanone, and 
methylcyclohexane to cyclohexanone, 2-methylcyclohexanone and 
other unidentified ketones 120. Measurements of the rate of oxidation 
by chromium trioxide of a number of saturated hydrocarbons enable 
approximate assessments to be made of the relative reactivity of 
>CH, >CH, and -CH, groups towards oxidative attack121. A 
methyl group is shown to be attacked about lo3 times slower than a 
(tertiary) CH group, although in alkanes having a CH, group 
adjacent to a tertiary centre the methyl group is attacked 
preferentially. 

Fuming nitric acid at  ambient temperatures converts n-octane into 
2-octanone, probably via octane-2-nitrate l 2 I a .  

3 
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I l l .  OXIDATlON O F  ALKENES, CYCLQALKENES AND 
ALKYNES 

A. Reactions Involving Molecular Oxygen 

1. Gas-phase reactions 

The gaseous oxidation of unsaturated 
hydrocarbons has been considerably less fully studied than that of 
the corresponding saturated compounds. In  general, however, the 
reactions of alkenes and alkynes would be expected to be rather more 
complex, for the presence of a multiple bond in the initial organic 
compound makes possible not only addition of oxygen to this bond 
but also the production of resonance-stabilized radicals as a result of 
abstraction of hydrogen. 

It is generally agreed that aldehydes are formed as early inter- 
mediate products of the gaseous oxidation of ethylene. Bone and 
Wheeler 122 found that formaldehyde was the most prominent 
carbonyl product and that its formation preceded that of carbon 
oxides and water. Blair and Wheeler 123*12* showed that acetaldehyde 
could also be a major product under appropriate conditions and 
claimed a yield of 50% in one experiment. Most later workers agree 
that formaldehyde is generally formed in rather larger amounts than 
acetaldehyde 125-129 but the production of acetaldehyde appears to 
be favoured by the use of high pressures127*129. Lenlier125 detected 
glyoxal as well as formaldehyde when ethylene was oxidized at 
360-400"c but could not find acetaldehyde or glycollaldehyds under 
these conditions; above 4 0 0 " ~  and with low contact times, however, 
acetaldehyde was present among the products although it was clearly 
formed after formaldehyde. Harding and Norrish 130 compared the 
oxidation of ethylene with that of formaldehyde under similar con- 
ditions and showed that the rate of oxidation of ethylene is closely 
dependent on the growth of formaldehyde, which has the required 
properties of a degenerate chain-branching agent. During the 
oxidation of ethylene the formaldehyde concentration reaches a 
maximum value at  the same time as the rate of reaction and artificial 
addition of the aldehyde reduces or eliminates the preceding 
induction period. Knox and Wells129 have recently shown that, in 
the initial stages of the oxidation of pure ethylene a t  362"c, over 
80% of the alkene consumed is converted into formaldehyde. 
-4lthough the formation of this compound is most simply accounted 

a. Homogeneous oxidation. 
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for by a mechanism involving the production and subsequent break- 
down of a four-membered cyclic peroxide (reaction 31), it is 

f CH2+CH2 __f 2 HCHO 
i- 0, CH2=CH2 

o+o 1 ' I  i31) 

concluded that other features of the oxidation are more consistent 
with a series of radical reactions such as (32). 

CHP=CHP + HO, + *CH,CHoOOH + HCHO + CHZOH. 

I +o, 
J 

HCHO + HO; (32) 

I n  some respects the behaviour of ethylene is not entirely character- 
istic of unsaturated hydrocarbons since full olefinic properties are 
not developed until the molecule contains a CH2 group adjacent to 
the double bond. The simplest compound in which this is the case is, 
of course, propylene, the oxidation mechanism for which differs 
appreciably from that for ethylene. Lenher 125.131, who studied the 
oxidation of propylene around 300"c, claimed to have found small 
amounts of propionaldehyde, acetaldehyde and formaldehyde among 
the products. I n  most later work, however, only total aldehydes and 
formaldehyde (and thus, by difference, higher aldehydes) have been 
determined; there seems to be little doubt that acetaldehyde is an 
important constituent of the higher aldehydes 132-13a but the exact 
nature of other compounds present has not always been elucidated. 
Newitt and Menc127 studied the oxidation of propylene at  tempera- 
tures from 215 to 260"c and at pressures up to 20 atm. Only total 
aldehydes were systematically determined and their concentration 
appeared to increase with the proportion of propylene in the initial 
gas mixture; it was concluded that between one-third and one-half 
of the aldehydes was formaldehyde. Burgoyne and Cox 128 studied the 
reaction at somewhat higher temperatures (400-6OO"c) in a flow 
system and found small amounts of formaldehyde, even less acetalde- 
hyde, and no other carbonyl compound. When a steel reaction vessel 
was substituted for a Pyrex glass vessel, scarcely any aldehydes were 
formed except at elevated pressures. Mulcahy and Ridge135 made a 
special study of the reactions taking place during the induction 
period preceding propylene oxidation at 290"~. The concentration 
of formaldehyde becomes appreciable half-way through the induction 
period and then rises continuously; in contrast the amounts of 
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higher aldehydes remain very small until near the end of the 
induction period and then increase rapidly. The length of the 
induction period appears to depend upon the rate of production of 
both higher aldehydes and formaldehyde but it is believed that 
degenerate chain-branching is caused mainly by the higher alde- 
hydes. This conclusion is supported by the work of Mullen and 
S k i r r ~ w ~ ~ ~ ,  who showed not only that formaldehyde is formed in 
smaller quantities than higher aldehydes (Table 5 )  but also that the 
former compound is not nearly as effective an additive as acetalde- 
hyde in eliminating the induction period; these workers also found 
acrolein among the intermediate oxidation products but concluded 
that its concentration was generally only about 10% of that of 

TABLE 5. The formation of formaldehyde and acetaldehyde during 
the gaseous oxidation of propylene a t  3 4 0 " ~ ~ ~ ~ .  Propylene pressure, 

50 mm; oxygen pressure, 70 mm. 

HCHO CH3CHO 
Stage of reaction ( lob4 mole) mole) 

End of induction period 0.03 0.22 
Pressure change = 7 mm 0.08 0.34 
Pressure change = 11 mm 0.12 0.23 
End of reaction 0.08 0.13 

acetaldehyde. It was suggested that the most probable mechanism 
for the formation of acetaldehyde which would explain its observed 
invariable predominance over formaldehyde, is one involving the 
stages (33). 

00. 
+ R  -+ 0, 1 J-H 

CH,CH=CH, + CH3eHCHI_R - > CHSCHCHZR + 
OOH 
I 

CH3CHCHpR - CH3CH0 + ReH, + .OH 

(33) 

Some light has also been thrown on the mechanism of formation 
of carbonyl products during the oxidation of propylenc by the use of 
isotopic tracer techniques. Lukovnikov and Neiman 137, studying the 
oxidation of 2-14C-propylene, showed that all the acrolein and 
acetaldehyde formed are labelled but that practically none of the 
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formaldehyde is. 14C-labelled azomethane has been used as an addi- 
tive during the gaseous oxidation of propylene13*, and the resulting 
14C-methyl radicals were found to react to give labelled formalde- 
hyde, so that methyl radicals are probably the precursors of this 
product in the uncatalysed oxidation of propylene. Addition of 
about 1 yo of 1-l4C-acetaldehyde has made it possible to determine 
the separate rates of formation and destruction of this carbonyl 
compound during the gaseous oxidation of propylene 139. Both rates 
are found to be exceptionally high ~ n d e r  cod-flame conditions and 
the observed values for the rate of formation of acetaldehyde agree 
well with those calculated from the oxidation mechanism postulated 
by Shtern and Polyak140*141. 

Comparatively little work has been done on higher monoolefins. 
An early study of the oxidation of 2-butene at  temperatures from 
400 to 500"c showed the presence among the products of considerable 
amounts of acetaldehyde together with a little glyoxal or glycoll- 
aldehyde 142. Dobrinskaya and Nciman 143 investigated the oxidation 
of this same alkene at  300-400"c and, using polarographic methods 
of analysis, detected crotonaldehyde among the products. Blundell 
and S k i r r ~ w ~ ~ ~  determined total aldehydes formed from 2-butene 
under comparable conditions and identified formaldehyde, acetalde- 
hyde and acrolein (but no crotonaldehyde) ; formaldehyde accounted 
for about half the total aldehydes. I t  was shown that acetaldehyde 
was much more effective than formaldehyde in eliminating the 
induction period and was therefore probably the main compound 
responsible ;or degenerate chain-branching. I t  was suggested that 
acetaldehyde was formed largely by decomposition of an inter- 
mediate hydroperoxide (reactions 34). Considerable amounts of 

-H + 0 2  
CH3CH=CHCH3 + CH3CH=CHeHz T CH36HCH=CH2 + 

00. OOH 
I + H  I 

CH,CHCH=CHz CH,CHCH=CHZ CHZCHO + CzHj + .OH (34) 

acetone are obtained from 2-butene when this hydrocarbon is 
oxidized in the presence of a fine dispersion of solid particles which 
helps to maintain isothermal conditions145; in the same way quite 
large quantities of formaldehyde and propionaldehyde (as well as 
small amounts of various ketones) are obtained from 1-butene. The 
homogeneous oxidation of isobutene has been studied by Skirrow 
and Williams146, who have shown that the early formation of 
carbonyl products (acetone and formaldehyde, in equal quantities, 
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and isobutyraldehyde) can be accounted for by assuming the 
simultaneous occurrence of the two overall reactions (35a) and (35b). 

The gaseous oxidation of 2-methyl-2-butene has been extensively 
studied by Cullis, Fish and ' I ' ~ r n e r ' ~ ' . ~ * ~ .  The kinetic and analytical 
data for the oxidation of this a!tene (mz idy -  aiound 2 5 0 " ~ ) ' ~ '  
suggest that two mechanisms operate concurrently, viz. hydrogen 

FIGURE 3. The formation of the major carbonyl products during the gaseous 
oxidation of2-methyl-2-butene. Temperature = 265"c, alkene pressure = 200 mm, 
oxygen pressure = 200 mm. 0 = acetone, e = acetaldehyde, Q = methyl 
isopropyl ketone; - - - - = pressure change. [Reproduced, by pcrmission, from 

ref. 147.) 

abstraction followed by hydroperoxylation (leading to methyl iso- 
propyl ketone) and oxygen addition at the double bond forming in 
turn a biradical and a cyclic peroxide (which is the precursor of 
acetone and acetaldehyde). The pattern of formation of the three 
major carbonyl products is shown in Figure 3. The correctness of this 
conclusion is confirmed by determination of the specific activities of, 
and sites of carbon-14 in, the major carbonyl products (acetone, 
acetaldehyde and methyl isopropyl ketone) and the minor carbonyl 
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products (methyl ethyl ketone and propionaldehyde) formed by 
oxidation of 2-'*C- and 4-14C-2-rr.ethy!-2-butenes 14*. The probable 
course of the oxidation is shown in Scheme 2 149. 

H abstraction 1 Hydroperoxylation 

I .I 
FI3C ,CH3 

,c=c \*  
\ 

t i  

H3C I 1 0, addition 

H3C,* / CH3 
,c=c 

\ 
H3C OOH 

t 
CH3 

H3C\* / c-c 

H2cc' H I\H 
'0-0 

1 .I. 

-1. 
H3c\* 

p 3  

H3C \O 
__f ,CH-C 

* -1- 
CH3CH2 COCH3 CH32H2CHO 

t + HCHO + CH3CHO 

SCHEME 2. 

Analysis of the oxidation products of I-hexene at 263"c suggests 
the presence of small amounts of both saturated and unsaturated 
aldehydes ls0. Formaldehyde accounts for about half the total 
aldehydes produced but the analytical results indicate the formation 
of an appreciable quantity of aldehydes containing three or more 
carbon atoms. The aldehydes appear to be formed by breakdown 
both of initially formed hydroperoxides and of the precursor peroxy 

4* 
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radicals, the production of which, as with 2-butene, probably 
involves some isomerization of the original alkene radical (Scheme 3).  

00. 

R c HCH=CH, RCH=CHCH200. 

OOH 

R c HCH=CH2 RCH=CHCHO + .OH 

RCHO + .OH + CPH; 

SCHEME 3. 

One alkene which is especially resistant to oxidation is 2,2,4- 
trimethyl- 1-pentene 151. This compound yields no carbonyl products 
below 400"c but increasing amounts of such compounds (espccially 
formaldehyde) are forrncd up to temperatures of about 660"c. 

The gaseous oxidation of unsaturated hydrocarbons other than 
acyclic monoolefins has received very little attention. The oxidation 
of cyclohexene at about 2 4 0 " ~  leads to the formation of several 
carbonyl compounds including formaldehyde, acetaldehyde, acrolein, 
acetone and 1-cyclohexen-3-one 152. Several mechanisms may be 
postulated to account for the observed products, e.g. Scheme 4. 
A study of the gaseous oxidation of b ~ t a d i e n e l ~ ~  has shown that 
formaldehyde, acrolein and glyoxal are produced. Both glyoxal and 
formaldehyde are products of the gaseous oxidation of acetylene at 
250-300°c1G4J55. Although it has frequently been assumed that the 
reaction proceeds almost entirely via the intermediate formation of 
gly0xa1 '"~~~~,  it seems more likely that the formation of both 
carbonyl compounds takes place by what are essentially side-reactions 
and that the oxidation involves mainly attack of acetylene by HO, 
and *OH radicals (Scheme 5) 15'. 
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R C H O  

+ CZH, 
+ C,H; 

+ co 
SCHEhfE 4. 

HO,+ HCESCH 
-+ He0 f H C H O  

(CHO), + HO; C% HOOCH=CHOO*-  -- 2 CO + H e 0  + .OH 

H O O C H = ~ H  & 
to, * O H  + HC=CH ---+ H O C H = t H  j HOCH=CHOO.  ----+ 

CO + H e 0  + H,O 
H e 0  + O3 - CO + HO> 

SCHEME 5. 

Almost no systematic work has been done on homogeneous 
catalysis of the oxidation of unsaturated hydrocarbons. The oxidation 
of isobutene catalysed by hydrogen bromide has been studied at 



108 C .  F. Cullis and -4. Fish 

temperatures from 100 to 200"c but only at  the higher temperatures 
can appreciable amounts of carbonyl compounds (mainly acetone 
and methacrolein) be detected160. The oxidation of 1-pentene is 
catalysed by ozone and leads to the formation of some n-butyr- 
aldehyde, probably via an intermediate ozonide 161. Nitrogen oxides 
are good catalysts for the gaseous oxidation of acetylene and the 
yields of glyoxal found under these conditions can be as high as 50% 
(based on the acetylene consumed) 162. Glyoxal is also the principal 
product of the direct reaction between nitrogen dioxide acd 
acetylene 163 and the catalysed oxidation probably involves the over- 
all reaction (36) followed by reoxidation of the nitric oxide to 
nitrogen dioxide. 

CZH3 + 2 NO, (CH0)Z + 2 N O  (36) 

Considerable 
attention has recently been paid to the oxidation of alkenes to 
unsaturated carbonyl compounds; industrially important reactions 

6.  Oxidation in the presence of heterogeneous catalysts. 

50 c--- 

0 2 0  30 6 0  80 I 

3. Copper 

)O 

FIGURE 4. The effect of copper content on the Oxidation of isobutene to meth- 
acrolein over a supported copper oxidc catalyst. Tempcraturc = 4OO0c, isobutene : 

oxygen = 1 : 1. [Reproduced, by permission, from ref. 168.1 

of this kind include the conversions of propylene into acrolein and of 
isobutene into methacrolein. Quite a wide variety of catalysts enable 
such reactions to take place selectively. Thus, for example, the 
passage of nitrogen or steam containing 2-10y0 propylene and 
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2-15y0 oxygen over a mixed tin-antimony oxide catalyst at  300- 
500"c gives an 83% yield of acrolein at  48% conversion 164*165 ; other 
catalysts for this reaction include copper ~ x i d e ~ ~ ~ J ~ ~ ,  bismuth 
phosphomolybdate, cobalt manganates (CoMn,O, and Co,MnO,) 
and hexamolybdenum (or hexatungsten) tellurate. Copper oxide 
catalysts are particularly effective in converting isobutene into 
methacrolein, the conversion obtainable rising sharply with the 
percentage of copper in the catalyst until this reaches 10% ; further 
increase in copper content has the disadvantage of reducing the 
seiectivity of the oxidation (Figure 4) 168. 

Some valuable information about the mechanism of such con- 
versions is provided by isotopic tracer studies. Thus oxidation of 
l-13C-propylene over a mixed bismuth-phosphorus-molybdenum 
oxide catalyst yields equal amounts of 13CH,=CHCH0 and 
CH,=CH13CH0 169. Although at  250"c a high proportion of the 
recovered alkene had isomerized to 3-13C-propylene, at 450"c i t  was 
largely unchanged. The isomerization taking place during the 
formation of acrolein is thus not connected with the prior isomeriza- 
tion of the alkene and shows that the oxidation of propylene takes 
place through a symmetrical intermediate. I n  order to determine 
whether this is the allyl radical, CH,=CHeH,, or the isopropyl 
radical, CH,kHCH,, experiments were carried out with a catalyst 
surface which had been treated with D,O a t  450"c. Under these 
conditions the route via allyl should give no deuteroacrolein while 
that via isopropyl should give 50% of the deuteratcd product. In  fact 
95 % of the acrolein formed was undeuterated, thus supporting 
strongly the allyl route. There are several other systems where the 
use of tracer techniques can throw light on the oxidation 
mechanism 170-17,. 

Unless special precautions are taken, most oxidations involving 
relatively large alkene molecules are not so clear-cut and result in the 
formation of a variety of carbonyl (and other) products; in general, 
high yields of any single spccies arc not obtained. 

Thus the oxidation of the isomeric butenes over vanadium 
pentoxide yields formaldehyde and acetaldehyde as the principal 
carbonyl products 174 and 2,4,4-trimethyl-l- and -2-pentenes, when 
oxidized over cupric oxidc, give some methacrolein as well as C8 
unsaturated aldehydes During the oxidation of a-pinene over 
vanadium pentoxide, formaldehyde is produced in large quantities 
particularly at  high pinene : oxygen ratios 176. The yield of this 
product approaches 65 yo under favourable conditions although the 
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main interest of the process is clearly the production of maleic 
anhydride (maximum yield 29%). Under essentially similar con- 
ditions, Rafikov and S u v ~ r o v ~ ~ ~  have observed the formation of 
benzaldehyde, p-isopropylbenzaldehyde and p-tolyl methyl ketone in 
addition to formaldehyde. 

Detailed studies have recently been made of the oxidation of 
pentenes over vanadium pentoxide at  about 300"c 178J79. The 
reaction produces saturated carbonyl compounds both corresponding 
to the original olefin skeleton and resulting from scission of the alkene, 
as well as small amounts of cc,/I-unsaturated carbonyl products. 
Since the pentenes all tend to isomerize (both by transfer of hydrogen 
and, to a lesser extent, transfer of methyl) on the catalyst, oxidation 
tends to give a spectrum of products characteristic not only of the 
starting pentene but also of its isomers. Fundamental studies of the 
kinetics of the reactions concerned 1 7 8 ~ 1 7 9  and of the physicochemical 
properties of the catalystlEO enable the formation of each type of 
carbonyl product to be tentatively associated with the reaction of 
given species among the variety of possible adsorbed forms of alkene 
and oxygen. For example, during the oxidation of 2-methyl-2- 
b ~ t e n e l ~ ~ ,  the adsorbed alkene is oxidized by V5+ to two cations, 

(CH3),CCHCH,(,d,, and (CH3),C&?cH3~,,,,, each of which 
reacts with the0 , -  ions of the catalyst to give an adsorbed anion 
which is in turn the precursor of a given carbonyl scission product. 
Thus the former cation leads to the formation of acetone (reaction 
37) and the latter to the formation of acetaldehyde (reaction 38). 

+ 

0- 
I 

(CH3)2?-CHCH3 + 02- + (CH3),C-CHCH3 d (CH3)2C=O (37) 
I I 

(ads) 

-0 

(CH3),C--6HCH3 + Oa- M (CH3)2C- c HCH, + CH3CH0 (38) 
I I 

(ads) (ads) 

Either of the organic oxyanions involved can give also 2-methyl- 
2,3-epoxybutane (by losing an electron to the surface and then 
cyclizing) which can in turn isomerize on the surface to 3-methyl- 
2-butanone. Such conclusions may eventually make it possible to 
explain why different heterogeneous catalysts cause the conversion of 
the same alkene into a carbonyl product or into a diene. Thus, for 
example, 2-butene is oxidized predominantly to methyl vinyl ketone 
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over cuprous oxide on silicon carbidelE1 but suffers oxidative 
dehydrogenation to butadiene on bismuth molybdate 172. Similar 
explanations may be advanced to account for the fact that the same 
catalyst is effective in the conversion of closely related alkenes into 
widely different products, e.g. bismuth molybdate 172 produces 
acrolein from propylene and methacrolein from isobutene but 
converts n-butenes and n-pentenes into dienes. 

2. Liquid-phase reactions 

The reaction of alkenes and cycloalkenes in the liquid 
phase with gaseous oxygen is in some ways similar to the corre- 
sponding homogeneous oxidation of such compounds in the gas 
phase; mechanisms involving initially both hydrogen abstraction and 
addition of oxygen to double bonds can undoubtedly operate. 

With acyclic non-conjugated dienes and cycloalkenes, the hydro- 
peroxylation mechanism predominates and generally leads to high 
yields of c+unsaturated hydroperoxidcs as primary products. Such 
compounds vary considerably in their stability and in their modes of 
breakdown but, in some cases, ketones, formed apparently by 
decomposition of hydroperoxides, are found among the products. 

Mechanisms of ketone production have been discussed by Farmer 
and his coworkers 182*183. Thus 1 -methylcyclohexen-6-one and 1,2- 
dimethylcyclohexen-3-one have been found among the products of 
the liquid-phase oxidation of 1-methylcyclohexene and 1,Z- 
dimethylcyclohexcne 185 respectively, these carbonyl compounds 
being assumed to be formed by dehydration of the initially formed 
hydroperoxide, e.g. reaction (39). Farmer and Sundralingham182 

a. General. 

OOH 0 

were, however, unable to obtain cyclic ketones from the uncatalysed 
oxidation of cyclohexenes although they point out that such com- 
pounds are formed in the presence of suitable catalysts. 

As hydrogen abstraction from the initial hydrocarbon becomes less 
easy, however, there is a well-defined decrease in the yield of 
hydroperoxide le6. Particularly striking is the reduction in yield 
which takes place on introduction of a methyl group at the double 



112 C. F. Cullis and A. Fish 

bond. Olefins with a trisubstituted double bond give very small 
amounts of hydropcroxide and are oxidized in the liquid phase only 
with concurrent loss of unsaturation and formation of carbonyl 
compounds of relatively low molecular weight. 

Such behaviour might be explained in principle on the basis of 
the very early suggestion that the primary oxidation products of 
alkenes are four-membered ring cyclic peroxides (moloxides) which 
subsequently break down by simultaneous 0-0 and C-C bond 
fission, e.g. reaction (40). In some cases direct addition of oxygen to 

R‘R2C=CR3R4 + 0 2  + R1R2C-CR3R* _~f  R’R’CO + R 3 R 4 C 0  
I 1  
0-0 

(40) 

an unsaturated hydrocarbon can indeed occur but this reaction takes 
place mainly with conjugated (1,3-) dienes of cyclic structure”’ 
where the initial step is transannular addition of oxygen followed by 
formation of an  epoxide which subsequently rearranges to yield 
carbonyl products lag, e.g. reactions (41). There appears, however, to 

be little evidence to indicate that the analogous sequence (42) takes 

\ 
/ 

cpoH)cH=cH- --+ ‘c(oH)cH -cH- --+ 

/ \o/ 
\ 
\ \ 

/ / 
C(OH)COCH2- or C(OH)CH&O- (42) 

place with unconjugated alkenes, although certain workers have 
claimed that enolizable a-ketols are formed during autoxidation of 
unsaturated compounds lS0. 

In  other cases where the nature of the carbonyl products appears to 
indicate direct addition of oxygen to a double bond, more recent 
work has shown that a copolymerization mechanism is in operation, 
in which a peroxy monoradical adds to the alkene, e.g. equation (43), 

(43) RO, + R1R2C=CR3R4 + R02-CR1R2-6R3R4 
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followed by alternate addition of oxygen and alkene to yield a 
structure P which breaks down as shown to yield mainly the carbonyl 

products R1R2C0 and R3R4C0. This type of mechanism has been 
substantiated, for example, for the thermally initiated and the 
a,a'-azobisisobutyronitrile-initiated oxidation of 2,4,4-trimethyl-l- 
pentene in which ketones are major products lgl. During such copoly- 
merization, the end groups also react, e.g. equation (44), giving the 

R02CR1R26R3R4 RO- + R1R2C--CR3R4 (44) 

'0' 

epoxide of the original alkene which may then rearrange to give the 
isomeric carbonyl compounds R1R2R3CCOR4 and R1COCR2R3R4. 
This behaviour is found with hexeneslgZ7 as well as with 2-methyl-l- 
nonene and 2,4,4-trimethyl-l-pentene lg3, the oxidations of which 
produce high yields of ketones. 

Mechanisms which are in all respects analogous to those outlined 
for alkenes operate with their simple derivatives such as olefinic acids 
and esters, and lead in suitable circumstances to products containing 
carbonyl groups. 

The products obtained from the liquid- 
phase oxidation of alkenes vary considerably with the nature of the 
catalyst used, the principal effect of which is to change the rate and 
mode of decomposition of ir-itially-formed hydroperoxides. Thus, for 
example, Willstatter and Sonnenfeld 194.195 obtained l-cyclohexanol- 
2-one by oxidation of cyclohexene in the presence of osmium, and 
Cook lgEi found that ferrous phthalocyanine catalyses the production 
of 1 -methylcyclohexen-6-one from 1-methylcyclohexcne. Other metal 
catalysts cause thc formation of ketones during the oxidation of a- 
and 8-pinene lg7-lo9. 

The mechanism of action of transition metal ion catalysts is 
probably generally similar to that operative during the liquid-phase 
oxidation of alkanes. Thus Bawn, Pennington and Tipper 2oo have 
shown that the primary hydroperoxide formed from 2-methyl-2- 

b. The role of catalysts. 
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butene reacts with cobalt ions in accordance with equations (44) and 

ROOH + Co2+ - RO- + OH - + c03+ (444 

ROOH f Co3+ - RO; + Co2++ H+ (Mb) 

thus leads to the formation of the aldehyde (CH,),C=CHCHO as 
one of the main decomposition products. 

In  order to elucidate the catalytic effect of transition metal ions in 
autoxidation processes, studies have been made of the reaction of 
cobaltic ions in the absence ofoxygen with several alkenes (2-mcthyl- 
2-butene, 2-penteneY 1-hexene, 1 -heptene, I-octene, 2-ethyl- 1-butene 
and isoprene) 201. Analysis shows that the alkenes suffer oxidative 
disruption at  the double bond to give saturated carbonyl compounds, 
e.g. reaction (45). The aldehydes so formed rapidly react further to 

(45) 
cO3 + 

(CHS)zC=CHCH3 (CH3)ZCO + CH3CHO 

give acids, but the ketones are relatively stable. The mechanism of 
the reaction probably involves the initial formation of a radical ion 
which leads to carbonyl compounds by several alternate hydrolysis 
and electron-transfer steps (Scheme 6 ) .  

OH OH OH OH OH 0- 

c-c - c-c c-c __f c-c I _ f  
\ I  ./ c03+ \I  + /  H,o \ I  I /  c03+ \ I  I /  

/ \  / \  / \ / \ 
OH - .  . 

c03+ \ 
/ / / 
\ r--o+'c!- _3 c=o 

SCHEME 6. 

Several other metal ions, e.g. Pd2+, readily form complexes with 
alkenes and the formation of such compounds alters profoundly the 
rate and course of their oxidations. One especially interesting 
example of the catalysed oxidation of alkenes is the conversion of 
ethylene into acetaldehyde in the presence of palladous chloride, a 
reaction which now forms the basis of a large-scale process for the 
prepa.ration of acetaldehyde 202. The essential overall stages are a 
reaction, via a n-bonded metal-alkene complex, between ethylene 
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and palladous chloride (equation 46) followed by the reconversion of 

C2H4 + PdCIp + H2O + CHSCHO + Pd + 2HCI (46) 

the resulting palladium metal into palladous chloride by oxygen in 
the presence of hydrochloric acid (equation 47). The mechanism of 

Pd + 4 O2 + 2 HCI __f PdCI2 + H 2 0  (47) 

the reaction has been fully studied by Smidt and his coworkers203 
who have shown that the two main steps are formation of a complex 
(equation 48) and the subsequent reaction of this with water to 

[PdCIz(OH)(H20)]- -I- CZH, + [PdCI2(OH)C2HJ- + HZO (48) 

form acetaldehyde. Other olefins such as propylene, 2-butene and 
isobutene also react to give high yields of carbonyl products. 
Warhaftig, Moiseev and Sirkin204 have studied the oxidation of 
cyclohexene to cyclohexanone in the presence of the same catalyst. 

100 

Irradiation time (h) 

FIGURE 5. The formation of acetaldehyde during the radiation-induced oxida- 
tion of ethylene in aqueous solution. Temperature % 20°c, total gas pressure = 

8 atm, ethylene: oxygen = 1: 1. [Reproduced, by permission, from ref. 205.1 

Finally, the oxidation of olefins to carbonyl compounds can be 
brought about by the use of y-radiation. Aqueous solutions of ethylene 
and oxygen were first irradiated by Henley and 
who obtained acetaldehyde in very high yield (Figure 5) suggesting 
the occurrence of a chain reaction. More recent work207*208 has, 
however, failed to confirm the existence of chains and one study has 
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shown that several other carbonyl compounds, such as formaldehyde 
and glycollaldehyde, are also formed in small yields. 

B. Reactions lnvolving Other Oxidants 

1. Gas-phase reactions 

The reaction of oxygen atoms with alkenes in the 
gas-phase has been fully studied, mainly by Cvetanovic and his 
coworkers. In  m-ost work i:: ~.41ich spezial aiieiiiion was paid to the 
nature of the reaction products, oxygen atoms were generated by the 
mercury-photosensitized decomposition of nitrous oxide. The reaction 
of oxygen atoms with ethylene2Og gives several carbonyl products 
including acetaldehyde, propionaldehyde and n-butyraldehyde as 
well as traces of formaldehyde. The behaviour of a number of higher 
alkenes (propylene, 2-butene, isobutene, 2-pentene and 2,3-dimethyl- 
2-butene) has also been investigated2l0. I n  all cases carbonyl com- 
pounds are major products; the first step appears to be addition of an 
oxygen atom to one end of the C=C bond, this taking place with 
unsymmetrical alkenes predominantly at the less substituted carbon 
atom. The resulting biradical then undergoes degradation ’ to the 
ground state forming either the corresponding epoxide or, as a result 
of 1,2-migration of either a hydrogen atom or an alkyl radical, 
carbonyl compounds (reactions 49). Butadiene reacts by 1,2-addition 

R1 R3 R’ R3 -+ R1COCR2R3R4 and R2COCR1R3R4 

a. Oxygen atom. 

\ / o \ /  -I (49) 
c=c __j c-c 

‘R4 L--+ R1R_2C-CR3R4 (oc geometric 

0 
isomer) 

R2 ’ ‘R4 R I  
0. \ /  

only, giving 3-butenal 211, and acetylene gives ketone 212- Studies 

H atom 
rnigra:ion 
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have also been made of the reactions of 1-butene and isobutene213 
and of 2-pentene214 with oxygen atoms produced by the photolysis 
of nitrogen dioxide at  3660 A; again several carbonyl products are 
formed. With cycloalkenes, the formation of carbonyl compounds is 
particularly striking since the migration of one of the alkyl groups 
must involve a change in ring size. Thus the reaction of oxygen atoms 
with cyclohexene210, for example, yields an aldehyde and a ketone 
as well as an epoxide (reactions 50). 

6 .  Nitrogen oxides. At 200-400"~ and pressures up to 2000 atm, 
nitrous oside readily reacts with alkenes in three different ways, all 
of which produce carbonyl compounds as major products (equations 
51) 215. 216. Ethylene and monosubstituted and 1,2-disubstituted 

4- N,O El -i R'R2R3CCORQ -t- N2 (5la) 

CR'R2=CR3R' - - -+ R1R2C0 + R"R'C0 + 2 N2 (5 1 b) 

CR3R4 

___- > RIRZCO + R'R2C '1 + N z  (51c) 

'C R3 R' 
CR' R2=CR3 R4 

ethylenes react mainly by reaction (51a) but, in many cases, (51b) 
and (51c) also occur. 1 , 1-Disubstituted ethylenes, except methylene- 
cyclobutane which gives cyclopentanone as the only identifiable 
product (equation 52), react exclusively by reaction (51c). Alkynes 
are converted into ketenes 217. 

A kinetic study has been made of the reaction of ethylene with 
nitrous oxide at  about 6 0 0 " ~ ~ ~ ~ .  Acetaldehyde is the primary product 
formed under these conditions (equation 53), but the yields obtained 

N20 + C2H4 + CH3CHO + N2 (53) 

are very low since the aldehyde rapidly breaks down at the tempera- 
tures concerned, 

No carbonyl products are reported to be formed by the gaseous 
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reaction of ethylene with nitrogen peroxide 219, but, as already 
stated, quite large yields of glyoxal are formed from acetylene163. 

2. Liquid-phase reactions 

I n  the liquid phase relatively few reagents oxidize alkenes and 
cycloalkenes to carbonyl compounds as primary products. The action 
of ozone on unsaturated compounds first produces an ozonide which 
may in certain circumstances break down to yield carbonyl cleavage 
c o i ~ i p ~ ~ i i d s ,  which have been detected spectroscopicaiiy among the 
products of ozonization of various olefins and olefinic esters 220. 

‘Abnormal ’ ozonolysis, of olefins with double bonds attached to 
unsaturated groups, gives epoxides which readily rearrange to 
carbonyl compounds with the original alkene skeleton 221. 

Although under normal conditions alkaline permanganate oxidizes 
alkenes to diols, the reaction tends, if the hydroxyl ion concentration 
is low enough, to produce instead a-hydrosy ketones 222. These latter 
compounds are not produced by further oxidation of diols and it 
seems likely that a common intermediate exists for the production of 
both diols and hydroxy ketones 223. A possible reaction path is shown 
in Scheme 7. I n  some cases, e.g. bicyclo[2.2. l]-2-hepteneY reaction 
leads to cleavage to a d i a l d e h ~ d e ~ ~ ~ .  

MnO; OH- 
CHR1=CHR2 - CHR’-CHR’ v CHR’-CHRZ 

I I 
0- O M n 0 3 H -  

I I 

\ /  
0 

MnO, 

0 

/ ION 
J’ 

MnO; 
CHR’(OH)COR2 t CHR’-CHR2 CH R1(OH)CH R2(OH) 

I I 
OH OMnOi- 

SCHEME 7. 

Chromic acid generally converts alkenes into either epoxides or 
glycols bilt in some cases carbonyl products may be formed as 
products of subsequent cleavage of the glycols224. One case in which 
rearrangement rather than cleavage occurs and the ketone produced 
has the same number of carbon atoms at the original alkene is 2,3- 
dimethyl-2-butene which is converted by chromic acid into 3 3 -  
dimethyl-2-butanone (reaction 54) 225  ; somewhat simiiar behaviour 

(CH&C=C(CH& (CH&CCOCH, (54) 
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is found in the oxidation of 2,2,4,6,6-pentamethyI-3-heptene by 
chromic acid, where, in addition to the normal carbonyl cleav- 
age product (2,2-dimethyl-4-pentanone) , another ketone, viz. 
4-hydroxy-2,2,4,6,6-pentamethyl-3-heptanone, is found in small 
quantities 226. 

Kinetic, analytical and spectral data on the oxidation of alkenes 
by chromic acid are consistent with oxidation by addition of chromate 
ion to the double bond as the rate-determining step, as illustrated by 
Scheme 8227. Oxidation of conjugated dimes tc ncsztcratzd d i m e s  

'y Y 

RlR2C- C R3R4 R1 R2 R3CCOR4 R'R2C0 f R3R4CO 
\ /  
0 

SCHEME 8. 

(reaction 55)  may take place by an analogous route. 

RICH=CH CH=CH R2 __f R' COCH=CH CO R2 (55) 

One reagent which will oxidize cycloalkenes to cyclic ketones is 
pernitrous acid. Thus cyclohexene is converted into cyclohexanone 
and 1-cyclohexen-3-one 228 ; the mechanism shown in reactions (56) is 
suggested. 

O " H % ~  OH -0" Oxidation 

+OU/ 

0 +OH 6 ___f Oxidation 6 
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IV. OXlDATlON O F  AROMATIC HYDROCARBONS 

A. Reactions Involving Molecular Oxygen 

1. Gas-phase reactions 

Relatively few studies have been made 
of the homogeneous oxidation of aromatic hydrocarbons in the gas 
phase and in only a small proportion of these has any attempt been 
made to analyse the reaction products. Formaldchydc is the only 
carbonyl compound which has been detectcd among the intermediate 
oxidation products of benzene 229-231 and the yields reported are 

a. Homogeneous oxidation. 

Toluene.oxygen 

FIGURE 6. The formation of (a) benzaldehyde, (b) benzoic acid and (c) benzyl 
alcohol during the gaseous oxidation of toluene. Total pressure = 20 atm. 

[Reproduced, by permission, from ref. 229.1 

very small. In general appreciable amounts ofaromatic carbonyl com- 
pounds are produced only when oxidation takes place preferentially 
at a side-chain or when some other non-aromatic part of the molecule 
is being oxidized. Benzaldehyde is formed from toluene 229*230 and 
the yields of this compound are increased by the use of high pressures 
and low temperatures229; another important factor is the toluene: 
oxygen ratio 229, a large excess of the hydrocarbon enabling yields of 
benzaldehyde as high as 40% to be obtained apparently at  the 
expense of other intermediate oxygenated products (Figure 6)- The 
isolation of quite large amounts of benzaldehyde from oxidation of 
toluene has also been reported by Kroger and B i g o r a ~ k i ~ ~ ~ .  With 
higher monoalkylbenzenes, side-chain oxidation appears to take 
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place largely, if not exclusively, at the a-position ; thus acetophenone 
and benzaldehyde are formed from ethylbenzene 229.230.233 and 
propiophcnone and benzaldehyde from n-propylbenzcnez30. The 
yields of both aromatic aldehydes and ketones may, in appropriate 
circumstances, be as high as 10%. In all cases traces offormaldehyde 
are also formed, probably as a result of direct oxidation of the 
aromatic nucleus. Indeed in the oxidation of p-xylene at about 
5 0 0 " ~ ~ ~ ~  formaldchyde is the only carbonyl product which can be 
detected and it has been shown that this compound, the concentra- 
tion of which runs closely parallel to the reaction rate (Figure 7), is 

I------ 

Time ( m i d  

FIGURE 7. The formation of formaldehyde during the gaseous Oxidation of 
P-xylene. Tenipcrature = 460"c, total pressure = 200 mm, p-xylene: osygen = 
1 :2.5. o = formaldchyde, = reaction rate. [Reproduced, by permission, from 

ref. 234.1 

almost certainly the species responsible for degenerate chain- 
branching. Formaldehyde also is the principal intermediatc product 
of the oxidation of toluene under similar conditions, although small 
amounts of benzaldehyde can also be detected235. On the other 
hand, o-tolualdehyde is found in appreciabic quantities during the 
oxidation of o-xylene in a flow system at 650"c and is believed to be 
the principal chain-branching intermediatc in this reaction 236. 

Quite good yields of the normally expected carbonyl products can 
be obtained by oxidation of both toluene and ethylbenzene in the 
presence of a dispersion of inert solid particlesz3'. 

Although the oxidation of aromatic hydrocarbons, like that of 
aliphatic compounds, is powerfully catalysed by hydrogen bromide, 
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reactions involving aromatics are much less clear-cut and the result- 
ing product distributions are in conscquencc very complex. I t  is 
reported that no carbonyl compounds are obtained from toluene 238 

although the normal reaction tcmperature for this hydrocarbon is 
lowered to about 200"c. However, more rccent work239 has shown 
that quite high yields of benzaldehyde (but no formaldehyde) are 
obtained by the HBr-catalyscd oxidation of this compound. The 
major carbonyl product formed from ethylbenzene is acctophenone 
but the yields of this compound are generally only around- 107/,238. 
Both acetone and acetophenone are obtaincd by HBr-catalysed 
oxidation of cumene at 1 9 5 " ~ ~ ~ ~  and i t  is believed that the initially 
formed hydropcroside can break down in two ways (equations 57), 
the first shoivn reaction prcdominating. 

H O i O  
: I  

CeH, I CCH3 CeHsOH + (CH3)zCO 
I 

(57a) 

CHn 

O t O H  
I :  
I 
CHJ 

C6H,C j CH3 + CeH,COCH3 + CH30H (57b) 

b. Oxidaliori in the preseme o f  heterogeneous catalysis. In  the presence 
of suitzble hetcrogeneous catalysts, aromatic hydrocarbons such as 
benzcnc and naphthalene, which contain no rcactive side-chains, arc 
almost invariably oxidizcd mainly to quinoncs and acid anhydridcs, 
although small amounts of phenols may be formed as intermediates. 
Hydrocarbons with a saturated or unsaturated side-chain may, how- 
ever, bc converted into aromatic carbonyl compounds and under 
appropriate conditions thc yields of such products may be quite high. 
Thus the oxidation of toluene leads to benzaldehyde and the usc of 
high temperatures, short contact times and mild catalysts favours the 
formation of this compound 240.  Benzaldehyde is thc primary product 
with molybdenum trioxide as catalyst at temperatures of 450-530"~ 
and the oxides of tungsten, zirconium and tantalum also give high 
yields of this carbonyl compound 240, Other workers have reported 
quite high yields of benzaldehyde (up to 60%) with both 
molybdate 241-245 and vanadatc 243.244.246-249 catalysts. 

The heterogeneous catalytic oxidation of o-xylene has also been 
quite fully studicd. The  production of o-tolualdchyde (in preferencc 
to phthalic anhydride) is favoured by use of high xy1ene:oxygen 
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ratios and of catalysts such as zirconium, molybdenum and tungsten 
oxides 250.  The formation of considerable amounts of o-tolualdehyde 
has also been observed during the oxidation of o-xylene over vanadium 
pentoxide 251, although other workers 252*253 have found only phthalic 
and maleic anhydrides as products with this catalyst. Rafikov and 
Suvorov 254 have found p-methylacetophenone and p-isopropyl- 
benzaldehyde, and Okada and Fushisaki 255 have detected the latter 
aldehyde, among the products of the V20,-catalysed oxidation of 
p-cymene. Good yields of benzaldehyde are obtained by oxidaticil of 
lY2-diphenylethane in the presence of manganese dioxide at about 
200°C 256. 

2. Liquid-phase reactions 

The primary product of the liquid-phasc oxidation of aromatic 
hydrocarbons is, generally speaking, a hydroperoxide, although 
variable amounts of carbonyl compounds are frequently formed also, 
partly as a result of the spontaneous or metal-catalysed decomposition 
of intermediate peroxides. Carbonyl-containing products appear to 
be produced from aromatic hydrocarbons containing no side-chain, 
such as cis-decalin 257, but  reasonably high yields of specific aldehydes 
and ketones are usually obtained only by oxidation of aromatic 
compounds containing a reactive side-chain. 

Thus acetophenone is obtained (as well as a-phenylethylhydro- 
peroxide) during the liquid-phase oxidation of ethylbenzene at 
6 0 " ~ ~ ~ ~ .  This ketone is probably formed, not by the decomposition 
of the peroxide, but as a result of the termination reaction (58) 
which appears to take place by a mechanism involving a cyclic 
transition state 259. 

2 C6H,CH(O0.)CH3 __f C6H5COCH3 + C6H5CH(OH)CH3 + O2 (58) 

The oxidation of cumene readily gives high yields of a-cumylhydro- 
peroxide 260 but this intermediatc product breaks down fairly cleanly 
under acid conditions to give mainly acetone and phenol (as well as 
small amounts ofmethanol and acetophenone) (compare equations 57). 
Indeed this reaction now constitutes an important industrial process 
for the manufacture of phenol in which acetone is formed as a 
coproduct 261. The uptake of oxygen by cumene, which is normally 
very slow, is accelerated by the use of an  alkaline oil-in-water 
emulsion262. It has been shown that the nature of the emulsifying 
agent 263, the presence of metal ions 264 and the pressure of oxygen265 
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all affect the ratcs both of oxygen uptake by cumcnc and of dccom- 
position of the resulting cumylhydroperoxide. The oxidation of 
cumene is also catalysed by lead dioxide and various other metal 
oxides266 and such additives accelerate not only formation of the 
initial hydroperoside but also its decomposition to acetophenone. 
Detailed studies of the amounts of ketonic products (acetone and 
acetophenone) formed under different experimental conditions have 
yielded a considerable amount of information regarding the kinetics 
of cumenc osidation 267. 

A remiination reaction analogous to that operative with ethyl- 
benzene cannot take place with cumene owing to the absence of 
hydrogen on the a-carbon atom in the cumylperosy radical. How- 
ever, some acetophcnone is probably formed as a result of the 
reactions (59) and (60)268, although the work of Antonovskii 

0. 

z C~H,C(OO.)(CH.J~ .-+ 2 c ~ H > C ( C H ~ ) ~  + o2 (59) 

(60) 

and Makalcts269 suggests that at least some of this ketone arises 
from unimolccular breakdown of cumylperoxy radicals (equation 6 1)- 

C,H,C(OO.)(CH3)2 v C6H5COCHJ + CH30. (61) 

s-Butylbenzene reacts analogously to cumene giving methyl ethyl 
ketone as the main carbonyl product (reaction 62)270. T h e  use of 

0. 
I 

C,H,C(CH,), - t CbH5COCHJ + CH; 

i 0 2  

C~H~CH(CH~) (C~HS)  + C,iH,C(OOH)(CH,)(CzH5) ---+ 
CeH5OH + CHaCOCZH, (62) 

an alkaline oil-in-water emulsion again improves the rate of oxygen 
uptake by the hydrocarbon271. 

p-Cymene may be oxidized mainly to the peroxide CH,C,H,- 
C ( O 0 H )  (CH,), with smaller amounts of the isomeric compound 
CH,(OOH) C6H,CH( CH,) 2272. The principal carbonyl product is 
p-methylacetophenone which appears to be formed mainly if not 
entirely by the termination reaction (63) 273. Tetralin also very 

2 CH3CSH4C(OO.)(CH& - t 
CHaCoH4C(OOH)(CH3)2 + CH3CGHdCOCH3 + HCHO (63)  

readily reacts with oxygen to form a-tetralylhydroperoxide in high 
yield 274*275 and this compound is exceptionally stable in the absence 
of catalysts. In the presence of suitable additives, however, the 
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hydroperoxide breaks down to give principally a-tetralone (and 
a-tetralol) as well as much smaller quantities of 4-(o-hydroxyphenyl)- 
butyraldehyde ; these carbonyl compounds arc thus found among the 
products of oxidation of tetralin under conditions where the initial 
hydroperoxide is unstable 376, The  breakdown of cc-tetralylhydro- 
peroxide has been shown to be weakly catalysed by alkalis 275 and by 
ferrous ions274 but  to occur rapidly in the presence of iron penta- 
carbonyl 277 or iron phthalocyanine 278. Kinetic studies of tetralin 
oxidation 279 have proved however that some a-tetra!cr,e -1"- uIDu arises 
from the termination reaction (64). 

Aromatic hydrocarbons containing only methyl substituents arc 
generally much more resistant to attack than compounds in which 
CH2 or CH groups are present. Thus p-methylbenzylhydroperoxide 
is formed only very slowly and in small amounts during the liquid- 
phase oxidation of p-xylene around 100°c280. Even under more 
vigorous conditions (130"c and use of large amounts of di-t-butyl 
peroxide as catalyst), only very low yields (about 0.5%) of the 
peroxide are  obtained; the recombination off-methylbcnzyl radicals 
apparently prevents the propagation of long chains 281. Both p- 
methylbenzaldehyde and acetone are formed as by-products during 
the reaction and quite high yields (up to 40%) offi-tolualdehyde are 
formed as a result of the acid-catalyscd decomposition of p-methyl- 
benzylhydropcroside (equation 65). 

CHaCGH4CHzOOH - > CH,C,H,CHO + HzO (65) 

Aromatic hydrocarbons with unsaturated side-chains react quite 
diflerently with oxygen. Medvedev and Zeitlin 2 8 2  found that 
benzaldehyde and formaldehyde are eflectively the sole products of 
the reaction of oxygen with bulk styrene at  80"c. 'These aldehydes 
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were also found as minor products (together with a polymeric 
styrene peroxide) during the emulsion polymerization of styrene in 
the presence of oxygen at  5 0 ' ~ ~ ~ ~ .  Very detailed kinetic studies of 
the oxidation of styrene 284-286 have established that the reaction 
involves two principal processes, formation of a polyperoxide 
(styrene-oxygen copolymer) and its cleavage to yield equimolar 

C. F. Cullis and A. Fish 
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FIGURE 8. The formation of products during the oxidation of styrene a t  5 0 " ~  in 
the presence of 0.01 hi u,cr'-azobisisobutyronitrile. [Reproduced, by permission, 

from ref. 286.1 

quantities of benzaldehyde and formaldehyde. Competition between 
these two processes depends upon the temperature and even more 
markedly on the oxygen pressure 284*286, the aldehyde yield passing 
through a well-defined maximum as the available oxygen is increased 
(Figure 8). The formation of the two aldehydes can be shown as 
resulting from the rupture of C-C and 0-0 bonds in the poly- 
peroxide 2. A second much less important mode of decomposition of 
styrene peroxide can yield u-hydroxyacetophenone and phenyl- 
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glyoxal 285. Behaviour generally analogous to that observed with 
styrene is found with a-methylstyrene 287 ; the predominant carbonyl 
products here are acetophenone and formaldehyde, the yields of 
which are markedly dependent on oxygen pressure. The reaction of 
indene with oxygen also follows a broadly similar courseza8. 

6. Reactions lnvolving Other Oxidants 
The only two types of oxidizing agent which have been used to any 

extent for the oxidation of aromatic hydrocarbons to carbonyl 
compounds are chromic acid (and related chromium compounds) 
and permanganate. Both oxidants are, under appropriate conditions, 
general reagents for the conversion of CH2 and CH, groups to 
>C=O and -CHO respectively but the vulnerability of such groups 
to oxidative attack is usually considerably increased by the proximity 
of one or more aromatic rings. 

Most of the work with chromic acid has been carried out with 
hydrocarbons containing tertiary C-H groups, in which case the 
corresponding tertiary alcohol is the main product. Slack and 
Waters 289*290 have, however, studied the oxidation of various 
aromatic hydrocarbons, particularly diphenylmethanc, by chromium 
trioxide in glacial acetic acid, and have shown that the main product 
is benzophenone, which is very slowly oxidized further to benzoic 
acid. It is suggested that the initial attack of the hydrocarbon involves 
abstraction of a hydrogen atom to yield a free radical Ph,6H289, 
and that transient complexes of tetravalent and hexavalent chromium 
may be formed as intermediateszg0. Wiberg and Evanszg1 have also 
studied the oxidation of diphenylmethane and conclude that reaction 
takes place with the formation of a hexavalent chromium ester 
followed by solvolysis with Cr-0 bond cleavage. 

Chromyl chloride too has long been recognized as an effective 
oxidant for the methyl groups in toluene and its analogues. The 
overall reaction may be represented as in (66) ,  the chromyl chloride 

C6H,CH, __f (C6H,CH3*2CrO2CI2) --+ C6H5CH0 (66) 
+ H,O 
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being reduced, on hydrolysis of the adduct, to a mixture containing 
1 mole of chromic acid and 2 moles of a chromic salt. The initial 
complex formed, a dark brown solid insolublc in organic solvents, 
probably has the structure shown in 3, since magnetic susceptibility 

CI H CI 
I I I 

HO-Cr-0-C-0-Cr-OH 

(3) 

measurements have shown that the chromium atoms are tctravalent 
and spectroscopic evidence has established the presence of hydrosyl 
groups 291a. I n  the case of higher alkylbenzenes, mixtures of products 
are formed, the reagent attacking methylene groups to produce 
ketones as wcll as methyl groups to give aldchydes. Ethylbenzcne is 
converted into acetophenone and phcnylacetaldehyde, and iso- 
propylbenzene into acetophenone (by methyl group displacement) 
and 2-phenylpropionaldehyde, approximately equal amounts ofketone 
and aldehyde being produced in each case. Studies of the Etard react- 
ion using n-propylbenzene as reactant 291b have shown that methyl 
benzyl ketone is produced in higher yield than ethyl phenyl ketone, 
despite the fact that the latter arises from the reactive benzylic 
position. It appears that oxidation proceeds initially at  the benzylic 
position but that rearrangement occurs. Thus the oxidation of 
2,2-dideutero- 1 -phenylpropane gave methyl bcnzyl ketone with 
60% of deuterium in the position a to the ring. The total yield of 
ketones is less than 50% since chlorination takes place as a sidc- 
rcaction. Similarly, tctralin is convertcd into a- and p-indanone, 
although the yields are vcry low and a large amount of polymer is 
formed 291a. 

Despite the vcry wide use of permanganate as a n  osidizing agent, 
its reactions with hydrocarbons have been little studied. Oxidation 
of toluene by potassium permanganate in aqueous acetic acid 
solution29z involves primarily attack on the methyl group (as well 
as some disruption of the aromatic ring) ; reaction probably proceeds 
through the well-defined stages (67) since appreciable quantities of 

CBHSCHj CGH5CHoOH + CGHSCHO - CGHSCOOH (67) 

bcnzaldchyde can be isolated from the products. The thrce isomeric 
tolualdehydes can also be obtained by oxidation of the corresponding 
xylenes 293. With ethylbenzene, attack takes place principally at the 
a-position and acctophcnone can be formed in about 50% yield294, 
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although this compound is slowly oxidized furthcr to benzoic acid. 
n-Propylbenzene yields propiophenone 295, which is rapidly oxidized 
further to benzoic and acetic acids, and cumene gives acetophenone 295, 

which is slo~vly converted into benzoic acid and carbon dioxide. 
The naturc of the species responsible for oxidation appears to 
depend on whether the group adjacent to the aromatic ring is 
primary, secondary or tertiary. In  general, susceptibility to direct 
attack by MnO; ions and overall reactivity both decrease in the 
ordcr CH > CH, > CII,. Thus ~ . ~ i t h  etl:y!bcnzcne a i d  the propyl- 
benzenes the pcrmanganate ion plays a large part in the reaction 
but with toluene and the xylenes thc Mn3+ ion appears to be the 
most important oxidizing entity. 

V. OXIDATION O F  ALCOHOLS 

A. Reactions Involving Molecular Oxygen 

1. Gas-phase reactions 
The presence of formaldehyde among 

the products of the homogeneous gaseous oxidation of methyl 
alcohol was first observed by Newitt and Szego296, who studied the 
reaction at high pressures and around 250"~.  It had earlier been 
shown thar formaldehyde, which is formed during the high-pressure 
oxidation of mcthanc 297, probably arises from furthcr oxidation of 
methyl alcohol. Bone and Gardncr who later investigated the 
oxidation of methyl alcohol at  subatmospheric pressures, found that 
a maximum yicld of formaldehyde of about 3% was obtained from a 
2 CH,OH -t 0, mixture at  390"c. The production of formaldehyde 
during thc homogeneous oxidation of methyl alcohol has also been 
investigated by Loos and Polyakov and by Enikolopyan and 
Belgovskii 209. The kinetics of the reaction and the pattern of product 
formation werc fully studied by Bell and Tipper3". I t  was shown 
that, in the carly stages of reaction, the conversion of methyl alcohol 
into formaldehyde could be as high as 25%. The concentration of 
formaldehyde passes through a maximum at the time of the maximum 
rate and this maximum concentration is indepcndent of oxygen 
pressure and directly proportional to the pressure of methyl alcohol. 
The formation of hydrogen peroxide simultaneously with form- 
aldehyde suggests that the primary chain involves the reactions (68), 

a. Homogeneous oxidation. 

HOI, + CH30H w HzOz + eHzOH 

~H,OH -i- 0, ---+ HCHO + HO; 
5 + C.C.G.  
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further oxidation ofthe formaldehyde being responsible for degenerate 
chain-branching. The extent of conversion of methyl alcohol into 
formaldehyde is dependent on the nature of the surface 301, being 
higher, for example, in a boric acid-coated vessel than in one coated 
with potassium chloride (Figure 9). A 37% yield of formaldehyde 
has been reported during the oxidation of methyl alcohol at  370"c 
in a silver-coated vessel 299. 

Methonol pressure (mm Hg) 

FIGURE 9. The  influence of the surface en the maximum pressure of formaldehyde 
formed during the gaseous oxidation of methyl alcohol. Oxygen pressure = 100 mm. 
(a) B203-coated vessel (4.04"~) ; (b) KCI-coated vessel (466"~). [Reproduced, by 

permission, from ref. 301.1 

Although several studies have been made of the combustion of 
higher aliphatic alcohols, only in relatively few cases has analysis of 
reaction products been carried out. Newitt and S ~ e g o ~ ~ ~  detected 
small amounts of acetaldehyde and formaldehyde among the 
products of the oxidation of ethyl alcohol at high pressures. A 
detailed analytical investigation has also been made of the products 
of the oxidation of ethyl alcohol at subatmospheric pressures and at 
temperatures from 270 to 3 7 0 " ~ ~ ~ ~ - * .  I t  was shown that during an 
initial induction period the alcohol may be converted quantitatively 
into acetaldehyde until a critical concentration of this intermediate 
(corresponding to about 4% of the alcohol initially present) has 
accumulated. The pressure then begins to rise autocatalytically, and 
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formaldehyde (and other oxygenated organic products) become 
detectable. Since hydrogen peroxide is the only product, other than 
acetaldehyde, formed during the induction period, a primary chain 
involving HO; and CH3CH(OH) radicals and formally analogous 
to but more clear-cut than that postulated for the oxidation of 
methyl alcohol appears to operate. The initially formed acetaldehyde 
is subsequently oxidized in a branching-chain cycle and this process 
leads, through the formation of CH; radicals, to formaldehyde and 
the other Ci prcducts observed. 

Oxidation of n-propyl alcohol can be carried out at  somewhat 
lower temperatures 305 but the yields of aldehydes (propionaldehyde 
and acetaldehyde) are not as large as those obtained from ethyl 
alcohol. With n-butyl alcohol and isobutyl alcohol306, the yields of 
the corresponding aldehydes at small conversions are of the order of 
80-90y0 at temperatures from 300 to 400"c and in mixtures con- 
taining both a deficit and an excess of oxygen. The yields fall off 
quite rapidly, however, if reaction is allowed to proceed further. 

With secondary alcohols, the greater stability of ketones as com- 
pared with aldehydes facilitates the isolation of considerably larger 
amounts of these products. Thus, under optimum conditions, 100% 
yields of acetone (and hydrogen peroxide) can be obtained from 
isopropyl alcohol at  conversions of up to 40% 305*307, but the nature 
of the surface of the reaction vessel appears to play quite an important 
part in the reaction308. Although, during the early stages, effectively 
the only process in operation is the linear chain cycle (69), other 

(CH&CHOH + HO; ---+ (CH,),tOH + Hz02 (694 

(CH3),COH + O2 + (CH,),CO + HO; (69b) 

reactions subsequently occur. For example, thermal decomposition 
of the initial 'alcohol radical' probably leads to acetaldehyde 
(equation 70) and the methyl radicals formed concurrently mzy be 

(70) 

oxidized partly to formaldehyde. Glyoxal is another minor carbonyl 
product 309. 

Yields of acetone and hydrogen peroxide during the homogeneous 
gaseous oxidation of isopropyl alcohol are high enough for com- 
mercial development of the reaction to have been investigated. Thus 
the reaction with air of isopropyl alcohol at  300-35O"c leads after 
4-8 min to a 40% yield of hydrogen peroxide and an even higher 

(cH,),~oH --+ CH,CHO + CH; 
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yield of acetone310, although surface reactions lead to some decom- 
position of the former product. Pretreatment of the reaction tube 
with 10-15% aqueous hydrogen peroxide has enabled a 6.8% 
peroxide yield at 38.5% conversion to be obtained by reaction at 
320"c of 2 parts of isopropyl alcohol with 1.3 parts of atmospheric 
oxygen in a flow system311. 

Very high yields of methyl ethyl ketone (and hydrogen peroxide) 
can be obtained by the gaseous oxidation of s-butyl alcohol 306.312, 
even at quite high cmvers i czs  T a b k  \ 5) .  

TABLE 6. The formation of methyl ethyl ketone dur ing  the gaseous oxidation of 
s-butyl alcohol 312. 

Alcohol Oxygen :(, conversion or 
pressure pressure 'Temperature, "/o alcohol alcohol to 

(mm) (mm) ("GI consumed ketone 

40 
40 
40 
40 
40 
40 
-10 
40 
40 
40 

60 
60 
60 

200 
200 
200 

60 
60 
60 
60 

295 
295 
295 
2 95 
295 
295 
400 
400 
400 
400 

8.7 
25 
50 
10 
25 
50 
11.2 
25 
50 
75 

89 
70 
59 
88 
81 
65 
95 
75 

40 

- -  
33 

Only one study appears to have been made of thc slow combustion 
of a tertiary alcohol. Thus, with t-butyl the principal 
carbon-containing product is acetone. Here due to the absence of 
a-C-H bonds there can be no overall reaction analogous to that 
occurring with primary and secondary alcohols. Initial attack of this 
compound presumably involves abstraction of hydrogen from the 
OH group, folloived by breakdown of the resulting t-butosy radical 
(reaction 71). Small amounts of acctaldehyde and formaldehyde are 
also found among the products. 

-H 
(CH3)sCOH - > (CH3)SCO. + (CH,),CO + CH; (71) 

Very little work has been carried out on the gaseous oxidation of 
alcohols in the presence of homogeneous catalysts. Nitrogen oxides 
lower considerably the oxidation temperature of mcthyl alcohol but 
do not appreciably affect the maximum yields of formaldehyde which 
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can be obtained3I3. The nature of the surface has a well-defined 
effect on the rate of the NO-catalysed reaction and on the amounts 
of formaldehyde which can be recovered, th.e largest amounts of this 
carbonyl product being obtained in a boric acid-coated vessel 314. 
Hydrogen bromide also acts as a catalyst for the gaseous oxidation 
of methyl alcohol but the maximum pressure of formaldehyde formed 
is only about one-tenth of that obtained under similar conditions in 
the uncatalysed and NO-catalysed reactions (Table 7) 315. 

TABLE 7. Comparison of the amounts of formaldehyde formed during the gaseous 

oxygen pressure 7 5  mm. 
oxidation of methyl Methyl alcohol pressure 100 mm; 

Uncatalysed Reaction at 310"c Reaction at 310"c 
reaction at catalysed by 2 mm catalysed by 15 mm 

390% NO HBr 

Maximum formaldehyde 
prcssure (mm) 8.5 8.0 0.7 

Final formaldehyde 
pressure (mm) 1.5 7.2 0.2 

b. Oxidation in the presence o f  heterogeneous catalgsts. Primary and 
secondary alcohols are readily dehydrogenated over suitable catalysts 
in the absence of air or oxygen to form aldehydes and ketones 
respectively (section V.B.2). In many systems, however, yields of 
carbonyl products are considerably increased by the presence of 
oxygen, although the main function of the oxidant often appears to 
be a secondary one, not directly connected with the principal 
chemical change involved. 

Both metals and metal oxides have been used as catalysts but the 
first detailed work on the oxidation of alcohols over metals was that 
of Thomas316, who studied the reaction of methyl alcohol with air 
over copper, silver and gold catalysts. The yields of formaldehyde 
obtained over a silver catalyst may bc as high as 95% but decrease 
as the oxygen: alcohol ratio is increased, excess oxygen causing the 
production of considerable amounts of oxides of carbon (Figure 10). 
Similar results were found with copper and gold catalysts, although 
these metals gave somewhat smaller amounts of formaldehyde. 

The oxygen clearly plays a n  important part since the yields of 
formaldehyde obtained by dehydrogenation of methyl alcohol in the 
absence of oxygen are considerably lower than would be expected 
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FIGURE 10. The influence of reactant-mixture composition on the conversions and 
yields for the oxidation of methyl alcohol to formaldehyde by air in the presence 

of metallic catalysts3I6. Flow rate of air z 130 l/h. 

from equilibrium considerations 317. I t  seems to be generally agreed 
that the basic reactions (72) are taking place although there is some 

CHZOH - > HCHO + H2 (724 

HCHO CO + H2 (72b) 

disagreement as to whether the role of the oxygen is to maintain the 
necessary reaction temperature by oxidation of the hydrogen 
liberated 318 or to keep the catalyst active by oxidative destruction of 
catalyst poisons316. O n  the other hand, Vlodavets and Pshezhetskii 310, 

who also studied the reaction over a silver catalyst, concluded that 
oxygen plays a more direct part, adsorbed oxygen reacting with 
methyl alcohol from the gas phase and converting it into form- 
aldehyde. Polyakov and coworkers believe that both dehydrogenation 
(at low oxygen concentrations) and oxidation (at high oxygen con- 
centrations) occur over a silver catalyst 320, whereas dehydrogenation 
is effectively the only reaction over a platinum catalyst321. The 
yields of aldehyde formed by metal-catalysed oxidation of methyl 
alcohol are improved by the addition of large amounts of water 
vapour 322 or of small quantities of organic sulphur compounds 333, 

and by the use of cooling sprays324. This last technique has, for 
example, been applied to the oxidation of methyl alcohol a t  5 0 0 " ~  in 
a copper vessel containing a silver catalyst and results in  a yield of 
74% a t  80% 

Somewhat more recently, studies have been reported of the con- 
trolled oxidation of relatively lean methyl alcohol + oxygen mixtures 
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over metal oxide catalysts. With pure molybdenum oxide at  about 
4OO0c, 100% conversions of methyl alcohol into formaldehyde are 
obtained initially, but the catalyst becomes steadily less efficient with 
increasing use325. Better results are obtained with mixtures of 
molybdenum and iron oxides 325-326 ,  although ferric oxide alone 
causes more or less complete oxidation of methyl alcohol to carbon 
dioxide and little or no formaldehyde can be isolated. Thus, for 
example, the use at  425"c of a catalyst consisting of 3 parts of ferrous 
oxide and 2 parts of molybdenum trioxide on silicon carbide as 
support, previously activated at 260°c, has produced a yield of 
formaldehyde of 87.2% 327. At temperatures of 300-500"c with 
similar catalysts, 90% yields of formaldehyde at conversions exceed- 
ing 90% have been claimed 328. Moreover, iron-m-olybdenum oxide 
catalysts, when spent, can be regenerated by treatment with solutions 
of molybdenum salts followed by reactivation329. Quite high con- 
versions of methyl alcohol into formaldehyde can also be achieved by 
oxidation over other suitable molybdate 330-331 or vanadate 332*333 

catalysts. 
Several large-scale processes for the manufacture of formaldehyde 

have been described which involve the catalytic oxidation of methyl 
alcohol over both metal and metal oxide catalysts 334.335. 

The oxidation of higher aliphatic alcohols to carbonyl compounds 
over heterogeneous catalysts has also been effected. Ethyl alcohol is 
converted into acetaldehyde by gaseous oxidation in the presence of 
vanadium pentoxide on iron or zinc 336, while catalysts consisting of 
mixtures of iron oxide with calcium carbonate bring about the rather 
unusual conversion of ethyl alcohol into acetone, although a variety 
of other products are also formed 337. Iron-molybdenum oxide 
catalysts, similar to those used for the oxidation of methyl alcohol327, 
catalyse the oxidations of n-butyl alcohol, ethylene glycol and 
glycollic acid to the corresponding aldehyde, dialdehyde and aldehyde 
acid respectively 338. Isopropyl alcohol is oxidized to acetone by 
air at 240-34O"c in the presence of a silver catalyst supported 
on pumice339. The overall activation energy of the reaction is 
15 kcal/mole and a free-radical chain mechanism is involved 340. 

The combined catalytic oxidation and dehydrogenation to 
carbonyl compounds of primary and secondary alcohols can be 
brought about by catalysts consisting of silver, which acts as an 
oxidation catalyst, mixed with an oxide of zinc, magnesium, beryl- 
lium, titanium or zirconium, which effects dehydrogenation. At 
temperatures below 580"c, methyl, ethyl, isopropyl and cyclohexyl 



136 C. F. Cullis and A. Fish 



2. Carbonyl-forming Oxidations 137 

alcohols are converted into the corresponding carbonyl compounds 
in yields of between 90 and 98%341. 

Some work has also been carried out on the heterogeneous 
catalytic oxidation of aryl-substituted alcohols, generally in con- 
nection with the corresponding reactions of the parent hydrocarbons, 
Thus, during studics of the controlled oxidation of toluene, the 
behaviour of benzyl alcohol over vanadate catalysts has been investi- 
gated ; benzaldehyde was formed as a n  intermediate product 247,248. 

I n  the same way the catalytic oxidation of o-methylbenzyl alcohol 
has been studied in an attempt to obtain a better understanding 
of the reactions of o - ~ y l e n e ~ ' ~ ;  the results show that the nature of 
the products depends markedly upon the temperature used but 
that around 400"c o-tolualdehyde is the principal species formed 
(Figure 11). 

2. Liquid-phase reactions 
Alcohols are not in general readily oxidized in the liquid phase by 

molecular oxygen and comparatively little work has been done in 
this field. 

Heyns and Blazejewicz 343 have outlined a general procedure for 
the conversion of primary alcohols into aldehydes (and, in some 
cases, acids) and of secondary alcohols into ketones, which involves 
the use of molecular oxygen in conjunction with a platinum catalyst 
under mild conditions. The best conditions for selective oxidation 
vary with alcohol structure, but the method is of general applicability 
to a large number of alcohols (Table 8) and is particularly well 
suited to the preparation of long-chain aldehydes. 

Methyl alcohol is convcrtcd into formaldehyde in 80% yield by the 
use of oxygen at 25"c in the presence of complexes formed from 
copper salts and amines 344.  The photosensitizcd oxidation of ethyl 
alcohol at ambient temperatures has been studied in some detail by 
Bolland and Cooper345-346. With low oxygen pressures and high 
concentrations of sensitizer (anthraquinone 2,6-disodium sul- 
phonate), effectively thc sole products are acetaldehyde and hydrogen 
peroxidc ; at high oxygen pressures and low sensitizer concentrations, 
the yields of aldehyde fall off and increasing amounts of acids are 
formed (Figure 12), these latter compounds arising apparently by 
direct osidation of ethyl alcohol and not via the aldehyde. Since the 
quantum yield at temperatures up to 40"c is invariably unity, no 
chains are involved, indicating presumably that a-hydroxyethyl- 
peroxy radicals are formed initially but, instead of reacting with 
5* 
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TABLE 8. Yields of aldehydes and ketones formed by the reaction of molecular 
oxygen with primary and secondary alcohols in solution in the presence of a 

platinum ~ a t a l y s t ~ ~ 3 .  

Reaction time Tcrnperature Yicld 
Alcohol (h) ("GI Product ( % I  

1 -Butanol 
1 -Pentanol 
1-Heptanol 
1 -Dodecanol 
urnzyi aicohoi 
2-Phenylethanol 
2-Propanol 
2-Pentanol 
3-Pentanol 
2-Hexanol 
2-Octanol 
C yclopen tanol 
Cyclohexanol 
Cycloheptanol 
Diphenylmethanol 

n.  

5 
5 
1 
0.25 
1 
1.5 
0.5 
1 
5.5 
6 

96 
0.75 
1-5 
1 

23 

41 
60 
60 
60 
60 
60 
17 
17 
16 
17 
20 
20 
20 
17 
37 

I-butanal 
1-pentanal 
I-heptanal 
1 -dodecanal 
benzaldehyde 
2-phenylethanal 
acetone 
2-pentanone 
3-pentanone 
2-hexanone 
2-octanone 
cyclopentanonc 
cyclohexanone 
cyclohep tanone 
benzophenone 

57 
51 
26 
77 
78 
34 
91 
77 
71 
56 
80 
82 
92 
99 
98 

0 7 14 

Ethonol concentration (mole/!) 

FIGURE 12. The formation of acetaldehyde and acetic acid during the photo- 
sensitized oxidation of ethyl alcohol. Oxygen pressure = 70 mm, 6.6 x 10-4 M 

anthraquinone: (a) acetaldehyde; (b) acetic acid. Oxygcn pressure = 730 mm, 
1.7 x M anthraquinone: (a') acetaldehyde; (b') acetic acid. [Reproduced, 

by permission, from ref. 346.1 
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further ethyl alcohol to continue the chain, decompose to give 
acetaldehyde and HO; radicals (equation 73). Comparative studies 

CH3CHOH __f C H J C H O  + HO; (73) 

have also been made of the gas-phase and liquid-phase oxidation of 
ethyl alcohol under similar experimental conditions 347. In  both 
cases acetaldehyde and hydrogen peroxide are the principal products. 
I t  is suggested, 5c~ .~~rv~er ,  that iil the gas phase a-hydroxyethylperoxy 
radicals break down unimolecularly, but in the liquid phase the 
corresponding hydroperoxide is formed as a result of hydrogen 
transfer and that this intermediate product then breaks down to give 
the two final molecular products directly (reactions 74). 

I I 

00. 
I 

00. O O H  

C H 3 C H O H  i C H 3 C H 2 0 H  --+ CH,CHOH + C H 3 6 H O H  

Y I 
CH3CHO + HzOZ (74) 

Under the influence of x-rays or bombardment by electrons, liquid 
ethyl alcohol suffers molecular dehydrogenation to give acetaldehyde 
as a major product, together with water, hydrogen, methane and 
carbon monoxide. If oxygen is dissolved in the alcohol, the yield of 
acetaldehyde increases by 50% due to the occurrence of additional 
radical reactions similar to those occurring in the photosensitized 
autoxidation 348. 

Rottenberg and coworkers 349*350 have helped to elucidate the 
mechanism of autoxidation of alcohols by studying the platinum- 
catalysed oxidation of ethyl alcohol in the presence of water and 
labelling with I 8 0  either the water or the oxygen. The oxidation was 
allowed to proceed until acetic acid was formed and this was con- 
verted via barium acetate into carbon dioxide which was analysed by 
mass spectrometry. When the water was labelled, the barium acetate 
formed contained 70-80y0 of the l8O but labelled gaseous oxygen 
Ied to a low level of incorporation of l8O in the organic products. 
I t  is likely that the oxidation mechanism involves the hydrolysis of 
an intermediate product which may be a peroxide produced by an 
OH-radical chain reaction. Reversible dehydrogenation to acetalde- 
hyde is, however, not the initial step. 

Little work on the autoxidation of higher primary aliphatic 
alcohols has been reported. Irradiation of oxygen-containing zqueous 
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solutions of n-butyl alcohol by 6oCo y-rays produces n-butyraldehyde 
and hydrogen peroxide in reasonable yield 351. 

The liquid-phase oxidation of secondary alcohols, particularly of 
isopropyl alcohol, is the basis of methods of producing hydrogen 
peroxide and ketones on a commercially viable scale. Thus the 
uncatalysed reaction of liquid isopropyl alcohol with gaseous oxygen 
at 2.5 atm pressure and 70-16O"c for 29 h produces acetone and 
hydrogen peroxide in 90yo yield3". High yields of ketones and 

2,3-butanediol and cyclohexanol. The amounts of the primary 
products which can be isolated may in certain cases be further 
improved by employing 2. variety of additives. Peroxides, for 
example, increase the yields of acetone obtainable from isopropyl 
alcohol to 93% and that of 4-methyl-2-pentanone from 4-methyl-2- 
pentanol to 74% (but produce only a 45% yield of methyl ethyl 
ketone from s-butyl alcohol), while the further addition of glacial 
acetic acid increases the yicld of acetone obtained from isopropyl 
alcohol to 99oL 353. Salts of heavy metals and sequestering agents are 
also useful additivcs3". The process can be carried out to produce 
hydrogen peroxide continuously, the alcohol being regcneratcd by  
catalytic hydrogenation of the ketone formed. 

The catalysed oxidation of secondary alcohols produces quite high 
yields of ketones. Isopropyl alcohol, containing 1 yo of titanium 
dioxide, is oxidized by molecular oxygen at  1OO"c and 2 atm 
pressure, under the influence of Hg radiation (3656 A, Einstein 
units/sec), to give, after 30 h, a 16% yicld of acetone and a 10% 
yield of hydrogen peroxide 355. Cyclohexanol, primary aliphatic 
alcohols, aromatic alcohols and hydroaromatic alcohols react 
similarly, producing the corresponding carbonyl compounds. 

Although individual higher secondary alcohols have received little 
attention, the oxidation of commercially produced secondary alcohol 
fi-actions boiling between 125-170"c has been reported, thc usc at 
165"c of 94% nitrogen and 6% oxygen as the oxidizing gas producing 
maximum yields of ketones of 64% 356. 

Oxidation by molecular oxygcn at  pressures slightly higher than 
atmospheric of 2,4-pentanediol gives 2-pcntanol-4-one and not 2,4- 
pentanedi~ne~".  In  this respect the course of oxidation may be 
contrasted with that of alkanes (such as 2,4-dimethylpcntane) lo*. 

I t  appears that the presence of an OH group in the ,&position prcvcnts 
intrarnolccular rearrangement of alkylperoxy radicals and hence 
formation of diones. 

peroxids aye also cb:$in& from j-h,utj~i aicoiioi, il-met'hyi-2-pentanoiy 
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Some work has also been done on the liquid-phase oxidation of 
cyclopentanol and cyclohexanol 358.359. The main products of the 
photosensitized oxidation around 100"c are the so-called cyclo- 
pentanone and cyclohexanone peroxides, although at sufficiently low 
concentrations only the cyclic ketones and hydrogen peroxide can be 
detected. Reaction probably takes place by a hydroperoxylation 
mechanism, the resulting hydroperoxide existing in equilibrium with 
its decomposition products, e.g. reaction (75). The autoxidation of 

cyclohexanol has been studied kinetically by Denisov and co- 
workers 360-361. Termolecular initiation (equation 76) is proposed; 

2 RH + 0 2  _j. 2 R. -t H202 (76) 

the resulting free-radical chains have lengths between lo3 and lo2 
units and the overall activation energy of propagation is 7.7 kcal/mole. 
The  intermediate peroxide is apparently consumed by a non-chain 
mechanism 362. A complicating factor in the autoxidation is the 
reaction of the hydrogen peroxide formed with further cyclohexanol 
to increase the yield of cyclohexanone relative to that of hydrogen 
peroxide 363. 

Secondary and tertiary aryl-substituted alcohols such as l-phenyl- 
1 -ethanol, 1-phenyl- 1 -propanol, 1 -methyl- 1-phenyl- 1 -ethanol, 2- 
methyl- 1 -phcnyl- 1-propanol and 1 -phenyl- I-butanol are oxidized by 
niolecular oxygen a t  about 100"c but give only small yields of 
ketones, extensive thermal dehydration taking place under these 
conditions 36c. Little recent work on aryl-substituted alcohols has 
been reported, although it has been established that a t  25"c in the 
presence of copper-amine complexes, benzyl alcohol is converted by 
oxygen into benzaldehyde in 94% yield344 and that a similar reaction 
occurs during y-irradiation of benzyl alcohol i n  the presence of 
oxygen351. 

6. Reactions lnvolving Other Oxidants 

1. Liquid-phase reactions 

a. General. Primary and secondary alcohols are very readily 
oxidized to aldehydes and ketones, and indeed most oxidizing agents 
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will effect the relatively simple conversion (77). However, in only a 

limited number of cases has the mechanism of this reaction been 
fully elucidated. Some of the principal mechanistic studies of the 
oxidation of alcohols by specific liquid-phase oxidants are considered 
below. 

b. Chrornates. The most detailed work with chromates has been 
carried out with secondary alcohols, and in particular with isopropyl 
alcohol. This last compound is readily oxidized quantitatively to 
acetone, and in aqueous solution the reaction is first-order with 
respect to acid chromate ion, HCrO;, and to the alcohol and second- 
order with respect to hydrogen ions 365.366. The compound 
(CH,),CDOH is oxidized at only about one-seventh of the rate of 
the undeuterated alcohol both in aqueous 367 and acetic acid 368 

solution showing that the secondary hydrogen atom is involved in 
the rate-controlling step; a similar isotope effect is found with the 
tritium-substituted compound (CH,) ,CTOH 369. The reaction is 
retarded by manganous and is catalysed by bases such as 
~ y r i d i n e ~ ~ ~ . ~ ~ ~ .  The oxidation in 87% aqueous acetic acid takes place 
2500 times faster than in water368 and under these conditions the 
reaction is first-order in acid chromate ion, alcohol and hydrogen 
ion, and is strongly inhibited by chloride ion. All the experimental 
findings can be explained on the basis of a mechanism involving the 
formation of an intermediate chromate ester (equation 78), the 

(CH&CHOH f HCrOC + 2 H +  ---+ [(CH3),CHOCr03H2]+ + H,O (78) 

tetravalent chromium reacting with hexavalent chromium to form 
pentavalent chromium which oxidizes more isopropyl alcohol to 
acetone (equation 79). The intermediate ester, isopropyl chromate, 

H3C 0-CrO,H, + 

[ .,).=, ] __f ( C H 3 ) L 0  + BH+ + HzCr03 (79) 

L: B 
can be prepared and its decomposition is found to be catalysed by 
bases 373, showing that the mechanism is a reasonable one but not 
proving unequivocally that the oxidation of isopropyl alcchol by 
chromic acid proceeds via formation of this compound under normal 
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conditions. Nevertheless, the ester mechanism is generally accepted, 
although RoEek and Krupicka 374-376 have suggested, following 
measurements of oxidation rate over a wide range of acidities, that 
the experimental results are more consistent with a rate-controlling 
step involving direct transfer as a hydride ion of a hydrogen atom 
from the alcohol to the oxidizing agent. 

Oxidation of secondary alcohols in which one of the a-carbon 
atoms is fully substituted gives good yields of the corresponding 
ketones; at the same time, however, some C-C bond fission takes 
place and an aldehyde and a tertiary alcohol are formed. Thus, for 
example, 3,3-dimethyl-Z-butanol, 3,3-dimethyl-Z-pentanol and 2,4,4- 
trimethyl-3-hexanol are oxidized by chromic anhydride in aqueous 
acetic acid mainly to the corresponding ketones but a 6-7% yield of 
a tertiary alcohol is also obtained in each case377, e.g. reactions (80). 

Direc t  oxidation 
1-4 CHjCOC(CH3)j 

CH3CH(OH)C(CH3)3 -1 c--c bond (80) 
-+ CHjCHO + (CH&COH 

The general nature of this reaction has been demonstrated by the 
further work of Mosher and coworkers 378-380 and has been shown to 
occur with other oxidants as well as chromic acid 381. Hampton, Leo 
and W e ~ t h e i r n e r ~ ~ ~  have shown that the extent of the cleavage 
reaction depends markedly on the experimental conditions. Thus, in 
the chromic acid oxidation of 2,2-dimethyl- 1 -phenyl-1 -propanol, the 
yields of clcavage products (benzaldehyde and t-butyl alcohol) 
approach 60-70% in dilute solutions of chromic acid containing 
sodium acetate but fall to a low value in the presence of Mn2+ or 
Ce3+ ions or in concentrated solutions of chromic acid. The 
deuterated alcohol 1 -deutero-2,2-dimethyl-l-phenyl-1-propanol is 
oxidized to the corresponding ketone, t-butyl alcohol and deutero- 
benzaldehyde. The yield of cleavage products is higher than with the 
ordinary alcohol and the rates of both oxidation and cleavage are 
only about one-tenth of those for the undeuterated compound. That 
the cleavage process is an ionic one is shown by carrying out the 
oxidation of 2,2-dimethyl-l-phenyl-l-propanol in 180-labelled water, 
when it was found that the labelled oxygen is present in the t-butyl 
alcohol 383*384. Independent evidence of the formation of carbonium 
ions as intermediates has been obtained by Lansbury, Pattison and 
Diehl 385. 

A considerable amount of work has also been done on the influence 
of stcric factors and of molecular structure on the rate of conversion 
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of secondary alcohols to ketones by chromic acid. Vavon and CO- 

workers386*307 first showed that cis-2-alkylcyclohexanols are more 
readily oxidized than the corresponding trans isomers and since then 
conformational effects have been fully investigated 388-394 ; both 
stereoelectronic accommodation and strain relief in the transition 
state appear to play an important part in determining rates of 
reaction. The effects of structure on reactivity have been investigated 
and discussed by Kuivila and B e ~ k e r ~ ~ ~  and by Kwart and 
Francis 396. 

i he oxidation of tertiary alcohols by chromic acid usually leads to 
a complex mixture in which the yields of individual carbonyl com- 
pounds are low. There are one or two examples, however, where 
comparatively clean conversion into carbonyl products can be 
effected. Thus Zeiss 397 studied the oxidation of diphenyl-t-dehydro- 
abietinol with chromic acid in glacial acetic acid and obtained at  
80"c an approximately 70% yield of 12-methyl- 1 -oxo-7-isopropyl- 
1,2,3,4,9,10,11,12-octahydrophenanthrcne together with benzophen- 
one (reaction 81). The first step appears to be protonation of the 

m. 

hydroxyl group, followed by loss of water to form a tertiary 
carbonium ion (reaction 82), which is stabilized by resonance 
contributions from the two phenyl groups. The resulting centre of low 

(C,H~)~C(OH)CR~R~CH, --+ ( C ~ H ~ ) ~ ~ - - C R ~ R ~ C I - ~ ~  (82) 

electron density is susceptible to nucleophilic attack by chromate ion 
(equation 83) and migration of the electrons of the C-C bond then 
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takes place (equation 84) followed by oxidation of the resulting 

carbonium ion to give the principal ketonic product and further 
Further 

+ CrO, 0 x 1  lation 
CR'R'CH3 R'RTO + CH,+ -' - HC02H (85) 

oxidation products (reaction 85). In  much the same way, (p-nitro- 
pheny1)diphenylmethanol is converted into p-nitrobenzophenone 
(reactions 86) 398. I n  this case migration of the phenyl group from 
carbon to oxygen is involved. 

P-NO~C~H,(C~HS)~COH + P-N02C6H4(CGHS)2C-O + + 
i OH- 

p-N02C,H,(C,H,)~-OC6Hs ---+ p-NO2CsH4(C6H5)COC,H5 - f 
I 

It 

OH 
P-NO~CGH~CC~HS + COHSOH (86) 

0 

Chromic acid also oxidizes 1,2-glycols both in aqueous and acetic 
acid solution and the reaction is often accompanied by extensive 
C-C bond fission. Thus, formaldehyde can be obtained from 
ethylene glycol and glycerol, acetaldehyde from 2,3-butanediol, 
n-butyraldehyde from 4,5-octanediol and acetone from 2,3-dimethyl- 
2,3-butanediol 224; reaction probably takes place via the intermediate 
formation of a cyclic chromium ester. On the other hand, with 
glycols containing a primary or secondary hydroxyl group, the 
action of chromic acid under appropriate conditions may (unlike 
that of most other glycol-cleaving oxidants) result in the formation 
of a hydroxyaldehyde or hydroxyketone rather than C-C bond 
fission 399*400. Conformational effects are again clearly apparent in 
the chromic acid oxidation of glycols. RoEek and Westheimer 401 
have shown that chromic acid in aqueous solution oxidizes ~is-1~2-  
dimethyl-l,2-cyclopentanediol to 2,6-heptanedione 1 7,000 times 
faster than the trans isomer. I n  90% acetic acid the corresponding 
factor is 800. I t  appears that the cis-diol reacts rapidly and reversibly 
to form a cyclic ester with chromic acid and that the rate-determining 
step in the reaction is the decomposition of this ester with accom- 
panying C-C bond cleavage. The tram isomer, on the other hand, 
appears to be oxidized via some non-cyclic intermediate. 
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Oppenauer and Oberrauch402 have shown that t-butyl chromate 
is a useful specific reagent for the oxidation of primary and secondary 
alcohols in acetic acid solution. The reaction involves rapid trans- 
esterification with accompanying electron-pair displacement at the 
Cr atom, since, when 180-labelled t-butyl chromate is used, no ''0 
is lost to the solvent on hydrolysis of the intermediate chromate ester. 

c. Permanganate. Alkaline potassium permanganate readily 
oxidizes primary aliphatic alcohols and glycols even at room 
temperature 403 but carbonyl compounds, presumabiy owing to their 
rapid further oxidation404, are not generally found among the 
products. 

Oxidation of alcohols by acid permanganate does however lead to 
the formation of some carbonyl products. Thus the reactions of 
benzyl alcohol and of 1 - and 2-phenylethanol, which have been 
investigated by Cullis and L a d b ~ r y ~ ' ~ . ~ " ,  lead in each case to a 
carbonyl compound as the first identifiable product, although with 
benzyl alcohol considerable ring rupture occurs during the oxidation. 
Kinetically the reactions are initially of the first order with respect to 
each reactant. Stewart405 has made quite a detailed study of the 
oxidation of benzhydrol by acid permanganate and has shown that 
the rate-determining step is the interaction between the benz- 
hydrylate ion and the permanganate ion. A considerable isotop;; 
effect is observed when the a-hydrogen atom is replaced by deuterium. 
This finding and the absence of excess l8O in the products when 
180-labelled permanganate is used as the oxidizing agent suggest 
that reaction involves transfer of a hydride ion from a benzhydrylate 
ion to a permanganate ion. The oxidation to the corresponding 
carbonyl products of a number of partially fluorinated aromatic 
alcohols has also been studied by Stewart and van Linden 406-407 ; 
again there is a large deuterium isotope effect and the kinetic results 
appear to be consistent with a hydride-ion transfer mechanism 
similar to that in operation in the oxidation of benzhydrol. 

Acid permanganate can also be used for the oxidative cleavage of 
1 ,2-glycols, leading to the formation of carbonyl products 224. 

d. Transition metal iow. The oxidation of several alcohols by 
cobaltic ions has been studied by Hoare and Waters 408. Cyclohexanol 
is converted into cyclohexanone, and t-butyl alcohol mainly inio 
acetone. I n  both cases the rate of reaction varies inversely with the 
concentration of acid present. With cyclohexanol there is a small 
primary isotope effect, the undeuterated compound reacting about 
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1.7 times faster than 1-deuterocyclohexanol. I n  the oxidation of 
3-pentanol, on the other hand, C-C bond fission predominates and 
the isotope effect is negligible 409. 

The reaction of primary and secondary alcohols with pentavalent 
vanadium ions also results in the formation of the corresponding 
carbonyl compounds and has been studied mainly by Waters and 
coworkers. The first full kinetic study was of the oxidation of 2,3- 
dimethyl-2,3-butanediol 410 and this reaction, which leads to acetone 
as the principal carbonyl product, appears to involve the initial 
formation of a complex between V0,H2+ ions and the alcohol. The 
oxidations of cyclohexanol and 1 -deuterocyclohexanol in acid 
solution are of the first order with respect both to the oxidant and to 
the alcohol411. I t  appears that [V(OH),]2f is the active species in 
perchloric acid solution and [VO(H,O)SO,] + in sulphuric acid 
solution. Cyclohexanol forms complexes with both these ions and, 
since there is a kinetic isotope effect, C-H (or C-D) bond fission is 
involved in the rate-controlling step. 2-Phenylethanol and 2,Z-dime- 
thyl-1-phenyl- 1-propanol both suffer C-C bond fission during 
oxidation, the former compound giving some benzaldehyde and the 
latter coinpound both benzaldehyde and 2,2-dimethyl-1-phenyl-1- 
propanone41a. The oxidations of cyclohexanol and isopropyl alcohol 
by vanadium ions is catalysed by hydrogen bromide 413. 

Acid solutions of pentavalent vanadium appear to oxidize glycols 
with the production of free radicals, and the accompanying colour 
changes show that labile glycol-vanadium complexes are formed 410. 
Kinetic measurements on eight 1,Z-glycols 414 show that mono- and 
ditertiary glycols are oxidized by C-C bond fission and that the 
oxidation of primary and secondary glycols involves the conversion 
(87). The kinetics of the oxidation of glycerol by pentavalent vanad- 

ium are consistent with the formation of an initial complex which 
subsequently breaks down according to a first order kinetic law 415. 

The oxidation of monohydric alcohols by ceric ions has been 
comparatively little studied. These ions will however cause oxidative 
cleavage of lY2-glycols. Thus 2,3-butanediol may be oxidized to 
acetaldehyde, the reaction proceeding through the formation of a 
complex of ceric ions with the alcohol 416*417. 

A kinetic study has been made of the oxidation of 2,3-dimethyl- 
2,3-butanediol (which is quantitatively converted into acetone) and 



148 C. F. Cullis and A. Fish 

it has been shown that the reaction is of the first order with respect 
both to ceric ions and to the alcohol418. The rates of oxidation of a 
number of 1,2-glycols by ceric ions have been measured and com- 
pared with the corresponding reactions involving pentavalent 
vanadium and hexavalent chromium ions as oxidants 419. 

The conversion of >CHOH groups into >C=O in selected com- 
pounds can also be effected by cupric salts420-422. 

e. Ahrminium alkoxides. Very smooth oxidation of >CHOH to 
>CO can be brougk about by rhe action of aluminium alkoxides 
(generally aluminium t-butoxide) in boiling acetone solution ; this 
mcthod has been used, for example, for the preparation of sterol 
ketones and of sex hormones 423. Thus, cholesterol gives cholestenone 
in 947” yield, ergosterol gives ergostatrienone, dehydroandrosterol 
gives androstenedione and 17-methyl-5-androstene-3,17-diol gives 
methyltestosterone. No kinetic studies of oxidations involving 
aluminium alkoxides appear to have been made. 

Several investigations have been carried 
out of the kinctics of the oxidation of ethyl alcohol by bromine under 
conditions where acetaldehyde is one of the main reaction products 424. 
Replacement of the hydrogen on the u-carbon atom by deuterium 425 
or tritium 426 leads to a considerable reduction in oxidation rate 
suggesting that C-H bond fission is normally involved in thc ratc- 
determining stcp. Isotope effects are also found in the oxidation of 
isopropyl alcohol and I-fluoro-2-propanol 427 where it can be shown 
that the kinetic results are consistent with a mechanism incorporating 
hydride transfer from carbon and proton transfer from oxygen. The 
kinetics of the oxidation of cyclohexanol and its derivatives to the 
corresponding cyclohexanones has been studied by Barker, Overend 
and ReeslZ8; in acetic acid solution cyclohexanol is converted not 
into cyclohexanone but into the 2,6-dibromo derivative. 

The oxidation of alcohols by peroxides has been studied by 
Kharasch and coworkers 429, who have shown that tertiary alcohols 
containing at  least one aromatic group can be oxidized in acid 
solution by hydrogen peroxjde or t-butyl hydroperoxide to a ketone 
and a phenol. Thus, for example, 1-methyl-I-phenylethanol is con- 
verted into acetone and phenol (reactions 88). Some typical yields of 

f: Non-metallic oxidants. 

+ H,O, 
+ (CH&CO + C o H 5 0 H  + HzO I-------- 

CGHS(CH3)2COH -1 (88) I -1-(CH,),COOH 
-> ( C H & , C O  + C,H50H + (CH3)3COH 
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ketones are given in Table 9. The oxidation of alcohols to carbonyl 

TABLE 9. Yields of ketones formed by oxidation of tertiary alcohols 
with hydrogen peroxide in acetic acid solution42g. 

Alcohol 
Yield 

Ketone (74) 

Triphenylmethanol bcnzophenone 93 
o-Methoxyphenyldiphenylmethanol benzophenone 75 

o-methoxybenzophcnone 10 
a-Methylphenyldiphenylmethanol benzophenone 56 
a-Naphthyldiphenylmethanol benzophenone 70 

compounds by persulphate has also been investigated by several 
workers. The conversion of methyl alcohol into formaldehyde 430 and 
the reactions of ethyl alcohol and ally1 were among the 
first processes of this type to be studied kinetically. Since that time 
the reaction between isopropyl alcohol and persulphate has been 
especially fully examined. I t  was originally suggested 432-434 that the 
first product is a complex which subsequently decomposes to give 
acetone and a bisulphate ion (reaction 89). However the abseizce of 

(CH,),CHOH i S 2 0 i -  (CH3),CC10050; + SO:- 
I 
H 

I 
.1 

(CH,),CO + t-{SO; + H + (89) 

exchange between added sulphatc (containing excess 3 5 S )  and the 
persulphate ion makes such a mechanism unlikely and in conscquence 
it is proposed that hydroxyl radicals arc probably the active oxidizing 
species 435. Several more recent studies 436-438 of the oxidation of 
isopropyl alcohol and other alcohols have thrown furthcr light on 
the detailed reaction mechanism but it must be concluded that 
several points still remain to be clarified. 

Dinitrogen tetroxide can be used to convert substituted benzyl 
alcohols into the corresponding aldehydes 439 and also to oxidize 
secondary alcohols containing one aromatic group to aryl alkyl 
ketones440; high yields are obtained in both cases (Table 10). In. 
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TABLE 10. Yields of aromatic aldehydes and  kctones formed by oxidation of 
the corresponding primary and secondary alcohols with dinitrogen 

t e t r o ~ i d e ~ ~ ~ . ~ ~ ~ .  

Aldehyde Yield 
(%I  

Ketone Yield 
(%I 

o-Tolualdehyde 95 Acetophenone 
m-Tolualdchyde 98 Propiophenone 
P-Tolualdehyde 98 Bu tyrophenone 
c-Mc:hoji~Lueiizalcichyde 96 Valerophenone 
p-Methoxybenzaldehyde 97 Octyl phenyl ketone 
1 -Naphthaldchyde 91 o-Methoxyacetophenone 

p-Methylacetophenone 
Bcnzophenone 

98 
98 
98 
96 
92 
90 
95 
89 

contrast simple aliphatic alcohols are not readily oxidized by this 
reagent but instead react mainly to form the’corresponding alkyl 
nitrites (equation 90). Methyl alcohol (as sodium methoxide) can, 

R O H  + N,04 + R O N 0  + H N 0 3  (90) 

however, be oxidized to formaldehyde (and formic acid) by nitro- 
benzene. A recent kinetic study of this reaction 442 has shown that it 
is second order with respect to the methoxide ion but there are many 
features (such as the retarding effects of oxygen and peroxides) which 
still require elucidation. 

The oxidation of alcohols to carbonyl compounds can also be 
effected by carbonium ions. One important study is that of Eartlett 
and M c C o l l ~ r n ~ ~ ~  who showed that the triphenylmethyl cation will 
abstract a hydride ion from n-propyl alcohol, isopropyl alcohol, 
isobutyl alcohol, s-butyl alcohol, 3-methyl-2-butanol and 3,3- 
dimethyl-2-Dutanol, but not from methyl alcohol. Further work on 
the reaction of carbonium ions with alcohols has recently been 
reported by Deno, Saines and S ~ a n g l e r ~ ~ ~ .  

g. S’ecijc glycol-cleaving reagents. One of the most important 
reagents for the oxidative cleavage of 1,2-glycols to carbonyl 
products, e.g. reaction (91), is lead tetraacetate, the use of which 

R’CHOH +o 
I ---+ R I C H 0  + R 2 R 3 C 0  

R2R3COH 

was first systematically investigated by Criegee and coworkers. In 
the first two of a series of papers445-446 it  was shown that the rate of 
oxidation varies tremendously with the nature of the solvent and 
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with the structure of the glycol, cis isomers being, in general, much 
more rapidly oxidized than the corresponding trans compounds. This 
latter finding and the fact that plumbic salts readily form esters with 
alcohols suggested that reaction proceeds through the formation of a 
cyclic intermediate which subsequently decomposes to give the 
reaction products, e.g. reactions (92). 

R1R2COH R1 R2COPb(CH3C0,), 

R3R4 OH R3R4COH 
t + Pb(CH3COz), 1 __f 

R1R2C0 

Pb(CH3COZ)z R1R2C0 + R3R4C0 + Pb(CH3C02)Z (92) 
\ I /  

R3R4C0 

The reaction is usually carried out in acetic acid solution but very 
careful work in this solvent447 shows that the observed rate of 
reaction increases markedly with the concentration of water (and to 
a lesser extent, methyl alcohol) present in the acetic acid. The 
influence of structure and configuration of glycols on their reactivity 
towards lead tetracetate has been fully discussed following measure- 
ments of the rates of oxidation of a very large number of different 
glycols 448*449 ; in many cases it can be shown that the relative rates of 
oxidation of cis and trans isomers can be correlated with the distance 
between the hydroxyl groups and indeed with large rings the ttans 
compound sometimes reacts more rapidly than the cis450. The rates 
of oxidation by lead tetraacetate of the four diastereomeric 2,3- 
camphanediols 451 and of the four diastereomeric 3p,6,7-cholestane- 
triols 452 have been measured and compared, and the results support 
a cyclic ester mechanism, although it has been shown453 that other 
routes may also be involved in certain systems. 

Relatively few kinetic studies have been reported for the reactions 
of 1,2-glycols with lead tetraacetate. The kinetics of the oxidation of 
ethylene glycol in acetic acid solution have been investigated by Bell, 
Sturrock and Whitehead454. The reaction is of the first order with 
respect to each reactant and has an activation energy of about 21 
kcal/mole and a steric factor of approximately unity. Kinetic studies 
of the behaviour of other glycols have been made by Cordner and 
Pausacker 455. Oxidations of glycols by lead tetraacetate are catalysed 
both by acids 456 and by bases 440 ; the associated mechanisms may be 
written as in reactions (93) for the acid-catalysed reaction, and as in 
(94) for the base-catalysed one. As an illustration of the difference 
between the two mechanisms, it may be mentioned that severely 
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R1R2 C x  Orgb(C H3COO),H ' 

R3R4C-0 -H 
IJ 

RIR'CO + R3R4CO + Pb(CHsC02)z f- CH3CO2H + H' 
(93) 

sterically hindered 1,2-glycolsY which can be oxidized only with 
difficulty in acetic acid, may nevertheless be rapidly oxidized in 
pyridine 457 in which the steric requirements are evidently much 
less stringent. 

Aryl iodosoacetates form another class of oxidants which are 
similar to lead tetraacetate but cause somewhat less rapid oxidative 
cleavage of glycols 458. Pausackcr 450 has carried out kinetic investi- 
gations of the oxidation of isohydrobenzoin by several compounds of 
this type. All the kinetic and other evidence suggests that again the 
reaction involves the formation and subsequent breakdown of a 
cyclic intermediate (reactions 95). Periodic acid has also long been 

.' .I 
R1R2COH R1R2CO-lAr 7. + Arl(CH,CO,), --+ 1 \ (+ CHaCOzH) + 
!33R4(!-0H R ~ V C O H  C O ~ C H ~  

R' R2C0 

IAr (+ CH3C02H) + R1R2C0 f R3R4C0 + Arl (95) 
\ 

R3R4C0 I /  
known as a reagent for the oxidative cleavage of 1 , 2 - g l y ~ o l s ~ ~ ~ * ~ ~ ~ .  
Criegee462 showed that this oxidant behaves similarly to lead tetra- 
acetate inasmuch as cis isomers are in general more readily oxidized 
than the corresponding tram compounds. Kinetic studies of the 
oxidation of ethylene glycol, 2,3-dimethyl-2,3-butanediol and cis- 
and tram-cyclohexanediols have been carried out by Price and co- 
w o r k e r ~ * ~ ~ . ~ ~ ~  ; the second-order velocity constants have been 
measured over a considerable range of pH values. Several other 
kinetic investigations of the oxidation by periodic acid of ethylene 
glycol 465-467 and other 1,2-glycols 4 6 6 e 4 6 8 - 4 7 0  have also been carried 
out and the results are, in all cases, consistent with a cyclic ester 
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mechanism of the general type (96), analogous to that in operation 

R1R2COH R'RaC-0 

+ HIOa- 103H + R'R'CO + R 3 R 4 C 0  + HI03  (96) 
\ I /  

R3R'C-0 
I 

R3R4COH 

with lead tctraacetate. Spectroscopic evidence has also been found 
for the cyclic intermediate 471 and, i n  addition, tracer experiments 
using l8O have shown that the oxygen atom of the acetone formed by 
oxidations of 2,3-dimeth;.1--2,3-hut..nedi=! xxl of 2-methyl- 1,2- 
propanediol comes from the diol in agreement with the view that 
this intermediate is formed by electrophilic attack of periodic acid on 
the glycol 472. 

Other reagents which will convert 1,2-glycols into aldehydes and 
ketones in good yield include manganic pyrophosphate 403*473 and 
sodium bismuthate 474. A cyclic intermediate mechanism is undoubt- 
edly usually involved, although the work of Levesley, Waters and 
Wright 453 with manganic pyrophosphate has shown that reaction 
does not always proceed through the formation of a cyclic 
organometallic complex. 

2. Gas-soiid reactions 
Primary and secondary alcohols generally undergo over suitable 

heterogeneous catalysts either dehydrogenation to aldehydes and 
ketones respectively or dehydration to alkenes. Dehydrogenation to 
yield carbonyl products is, however, usually the predominant 
process when metallic catalysts are used but can also be the principal 
fate of the alcohol with other catalysts. I t  has already been pointed 
out (section V.A.1.b) that the reaction of alcohols with oxygen over 
surface catalysts is in many cases essentially a dehydrogenation 
process in which oxygen is not involved in the principal stage 
but only in some secondary step. I n  this section only systems in which 
gaseous oxygen is not present will be considered. 

The  dehydrogenation of alcohols is an endothermic process and 
hence the position of equilibrium is progressively shifted in favour of 
the carbonyl products as the temperature is raised. I n  practice, 
however, reaction takes place fairly rapidly and is effectively complete 
at about 200"c. 

Some of the earliest kinetic studies of the dehydrogenation of 
alcohols over a metal catalyst were carried out by Palmer and 
Constable. Copper was used as the catalyst and measurements were 
made of the rates of reaction of C2 to C, saturated aliphatic 



154 C. F. Cullis and A. Fish 

alcohols475, cycl~hexanol"~. and ally1 alcohol 476. I t  was shown that 
secondary alcohols are in general more rcactivc, than primary com- 
pounds. Mechanisms were proposed involving the spccific and 
strong adsorption of the >CHOH group on the catalyst, since the 
rates of dehydrogenation are largely independent of the alcohol 
pressure 477. I t  was concluded that chemical reaction occurs only 
when the alcohol molecule is adsorbed over a characteristic array of 
copper atoms478. 

More recently, several studies have been made of the behaviour o f  
a number of different alcohols over copper catalysts at  150-25O"c 479. 

The activation energy for dehydrogenation was found to be con- 
siderably smaller for secondary alcohols that for primary alcohols ; 
the presence of a methyl group in the ,%position in primary alcohols 
lowers the activation energy by about 3 kcal/mole but the introduction 
of such a group into secondary alcohols has little effect. According to 
the results of other investigations of dehydrogenation over copper 
catalysts 480, the activation energy is much the same for the reactions 
of primary and secondary aliphatic, alicyclic and aryl-substituted 
alcohols as shown by the following typical values: ethyl alcohol 
12.8 kcal/mole, isopropyl alcohol 10.7 kcal/mole, cyclohexanol 
11-1 kcal/mole, benzyl alcohol 12.3 kcal/mole. Further work has been 
carried out on the dehydrogenation both of ethyl alcohol and of 
several higher alcohols over copper, silver, gold, nickel, cobalt and 
iron 481.482. On catalysts consisting of rhenium deposited on 
carbon 483, secondary aliphatic alcohols produce ketones but the 
aldehydes initially formed fr~rr, primary alcohols react Further to 
give esters and hydrocarbons. The activation energy for the dehydro- 
genation of a given secondary alcohol is lower by about 5 kcal/mole 
than that for the corresponding primary alcohol ; in general activation 
energies increase by about 2 kcal/mole per carbon atom as a 
homologous series is ascended. I t  is of intcrcst that, on a rhenium 
catalyst, Iy4-butanediol first loses hydrogen to produce 4-hydroxy- 
butyraldehyde but this compound then reacts further to give 
y-butyrolactone. 

The kinetics of dehydrogenation of alcohols have also been studied 
on oxide catalysts. Results for the dehydrogenation at  150-2OO"c of 
a wide variety of have established that C, to C, 
primary alcohols all react at approximately the same rate, whereas 
the rate of dehydrogenation of C, to C, secondary alcohols decreases 
as the molecular weight increases. In  general straight-chain alcohols 
react faster than the corresponding branched-chain compounds, 
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Changes in rate are reflected by variations in activation energy and 
frequency factor. The activation energies for the conversion of 
primary alcohols (n-butyl alcohol, isobutyl alcohol and n-amyl 
alcohol) into aldehydes on catalysts consisting of zinc sulphide 
supported on pumice488 are relatively high (about 22 kcal/mole). 

A few studies have been made of the relative extents of dehydro- 
genation and dehydration of alcohols over a number of different 
metal oxide catalysts 48D. For ethyl alcohol, the dehydrogenation 
reaction has the lower activation energy and it has been shown that 
the balance between the two reactions depends to a large extent on 
the magnitudes of the respective frequency factors 490*491. Other 
work on the decomposition of alcohols over alumina catalysts 492 has 
shown that reactions at  the surface involve the formation and sub- 
sequent breakdown of aluminium alkoxides and that the balance 
between dehydrogenation and dehydration changes with tempera- 
ture. Thus although at 300"c dibenzyl ether is the main compound 
formed from benzyl alcohol and only small amounts of benzaldehyde 
are produced, at  400"c the carbonyl compound becomes the 
principal reaction product (Table 1 1). 

TABLE 11. The influence of temperature on the amount 
of benzaldehy6e formed during the decomposition of 

benzyl alcohol over an alumina 

Temperature Dibenzyl ether Benzaldehyde 
("c) (mole %I (mole %) 

300 
350 
400 

30-2 
35.3 
14.8 

6.2 
17.4 
34.4 

During the last thirty years, the catalytic dehydrogenation of 
alcohols has been increasingly used to produce carbonyl compounds 
on an industrial scale. A wide variety of catalysts has been employed, 
many of them based upon the copper-zinc system, but only aselection 
of results can be given here. A brass catalyst useful for the conversion 
of secondary alcohols into ketones was described many years ago 493. 
Good yields of methyl ethyl ketone can be obtained by dehydrogena- 
tion of s-butyl alcohol over such a catalyst a t  350"c and 15 atm 
pressure 494. More recently a copper-zinc catalyst operating at 4 2 0 " ~  
in a process using two reactors in series has been used to convert ethyl 
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alcohol, n-propyl alcohol, isopropyl alcohol, n-butyl alcohol, s-butyl 
alcohol, 3-pentanol and cyclohexanol into the corresponding carbonyl 
compounds in yields approaching I00 yo 495. Brass spelter catalysts 
also give good yields of ketones4g6. Alloys of copper (about 70%) 
with zinc containing less than 1 yo of iron and traces of aluminium or 
bismuth convert n-butyl alcohol into n-butyraldehyde in 98q/, yield 
at 400"c, producing also 0.2y0 crotonaldehyde, and effect similar 
conversions on other C, to Cg primary alcohols, isopropyl alcohol 
and cyclohexanol 497. Copper catalysts and zinc catalysts separately 
have also been widely used for the dehydrogenation of alcohols. 
Copper catalysts, prepared by precipitation from aqueous cupric 
nitrate with base and prereduction of the resulting cupric oxide with 
hydrogen, produce 91-95% of acetone from isopropyl alcohol at  
325"c, giving 2,6-dimethyl-4-heptanone and 4-methyl-2-pentanone 
as by-products; in the same way s-butyl alcohol is converted into 
methyl ethyl ketone in 94-96y0 yield, with 5-methyl-3-heptanoiie as 
a by-product4". An active copper catalyst supported on silica gives 
60-85 yo yields of ketones from secondary alcohols (e.g. 2-methylcyclo- 
hexanone from 2-methylcyclohexanol) a t  240-34O"c 499. Catalysts 
containing copper together with an  alkaline earth oxide, hydroxide 
or carbonate and an alkali metal compound also convert primary 
aliphatic alcohols into aldehydes in yields of 88-90% 'O0 and second- 
ary aliphatic alcohols into ketones in yields greater than 90% 500*501. 
The introduction of chromates into copper catalysts sometimes leads to 
increased selectivity at  high conversions. For example, a copper 
oxide catalyst (40% on Pumice as support) containing O.5y0 of 
chromic oxide, used at  28O-34O0c, converts ethyl alcohol into 
acetaldehyde in 97.9% yield at 72% conversion and n-butyl alcohol 
into n-butyraldehyde in yields exceeding 90% at similar conver- 
sions 5 0 z * 5 0 3 ;  the same catalyst at 260-70"c gives 99.4% of acetone 
from isopropyl alcohol at 88y4 conversion, and causes dehydrogcna- 
tion of s-butyl alcohol to methyl ethyl ketone in siniilar yields 504*505. 
Zinc oxide catalysts supported on a-alumina convert secondary 
alcohols into ketoncs 506507 ; introduction of chromic oxide has again 
improved yields 508. 

Other solids which have been patcnted 3s catalysts for the 
dehydrogenation of alcohols include noble metal catalysts on non- 
acidic supports (platinum on carbon, for example) 509, neodymium 
oxide and samarihm oxide 510, and the oxides of magnesium, calcium, 
beryllium and chromium supported on coke of low silica and ash 
contents and promoted and stabilized with the oxides of bismuth, 
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antimony, zirconium, thorium, cerium or vanadium in concentrations 
of about 6% 511. 

Although the oxidation of methyl alcohol to formaldehyde has not 
been effected industrially by standard gas-solid techniques, passage 
of methyl alcohol through a lead oxide-lined stainless steel tube at 
temperatures exceeding 760"c produces formaldehyde in 48% 
yield 512. 

r \ ~ i n r r r m r r i .  -- - - - -  
uAIYHI IUN u r  LARBONYL COMPOUNDS 

TO DI- A N D  TRICARBONYL COMPOUNDS 

A. Reactions Involving Molecular Oxygen 
The reactions of aldehydes with molecular oxygen, in both gaseous 

and liquid phases, fail to produce dicarbonyl compounds. During the 
oxidation of ketones, however, 1,2-dicarbonyl compounds are often. 
formed in small yield. The oxidation of acetone in the gas phase, for 
example, gives glyoxal which is the major product of the reaction at 
295"c of a CH,COCH, + 4 0 ,  mixture, the yield after seven 
minutes being nearly 30% based on the acetone consumed307. The 
use of richer mixtures, however, reduces the amount of glyoxal which 
can be detected; at 284"c from a 2 CH,COCH, + 0, mixture, 
only O-lyo of glyoxal was produced even after 60 min reaction513. 
The formation of glyoxal possibly involves recombination of formyl 
radicals (equation 97). 

(97) 

The formation from acetone of methylglyoxal ( 1 -propanal-2-one) , 
i.e. of the dicarbonyl compound directly derived from the acetone 
skeleton, has not been established either in the gas or the liquid 
phases. Methylglyoxal has been postulated as an intermediate 
product, however, of the photochemical liquid-phase oxidation of 
acetone514, being formed by the reaction of oxygen with acetonyl 
radicals but rapidly oxidized further to acetic acid and carbon 
dioxide (reaction 98). 

2.CHO - ' (CH0)2 

wz 
CHZCOCH, + 0 2  - > CHSCOCHO (+.OH) - > CHjCO3H + CO, (98) 

The autoxidation in the presence of 0.8% of nickel phthalocyanine 
as catalyst of higher aliphatic ketones leads, however, to considerable 
amounts of the corresponding 1,2-diones '15. 2-OctanoneY for example, 
produces at  130"c 1 yo of 2,3-octanedione after 100 h; and 4-heptanone 
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gives at  120"c 4% of 3,4-heptanedione after 75 h; in each case acids 
and alcohols are also produced. 

The mechanism of such conversions may involve the formation of 
an a-hydroperoxy ketone, as is shown by the conversion of a-tetralone 
into tetrahydro- 172-naphthalenedione. During the autoxidation of 
tetralin 276, a-tetralone is produced as a major product (section 1V) 
and is itself autoxidized (within the tetralin-oxygen system) to an 
a-hydroperoxy ketone which breaks down to give, among the other 
products, tetrahydro- Iy2-naphthalenedione and its e n d  tautoneride, 
p^-naphthoquinol (reaction 99). Similarly, cyclohexanone gives 1,2- 
cyclohexanedione (reaction 100). 

n OH 

The conversion of 1,3-diones in to metal chelates followed by the 
autoxidation at 100"c in diphenyl ether as solvent of these complexes 
produces 1,2,3-triones 516-518. The rate of autoxidation depends both 
upon the structure of the organic ligand of the chelate (i.e. on the 
original dione) and upon the ability of the metal to undergo valency 
changes. Thus the dibenzoylmethane chelate of ferric iron reacts 
seven times faster than ferric acetylacetonate. On the other hand, 
the use of 3-phenylacetylacetoneY 3-benzylacetylacetone or dipivaloyl- 
methane renders the chelate inert, while variation of the metal gives 
the decreasing order of rates 516 

V(III) > CC(IV) > Ni(r1) > Mn(Irr) > Fe(II1) > Co(11) > CO(III) > Th(rv). 

It appears likely that the ligand of the chelate is not attacked directly 
by oxygen and that complex chain reactions characteristic of the 
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autoxidation of organic compounds do not participate. Moreover 
the reactions are inhibited by autoxidation initiators such as azo- 
bisisobutyronitrile and benzoyl peroxide but not by antioxidants 
such as phenol, hydroquinone and 2,4,6-tri-t-butylphenol. The 
autoxidation of ferric acetylacetonate, the chelate studied most 
extensively5l*, follows the rate equation (101) and has an overall 

Rate = k [ ~ h e l a t e ] ~ * ~ [ O , ] ~ ~ ~ ~  (101 1 

activation energy of 22 kcal/mole. The kinetic results suggest that the 
thermal decomposition of the chelate leads to rather stable radicals 
which rearrange to give other radicals which are readily oxidized with 
the accompanying production of 2,3,4-pentanetrione (reactions 102). 

H3C\ H3C\ +43C\ H 3 4  
c-0' ,c=o ,c=o ,c=o 

Disproporrionation 

+ 
i 0 2  + o=c H< -L Oa H C - 0 0 '  

/ c=o \ /c=o >c=o ,c=o 
H3C H3C H3C H3C 

(102) 

The trione formed is a powerful reducing agent and reacts further 
with oxygen to give diacetyl, water, carbon dioxide and acetic acid. 

5. Reactions Involving Other Oxidants 

1. Selenium dioxide 
Selenium dioxide oxidizes compounds containing active methyl or 

methylene groups; in cases in which these groups are activated by 
carbonyl groups, lY2-dicarbonyl compounds are formed (equation 
103) 519. Thus, simple aliphatic aldehydes are converted into glyoxals; 

( 103) 

acetaldehyde in 75% aqueous acetic acid gives a 90% yield of 
glyoxal itself, propionaldehyde produces 30 yo of methylglyoxal, and 
n-butyraldehyde yields 40% of ethylglyoxal(1-butanal-2-one) 519*520. 

Similarly, ketones give glyoxals or a-diketones, the former being 

SeO, + R1COCH2R2 --+ Se + R1COCOR2 + H20 
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derived from attack on an a-methyl group and the latter from attack 
on an a-methylene group. Butanone, for example, gives both types of 
dicarbonyl product, forming 1-butanal-2-one in 17% yield and 2,3- 
butanedione in 1 yo yield 519-521-523. Cyclic ketones 519.521 and aryl- 
substituted ketones 524 are similarly converted into diketones, cyclo- 
hexanone producing 1,2-~yclohexanedione in 35 yo yield and phenyl 
benzyl ketone (deoxybenzoin) giving 88% of benzil. It is of interest 
however that 2-methylcyclohexanone behaves anomalously 525 ,  de- 
hydrogenation as well as oxidation taking place and producing 
3-methyi-3-cyclohexcnc- 1 ,Z-dione. The normal oxidation route is 
generally suffered by ketonic natural products although in certain 
cases dehydrogenation occurs in preference to oxidation. Choles- 
tanone, for esample, gives 30% of 2,3-cholestanedione 526 and 
camphor gives 95% of the corresponding 1,2-dione in acetic 
anhydride solution 6 2 7 * 5 2 8 ,  although the yield is markedly dependent 
on the solvent. O n  the other hand, 3-bcnzylcamphor suffers 
dehydrogenation to 3-benzylidenecamphor in 95% yield 529. 

Selenium dioxide will also oxidize to a carbonyl group a methylcne 
group situated between two existing carbonyl groups, thus converting 
aliphatic (but not aromatic) lY3-diones into 1,2,3-triones. Thus 
2,4-pentanedione is oxidized in 29% yield to 2,3,4-pentanetrione but 
1-phenyl- 1,3-butanedione does not give the corresponding 1,2,3- 
trione 529. 1 ,4-DiketonesY such as 1,2-dibenz0ylethanc~~0, are 
converted not into triones but into 2-ene-lY4-diones (reaction 104). 

R'COCH2CH2COR2 ----+ R'COCH=CHCOR2 (104) 

Although the scope of oxidations with selenium dioxide has been 
establishcd for more than twenty-five years, it is only much more 
recently that any progress has been made towards the elucidation of 
the reaction mechanism. The oxidizing agent is itself prepared in 
aqueous solution and oxidation is normally carried out in hot acetic 
acid (although acetic anhydride, ethyl alcohol and toluene have also 
been used as solvents). It is likely that under these conditions the 
active species is undissociated selenious acid, H2Se0,, which is a 
weak acid ( k ,  = 2-4 x Corey and S ~ h a e f e r ~ ~ l  have studied 
kinetically the oxidation of phenyl benzyl ketone and have shown that 
it will proceed by either an acid-catalysed or a base-catalysed path, 
both of which exhibit a large kinetic isotope effect when the 
methylenic hydrogens involved are replaced by deuterium. On the 
basis of such data, it has been proposed that the rate-determining 
step is the formation of an enol selenite ester directly from the ketone 

SeO, 



2. Carbonyl-forming Oxidations 161 

(equations 105) by a process mechanistically related to enolization in 
which the electrophile-nucleophilc, pairs are H,SeOB and CH3C0; 
for the base-catalysed process. The enol selenite ester is believed to 
rearrange to an u-substituted divalent selenium ester which decom- 
poses rapidly to the diketone and selenium (reactions 106). Further 
studies of the base-catalysed reaction532 have substantiated this 

Slow 

acid catalysed 
PhCH,COPh + H3Se03+ + H 2 0  7 

OSP_O,H 
I 

PhCH=CPh + H30+ + HzO (105a) 
Slow 

base catzlysed 
PhCH,COPh + H2Se03 + B - 

O S e 0 2 H  
I 

PhCIi=CPh i- B H +  + O H -  (105b) 

OSe0,H H O S e O  0 0 0  
I Fast I 11 Fast I l I I  

> PhC-CPh + Se + HzO (106) 

mechanism and clarified anomalous details. A similar mechanism 
involving enolization may account for the conversion of 1,4-diones 
to 2-ene-1,4-dione~~~~. 

PhCH=CPh + PhCH-CPh - 

2. Nitrous acid 
Nitrous acid, alkyl nitrites and organic nitroso compounds can 

similarly be used to convert a-methyl or a-methylenic carbonyl 
compounds into 1,2-dicarbonyl derivatives. The mode of action of 
these oxidants involves the formation of a condensation product, 
which may be a nitroso ketone R1COC(NO)HR2 or an oxime 
R1COC(=NOH)R2, and which is easily hydrolysed by acid to the 
diketone (reactions 107). Early work suggested that nitroso ketones 

R1COC(NO)HR2 7 H+ 
+-t HzNOH + FI’COCOR2 € R’COC(=NOH)R2 ---1 (107) 

R’COCHZR’ -i- HNOZ 

and oxirnes are formed by nitrosation of the enol form534, perhaps 
by the nitrosonium ion (reactions 108), in a manner analogous to the 

H,O+ + H N 0 2  + 2 H Z 0  + NO+ 
O H  N O  6 H  
I I I1 

N O +  + R1CH=CR2 -- R’CH-CR2 

oxidation of ketones by a wide variety of other reagents. More recent 
studies 535 have shown, however, that unless enoiization is strongly 

6 + C.C.G. 
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catalysed by HNO, or by NO+,  the rate-determining step must 
involve, in the case of simple aliphatic ketones, the keto form. The 
step (109) or a similar reaction of HNO, itself are among the 
possible processes involved. 

0-n=0 

(109) 

1,3-Dicarbonyl compounds such as 2,4-pentacedione rzaci with 
nitrous acid to form tri-nitroso compounds 536, but the isolation from 
such systems of tricarbonyl compounds has not been reported. 

1 
N O +  + R'CH2COR2 __j R'CH2C+ 

1 
R Z  
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1. INTRODUCTION 

The  reactions in which carbonyl groups are fornied by hydrolysis 
consist of a variety of formally and mechanistically different trans- 
formations. For convenience, these reactions may be classified into 
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two main groups. In the first group two atoms or groups (e.g. 
halogens or alkoxyl groups) which are attached to the same saturated 
carbon atom are replaced by hydroxyl groups : 

A familiar example is the hydrolysis of benzal chloride, PhCHCI,, 
to benzaldehyde. In the second group the site of attack is an un- 
saturated system and the reaction is accompanied either by a com- 
plete cleavage of the unsaturated linkage or its transformation into a 
single bond. The formcr case is illustrated by the hydrolysis of imines 
and their derivatives : 

and the hydrolysis of olefins in the presence of suitable activating 
groups. The latter behavior is characteristic of ethylenic linkages 
in vinyl ethers and related compounds: 

RzCXY __f RzC(OH)z RZCO 

R,C=NH + H 2 0  __f RzCO + NH3 

CH,=CHOR + H 2 0  + CH3CH0 f ROH 

I n  addition to these reactions there is a rather different class of 
transformations in which carbonyl groups are formed from certain 
intermediates by hydrolysis, viz. those involving organometallic 
compounds. These reactions are, however, beyond the scope of this 
chapter. 

The utility of the reactions, when considered for synthetic purposes, 
will naturally depend upon the behavior of the parent compounds 
toward hydrolysis as well as on the methods available for their 
preparation. I n  this connection it should be noted that many of the 
hydrolysis reactions can be easily reversed to give the corresponding 
carbonyl derivatives. In fact there are several instances in which the 
reversal of the hydrolysis reaction is the best of available routes to the 
carbonyl derivative. In  these cases the hydrolysis reaction often 
serves merely as an intermediate process in the isolation and purifica- 
tion of the carbonyl compound prepared by some other method. 
Nevertheless, the structural and mechanistic features of such reactions 
are of considerable interest in carbonyl-forming hydrolysis reactions 
in general, and therefore they will also be discussed briefly. 

I I .  DISPLACEMENTS ON S A T U R A T E D  SYSTEMS 

A. a,a-Dihalides 

1. General 
The hydrolysis of apdihalides to yield carbonyl compounds 

formally involves two successive displacements on the same carbon 
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atom, followed by loss of a water molecule from the aldehyde or 
ketone hydrate formed (equation 1). As the first displacement 
product cannot be generally isolated it must be very reactive in 
comparison to the dihalide and thus the first reaction determines the 
ease of the whole process. Actually, there are good reasons to doubt 
whether the overall reaction does involve at all a displacement of 
the second halogen atom rather than a direct decomposition of the 
hydroxyhalide (see section 1I.B). 

X OH OH 

(1) 

The susceptibility of a,a-dihalides toward hydrolysis is greatly 
influenced by the structure of the rest of the molecule. Thus, for 
example, dichlorodiphenylrnethane hydrolyses to benzophenone at a 
rate comparable to the hydrolysis rate of acid chlorides 1*2, while 
drastic conditions are needed to produce formaldehyde from 
niethylene chloride 3-G. In  comparison to the corresponding mono- 
halides the relative ease of hydrolysis is, apart from the steric factors 
involved, governed by electronic effects, influencing the reaction in 
different directions. The second halogen atom attached to the 
reacting carbon atom will cause it to be more electronegative, 
reducing its ability to assume a partial positive charge in the transition 
state which leads to a heterolytic cleavage of the reacting carbon- 
halogen bond. O n  the other hand, the second halogen atom can 
share with the carbon atom the developing positive charge with @r 

orbital overlap, thus accelerating the reaction. There may also be 
electronic repulsion between the second ‘ substituent ’ halogen atom 
and the oxygen atom of the attacking water molecule or hydroxyl ion 
in the transition state, or, in other terms, the p orbitals of these two 
atoms may have an antibonding overlap?. Which of these factors 
will predominate in a particular reaction will depend upon the 
structure of the rest of the dihalide molecule, as illustrated later in 
this section. 

The most important practical application of the dihalide hydrolysis 
is in the preparation of aromatic aldehydes and ketones. This is due 
to the relative ease of hydrolysis as well as the fact that the corre- 
sponding dihalides are usually easily prepared, e.g. by side-chain 
chlorination of the respective aromatic hydrocarbons. Nevertheless, 
there are also numerous aliphatic carbonyl compounds which can be 
conveniently obtained by the hydrolysis method. 

\ 
/ 

‘c’ __f \c’ __f ‘c/ 4 c=o 
/ ‘x X / ‘OH 

/ \  
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2. Aiiphatic dihalides 
Petrenko-Kritchenko and Opotsky were the first to investigate 

systematically the relative reactivities of halogenated methanes 
toward solvolytic displacements, and since then a number of papers 
on this subject have been p ~ b l i s h e d * - ~ - ~ - ~ ~ .  The hydrolysis of 
methylene chloride is extremely slow; in water at 100"c the half-life 
of the first-order reaction is 330 h5e6, which is about 250 times that 
of methyl chloride. The corresponding reactions with hydroxyl ion, 
which are first-order with respect to both reactants, show similar 
structural effects, the dihalide being about 150 times less reactive 
than the monohalide under the same conditions, A replacement of a 
hydrogen atom by fluorine in methyl chloride also retards the 
hydrolysis ll. These results are wholly understood when it is assumed 
that these reaction rates are determined by nucleophilic displace- 
ments of the SN2 type, as designated by Ingold, Hughes, and 
coworkers 12J3*. 

Methylene chloride has but little tendency to solvolyze via a 
carbonium ion mechanism and thus there is hardly any n-bond 
overlap in the transition state (equation 2). The absence of this 

CI CI + 

resonance effect is due to the weakness of carbon-chlorine double 
bonds in normal cases. Only in cases where this bond is a part of a 
conjugated system will this resonance effect come into act (see below). 
Therefore, the result of introducing the sccond chlorine atom into 
methyl chloride is to reduce the reactivity both by the negative 
substituent influencing the carbon atom and by electronic repulsion 
between this substituent and the attacking reagent, the 'neighboring 
bond overlap' 7. I n  addition the influences of steric hindrance are in 
the same direction. The fact that chlorofluoromethane also hydrolyses 
less readily than chloromethane can be explained in a similar way, 
but an interesting observation is that the decrease of the rate is only 
about four-fold irrespective of the higher electronegativity of 
fluorine. A possible explanation may be the less important influence 
of the neighboring bond overlap in the case of 2p orbitals than in 
higher p orbitals 7. 

Whereas a number of technical applications of producing carbonyl 

* A n  excellent critical survey of current views on the actual nature of 
different displacement mechanisms has been recently given by Streitwieser 14. 
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compounds by hydrolysis of the higher homologs of methylene 
dihalides may be found in the literature, e.g. the preparation of 
acetone from 2,2-di~hloropropane~~, no comparative quantitative 
data seem to exist for these reactions. As in the hydrolysis of methylene 
dihalides, elevated temperatures are needcd to achieve the reaction 
and the basicity of the solution must be kept low in order to avoid 
concurrent elimination of hydrogen halides. The chlorine atoms in 
symmetrical tetrachloroethane, CHCl,CHCI,, are even less reactive 
than those of methylene chloride. According to the method crigina!!y 
introduced by Ott l6 their displacement can, however, be effected 
by heating in fuming sulfuric acid with mercuric salts as catalysts. 
The glyoxal sulfate formed can then be easily transformed into 
glyoxal tetraethyl acetal or glyoxal tetraacetate '', from which 
glyoxal is obtained by hydrolysis. 

has prepared several higher aldehydes and ketones 
by the Prins condensation l9 of alkyl halides and monohaloolefins, 
and subsequent hydrolysis of the a,a-dihalides a t  elevated tempera- 
tures in the presence of magnesium oxide or sodium bicarbonate, 
e.g. equation (3).  As the Prins condensation takes place most readily 

(Me)&CI + CH,=CHCI --+ (Me)&CH2CHCI2 --+ (Me&CH2CH0 (3) 

with tertiary halides, this method is particularly useful for aldehydes 
and ketones with a tertiary carbon atom in the /3-position to the 
carbony1 group. A similar synthesis has been described for chloro- 
malonic dialdehyde 19, CHOCHClCHO, using chloroform and 
I ,2-dichloroethylene as the starting materials. 

Schmerling 

AIC13 H P  

3. Aromatic dihalides 

I n  aromatic compounds halogenated in a side-chain, hydrolysis 
does not show any cssential differences from that of the aliphatic 
dihalides when the site of halogenation is not in conjugated position 
to the aromatic system. Interest is particularly attached, therefore, 
to cases where the halogen atoms are in the a-position to the aromatic 
ring, viz. to compounds of the general type: 

Ar-CX2-R (X = halogen, R = H ,  alkyl, aryl) (4) 

I t  has been known for a long time that an aryl substitution in 
methylene dihalides enhances their reactivity. Hughcs 3o was the 
first to offer an explanation in terms of electronic effects. He pro- 
posed the S,l mechanism for the hydrolysis of benzal chloridc with 
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the rate-determining ionization as (5), the driving force of the 

PhCHCI, - > (PhCHCI)+ + CI- (5) 

reaction being the resonance stabilization of the carbonium ion by 
the a-chlorine substituent (equation 6). I n  contrast to methylene 

+ + 
Ph-CH-CI Ph-CH=CI (6) 

dichloride, the stabilization is in this case relatively strong as the 
double-bondcd structure is conjugated with the benzene ring and 
thus overcomes the influence of other electronic effects. As evidence, 
the ~7ork of Olivier and Weber21 was cited, who found that benzal 
chloride hydrolyses faster than the corresponding monohalide, bcnzyl 
chloride, and the rate is not affected by moderately low concentra- 
tions of hydroxyl ion. Later studies on this and related reactions 
have confirmed and extended these conclusions 2-22-24. 

The effect of a-halogen substitution on the solvolysis rates of benzyl 
halides has been extensively studied by Hine and coworkers 22-24. 

Some of their results are recorded in Table 1. In  the case of mixed 
halides like PhCHCIBr, it is assumed that in the rate-determining 
displacement of the first halogen atom bromine will be displaced 
preferably to chlorine, and chlorine preferably to fluorine, in 
accordance with the observation generally made in nucleophilic 
displacement reactions of organic halides, independently of their 
mechanism. As another line of argument the authors point out that, 
for example, the displacement of bromine in PhCHClBr is activated 
by an a-chlorine atom, while that of chlorine is activated by an 
a-bromine atom, the former activation being more efficient. This is 
in accordance with the strength of the carbon-halogen 7i overlap, 
which decreases in the sequence F, C1, Br, I 14. The relative rates of 
Table 1 for the different chloro and bromo compounds can be 
explained in this way, when it is assumed that the benzyl halides 
react by a mechanism described formerly as involving simultaneous 
operation of both S,l and SN2  mechanism^^^^^^.^^, while the others 
by an  S,l type of mechanism. The effect of fluorine is exceptional in 
that it should increase the reactivity of benzyl chloride even better 
than chlorine by the resonance effect, in a similar way as it does in 
the solvolysis of p-halo-substituted benzyl chlorides 25 .  A probable 
explanation is 14-23 that the inductive effect of fluorine predominates 
in cases in which it is directly attached to the center of the reaction. 

The  solvolysis reactions of closely similar compounds, PhCXY Me 
(X = H, Cl, Br; Y = C1, Br), have been investigated by Taylor26 
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TABLE 1. First-order rate coefficients for the hydrolysis of some benzyl 
halides and more halogenated derivatives22-24. 
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~~ 

Conditions 
1 OBk 

Compound y! acetone/% water Oc (sec-l) 

PhCHzCl 
PhCH,Br 
PhCHCI, 
PhCH.Brz 
PhCHClBr 

PhCBra 
PhCC12Br 
PhCCLBrz 

fi-MeOC,H4CH2C1 
fi-MeOCsH4CHClz 

PhCCl, 

PhCFzCl 

50150 
50150 
50150 
50150 
50150 
50150 
50150 
50150 
50150 
50150 
83/17 
83/17 

30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
36 
36 

0-372 
9-47 
3.69 

11.4 
51.8 

184 
1880 
3540 
3000 

0*0698a 
49.5 

1900 

a Calculated from data at other temperatures. 

and by Baddeley and Chadwick2?, the influence of the second 
halogen atom on the displacement of the first being in general 
conformity with the results discussed above. 

A more.%xtended conjugation than that of one benzene ring still 
favors the carbon-halogen n overlap, which is seen from the effect of 
a t - M e 0  substituent (Table 1) and, in particular, from the enhanced 
reactivky of dichlorodiphenylnethane 2*28, which is comparable with 
that of acid chlorides. The half-life at  0"c in a 75/25y0 acetone-water 
mixture is 26 min, which shows this compound hydrolyzes about six 
times faster than benzoyl chloride under the same conditions 29. 

Similarly, @-dichloromc thylstyrene, PhCH=CHCHCI2, is readily 
hydrolyzed to cinnamic aldehyde even by cold water30. 

A rather different type of application of the dihalide hydrolysis to 
prepare aromatic carbonyl compounds is the reaction discovered by 
Reimer and Tiemann 31 for the preparation of salicylaldehyde and 
its analogs (equation 7). It is very probable that substituted benzal 
chlorides are involved as the reaction intermediates 32 *33. 
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The  increased reactivity eflected by a-halogen atoms in benzal 
halides and their dcrivatives is in principle similar to that observed 
in such aliphatic systems in which the carbon-halogen bonds are 
conjugated to multiple bonds. Thus Vernon 34 found that allylene 
dichloride, CH,=CHCHCl,, hydrolyzed readily; in formic acid as 
solvent this compound was more reactive than the corresponding 
monohalide by a factor of' about 60. Although more extensive com- 
parative data on similar systems do not exist, it is evident from 
practical applications in preparing a,%unsaturated aldchydes of the 
type R1R2C=CR3CH0 from thc corresponding dihalides 34-36 that 
the displacement of halogen atoms of these halidcs takes place very 
easily in comparison to the corresponding saturated halidcs. 

B. a-Halo Ethers and Related Compounds 

When one of the halogen atoms of a+-dihalides is replaced by an 
alkoxyl group a very reactive class of compounds, a-halo ethers, is 
obtained (equation 8). For most cr-halo ethers thc reaction in water 

O?, 

C' + H,O - > C=O + HCI + R O H  (8) . \  

solution is almost instantaneous and only rough estimates of its 
velocity can be made. Thus it has been estimated3' that methyl 
chloromethyl ether hydrolyzes faster that n-propyl chloride by a 
factor of about 1013. Another estimate is the following: the solvolysis 
rate of 2,3-dichloro-p-dioxane is much lower than that of chloro- 
methyl ether, as measured in water and in a number of other 
solvents38. At 25"c, its solvolysis in water is faster than in ethanol by a 
factor of 20,000. If it is assumed, as a first approximation, that the 
solvent influence is similar in the case of chloromethyl ether, which is 
nearly true of several a-halo ethers in a variety of solvents 39, one can 
estimate from the rate of ethanolysis of chloromethyl ether40 its 
hydrolysis rate. The rate coefficient thus obtained is of the order of 
3000 sec-l in water solution at  25"c. This may be contrasted with 
the value for methylene dichloride of 9 x sec-l, calculated 
from the corresponding data of Fells and Moelwyn-Hughes for the 
same conditions. 

T h e  great reactivity of a-halo ethers can be derived from the same 
electronic effects that operate in benzal halides, viz. the resonance 
effects. However, the carbon-oxygen $r overlap is much more 
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pronounced than that of carbon-halogen bond due to the relative 
strength of carbon-oxygen double bonds and thus comes into act 
without cooperation of additional unsaturated systems attached to 
the reaction center. The correctness of an early explanation given by 
Hughes and Ingold4' has been confirmed by several lines of indepen- 
dent e~idence~ ' -~ '  which indicate the solvolysis reactions of these 
compounds to proceed by an SNl mechanism, i.e. by a mechanism 
in which the nucleophilic participation of solvent molecules in the 
transition state is relatively small". With stronger nucleophilic 
reagents, m e  hydroxyl ions, the participation is more pronounced, 
i.e. the mechanism will be closer to the SN2 type of Ingold and 
Hughes. The resonance effect naturally enhances the reactivity also 
in the latter case, as actually found e~per imenta l ly~~.  

When the solvolysis of a-halo ethers takes place in solvents of low 
ionizing power, such as dioxane containing small amounts of water 42  

or aliphatic alcohols4o, the reaction is much slower and is auto- 
catalytically accelerated by the hydrogen halide formed. This 
acceleration is not due to proton catalysis as was proposed earlier 40.42 

but is the result of a primary salt effect 39, which is especiaily strong 
in this type of media. who has given a comprehensive 
review on the methods of preparation of a-halo ethers and their 
synthetic uses in 1955, still used the former view when discussing 
solvolytic and certain other displacements of these compounds. 

As the reactivity of a-halo ethers toward solvolysis is derived from 
the resonance effect discussed above it is evidcnt that it is strongly 
affected by the polar character of substituent groups and their 
distance from the carbon-oxygen bond that will assume a partial 
double-bond character in the transition state. These effects are 
illustrated by the data of Table 2. The relatively low rate of trans-2,3- 
dichlorodioxane, which makes even its hydrolysis in water accessible 
to measurement (equation 9), can hardly be accounted for solely by 
the inductive effect of the second halogen atom; here the carbon- 
oxygen n overlap in the transition state is between orbitals of atoms 
of a nonplanar ring so that it probably involves steric h i n d r a n ~ e ~ ~ .  
The 2,3-dichlorodioxane obtained by direct chlorination of dioxane 
has trans chlorine atoms. Summerbell and L ~ n k * ~  have prepared the 

* The fast displacement of thesecond halogen atom in apdihalidcs (section 1I.A) 
has probably a similar course; here the S,l type of mechanism leads directly to the 

protonated form of the carbonyl compound: R&(OH)X 2 R,C=ON + X-. 
This  is then followed by proton-distribution equilibrium between the carbonyl 
qroup and the solvent. 

.*. 

+ 
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TABLE 2. Relative rates of solvolysis of a-halo ethers in ethanol 
solution at 25"c. For McOCH,CI, taken as the standard, 

k = 0.150 sec-l. 

Compound Re la t ive  rate Ref. 

MeOCH,Cl 

n-PrOCH2CI 
sec-PrOCHzC1 
MeOCH,Br 
CICH20CHzCI 

EtOCH,Cl 

CICH2CH20CHZCI 
CI~CCH~OCI1~CI 
RlleOCH(h/le) C1 
trans-2,3-Diclilorodioxanc 

1 
2.7" 
2.8" 

12b 
46O 

0.00026 
0.17 
0*00085 

0~0000 1 1 
> l O O O b  

39,40 
39,40 

40 
40 
39 
39 
45 
46 
39 
38 

a Calculated from measurements at  other temperatures. 
Estimated from relative rates in solvents containing dioxane. 

0 

> CHOCHO + 2 HCI + CHzOHCHzOH (9) 
H,C / 'CHCI 

CHCI 
I +2HCO - I 

H,C 

'O/ 

corresponding cis compound and found it to hydrolyze about 14 
times faster than the trans compound. A possible explanation is that 
in the cis compound there is repulsion between the adjacent chlorine 
atoms (i.e. theirp orbitals overlap to some extent, and this overlap 
is antibonding) which makes it less stable. 

The studies of Kine and coworkers 23.24-47.48 on ethers containing 
more than one a-halogen atom attached to the same carbon atom are 
interesting when contrasted with the results obtained for benzal 
halides and related compounds (section 1I.A). The introduction of 
additional chlorine atoms into methyl chloromethyl ether reduces 
the rate of solvolysis, thus differing from the behavior of the aromatic 
polyhalides. The relative rates for MeOCH,CI, MeOCHCI,, and 
MeOCC1, in 50% ethanol-diethyl ether solution at  0"c are 1, 0.0248, 
and 0.000380, respectively. The authors attribute this retardation to 
a greater stabilization of the reactants by contributing structures like 
MeO+=CHCl C1- rather than to the stabilization of the transition 
state by additional structures in which the positive charge is placed 
on a chlorine atom. The fact that there is no resonance stabilization 
by additional halogen atoms in this case is in general agreement with 
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the relative weakness of carbon-chlorine double bonds as compared 
to carbon-oxygen double bonds, which makes the structures with 
double-bonded chlorine insignificant. The results on corresponding 
fluorine compounds show similar features. Methyl fluoromethyl 
ether reacts within minutes in aqueous methanol, whereas methyl 
difluoromethyl ether is relatively stable under the same conditions. 

The hydrolysis of a-haloalkyl esters, which can be considered as 
substituted a-halo ethers (equation lo), has been studied in detail by 

OCOR 

(10) 
\ 
/ 

+ H 2 0  __j C=O + HX + RCOOH ‘c’ 
X 

/ \  

E ~ r a n t o ~ ~ - ~ l .  The reaction is rather complicated and it was shown 
that several concurrent mechanisms are involved, including neutral, 
acid- and base-catalyzed ester hydrolyses, and displacement of the 
halogen atom. The results of the latter reaction may be compared 
with those on a-halo ethers and it is found that the carbonyl group 
attached to the ether oxygen atom greatly reduces the solvolysis 
rate, in accordance with its polar character. The rate coefficient for the 
displacement of chlorine of chloromethyl acetate, CH,COOCH,CI, 
in water solution is about 2 x lo8 times smaller than the value 
estimated above for methyl chloromethyl ether. An a-alkyl substi- 
tuent enhances the solvolysis rate similar to that of a-halo ethers 
(Table 2) ; a-chloroethyl acetate, CH,COOCHCICH,, solvolyzes in 
acetone-water solvent about 400 times faster than chloromethyl 
acetate. On the basis of this and other lines of evidence the author 
suggests that the former compound solvolyzes by S,l mechanism, 
whereas the latter displays a borderline case. The acid-catalyzed 
reaction shows all the features of a normal type of ester hydrolysis, 
AAc2, and the reaction with hydroxyl ion those of the base-catalyzed 
ester hydrolysis mechanism B,,2. 

The sulfur analogs of a-halo ethers, viz. a-halo thioethers, also 
hydrolyze to carbonyl compounds, but are much less reactive 42*52. 

This is understandable as, owing to the larger size of the p orbital of 
sulfur in comparison to oxygen, the 7~ overlap is weaker in this case. 
From the close similarity of thep orbitals of carbon and nitrogen one 
may expect the nitrogen analogs, a-halo amines, to be even more 
reactive than the respective halo ethers. In  fact a-halo amines have 
been shown to be exceptionally reactive 53-58, although no direct 
quantitative comparisons to the haloethers have been made. 
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The application of a-halo ethers to the preparation of carbonyl 
compounds and to other synthetic purposes has been reviewed by 
Summer43. 

C. Acetals, Ketols, Acetal Esters, etc. 

Acetals and ketals are important intermediates in many syntheses 
of carbonyl compounds by virtue of their stability in neutral and 
alkaline solutions. Although the hydrolysis reactions of cr,cr-dihalides, 
a-halo ethers and acetals (or ketals) may be written in a similar 
formal way (equation l l ) ,  there are large differences between the 

X 
\ 

/ 
'C' + H,G -> C=O + HX + H Y  (1')  

Y 
/ \  

(X,Y = halogen, RO) 

three classes of compounds in their hydrolyses. The reactions of the 
first two classes of compounds involve both a displacement of a 
halosen atom in their rate-determining stages ; the difference in 
reactivity is derived from the influence of the rest of the molecule, viz. 
from the different effects of a-halogen and a-alkoxyl substituents. 
On the other hand, in the hydrolyses of corresponding a-halo ethers 
and acetals (or ketals), the difference is in the groups that are 
displaced, the remnants of the molecules being the same. As a 
leaving group in a displacement reaction, the alkoxyl group is very 
unreactive in comparison to halogens, so that acetals are relatively 
stable. However, a protonated alkoxyl group is much more ready to 
act as a leaving group than an unprotonated one and therefore 
acetals can be hydrolyzed in acid media. 

An idea of the susceptibility of protonated alkoxyl groups to 
displacement in acetal hydrolysis may be gained from the following 
estimate : the rate coefficient for the acid-catalyzed hydrolysis of 
formaldehyde dimethylacetal, MeOCH,OMe, in dilute aqueous 
solutions of strong acidsss at 25"c is 2.50 x l/mole sec. As it is 
the protonated form of the compound that undergoes displacement, 
the above value includes both the rate coefficient for the displace- 
ment reaction and the equilibrium constant of the acid-base reaction 
between the acid medium and the substrate. Studies on the basicity 
of weak organic bases show that the conjugate acids of aliphatic 
ethers have pK values of the order of -4, and therefore the above 
rate coefficient is to be multiplied by some four powers of ten to 
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obtain the rate coefficient (in sec-l) for the hydrolytic displacement 
reaction of thc conjugate acid of the acetal. A comparison with 
methyl chloromethyl ether (section 11.13) shows then that a chlorine 
atom is more reactive than a protonated methoxyl group in these 
corresponding reactions by a factor of about lo4. 

The structural similarity of a-halo ethers and acetals suggests that 
their hydrolysis reactions are closely related mechanistically, except 
for the difference in the leaving groups involved. I n  fact there is a 
convincing body of evidence 61-63 supporting the originad proposal 
of O'Gorman and Lucas 6 4 ,  according to which these reactions involve 
as their rate-detcrmining stages a cleavage of the carbon-oxygen 
bond of thc protonated substrate (equation 12). Like the rcaction of 

H 
I 

+OR 
\/ Slow '. * 

__j C=OR+HOR (12) 
/' 

OR 
/ \. 

a-halo ethers, this cleavage is facilitated by the carbon-oxygen 7r 

overlap in the transition state, which implies that the structural 
influences on both reactions should be similar. These conclusions are 
borne out by a large pattern of experimental results. 

Kreevoy and Taft6" have investigated in detail the effect of the 
carbonyl component on the rate of hydrolysis. Some of their rcsults 
are given in Tablc 3. As the rcaction mechanism implies that the 

TABLE 3. Relative hydrolysis rates of diethyl acetals and ketals, R1R2C(OEt)2, 
in 50.47/, water-dioxane solution at 250c6=. 

R1 R2 Relative rate R' R2 Relative rate 

H H  1 H CICH, 2-08 x 103 
H Me 6-00 x lo3 H Ph 1-71 x 105 

H sec-1%- 3.97 x 103 Me Me 1-82 x 107 

H PhCH2 2.11 x 102 

H Et 6.46 x 103 H PhCH=CH2 3-70 x lo6 

H tert-Bu 4-55 x 103 Me CICHz 2.08 x lo3 

covalent participation of the solvent molecules in the transition state 
is small, the steric influences can be neglected as a first approxima- 
tion. In  fact the authors have shown that their data can be satis- 
factorily analyzed in terms of polar substituent constants, o*, and 
hyperconjugative effects of hydrogen atoms that are in the a-position 
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to the reaction center in which the partial double bond is developing. 
More complicated situations arise in the cases of cyclic acetals and 
ketals 66-67 ; here the progress toward the carbonium-oxonium ion 
geometry is more or less sterically restricted, depending upon the 
structure of the cyclic systems involved. 

The influence of the alcohol component of acetals and ketals is a 
combined effect of different factors. Thus, for example, the relative 
hydrolysis rates of dimethyl acetal and diethyl acetal consist of 
changes in the group that is displaced in the rate-determining 
reaction as well as of changes in the rest of the molecule which 
remains intact in the rate-determining stage of the reaction. A 
differentiation of these effects has been made by analyzing the data on 

TABLE 4. Structural effects in the hydrolysis of acetals of formaldehyde in water 
at 25OcS9. Relative rates calculated for the individual cleavages, R10CH2!OR2. 

(a) R1 is varied 

R1 FCH2CH2 CICH,CH, CH,OCH,CH, Me Et sec-Pr 
Relative rate 04l801 0.0480 0.20 1 I 4.48 22.1 

(b) R2 is varied 

R2 FCH2CH2 C1CH2CH, CH30CH2CH2 Me Et sec-Pr 
Relative rate 2.02 1.96 1.53 1 1-21 2.27 

a large number of symmetrical and unsymmetrical acetals of form- 
aldehyde 59, taking into account the concurrent cleavages involved. 
The validity of the results has been independently controlled by 
comparing calculated rate coefficients with those directly measured. 
Table 4 gives some of the results calculated for individual displace- 
ments. I t  is seen that the structural effects of substituents in the 
remnants of the molecule (Table 4a) are very similar to those 
observed in the solvolysis of a-halo ethers. The infiuencc of the 
structure of the group that is displaced (Table 4b) is more complicated 
because a change in this group altcrs the basicity of the oxygen that 
is protonated as well as the polar character of the bond that is broken, 
these two factors acting in opposite directions. 

Although the net influence of the structure of the leaving group 
on the hydrolysis of acetals seems to be relatively small, as in Table 
4b, more pronounced effects become apparent when this group 
contains electronegative substituents close to the bond that is 
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broken. Acetal esters of the type R2C(OR) (OCOR), like methoxy- 
methyl acetate, MeCOOCH,OMe, hydrolyze in acid media faster 
than the corresponding dialkyl acetals by a factor of about 10068*69 
and, except for a few particular cases in which ester hydrolysis of a 
normal type is involved, the reactions take place by the same mechan- 
ism as the hydrolysis of acetals. The hydrolysis of these compounds 
occurs also in neutral solution70 and shows the same structural 
behavior as the solvolysis of a-halo ethers and acetals. The influence 
of the leaving group, i.e. the acid component of the mixed zcetzl, is 
very significant and there is a correlation between the strength of the 
acid and the rate of hydrolysis. The alkaline hydrolysis of these 
compounds is relatively fast and presumably follows mainly the BAc2 
route of alkaline ester hydrolysis. 

There seems to be no quantitative data on the reactivity of 
aminals to allow a comparison to their oxygen analogs, acetals, 
although,it is known from synthetic applications that these com- 
pounds are usually readily converted into carbonyl compounds in 
acid solution. As the hydrolysis mechanisms are presumably the 
same, an inference may be drawn that the higher basicity of nitrogen 
and the resonance effect both favor the reaction, which is, however, 
opposed by the fact that a substituted amino group is less reactive as 
a leaving group than an alkoxyl group. As an example of many 
practical applications of the hydrolysis of aminals, the method of 
Fales71 for the preparation of aldehydes may be cited. The method 
consists of a reaction between an  aliphatic or aromatic Grignard 
reagent and the methiodide of 3,4-dihydro-6-methyl-3-fi-tolyl- 
quinazoline (itself readily obtained by the reaction between 9- 
toluidine, formaldehyde and formic acid), followed by acid hydrolysis 
of the aminal formed (equation 13). 

RCHO (13) 
H+, H,O 

R 
I 

Me 
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The sulfur analogs of acetals, mercaptals, arc relatively stable even 
in acid solutions. If their hydrolysis mechanism is the same as that 
of acetals, as it has been suggested 72, this difference in reactivity can 
be accounted for by the same structural effects as those discussed 
above (section I1.B) in connection with a-halo ethers and their sulfur 
analogs. 

D. Hydrolyses Accompanied b y  Rearrangement 
The common feature of the carbonyl-forming hydrolysis reactions 

discussed in the preceding sections is that two atoms or groups that 
are attached to the same saturated carbon atom will be replaced by 
carbonyl oxygen atom. There are, however, some instances in which 
the displaced groups are on the adjacent carbon atoms and therefore 
the formation of a carbonyl group by hydrolysis involves also a 
rearrangement. As an example, the reaction discovered by Eltekow 73, 
the formation of isobutyraldehyde from isobutylene dibromide on 
heating with water, may be cited (equation 14). Similar rearrange- 
ments have been observed in a number of other 1 ,2-d iha l ide~~**~~.  

(14) 
H P  

MeaCBrCHzBr + MezCHCHO 

As these reactions display similar structural effects to the pinacol- 
pinacolone rearrangement (equation 15) , the rearrangement of 
/3-halohydrins, and the deamination of P-aminohydrins, it is very 

R R 
I 

11 I 
- -  c L - z - c - c -  

AH OH 0 

I 

11 I 
- -  c L - z - c - c -  

AH OH 0 

likely that the mechanisms are closely related. The current views 
concerning the mechanisms of these rearrangements have been 
discussed 76*77. 

111. UNSATURATED SYSTEMS 

A. Reactions lnvotving Ethylenic Linkages 

1. Transformation to a single bond 

The hydrolytic reactions to be dealt with in this section are of the 
general type (16). Formally, in these reactions an atom or a group 

'\ / \ I  
/ \  / 

+ H X +  CH-C=O (16) 
\ /  

C=C +HzO----t C=C 

/ 'x O H  
(X= halogen, alkoxyl group, ctc.) 
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that is attached to an unsaturated carbon atom is displaced by a 
hydroxyl group, followed b y  a tautomerization of the enol form to 
aldo or keto form (assuming that it is the more stable). Whether a 
displacement of X actually occurs or not will depend upon the 
reaction mechanism and will be discussed below. The utility of the 
compounds of the vinyl type for the preparation of carbonyl com- 
pounds stems mainly from their relatively economical preparation 
from acetylene and its homologs. 

It has been well known for a long time. that a halogen atom at- 
tached directly to an  unsaturated system is very unreactive toward 
nucleophilic displacement. This is the results of the resonance effect 
(i.e. the overlap between the halogen p orbital and the carbon- 
carbon T bond), which makes the halogen more positive and less 
susceptible to act as a leaving group in nucleophilic substitution. 
A comparative study of the rcactivities of d-haloalkenes 79 illustrates 
this point clearly. There are, however, some particular instances in 
which the reaction occurs more readily, viz. cases in which a carbonyl 
double bond is in conjugated position to the ethyleriic linkage. Thus, 
/3-bromo-a-methylacrolein is easily converted by water into methyl- 
malonic dialdehyde 8o  (equation 17) and, similarly, 1 -acyl-2-chloro- 

CHBr=C(Me)CHO d CHOCH(Me)CHO (17) 

ethylenes (themselves obtainable from the addition of acyl chlorides 
to acetylene) are readily transformed to 2-acylaldehydes *l 
(equation 18). 

RCOCH=CHCI __f RCOCH,CHO (18) 

I n  contrast to a-haloalkenes, a-alkoxyalkenes and related com- 
pounds can be readily hydrolyzed in the presence of acid catalyst at  
a rate comparable to acetals, which makes them useful for several 
syntheses of carbonyl compounds. There are good reasons to believe 
that their hydrolysis does not involve a displacement of a protonated 

alkoxyl group, R,C=CR(OHR), but consists of another type of 
reaction discussed below. First, the basicity of the oxygen atom of 
these ethers is effectively reduced by resonance, which renders it 
more positive. Second, as pointed out above (section II.C), a 
chlorine atom is more cfkctive as a leaving group in nucleophilic 
displacements than a protonated alkosyl group. Both of these factors 
would make vinyl ethers even much less reactive than vinyl chloride 
toward solvolysis. 

T h e  kinetics of the acid-catalyzed hydrolysis of vinyl ethers have 

+ 

7 C.C.C. 
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been studied by Skrabal 82, who noted that ethyl vinylether hydrolyzes 
more rapidly than the corresponding saturated ether, diethyl ether, 
by a factor of about 1013, other vinyl ethers displaying similar 
structural effects. The reaction mechanism has been discussed in 
connection with more recent studies. I t  has been suggested83 that 
the protonated form of hemiacetal is first formed by an interaction 
of hydronium ion with both the ether oxygen atom and the /3-carbon 
atom (equation 19), followed by a rapid decomposition of the 

(19) 

hemiacetal to aldehyde. Although this reaction path may be correct 
in principle, it does not explain the nature of the hydronium ion 
attack and the reactivity of vinyl ethers. In  a recent study84 the 
reactions of ethyl, sec-propyl, and butyl vinyl ethers were followed in 
l8O-labeled water and it was observed that no enrichment of '*O 
resulted in the alcohol formed. This shows that the alkyl-oxygen 
bond remains intact during the reaction. The reaction mechanism 
proposed for this and a similar reaction, the hydrolysis of vinyl 
esters 85,  was that involving a n-bond protonation (equation 20). 

CH,=CHOR + H ~ O +  --+ CH,CH(OH)(~HR) 

- OR 
H i  Y., 

CH2=CHOR --% CH,=j=CHOR H20 z CH3CH - 
LO+H 

H I  

CH3cHOH-l- ROH - CH3CH0 4- H+ 4- ROH (20) 

The relative rates of these possible reactions steps and the structural 
effects were not discussed. As the decomposition of hemiacetals 
presumably proceeds by a mechanism similar to that of the dehydra- 
tion of aldehyde hydratesE6, the last two steps are less probable, in 
particular, as an unprotonated alkoxyl group is assumed to act as a 
leaving group. 

The structural effects are satisfactorily discussed in terms of the 
mechanism of the acid-catalyzed hydration of olefins*, investigated 

After this manuscript was submitted for publication, two 
kinetic investigations of vinyl ethers were published. Jones and Wood (J.  Chnz. 
Soc., 5400 (1964)) studied the hydrolysis of a number of open-chained vinyl 
ethers in 80% dioxane-water mixture, and Fife (J.  Am. Chm. SOC., 1084 (1965)) 
made a kinetic study of a cyclic vinyl ether, 2-ethoxy-l;cyclopentene-l- 

* carbokylic acid, in water solution. The conclusions drawn by tfiese investigators 
were essentially identical with those arrived a t  here, although the lines of 
argumentation were different. 

* Note added in proof. 
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extensively by Taft and coworkers 87. His results were consistent with 
two mechanistic schemes. The first involves a carbonium ion which 
is shielded by a water molecule, an ‘encumbered’ carbonium ion 
(equation 21). The other involves a solvated but in other respects 

H+ H 
\ /  Fast \ I / Slow I I Fast 

C=C + H30+ C=C + H20 T -C-C+..-H20 & 
/ \  / \  I I  

H H 
I 1 + i H 2 0 , f a s t  1 1 

-C-C-OH2 -C-C-OH (21) 
I I  I I  

free carbonium ion (equation 22). While the information derived 

H H 
\ /  Slow I + Fast I + +HzO, fas t  

C=C + H,O+ & -C-C-+ HzO --C-C-OH, 
/ \  I 1  I I  

H 

--!-L-OH 3- H30’ (22) 
I 1  

from different independent sources was consistent with the both 
schemes, the former scheme involving a T complex and an ‘en- 
cumbered ’ carbonium ion was proposed as the more probable. 

If it is assumed that the hydrolysis of vinyl ethers occurs by a 
mechanism similar to that of the hydration of olefins, their hydrolysis 
rates are readily accounted for. The carbonium ion formed in the 
rate-determining stage, regardless of its detailed structure (‘ en- 
cumbered’ or ‘free’), is in this case greatly stabilized by the 
resonance (23), and in the transition state which leads to this ion, 

CH,-CH=OR CH3-CH-OR (23) 

there will be a considerable overlap of the orbitals involved. Several 
facts may be presented in favor of this mechanism. First, the materially 
increased rates of hydrolysis of vinyl ethers when compared to olefins 
containing no a-alkoxyl substituents. Thus, the rate coefficient for 
the hydrolysis82 of ethyl vinyl ether in dilute aqueous acid at  25”c 
is 5500 times the value calculated for the hydration of isobutylene 
from the data of TaftE8 corresponding to the same conditions. 
Second, the transition state of this mechanism would closely resemble 
that of thc hydrolysis of acetals (cf. section 1I.C) as both yield ions 
that arc of the same structure. This, apart from factors that relate to 
the parent compounds, should lead to comparable hydrolysis rates, 

+ + 
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as actually observed a2. Furthermore) both reactions should be 
similarly affected by similar structural changes in the reacting 
molecules. Although there is only a limited number of data to illus- 
trate this point, it has been observed that sec-propyl vinyl ether 
hydrolyzes more readily than ethyl vinyl ethera2 (cf. Table 4a). 
Third, the entropies of activation for the hydration of olefins and the 
hydrolysis of vinyl ethers are of the same magnitude. The values for 
olefins are close to zero or negative by a few entropy unitsa8, and 
those for alkyl vinyl ethers are in the same railge ( - 4  to 0) as 
caiculated from the data of Skrabala2. 

Another piece of evidence in support of the above mechanism 
comes from a study of the hydrolysis of vinyl esters in acid solution. 
I t  was pointcd out in connection with a-halo ethers (section 1I.B) 
that a replacement of the alkoxyl group by acyloxy group slows 
down the rate of solvolysis by some eight powers of ten. Similarly, in 
passing from ethyl vinyl ether to vinyl acetate, a decrease of 
roughly the same magnitude is expected in the rate of hydrolysis, 
assuming the olefin-hydration mechanism to be operative in both 
cases. The decrease actually observed is, however, only 20,000-fold 
This is readily understood because for vinyl acetate the reaction has 
another much easier route available, viz. the acid-catalyzed ester 
hydrolysis of the normal type AAC2. The actual magnitude of the rate 
coefficient) which does not materially differ from that of ethyl 
acetate, as well as the value that can be calculated for the activation 
entropy, - 18-7 e.u., are in good agreement with this mechanism. 
Furthermore, an ester of the same polar character, phenyl acetate, 
hydrolyzes at  a comparable ratea9, and in this case a mechanism 
similar to that of the hydration of olefins is completely ruled out. 

An essentially different mechanism has been recently proposed for 
the hydrolysis of vinyl acetate in connection with a study in l8O- 
labeled watere5. It was reported that only a negligible amount of 
l8O was to be found in the acctic acid formed by the hydrolysis. This, 
of course, would completely invalidate the A&! mechanism in this 
case. In other words this would imply that the rate of the normal 
acid-catalyzed acyl-oxygen fission reaction of esters would be greatly 
reduced when passing from ethyl acetate to vinyl acetate) so that 
another type of fission would become predominant. As the polar 
influence of substituents is rather small on this mechanism, and steric 
effects cannot cause any material differences in this case, the above 
result seems less acceptable. A reinvestigation of the reaction using 
the I80-tracer technique would seem desirable. 
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Some synthetic applications involving the use of a-unsaturated 
ethers and esters may be mentioned, in addition to the compounds 
obtainable from acetylene and its derivatives. a,y-Dicarbonyl com- 
pounds are easily obtained from the hydrolysis of the substituted 
derivatives of furan and their nitrogen analogs e.g. equation 
(24). Similar reactions of the pyran system, leading to a,S-dicarbonyl 
compounds, have been described 93-95. 

Ctl=CMe 
\, H+,H,O 

0 MeCOCH2CH2CH0 (24) 
CH=CH I /  

The preparation of a$-unsaturated aldehydes through hydroxy- 
substituted vinyl ethers is of considerable practical and theoretical 
interest and has been recently reviewed by Arens 96, in connection 
with the synthetic use of ethynyl ethers. Ethoxy ethynyl carbinols 
can be easily reduced to the vinyl ethers, which hydrolyze fast in 
acid media to the unsaturated aldehydes (equation 25). I n  addition 

to the hydrolysis of vinyl ethers, dehydration reactions are also 
involved. The  mechanism of this transformation has not been studied 
in detail. One possibility is that the rate-determining stage involves 
the leaving of the hydroxyl group in its protonated form to give an 
ion of the structure 

\ +  \ + \ c 

/ / / 
C-CH=CHOEt ~ - - f  C=CH-CHOEt C=CH-CH=OEt 

which is facilitated, even to a higher degree than the hydrolysis of 
unsubstituted vinyl ethers, by the resonance effect. The  intermediate 
ion then rapidly reacts with the solvent, water, to yield the aldehyde, 
or alternatively the formation of the ion and its reaction with a 
water molecule is a concerted process in which the both changes 
occur essentially simultaneously. 

2. Cleavage of ethylenic linkage by hydrolysis 

Although the carbon-carbon double bond of ordinary olefins 
cannot be broken by water, except under drastic conditions, there is 
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a number of cases in which the reaction (26) is activated by sub- 

(26) 

stituents, in particular, by strongly electron-attracting groups on the 
a-carbon atom. The very early examples are the hydrolyses of 
unsaturated nitro compounds 97-99. Shemyakin and ShchukinalOO 
reviewed more recent results and emphasized the similarity of 
structr;ral iiifiuences involved in reaction (26) and the corresponding 
tautomeric changes in the system 

They also gave some qualitative rules about these structural effects. 
Reaction (26) has recently been the subject of several kinetic 

investigations. Thus, Stewart lol studied the base-catalyzed hydrolysis 
of vanillydinenitromethane and Crowell and Francis Io2, in a similar 
study on piperonylidenenitromethane, demonstrated that a nitro 
alcohol is formed as the reaction intermediate. Patai and Rappo- 
port103 made extensive kinetic studies on the neutral and base- 
catalyzed hydrolyses of compounds of the general type ArCH=CXY 
(X,Y = cyano, ethoxycarbonyl, or carbamoyl group) and gave 
evidence that the rate-determining stage is an attack of il water 
molecule or a more nucleophilic catalyst on the carbon atom of the 
arylidene group. A detailed account on the hydrolytic reaction (26) 
may be found in a recent article by Patai and R a p p o p ~ r t ~ ~ ~ .  

B. Reactions Involving Acetylenic Linkages 

The hydration of acetylene and its derivatives to carbonyl com- 
pounds is a reaction of considerable practical interest, and a number 
of procedures involving the use of various catalysts have been patented 
(see, e.g., refs. 78 and 105, and references cited therein), which are, 
however, beyond the scope of this article. A relatively recent applica- 
tion is the hydration of acetylenes via hydroboration, which has 
been comprehensively reviewed by Zweifel and Brown Io6. I n  contrast 
to the hydration of olefins and related reactions, relatively little 
work has been thus far done on the mechanisms of these reactions 
and the structural effects involved. 
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C. Hydrolytic Cleavage of Carbon-Nitrogen Double Bond 

1. General 

The hydrolytic reactions in which a double-bonded nitrogen is 
replaced by carbonyl oxygen atom consist of a body of reactions that 
are of importance in the preparation, isolation, and purification of 
carbonyl compounds. The natural and easiest route for these 
replacements is via a carbinolamine intermediate (equation 27). 

NHR 
2 \  

/ 
(27) ' '=/ & .- C = O + R N H ,  C=NR + H 2 0  4 

\ 
/ 

/ 'OH 

The hydrolyses of imines (R = H) and Schiff bases (R = alkyl, 
aryl) may be mentioned as examples, which are intermediate steps 
in many well-known carbonyl syntheses (e.g. the Gattermann, 
Vilsmeier, and Sandmeyer reactions ; these and related reactions 
have been reviewed by Bayer '"). When the group R is linked to the 
nitrogen atom through a heteroatom, oxygen or nitrogen, we have 
compounds like oximes, hydrazones, and semicarbazones, which are 
of particular use in the isolation and purification of carbonyl com- 
pounds rather than in their preparation itself. The reactions of the 
latter type of compounds will be dealt with in more detail in another 
chapter of this volume, but some references to them are needed in 
discussing the different factors invo!ved in reactions like (27). 

Any generalization concerning the influence of structure on these 
reactions is rendered difficult mainly because depending on con- 
ditions either of the two steps of (27) may be the slowest and thus 
rate determining. Independent of the latter, two general features are 
evident, First, regardless of the particular structure of the transition 
state it is obvious that its attainment involves a decrease of unsatura- 
tion and, therefore, substituents which contain unsaturated bonds 
conjugated to the carbon-nitrogen double bond of the nitrogen base 
will stabilize the starting material more than the transition state by 
resonance and retard the hydrolysis. Second, the reaction is strongly 
hindered by bulky substituents close to the central carbon atom. 

2. Oximes and semicarbazones 

The formation and hydrolysis of oximes and semicarbazones has 
been thc subject of a number of classical investigationslo8. The 
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reactions were found to exhibit general acid catalysis and i t  was 
generally assumed that in the formation reaction the addition step 
is slow in comparison to the dehydration step (and similarly in  thc 
hydrolysis reaction, the deamination step is slower than the addition 
of water), i.e. the transition state of the reversible reaction (27) is 
that of step 2. The  observation that the reactions showed p H  optima 
(e.g. the formation of acetone semicarbazone was fastest a t  p H  4.6) 
was generally assumed to be the result of an interplay of two opposing 
effects, viz. that of general acid catalysis and the decreasc in the 
concentration of the attacking free nitrogen base, the latter being 
gradually converted into its conjugate acid when the p H  was 
lowered. 

The oxime and semicarbazone reactions have been recently 
investiuated by Jencks and coworkers 109-111, the results leading to 
conclusions differing from those earlier drawn. Independent evidence 
shows that the pH optima observed in these reactions are virtually 
due to transitions in the rate-determining stages with changing 
acidity of the reaction medium. As the carbinolamine intermediate 
lacks the ultraviolet and infrared absorption of the carbonyl group, 
it can be determined spectroscopically whether its formation is fast 
or  slow in comparison to the overall rate of formation of oximes or 
semicarbazones (rate-determining dehydration step, or rate-dcter- 
mining addition step, respectively). The results show that at pH 7 the 
addition step is fast and in this region the overall rate increases with 
increasing acidity, the acid-catalyzed dehydration being now ratc- 
determining. When the acidity is increased, the addition step becomes 
gradually slower (owing to the conversion of the nitrogen base into 
its conjugate acid), and a t  sufficiently high acidities it will determine 
the overall rate, This behavior is also illustrated by inductive effects 
of substituents, which are different on both sides of the pH optima. 
On the acid side, where the addition of the nitrogen base to the 
carbonyl group determines the overall rate, electron-.ivithdrawing 
substituents increase and electron-donating substituents decrease the 
rate, as generally observed in carbonyl-addition reactions. T h e  
same substituents have, of course, an opposed influence on the rate 
of the dehydration step. When the latter is the slower as is the case in 
more alkaline solutions, the overall rate will be made up from the 
rate of this step and  the equilibrium of the faster addition step, and  
one may expect that  the net influence of polar substituents will bc 
very slight, as is actually observcd. Similar mechanistic conclusions 
apply of course to the reverse rextion, hydrolysis, because under 

9 
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given conditions both reactions necessarily go through the same 
transition state. 

3. Schiff bases 

Early reports found in the literature on the relative stabilities of 
Schiff bases toward hydrolysis show many apparent discrepancies, 
the main source of error probably being in the different reaction 
conditions employed. The fact that a change in these conditions niay 
change the naturc of the rate-determining stage of the reaction and 
thus alter the influence of the structural factors involved has not 
been realized until recently. This pertains only to the factors that 
influence the stabilities of the possible transition states; as far as the 
stabilization of the parent Schiff base is concerned, it is easier to 
draw conclusions for each particular case. Thus, for example, the 
early observation 112 that the anil of cinnamic aldehyde, PhCH= 
CHCH=NPh, does not undergo hydrolysis even by boiling in 
aqueous acid can be cxplaincd by the resonance stabilization of 
the carbon-nitrogen double bond in this extended conjugated 
sys tern. 

The first kinetic studies of the hydrolysis of Schiff bases were made 
relatively recently 113-115 using water-alcohol mixtures as solvent, 
and they consistently indicatcd that the reaction was subject to 
general acid catalysis. However, the conclusions drawn regarding 
the nature of the rate-determining stage werc different. Willi 113*114 
studied the hydrolysis of benzylidencaniline and proposed that step 1 
of reaction (27) ,  the addition of water to the Schiff basc, is rate- 
determining at neutral pH, whilc Kastening obtained evidence 
for an accumulation of the carbinolamine intcrmcdiate under the 
same conditions. As the rate of this reaction was too fast for con- 
ventional measurcmcnts a t  acidities below pH 5, the complete pH 
profile could not be ascertained. 

In  aqueous solution the hydrolysis of Schiff bases goes nearly to 
completion, which means that under these conditions the reverse 
reaction, the formation of a Schiff basc, is slow in comparison to the 
forward reaction. Thcrefore the rate of the reverse reaction is much 
more amenable for a study over a wide p H  range, escepting the 
unfavorable equilibrium. The disadvantage of the latter can, how- 
ever, bc avoided if the SchifF base formed is rapidly converted into 
another relatively stablc compound. This is the principle of the 
method used by Cordes and Jencks116. They showed that the 

7* 
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Schiff-base formation is the rate-determining reaction in the aniline- 
catalyzed formation of semicarbazones in water solution. Semi- 
carbazide therefore traps the Schiff base as soon as it is formed and 
carries the reaction nearly to completion. 

On the basis of their results on benzylideneanilines, Cordes and 
Jencks suggested that the reaction undergoes a transition in its rate- 
determining stage with changing acidity, similar to that of oxime 
and semicarbazone reactions. This was supported by three lines of 
evidence. First, it was found that formation of Schiff bases exhibits a 
maximum in the pH-rate profile. This was not due to complications 
arising from general acid catalysis as the rate coefficients were 
corrected for these by extrapolating to zero buffer concentration. 
Second, the inductive effects of substituents showed different behavior 
on different sides of the pH optima. Third, the susceptibility of the 
reaction to general acid catalysis was different on the two sides of 
pH-rate maximum. When applied to the hydrolysis reaction it was 
concluded that in moderately acid solutions, step 2 of reaction (27), 
the deamination of the carbinolamine intermediate, becomes the 
slowest step of the overall reaction, while in approximately neutral 
solution the formation of the carbinolamine is the slowest. 

Reeves117 has made a similar study of the hydrolysis of a Schiff 
base (28) in the pH range 1.3 to 11.5 using flow techniques for the 

most rapid rates. At pH 7.4 the reaction was followed both by the 
disappearance of the Schiff base (measured spectrophotometrically) 
and by the formation of p-aminophenol (measured polarographi- 
cally). Both rates were equal and showed no accumulation of the 
intermediate carbinolamine a t  this pH, which is in accord with the 
above results of Cordes and Jencks. Furthermore, the same con- 
clusion regarding the mechanism in moderately acid solutions could 
be drawn, viz. that in these solutions the decomposition of the 
carbinolamine becomes partially or wholly rate-determining. 

4. lmines 

Simple imines, R,C=NH, in which the double bond is not 
stabilized by conjugation with other double bonds, tend to react 
throush various routes (e.g. by polymerization) to give compounds 
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with single-bonded nitrogen. Therefore only 'stabilized ' imines, in 
particular aromatic ones, are important as intermediates in the 
preparation of carbonyl compounds. I n  general the hydrolysis of 
aromatic aldimines, ArCH=NH, and that of alkyl aryl ketimines, 
RArC=NH, occurs casily in acid solution, excepting cases in which 
the reaction is sterically hindered by bulky substituents. Diary1 
ketimines, Ar1Ar2C=NH, are more stabilized by conjugation, and 
due to this and other effects involved their hydrolysis may be rendered 
difficult in  particular cases. 

The most extensive data. available on the effect of structure on the 
hydrolysis of imines are those of Culbertson and coworkers 118J19. 
Most of their results are collected in Table 5, along with the 

TABLE 5. The rates of hydrolysis of ketimine hydrochlorides, 

RPhC=NH,CI-, in aqueous solution a t  25°c11e-19. 
+ 

R PKBH + Half-life 
(min) 

Phenyl 7-18 
2-Methylphenyl 6.79 
3-Methylphenyl - 
4-Methylphenyl - 
2-Chlorophenyl 5.59 

4-Chlorophenyl - 
3-Chlorophenyl 5-69 

2-Hydroxyphenyl 5.00 
3-Hydroxyphenyl 7.08 
4-Hydroxyphenyl 6-45 
2-Me thoxyphenyl 7-29 
3-Methoxyphcnyl 6-59 

2,4-Dimethylphenyl 6-79 
2,5-Dimcthylphenyl 6.79 
3,5-Dimethylphenyl 7-18 
2,6-Dimethylphcnyl 6.29 
2,4-Dihydroxyphcnyl 5.00 
2,4-Dimethoxyphenyl 8.30 
2,4,6-Trihydrosyphenyl 5-20 

4-Methoxyphenyl - 

L'-~4ethylcyclohcxyl - 
3-Mc thylcyclohexyl - 
4-Methylcyclohesyl - 

(tneso-trans or meso-cis) - 
2,6-Dimethylcyclohexyl 

2,6-Dimethylcyclohexyl(racemic) - 

9.0 

9.1 
20-5 
23.9 

1.8 
5.4 

57.8 
5.5 

99 
47 
11 
35 

198 
187 

165 

13.9 
8670 (at 100"~)  

1444 
478 

8450 
26 

0.36 
0.40 

76,000 (at  100"c) 
1750 



204 P. Salomaa 

respective pK values determined for the conjugate acids of the imines. 
Two general featurcs arc evident. First, relatively strong steric 
hindrance is effected by substitucnts located close to the central 
carbon atom. Second, the reaction is retarded by substituents in 
conjugated position to the nitrogen-carbon double bond (resonance 
effect), e.g. by hydroxyl and methoxyl groups in the para position. 
The  possible imine-enamine tautomerism, suggested by Culbertson 
for the latter cases as an additional effect, would influence in the 
same direction. 

Although there seems to be a gencral conformity betwecn ex- 
pectations based on the above structural cffects and the results 
observed experimentally, tlie question about the influence of the 
acidity of the reaction solution still remains unsettled. From the pK 
values of the conjugate acids of the imincs, and from the initial 
concentration of the hydrochlorides used in these experiments 
(0.01 M ) ,  one can calculate that the initial acidity varied within the 
pH range 3.5 to 5-2 in the different expeyiments. I n  two cases only, 
viz. those of 2,4-dihydrosy- and 2,4-dimethoxy-substituted com- 
pounds, were experiments made with added hydrochloric acid 
(0.01 hi). The rates of hydrolysis increased markedly by thcse 
additions, although it can be estimated from the results that the 
increase was not proportional to the hydroniuni ion concentration of 
thc solution, the behavior in this acidity range being thus very 
similar to that of oximcs, semicarbazones and Schiff bases. 

5. Alkylidene cyanamides 

An interesting new route to ketones from olefins, introduced by 
Marsh and  Hermes I2O, takes place via alkylidene cyanamides. 
Olefins react rapidly with cyanogen azide (itself preparcd in almost 
quantitative yield from sodium azide and cyanogcn chloride) to give 
alkylidene cyanamides and/or N-cyanoaziridines, e.g. 
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Alkylidene cyanamides are then readily hydrolyzed by aqueous acid 
to the corresponding ketones, e.g. 

I f  the reactions prove to be generally applicable, they will certainly 
be of considerable significance for the synthesis of carbonyl 
compounds. 

D. The Nef Reaction 
The Nef reaction and its application to the synthesis of carbonyl 

compounds have recently been reviewed by Noland lz1. Therefore, 
only short additional comments will be made here, in particular to 
examine whether the more recent results on related reactions might 
be of use in explaining some of the structural and mechanistic 
features involved in this reaction. 

The  Nef reaction is the hydrolysis of the aci form of a nitro com- 
pound (to yield an aldehyde or a ketone), which occurs when a 
solution of a salt of the nitro compound is transferred into a moderately 
concentrated (usually over 10 M) solution of a strong acid. For the 
overall change which is taking place, one can write equations that 
are formally similar to those for the hydrolysis of oximes, semi- 
carbazones or Schiff bases (omitting, for simplicity, the role of the 
catalyst acid), e.g. equatioils (29) and (30), although i t  must be 
emphasized that without more reliable arguments than the formal 
similarity no conclusions concerning the actual mechanism can be 
drawn. 

NHOH 
2 \  

/ 
I \c/ .-. L C=O + NH,OH (29) C=NOH + H20 

\ 

/ / 'OH 

OH N(OH)z 
2 \  
A .- C=O + HN(0H)Z 

/ 

I '\ / \ + /  

i \, / \  
+ H,O & C C=N 

I 
I OH 0- 

f N,O(g) + $ HzO (30) 

Van Tamelen and Thiede122 have discussed the similarity of the 
above reactions and pointed out that the same structural factors that  
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retard the hydrolysis of oximes and semicarbazones, viz. steric 
hindrance and resonance effect arising from conjugation with the 
carbon-nitrogen double bond, seem to make the Nef reaction less 
favorable. On this basis they propose a mechanism for the Nef 
reaction which does not, however, account for the appearance of 
transient green or blue intermediates which seems to be an integral 
part of the reaction. Furthermore, the structural effects referred to 
relate primarily to the stability of the parent compound (cf. section 
III.C), the aci form of the nitro compou:xd, and they would be in 
harm-ony with any mechanism that involved an attack on the central 
carbon atom. 

If equation (30) does describe the course of the Nef reaction, one 
might conclude from the recent results on the hydrolysis of oximes, 
semicarbazones and Schiff bases (section 1II.C) that, at  the moderate- 
ly high acidities at which the reaction occurs, the first reaction step 
would be fast in comparison to the second, thus leading to an 
accumulation of the intermediate. In this case, however, the inter- 
mediate would be relatively unstable and Xvould decompose faster 
(equation 31) than pass directly to the products by step 2 of reaction 

(30). Therefore, were the reaction in principle similar to that of 
oximes and semicarbazones, there should be an accumulation ef the 
above nitroso alcohol intermediate. I n  fact there is independent 
evidence that supports the presence of an intermediate of this 
type, which is presumably also responsible for the transient color 
observed. 

An additional inference may be drawn. The rate-determining 
stage of the above mechanism would be an acid-catalyzed cleavage 
of the carbon-nitrogen bond of the nitroso alcohol to give a proto- 
nated carbonyl group (equation 32). This should be susceptible to 
similar polar influences of substituent groups than the hydrolysis of 
acetals and ketals (section 1I.C) substituted at the carbonyl com- 

O H  
Slow \ + 
__f C=OH+HNO 

I / 
‘C/ 
/ \ +  

N=O 
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ponents, i.e. electronegative substituents should retard the reaction 
and vice versa. This naturally applies to cases in which this inductive 
effect is not masked by the other effects discussed above. The results 
on strongly fluorinated nitroalkanes and nitro alcohols 123 may be 
cited as examples. Thus, it has been observed that 3,3,4,4,5,5,5-hepta- 
fluoro-1 -nitropentane does not undergo the Nef reaction. 
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of such syntheses are carried out by way of amides, esters, or acid 
chlorides in which the carbonyl group is more vulnerable to nucleo- 
philic attack than it is in carboxylate ions. The preparation of alde- 
hydes from such acid derivatives requires hydrogenolysis. Conversion 
of acids into ketones (and aldehydes when formic acid is involved) 
corresponds to the loss of water and carbon dioxide from two mole- 
cules of acid. Nitriles, which are classified here as acid derivatives, 
are reduced to imines which yield aldehydes when hydrolyzed. 

II. F R O M  ACIDS AND T H E I R  SALTS AND 
ANHYDRIDIES BY PYROLYSIS 

I n  general it may be said that ketones and aldehydes are more stable 
to heat than are acids and their salts and anhydrides. Pyrolysis of 
the latter, therefore, offers an attractive route to carbonyl compounds. 

A. From Acids 

Pyrolytic decarboxylation of /I-keto acids is the last step in the 
acetoacetic ester synthesis of substituted acetones. The formation of 
ketones by pyrolysis of acids is believed to involve this step also. Pure 
adipic acid, for example, when heated in a quartz vessel a t  300" 
gives cyclopentanone in nearly theoretical yields l. The transforma- 
tion has been formulated as occurring in the two steps (1 a) and ( 1 b). 

CH2CH2C02H 

+ 
CH,CH,CO,H 

CH,CO 

CHCOPH d 
\ 

CH,Ch, 

Evidence has been presented 

CH,CO 1 'CHCO,H+ 
/ 

CH2CHz 

to support the hypothesis that 
ketones are formed from-acids by way of anhydrides. The mechanism 
seems likely because the a-hydrogen atoms are more loosely held in 
anhydrides than in acids. Rearrangement of the anhydride to the 
15-keto acid would be followed by decarboxylation (equation 2) 2. 

RCH,C=O 

0 --+ RCH2COCHC02H 
- H,O \ 

/ 
2 RCHzCOzH w 

I 
R RCH,C=O 
A RCHZCOCHZR + C02 (2) 
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Postulation of the intermediate formation of /3-keto acids is in 
accord with the observation that aliphatic acids without an a- 
hydrogen atom fail to give ketones. For the production of diary1 
ketones from aromatic acids a different type of mechanism must be 
sought. One suggestion is that acylation of the aromatic ring occurs 
and is followed by decarboxylation of the resulting keto acid1. This 
mechanism might also explain the formation of aromatic aldehydes 
from aromatic acids and formic acid. The origin of formaldehyde in 
the distillation of formates seems to involve a complicated series of 
changes 3. 

Apparently any compound containing the acetyl group gives 
ketene when pyrolyzed. Acetone and acetic acid are important 
examples. Kctenes have been made also by pyrolysis of disubstituted 
malonic anhydrides and certain mixed anhydrides, by dehalogena- 
tion of a-haloacyl halides, by pyrolysis of /3-lactones, and by dehydro- 
halogenation of acid chlorides. According to the patent literature 
ketene is also produced by pyrolysis of acetic anhydride, vinyl esters, 
methyl acetate, and methyl propionate. These methods were reviewed 
by Hanford and Sauer in 19464. 

One might expect to be able to makc ketenes by dehydro- 
chlorination of acid chlorides. Chlorides of suitably constituted acids 
do in fact lose hydrogen chloride when treated with tertiary amines 
but the ketenes are almost always obtained as dimers. When lauroyl 
chloride is treatcd with triethylamine, for example, decylketene 
dimer is produced (equation 3) 5. Only when radicals such as mesityl 

2 CI1Hz3COCI + 2 (CZH5)aN + Cl,Hz3COC=C=O + 2 (CZH5)3N.HCI (3) 
I 
C10H21 

arc present has the monomeric ketene been isolated. Durylphenyl- 
ketene is obtained by treating durylphenylacetic acid with thionyl 
chloride in thc presence of pyridine (equation 4). Evidently the acid 
chloride is formed and undergoes dehydrochlorination 6 .  Presumably 
the failure of the ketene to dimerize is due to steric hindrance. 
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Good directions have been worked out by Smith and Norton for 
making dimethylketene by the action of zinc on a-bromoisobutyryl 
bromide 7. 

Glycidic acids lose carbon dioxide to form aldehydes or ketones 83. 
An example is the production of hydratropaldehyde from aceto- 
phenone by way of ethyl methylphenylglycidate (equation 5). 
Hydrolysis of the ester gives the glycidic acid, which passes into the 
aldehyde by thermal decarboxylation (equation 6 )  lo. 

CHj CH3 
I I 

- H+ I + H+ I 
-4 C,H,C=yH + CeH6CHCHO (6) - co, 

Another way of transforming glycidic acids into carbonyl com- 
pounds involves treatment with hydrogen chloride or hydrogen 
bromide to convert the epoxy acid into the corresponding a-hydroxy- 
/3-halocarboxylic acid which, when treated with base, undergoes 
decomposition to give a carbonyl compound. An example is the 
formation of hesahydroacetophenone from cyclohexylmethylglycidic 
acid by way of the chlorohydrin. The breakdown of the anion shown 

in (7) has been postulatedll. Application of this method of decom- 
position to the glycidic acid from acetone and ethyl a-bromolaurate 
gives 2-methyl-3-tridecanone in 63% yield (equation 8) 12. 

H3C C10H21 

t (CH3)zCHCOCioHm (8) 
I 

C-C-CO2H - \ 

/ Lo/ 
H3C 

t-Butyl glycidates offer the advantage that they undergo decom- 
position directly, the t-butyl group being split off as isobutylene. 
In this way cyclohexanecarboxaldehyde is formed in 90% yield from 
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t-butyl a,@-epoxy- I-cyclohexylideneacetate (equation 9) 13. The 
decomposition has been represented as in (10). 

Y 

Glycidic esters are made by the Darzens condensation of carbonyl 
compounds with a-halo esters; the catalyst is a base such as sodium 
ethoxide or sodium amide*. 

B. From Salts 
One of the oldest and most often cited methods of making carbonyl 

compor?nds is the Fyrolytic decomposition of caicium, magnesium, 
and other salts of carboxylic acids. The procedure has not proved to 
be generally useful14. Sometimes it gives ketones in high yields, 
however; distillation of magnesium stearate, for example, produces 
stearone in 87% yield (equation 11) 

(C17H35CO&Mg + C I ~ H ~ ~ C O C ~ ~ H ~ S  + MgO + C G  (1  1) 

Thermal dccarboxylation of iron carboxylates has been shown to 
be an excellent method for the preparation of symmetrical straight- 
chain aliphatic ketones. When fatty acids are heated under reflux 
with iron powder, hydrogen is evolved and iron carboxylates are 
formed ; heating converts them into ketones, ferrous oxide, and carbon 
dioxide. The decomposition is carried out in most cases at  250-300". 
Under these conditions decanoic acid, for example, gives 10-nona- 
decanone in 96% yield16. 

Alkyl phenyl ketones are formed, generally in satisfactory yields, 
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when this method is applied to mixtures of the iron salts of benzoic 
acid and an aliphatic acidI7. 

In  general better results are obtained by passing the acid or acids 
through a hot tube containing a catalyst such as manganese oxide or 
magnesium oxide. When acetic acid is passed through a hot tube 
containing manganous oxide, for example, acetone is produced in 
high yields. Only a small amount of the oxide is needed, presumably 
because manganoxs acetate is formed by the action of the acid on 
manganous oxide or carbonate. 

unsymmetrical ketones can be prepared satisfactorily if the low- 
molecular weight acid is used ir! large excess; acetic and phenylacetic 
acids form benzyl methyl ketone in 65% yield when passed over 
thorium oxide at  430-450" la. Similarly, ethyl phenylethyl ketone is 
produced from propionic and hydrocinnamic acids (equation 12) la. 

CH3CH2C02H -!- C,H,CH,CH,CO,H --+ 

- -  

CSH5CHZCHZCOCHzCH3 + C02 + H2O (12) 

Aromatic acids may bc uscd also: when a solution of o-ethylbenzoic 
acid in acetic acid is passed at 450" through a tube containing 
thorium oxide on pumice, o-ethylacetophenone is produced in 74% 
yield (equation 13) ID. The reaction is bimolecular, taking place on 
the surface of the catalyst through the intermediate formation of the 
salt 20. 

It seems possible that in the pyrolysis of salts of carboxylic acids 
an a-CH, group reacts with a carbonyl group in the aldol manner 21, 
as shown in equation (14). 

co co 
/ \. 

RCli 0 -MO 
/ '\ 

RCH2 0 
l -  > I I -  > RCHpCOCHC02H - > 

RCH,CO M RCH~C M I 
R I '0' 

OH 
'0' 

RCHzCOCH2R + COZ (14) 

Comparison with other oxides and carbonates indicates that 
magnesium oxide is the most suitable for- the commercial production 
of ketones such as stearonez2. 
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Mention should be made of Ruzicka and Brugger's classical 
synthesis of large-ring ketones by thermal decomposition of salts of 
dibasic acids23. By this method ketones with more than thirty ring- 
members have been made. Thorium oxide is a better catalyst than 
calcium or  barium bases for the formation of large-ring cyclo- 
alkanones. 

C. From Anhydrides 

Anhydrides of monobasic aliphatic acids undergo thermal decom- 
position to yield ketones and carbon dioxide. The anhydride of 
n-butyric acid, for example, heated at 2 10" gives chiefly di-n-butyl 
ketone2. As has been mentioned, anhydrides may be produced as 
intermediates in the formation of ketones from acids. 

Distillation of certain cyclic anhydrides gives the corresponding 
cycloalkanones. The anhydrides are formed conveniently by heating 
dicarboxylic acids with acetic anhydride. Only a little cycloheptanone 
is obtained in this way, and even with cyclopentanone and cyclo- 
hexanone the yields are not high. Alkyl substituents, especially the 
gem-dimethyl group, enhance the tendency of a chain to undergo 
cyclization. An example is the formation of 2,2-dimethylcyclo- 
pentanone from u,u-dimethyladipic acid (equation 15). 

CHZCOzH CH2-Ckz 

The facts have been summarized by the Blanc rule which states 
that, when adipic or pimelic acids are heated with acetic anhydride 
and the products are distilled (at about 300"), cycloalkanones are 
formed, whereas succinic and glutaric acids under similar conditions 
yield cyclic anhydrides. The rule has been used to determine the 
constitution of dibasic acids of the hydroaromatic series. Exceptions 
have been encountered with acids in which the two carboxyl groups 
are attached to different rings; such acids may form a seven- 
membered cyclic anhydride 24. 

I l l .  FROM ACID CHLORIDES 

Acid chlorides, so important in the synthesis of aromatic ketones, 
serve also in the preparation of aldehydes. 
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A. Rosenmund Method 

The Rosenmund method 26 was reviewed by Mosettig and 
Mozingo26 a number of years ago, at which time it was considered 
to be perhaps the method of choice for converting acid chlorides into 
aldehydes. The acid chloride is subjected to hydrogenolysis in the 
presence of a catalyst such as palladium on barium sulfate (equation 
16) 27. The primary problem is to bring about hydrogenolysis without 

Pd/BaSO, 
RCOCI i liz RCHO + HCI 

subsequent hydrogenation of the aldchyde. One way of doing this is 
to operate at the lowest temperature at which reaction occurs as 
indicated by the evolution of hydrogen chloride. This procedure, 
although reported to give aldehydes in good yieldsz8, has not been 
used widely. 

A much more common though not always reliable method is to 
introduce a regulator which acts as a catalyst ' poison '. The regulator 
of choice, called quinoline-sulfur, is made by heating a mixture of 
quinoline and sulfur 29. By use of this regulator p-naphthaldehyde, 
for example, can be obtained from P-naphthoyl chloride in 81% 
yields. It is especially to be noted that the presence of nitro groups 
can be tolerated ; p-nitrobenzoyl chloride gives p-ni trobenzaldehyde 
in high yield30. 

6. Reissert Method 

I t  was discovered by Reissert that condensation of acid chlorides 
with quinoline in the presence of aqueous potassium cyanide yields 
l-acyl-2-cyano-lY2-dihydroquinolines, which have come to be known 
as Reissert compounds. Of interest here is the acid-catalyzed decom- 
position of these compounds to form aldehydes. Benzoyl chloride, for 
example, gives benzaldehyde in high yield; the steps (17a) and (17b) 
have been p r o p o ~ e d ~ l - ~ ~ .  This method of making aldehydes was 
reviewed by Mosettig in 1955 34. 
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C6H5CH0 -i- -/- Hf (17b) 

CN 

C. Metal Hydrides Method 

One of the serious disadvantages of the Rosenmund method is the 
difficulty of poisoning the catalyst reproducibly. Also, some functional 
groups are sensitive to the hydrogenolysis conditions. These problems 
have been solved to a large degree by the use of complex metal 
hydrides. Some of these, notably the complex boron hydrides, reduce 
acid derivatives with difficulty 35. Sodium borohydride (NaBH,) 
when mixed with aluminum chloride in diglyme (the dimethyl ether 
of diethylene glycol) , however, becomes such a strong reducing 
agent that, like lithium aluminum hydride 36-38, it generally carries 
the reduction to the alcohol stage" 39. 

A milder reagent can be made by treating lithium aluminum 
hydride with t-butyl alcohol 40*41. The product, lithium tri-t- 
bu toxyaluminohydride-now available commercially 42-reacts with 
acid chlorides at  - 78" in dyglyme to give aldehydes. Many types of 
substituents can be tolerated, including some that are sensitive to 
reducing agents such as nitro, cyano, and carbethoxyl 43. Coniferyl 
aldehyde, for example, has been prepared by the action of lithium 
:ri-t-butoxyaluminohydride on acetylferuoyl chloride and hydrolysis 
of the acetylated aldehyde (equation 18). p-Coumaraldehyde has 
been made by a similar procedure 44-45.  

Direct reduction of acids to aldehydes has been achieved in some 
instances with lithium aluminum hydride. Oxalic acid gives glyoxal 
in more than 50% yield. Salicylic and 2-hydroxy-3-naphthoic acids 
also give the corresponding aldehydes 46. 

* Explosions have been reported in experiments involving lithium aluminum 
hydride (Chem. Eng. News, 31, 2334 (1953); H. R. Watson, Chern. Ind. (London), 
665 (1964)). 
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CH30 

CH3C0, -@-CH=CHCOCl __f CH3CQ CH=CHCHO 

IV. FROM AMIDES 

Amides react with metal hydrides under certain conditions to give 
aldehydes. As in the preparation of aldehydes and ketones from 
amides and Grignard reagents, hydrogen on the amide nitrogen 
atom destroys the reagent. For this reason primary and secondary 
amides are to be avoided. 

A. McFadyen-Stevens Method 

The McFadyen-Stevens reaction 47, previously reviewed by 
M ~ s e t t i g ~ ~ ,  provides an indirect route for the reduction of an 
aromatic carboxylic acid to the corresponding aldehyde ; the trans- 
formation takes place via the arylsulfonhydrazide, which decomposes 
when heated with solid sodium carbonate (equation 19). 

Ar1CONHNHS02Ar2 ___+ ArlCHO + N2 + Ar2S02H 
Na,CO, 

heat 
(19) 

0. Sonn-Miiller Method 

An acid anilide or toluide reacts with phosphorus pentachloride to 
give an imido chloride which can be reduced with stannous chloride 
to a Schiff base. Hydrolysis converts the base into an  aldehyde. An 
example of this synthesis, known as the Sonn-Muller method 34, is 
the preparation of cinnamaldehyde from cinnamanilide (equation 
20); the yield is 92Yo4*. 

CeH,CH=CHCONHC,Hs + C6H5CH=CHCCI=NC6Hs - z 
PCI, SnCI, 

H2O 
C,H,CH=CHCH=NC,H, A C,H,CH=CHCHO (20) 
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C. Metal Hydrides Method 
Hydrogenolysis of tertiary amides with lithium aluminum hydride 

furnishes a useful method of making aldehydes. In this and in many 
other ways the complex metal hydrides, notably lithium aluminum 
hydride, resemble Grignard reagents4g. Table 1 lists the types of 

TABLE 1. 

Amides Formula 

N,N-Dimcthylamides 

1 -Acylaziridines 

N-Methylanilides 

N- Acylcarbazoles 

RCON‘ 

CH3 
\ 

N=CCH3 

1 -Acyl-3,5-dimethylpyrazolc~ RCON/ 1 
C=CH 

\ 

/ 
H3C 

CH=N 
I 

I 
RCON / I  Acylimidazolidcs 

CH==CH 
\ 
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amides that have proved to be most valuable. I t  is seen that the 
nitrogen atom of the amide group may hold alkyl 01- aryl groups or 
be a member of an aromatic heterocycle. 

Lithium aluminum hydride in excess normally reduces tertiary 
amides to the corresponding tertiary amines. Success in stopping the 
reduction so as to get aldehydes has been achieved in two ways, one 
of which is to convert the reagent into alkoxy derivatives such as 
lithium diethoxyaluminohydride, made by treating it with ethanol or 
ethyl acetate (equation 21) 50. The reagent may be prepared in situ 

LIAIH., + 2 C,HSOH LiAIH2(0C2H5), + 2 H2 (21) 

by bringing the reactants together in ether. An example is the con- 
version of N,N-dimethyl-j-chlorobenzamide into p-chlorobenzalde- 
hyde (equation 22);  the yield is 78Yo5O. The mcthod appears to be 
equally satisfactory in the aliphatic, alicyclic, and aromatic series. 

LiAIH,(OC2H5), 

P-CIC6H,CON(CH3)2 ______3 P-CICGH~CHO (22) 

Later studies have shown that a mixture of lithium di- and tri- 
ethoxyaluminohydrides can serve. By its use aldehydes of consider- 
able variety have been made in yields of 60 to 90% 51. 

The other and more common way of halting the action of lithium 
aluminum hydride is careful control of the amount used. Amidcs 
that give especially good results are 1-acylaziridines, which may bc 
made in situ. Cyclopropanecarboxaldehyde can be prepared in SO0,d 
yield by this method (equation 23) 52.  

N-Benzoyl-N-methylanilines give aldehydes in good yields. The 
hydrogenolysis is effected in tetrahydrofuran with lithium aluminum 
hydride 46. This method serves to produce dialdchydes also : o-phthal- 
aldehyde and succindialdchyde are formed in '70 and 687; yields, 
respectivcly 53. 

Acylcarbazoles, in which the amide nitrogen atom is joined 
to two aromatic rings, can likewise be converted into aldchydes. 
Outstanding is the synthesis of thc unsaturated aldehydes, 
CGH, (CH=CH) ,,CHO, from the corresponding Il'-acylcarbazoles 54. 

Cinnamalacetylcarbazole, for example, gives thc Corresponding 
aldehyde in iZ-9yG yield (equation 24). 
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LiAIH, 

-4 similar route to aldehydes consists of hydrogenolysis of l-acyl- 
3,5-dimethylpyrazoles with lithium aluminum hydride. Benz- 
aldehyde, for example, has been made in this way (equation 25) in 
96% yield 55. This method has been applied with great success in the 

HC- CCHs 
11 LiAIH, 
N __t C6H5CH0 

I1 
CH3C 

\ /  
NCOCCHB 

synthesis of arylacetaldehydes and dialdehydes 56. The pyrazoles are 
readily made from the appropriate hydrazide and acetylacetone 
(equation 26). 

iH-FH3 (26) 

CHZ-CCHS 
I I 1  

CHSCO 0 4 CHR 
\ /  

NH2 N-COR 
/ 

HN-COR 

I n  the Staab method carboxylic acids are converted into aldehydes 
by way of the imidazolides, which are formed when the acids are 
allowed to react with N,N'-carbonyldiimidazole (equation 27) 57. 

N=CH 0 CH=N 

I -  RCOZH + I \N-!--N/ 

CH=CH 
I /  \ 

HC=CH 

CH=N HC- N 

Reduction of the imidazolides with lithium aluminum hydride, 
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usually carried out in ether or tetrahydrofuran, gives aldehydes 
(equation 28) in moderate to good yields58. 

CH=N 
LiAIH, 

> RCHO 

CH=CH 
\ ’ l -  RCON 

I t  is particularly advantageous that the reduction can be accom- 
plished without isolation of the imidazolide. The acid and N,N’- 
carbonyldiimidazole, taken in equimolecular proprtions, are 
allowed to react in ether or tetrahydrofuran, and lithium aluminum 
hydride is added immediately to the solution. The results given in 
Table 2 were obtained in this way. 

TABLE 2. Aldehydes from imidazolides. 

Aldehyde Yield 
( % I  

CGHBCHO 

N D C H O  

CGH,CH=CHCHO 

77.5 

79 

76 

87.5 

83- 

69.5 

60 

Aldehyde Yield 
(%I  

FHO 51 

CH3O3C(CH&CHO 71 
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N,N’-Carbonyldiimidazole, made from imidazole and phosgene 
(equation 29) , is commercially available 59. 

N-CH N-C CH=N 
/ 

\. I 
NH + COClo I “CON I + 2 H c i  (29) 

Many other tertiary amides have been tested. N, N, N’,N‘- 
tetramethyl-o-phthalamide gives the corresponding aldehyde i“ 
satisfactory yield (equation 30) 60. The dipiperidide can also serve 
but gives the aldehyde in lower yields. 

I \  

CH=CH 
I /  
CH=CH 

2 l  / 
CH=CH 

Benzaldehyde has been made from N,N-diethylbenzamide, 
N- benzoylpiperidine, N -  benzoyl- 1,2,3,4- tetrahydroquinoline, N -  
benzoylpyrrole, and N-benzoylindole 61. 

V. F R O M  NITRILES 

The first step in the conversion of nitriles into aldehydes is reduction 
to the corresponding imines, which are then hydrolyzed. Thus, a t  
least in theory, this type of synthesis involves hydrolysis. However, 
since in practice the imines are not isolated i t  seems appropriate to 
discuss this method here. 

A. Stephen Method 
In  the Stephen method 34 imido chlorides are reduced to aldimines 

by stannous chloride. Anhydrous stannous chloride is suspended in 
dry ether, and dry hydrogen chloride is passed in until the mixture 
forms two layers. The nitrile is added and hydrogen chloride is again 
passed in until the mixture is saturated. The double salt of the imine 
hydrochloride and stannic chloride is removed and hydrolyzed with 
boiling water. By this procedure 2-naphthonitrile, for esample, gives 
2-naphthaldehyde (equation 31) in 80% yield 62. 

HCI SoClz H2O 
2-CloH7CsN - > 2-CloHTCCI=NH __j 2-CiqH,CH=NH + 

HC I 
2-CioH7CHO (31) 

An interesting application of the method is the synthesis of indole 
8 -I- C.C.G. 
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from o-nitrophenylacetonitrile (equation 32). Both the nitro and 
imido chloride groups are reduced 63. 

B. Metal  Hydrides Method 
The use of lithium aluminum hydride in the preparation of 

aldehydes from nitriles, first reported by Friedman, was reviewed by 
Mosettig in 1955 34. Since then other hydrides have been found to be 
more useful. Sodium triethoxyaluminohydride, formed from sodium 
hydride and aluminum ethoxide, is a good reducing agent for organic 
compounds that possess polar multiple bonds. Aromatic nitriles, for 
example, react to give aldehydes. Examples are shown in Table 3 64*65. 

TABLE 3. Aldehydes from nitriles 
(NaAl ( OC2H5) 3H method). 

Nitrile Yield of aldehyde 
(%I 

Benzoni trile 
0-Toluni trile 
j-Chlorobenzonitrile 
p-Methoxybenzonitrile 
3-Cyanopyridine 
1 -Naphthonitrile 
4,4’-DicyanobiphenyI 

95 
88 
89 
84 
81 
87 
70 

The procedure is not satisfactory as a preparative method with 
aliphatic nitriles. Much better results have been obtained with 
lithium triethoxyaluminohydride. This reagent, prepared in situ from 
lithium aluminum hydride and ethanol or ethyl acetate, gives aliphatic 
aldehydes in yields of 70 to 80% and aromatic aldehydes in yields of 
80 to 90y066.67. Examples are given in Table 4. 

With this reagent 3,4--furandicarbonitrile gives 3,4-furandicarbox- 
aldehyde (equation 33) in about 507G yield6*. 
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TABLE 4. Aldehydes from nitriles 
(LiAI(OC2H&H method). 
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Nitrile Yield of aldchyde 
("/) 

n-Butyroni trile 
n-Capronitrile 
Isobutyronitrile 
Cyclopropanecarboni trile 
Cyclohexanecarboni trile 
Benzonitrile 
o-Tolunitrile 
I-Naphthonitrile 
o-Chiorobenzonitrilc 
11-Chlorobenzonitrile 
Cinnamoni trile 

68 
69 
81 
69 
76 
96 
87 
80 
87 
92 
61 

Sodium diisobutylaluminum hydride, readily available from 
sodium hydride and diisobutylaluminum hydride, also leads to the 
formation of aldehydes in high yields. This reagent has been used in 
the conversion of vitamin A nitrile into vitamin A aldehyde (1) 69. 

CH=CHC=CHCHO 

CH3 

I H3?5 CH3 

HJC ~ ~ ~ ~ ~ H ~ ~ ~ ~ c H - c i i c - c i H C H o  CH, 

I 
CH3 

(1) (2) 

In  a similar manner the ,B-C,,-aldehyde (2) was made from the 
corresponding nitrile 'O. 

VI. F R O M  ESTERS 

Of all the derivatives of acids, esters are probably the most readiIy 
available and easiest to handle. As a consequence much effort has 
been expended in trying to convert them into aldehydes and ketones. 

A. Acyloin Condensation 
a-Hydroxy ketones or acyloins are formed by treating esters of 

aliphatic acids with sodium in aprotic solvents such as ether or 
toluene. The acyloin condensation, reviewed by McElvain in 1948 
continues to be used especially as a route to large rings for which it 
is superior to all other methods72. 
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The condensation may proceed by way of a disodium derivative of 
the ester, which condenses with a second molecule of ester to give a 
diketone; the diketone is then reduced to the acyloin. For the 
synthesis of butyroin from ethyl n-butyrate73 the steps (34a) to (34c) 

C3H,C02C2Hs + 2 N a  d C3H7- ZNa -0C2H5 (34a) 
I 
Na 

ONa 

C3H7 -OC2H5 2 C,H,ONa 
___j. 

c 
C3H7L-OC2H:, + C3H7C02C2H5 __j I 

ONa 

(34b) 
C3HTC-OC2HS 

I 
I 
Na 

ONa 

C3H7CO C3H7C-ONa ~~0 C3H7COH C H CHOH 

C,H&O + ' Na ___f C3 H7C-0 N a  
___f I1 - 7J (34c) 

C3H7COH C3H7 0 
11 

would be involved. The yield is 70%. The method employs ether as 
solvent and is satisfactory for most simple esters. With higher esters, 
toluene or xylene as solvent gives much better results; these solvents 
have made possible the preparation of acyloins having from 12 to 36 
carbon atoms. High dilution is not necessary and the yields are high. 

The method is remarkably successful with the esters of long-chain 
dibasic acids; cyclic acyloins are formed in yields of 29 to 96%. 
Dimethyl sebacate, for example, gives sebacoin in 66% yield 74. 

5. Desulfurization of Thiol Esters 

Similar to the Rosenmund method is the hydrogenolysis of thiol 
esters over partially deactivated Raney nickel. The partial deactiva- 
tion is accomplished by bringing the catalyst briefly in contact with 
boiling acetone. An example is the preparation of benzaldehyde 
from ethyl thiolbenzoate (equation 35) 75. This method has been 
used successfully in the sugar75 and steroid76 fields. 

0 

An improved procedure involves the use of l,Z-dianilinoethane, 
the aldehyde being isolated as the diphenyltetrahydroimidazole 
derivative (equation 36) 7 7 .  
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I 
CoHs 

I 
CoH5 

Sucrinaldehyde has been made in 340/, yield from diphenyl 
dithiolsuccinate (equation 37) 78.  

0 

CHZCHO 

CHzCHO 

I1 
CHZCSCGHS 

- I  I 
CH2CSC6H5 

(37) 

II 
0 

This method was reviewed by Mosettig in 195534 and by Pettit 
and van Tamelen in 1962 79. 

C. Metal Hydrides Method 
Lithium aluminum hydride generally reduces esters to alcohols. 

One exception is diethyl oxalate which gives glyoxal in more than 
40% yield 60. In tetrahydrofuran or pyridine (instead of ether) this 
reagent in a number of other cases gives aldehydes in fair yields. 

The reduction of esters to aldehydes is brought about more 
satisfactorily with sodium aluminum hydride ; the steps involved 
are shown in equation (38)80. The reaction is carried out in tetra- 

(38) 4 R1COR2 + NaAIH4 + (RICHO),AINa ---+ 4 RICH0 

hydrofuran solution or in a tetrahydrofuranlpyridine mixture at  low 
temperature ( - 65 to - 45"). Reduction of esters of aromatic acids 
needs lower temperatures and longer times (5 to 7 h) and gives the 
aldehydes in yields somewhat lower than are obtained with aliphatic 
esters. Some results are shown in Table ! j 8 0 .  

Diisobutylaluminum hydride (at about - 70") reduces aliphatic 
and aromatic esters to the corresponding aldehydes. The trans- 
formation proceeds as in (39)81. The reaction is carried out in 

(39) 

0 OR2 
I1 I H2O 

0 0 R2 
H2O + RCHO 

/ 

\ 
OAI(C,Hg)z 

R1 ic OR2 + (C.,H9)2AIH + RlCH 
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TABLE 5. Aldehydes from esters 
(NaAIH4 method). 

Ester Yield of aldehyde 
(%> 

Methyl n-butyrate 
Methyl caproate 
Ethyl nicotinate 
Ethyl benzoate 
Methyl o-chlorobenzoate 
Dimethyl phthalate 
iMethyl cinnamate 
Methyl hydrocinnamate 

81 
85 
81 
48 
43 
52 
46 
88 

toluene, hexane and ether. Ethyl n-butyrate, for example, gives 
n-butyraldehyde in 88% yield. 

Lithium tri-i-butoxyaluminohydride has been used successfully to 
reduce not only acid chlorides (see section 1II.C) but  also phenyl 
esters to aldehydes 67. 

VII. REFERENCES 

1.  0. Neunhoeffer and P. Paschke, Chem. Ber., 72, 919 (1939). 
2. H. Koch and E. Leibnitz, Periodica Polytech., 5,  139 (1961). 
3. K. A. Hofrnann and K. Schumpelt, Chem. Ber., 49, 303 (1916). 
4. W. E. Hanford and J. C. Sauer in Org. Reactiom, Vol. 3 (Ed. R. Adams), 

5. J. C. Sauer in Org. S p . ?  Coll. Vol. IV (Ed. K. Rabjohnj, John Wiley and 

6. R. C. Fuson, R. E. Foster, W. J. Shenk, .Jr., and E. W. Maynert, J. Am. 

7. C. W. Smith and D. G. Norton in Org. Syn., Coll. \’ol. IV  (Ed. N. Rabjohn), 

8. M. S. Xewman and B. J. Magerlein in Org. Reactions, 1701. 5 (Ed. R. Adams), 

9. iM. Ballester, Chem. Rev., 55, 283-353 (1955). 

John Wiley and Sons, New York, 1946, pp. 108-140. 

Sons, New York, 1963, pp. 560-563. 

Chem. SOC., 67, 1937 (1945). 

John Wiley and Sons, New York, pp. 348-350. 

John Wiley and Sons, Ncw York, 1949, pp. 413-4-10. 

10. C .  F. H. Allen and J. Vanhllan in Urg. Syn., Coll. Vol. 111 (Ed. E. C .  

11. W. S. Johnson, J. S. Belew, L. J. Chinn, and R. H. Hunt, J .  Am. Chem. Soc., 

12. H. H. Morris and C. J. St. Lawrence, J .  A m .  Chem. SOC., 77, 1692 (1955). 
13. E. 1’. Blanchard, Jr., and G. Buchi, J .  Am. Chem. SOC., 85, 955 (1963). 
14. H. P. Schultz and J. P. Sichels, J .  Chm. Educ., 38, 300 (1961). 
15. A. G. Dohson and H. H. Hatt in Org. .Sy7~., Coll. Vol. 11’ (Ed. N. 

16. R. Davis and H. P. Schultz, J .  Org. Chem., 27, 854 (1962). 

Horning), John Wiley and Sons, Kew York, 1955, pp. 733-734. 

75, 4995 (1953). 

Rabjohn), John \Vile). and Sons, New York, 1963, pp. 854-857. 



4. Formation from Carboxylic Acids and Their Derivatives 23 1 

17. C. Granito and H. P. Schultz, J .  O r . .  Chem., 28, 879 (1963). 
18. R. M. Herbst and R. H. Manske in Org. Syn., Coll. Vol. I1 (Ed. A. H. Blatt), 

19. W. Winkler, Chem. Ber., 81, 256 (1948). 
20. J. C. Kuriacose and J. C. Jungers, Bull. SOC. Chim. Belges, 64, 502 (1955). 
21. A. L. Miller, N. C .  Cook, and F. C .  Whitmore, J .  Am. Chem. SOC., 72, 2732 

22. R. G. Curtis, A. G. Dobson, and H. H. Hatt, J .  SOC. Chem. Ind., 66,402 (1947). 
23. L. Ruzicka and W. Brugger, Helv. Chim. Acta, 9, 389, 399 (1926). 
24. A. Windaus, 2. Physiol. Chem., 213, 147 (1932). 
25. K. W. Rosenmund, Chem. Ber., 51, 585 (1918); K. W. Rosenmund and 

26. E. Mosettig and R. Mozingo in Org. Reactions, Vol. 4 (Ed. R. Adams), 

27. R. Mozingo in Org. Syn., Coll. Vol. I11 (Ed. E. C. Homing), John Wiley 

28. T. Boehm, G. Schumann, and H. H. Hansen, Arch. Pharm., 271,490 (1933). 
29. E. B. Hershberg and J. Cason in Org. Syn., Coll. Vol. I11 (Ed. E. C. 

30. K. W. Rosenmund and F. Zetzsche, Chem. Ber., 54, 425 (1921). 
31. W. E. McEwen and R. N. Hazlett, J .  Am. Chem. Soc., 71, 1949 (1949). 
32. W. E. McEwen, J. V. Kindall, R. AT. Hazlett, and R. H. Glazier, J. Am. 

33. W. E. McEwen, R. H. Terss, and I. W. Elliott, J .  Am. Chem.Soc., 74, 3605 

34. E. Mosettig in Org. Reactions, Vol. 8 (Ed. R. Adams), John Wiley and Sons, 

35. E. Schenker, Angew. Chem., i 3 ,  81 (1961). 
36. W. G. Brown in Org. Reactions, Vol. 6 (Ed. R. Adams), John Wiley and 

Sons, New York, 1951, pp. 469-509. 
37. H. C .  Brown, Hydroboration, W. A. Benjamin and Co., New York, 1962, 

38. V. M. Micovid and M. L. MihailoviC, ‘Lithium aluminum hydride in organic 
chemistry’, Serbian Acad. Sci. Monographs, 237, Sect. Nut. Sci. Math., No. 9, 1 
(1955). 

John Wiley and Sons, New York, 1943, pp. 389-391. 

(1950). 

F. Zetzsche, Chem. Ber., 51, 594 (1918). 

John Wiley and Sons, New York, 1948, pp. 362-377. 

and Sons, New York, 1955, pp. 685-690. 

Horning), John Wiley and Sons, New York, 1955, p. 629. 

Chem. SOC., 73, 4591 (1951). 

( 1952). 

New York, 1954, pp. 218-257. 

pp. 238-254. 

39. H. C. Brown and B. C .  Subba Rao, J .  Am. Chem. SOC., 78, 2582 (1956). 
40. H. C .  Brown and R. F. McFarlin, J .  Am. Chem. SOL, 78, 252 (1956). 
41. H. C. Brown and R. F. McFarlin, J .  Am. Chem. SOC., 80, 5372 (1958). 
42. H. C. Brown and C .  J. Shoaf, J .  Am. Chem. Soc., 86, 1079 (1964). 
43. H. C. Brown and B. C. Subba Rao, J .  Am. Chem. Soc., 80, 5377 (1958). 
44. I. A. Pearl and S. F. Darling, J .  Org. Chem., 22, 1266 (1957). 
45. I. A. Pearl, J .  Org. Chem., 24, 736 (1959). 
46. F. Weygand, G. Eberhardt, H. Linden, F. Schiifer, and I. Eigen, A y e w .  

47. J. S. McFadyen and T. S. Stevens, J .  Chem. Soc., 584 (1936). 
48. A. Sonn and E. Muller, Chem. Ber., 52, 1927 (1919). 
49. N. G. Gaylord, Reduction with Cornjlex Metal Hydrides, Interscience Publishers, 

50. H. C. Brown and A. Tsukamoto, J .  Am. Chem. SOC., 81, 502 (1959). 

Chem., 65, 525 (1953). 

New York, 1956, pp. 91-92. 



232 R. C. Fuson 

51. H. C. Brown and L\. 'l'sukamoto, J .  Am. Chem. SOC., 86, 1089 (1964). 
52. H. C .  Brown and A. Tsukamoto, J .  Am. Chem. Soc., 83, 4549 (1961). 
53. F. Weygand and G. Eberhardt, Angew. Chem., 64, 458 (1952). 
54. G. Wittig and P. Hornberger, Ann. Chem., 577, 11 (1 952). 
55. W. Ricd and F. J. Konigstein, Angew. Chem., 70, 165 (1958). 
56. W. Ried, G. Deuschel, and A. Koteiko, Ann. Chim., 642, 121 (1961). 
57. H. A. Staab, M. Liiking and F. H. Diirr, Chem. Ber., 95, 1275 (1962). 
58. H. A. Staab and H. Braunling, Ann. Chim., 654, 1 19 (1962). 
59. H. A. Staab, Ann. Chem., 609, 75 (1957). 
60. F. Weygand and D. Tietjen, Chem. Ber., 84, 625 (1951). 
61. V. ivL Mikovik and M. L. Mihailovid, J .  Org. Chem., 18, 1190 (1953). 
62. J. W. Williams in Org. Syn., Coll. Vol. I11 (Ed. E. C. Horning), John 

63. H. Stephen, J. Chem. Soc., 127, 1874 (1925). 
64. G. Hesse and R. Schrodel, Angew. Cfiem., 68, 438 (1956). 
65. G. Hesse and R. Schrodel, Ann. Chem., 607, 24 (1957). 
66. H. C. Brown, C. J. Shoaf, and C. P. Garg, Tetrahedron Le/fers, 3, 9 (1959). 
67. H. C. Brown and C. P. Garg, J .  Am. Chem. SOG., 86, 1085 (1964). 
68. S. Trofimenko, J .  Am. Cfiem. SOC., 85, 1357 (1963). 
69. G. I. Samokhvalov, L. P. Davydova, L. I. Zakharin, I. M. Khorlina, L. A. 

Vakulova, L. T. Zhikhareva, and N. A. Prcobrazhenskii, Zh. Obshch. Khim., 
30, 1823 (1960); Chem. Abslr., 55,  7467b (1961). 

70. G. I. Samokhvalov, L. I. Zakharin, L. P. Davydova, and I. hl. Khorlina, 
Dokl. Akad. Nuuk SSSR, 126, 1013 (1959); Cfiem. Abstr., 54, 15859 (1960). 

71. S. M. McElvain in Org. Reactions, Vol. 4 (Ed. R. Adams), John Wiley and 
Sons, New York, 1948, pp. 256-268. 

72. V. Prelog, J.  Chem. SOC., 420 (1950). 
73. J. M. Sncll and S. M. McElvain in Org. Sgn., Coll. Vol. I1 (Ed. A. H. Blatt), 

74. N. L. Allinger in Org. Sgn., Coll. Vol. IV  (Ed. N. Rabjohn), John Wiley 

75. M. L. Wolfrom and J. V. Karabinos, J .  Am. Chcni. Soc., 68, 724 (1946). 
76. A. V. McIntosh, A. M. Searcy, E. M. Meinzer, and R. H. Levin, J .  A m .  

77. H. J. Bestmann and H. Schulz, Chem. Ber., 92, 530 (1959). 
78. J. A. King, V. Hofmann, and F. H. McMillan, J .  Org. Chem., 16, 1100 (1951). 
79. G. R. Pettit and E. E. van Tamelen in Org. Reaclioxs, Vol. 12 (Ed. A. C. 

Cope), John Wiley and Sons, New York, 1962, pp. 356-529. 
80. L. I. Zakharkin, V. V. Gavrilenko, D. N. h4aslin, and 1. M. Khorlina, 

Tetrnliedron Letters, 29, 2087 ( 1963). 
81. L. I. Zakharkin and I. hl. Khorlina, Tetrahcd>on Leften, 14, 619 (1962). 

Wiley and Sons, New York, 1955, p. 626-627. 

John Wiley and Sons, New York, 1943, pp. 114-1 16. 

and Sons, New York, 1963, pp. 840-843. 

Chem. SOC., 71, 3317 (1949). 



CHAPTER 5 

Formation of ketones and 
ehydes by acylatiora, 

%ormy%ation and some 
related processes 

D. P. N .  SATCHELL 
King's College, London, England 

and 

R. S .  SATCI-IELL 
Queen Elizabeth College, London, England 

I. INTRODUCTION . . 235 
A. Preliminary Generalizations . . 235 
B. Outline Reaction iMechanisni . . 236 
C. Catalysis and  Substituent Effects . . 238 

11. DIRECT ACYLATION AXD FORhlYLATION OF HYDROCARBONS . . 239 
A. Factors Affecting the Reactivity of RCOY . . 240 

1 .  The leaving group Y . . 240 
2. The group R (or R') . . 241 

B. Acidic Catalysis . . 241 
C. Basic Catalysis . 243 
D. Substituent Effects on Substrate Reactivity . 243 
E. Aromatic Hydrocarbons as Substrates . . 243 

i .  Acylation . . 243 
a. Introduction and scope . . 243 
b. Reaction conditions . 245 
c. Mechanism . . 246 
d. Intramolecular acylation . . 253 

2. Formylation . . 255 
a. Introduction . . 255 
b. Scope and reaction conditions . . 256 
c. Alechanism . . 257 

8* 233 

The Chemistry of the Carbonyl Group 
Edited by Saul Patai 

Copyright 0 1966 by John Wiley & Sons Ltd. All rights reserved. 



231 D. P. N. Satchel1 and It. S. Satchrll 

F. Olefins as Substrates . 

a. Introduction . 
b. Scope and reaction conditions . 
c. Mechanism . 

2. Formylation . 
3. Acylation of acetylenes . 
4. Acylation of alkylidenephosphoranes . 
5. Acylation and formylation of olefins with carbon monoxide 

1. Acylation . 

a. Introduction . 
b. Reaction conditions 
c. Mechanism . 

6. Acylation of vinyl ethers with ketenes. 

1. Acylation . 
2. Formylation . 

1. Acylation . 

. 
G .  Unsubstituted Saturated Aliphatic Hydrocarbons as Substrates 

H. Substituted Saturated Aliphatic Compounds as Substrates . 

a. Introduction . 
b. Base-catalysed acylation . 
c. Acidic catalysis . 

2. Formylation . 

111. INDIRECT ACYLATION AND FORMYLATION OF HYDROCARBONS . 
A. The  Use of Carboxylic Acid Amides and Phosphorus 

Oxychloride . 
1. Introduction . 
2. Aromatic hydrocarbons . 

a. Scope and reaction conditions . 
b. Mechanism . 

a. Scope and reaction conditions . 
b. Mechanism . 

4. Saturated aliphatic hydrocarbons . 
B. The Use of Nitriles . 

1. Introduction . 
2. Acylation of aromatic hydrocarbons 

3. Olefinic hydrocarbons . 

. 
a. Scope and reaction conditions . 
b. Mechanism . 

3. Acylation of olefins and saturated aliphatic hydrocarbons. 
4. Formylation of aromatic compounds . 

a. Scope and reaction conditions . 
b. Mechanism . 

5. Formylation of olefins . 
C. The  Use of Metal Fulminates . 
D. The Use of Dichloromethylalkyl Ethers . 
E. The Use of Chloromethylene Dibenzoates . 

259 
259 
259 
259 
262 
265 
265 
266 
266 
266 
267 
268 
269 
270 
270 
272 
273 
273 
273 
273 
2 76 
277 

278 

279 
279 
2 79 
279 
280 
28 1 
28 1 
2 82 
2 82 
2 82 
282 
283 
283 
284 
286 
287 
287 
288 
290 
291 
291 
‘93 



5. Formation by Acylation, Formylation and Some Related Processes 235 

F. The Use of Chloroform and Alkali . . 293 
1. Introduction . . 293 
2. Scope and reaction conditions . . 294 
3. Mechanism . . 295 

G. The Use of Hexaminc in Formylation . . 297 

IV. CONCLUSION . 298 

V. REFERENCES . 298 

1. ii4TRODLiCiiON 

A. Preliminary Generalizations 
I n  the most general terms there are three principal routes to 

aldehydes and ketones : 

1. An organic compound may have one (or more) of its carbon 
atoms oxidized to a carbonyl group (Chapters 2, 3). 

2. A compound which already contains a carbonyl group, but which 
is not an aldehyde or a ketone, may be modified until it is (Chapter 4). 
3. An organic compound may have one (or more) carbonyl (or 
potential carbonyl) groups introduced into it. 

This chapter, and Chapter 6, are concerned with route 3. This 
route always involves the formation of a new carbon-carbon bond. 
The reactions which introduce carbonyl groups directly are known 
as acylation and formylation. Acylation produccs ketones by the 
introduction of a group RCO and formylation aldehydes by intro- 
ducing a group CHO*. These two reactions are governed by similar 
principles and will be discussed toiether. In view of the existence of 
route 1 almost any reaction which extends the carbon skeleton of a 
compound may be said to have introduced a potential carbonyl 
group. For instance, the introduction of a benzyl group into benzene 
could be a step along a pathway to benzophenone. However, there 
exists a previously somewhat ill-defined set of reactions (mostly 
bearing familiar names-e.g. the Gattermann aldehyde synthesis) 
which, though not leading to the direct introduction of a carbonyl 
group, lead to intermediate compounds which are rather easily 
converted into aldehydes or ketones (often by oxidative hydrolysis). 
We shall deal with these reactions as well as with acylation and 
formylation. They involve the initial introduction either of a suitably 

* The groups CHO and RCO may bc called formyl and acyl, respectively. 
Other names arc used less often. 
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substituted alkyl group (e.g. -(R1)C(C1)OR2) or of a group like 
-C(R)=NH. Because of the particular nature of the entering group, 
some of these processes can only provide aldehydes but others may 
be used for both aldehyde and ketone synthesis. 

B. Outline Reaction Mechanism 
The breaking of chemical bonds involves either heterolysis or 

homolysis and the importance and exploitation of homolytic 
Trocesses has, for some years now, been receiving increased attention. 
Nevertheless, the vast majority of those reactions coming under 
route 3 above, which have to date proved preparatively useful, 
involve heterolytic bond fissioiw only*. In  this chapter an attempt is 
made to show how the various reactions may almost all be considered 
to be variations on a common heterolytic mechanism. 

This mechanism involves an electrophilic attack by the carbonyl, 
or potential carbonyl, carbon atom of the reagent which provides 
this atom, on a carbon atom of the substrate; the substrate, therefore, 
always acts as a nucleophile. Any group split out of the substrate on 
forming the new carbon-carbon bond will need to possess some 
stability as a positive ion. This fact effectively limits the type of bond 
broken in substitution processes to carbon-hydrogen or carbon- 
metal. I n  cases of addition of the reagent a carbon-carbon multiple 
bond is attackedf-. In  short the substrate may always be considered 
as a hydrocarbon or a metal derivative of one, although, of course, it 
may contain non-hydrocarbon substituents which affect the reactivity 
of its hydrocarbon centres. 

The reagent which introduces the carbonyl, or potential carbonyl, 
group may be given the very generalized form R1-C=Z. Here R1 

I 

Y 
is aryl, alkyl or hydrogen, depending upon whether acylation or 
formylation is involved; C=Z is C=O, C=NH, C(OR2),, CCl, or 
some similar unit readily converted into C=O; and Y is NH,, OR2, 
OCORZ or a group derived from the anion of an inorganic acid 

* Of those to be discusscd, probably only the Reimer-Tieniann reaction 
involves free radicals and even here these rpdicals are produced by successive 
heterolyses. 

t Electrophilic attack by carbon on any other type of multiple bond (e.g. 
>C=O or  --C-=N) would not result in a new carbon-carbon bond (see, how- 
ever, section I I.F.4 for >P=C< compounds. Phosphorus is sufficiently lacking 
in nucleophilicity for preferential attack to be at carbon). 
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(e.g. C1, CIO,, BF,, etc.). R2 may be aryl, alkyl or hydrogen. The 
formation of the new carbonyl compound involves the severing of the 
C-Y bond of the reagent, and, when necessary, the conversion of 
C=Z into C=Q (equation 1). As will be evident, these changes may 
be effected in a variety of ways. T h e  facts summarized by (1) and 
the heterolytic nature of the reactions follow from considerations of 
the structure of the reactants and products and the nature of the 
effective catalysts. What does not follow from such information is the 
number and nature of the intermediate stcps embraced by the 
stoichiometric equation ( l) ,  nor their relative importance in deter- 

(1) 

mining the overall speed of reaction. Sometimes other compounds 
are isolated (e.g. adducts between reagent and catalyst) and these 
lead to plausible postulations of particular interlmediate steps, but 
kinetic analysis is really needed if guesswork is to be avoided. The  
study of changes in product yield with change in reactant structure 
under given conditions is a poor and unreliable substitute for proper 
kinetic analysis. Unfortunately, it is the best which is usually available 
in this particular field. Much mechanistic detail, therefore, still 
remains to be clarified. 

If the substrate is unsaturated, two possibilities arc open : addition 
(2) or substitution (3).  The balance between these two processes will 

-CH-CH- 
I I  
Y c=o 

7 I 
,/' R 

/ '  
-CH:=CH- + R-C=Z 

I , 
Y 

I 
-CH=C- 

I 
C=O + HY (3) 

I 
R 

be discussed when the individual reactions are dealt with. Not all 
the various apparently possible combinations of R, Y and 2 have 
been tested-largely because of the instability or inaccessibility of 
some of these (e.g. (HCO),O). When the scattered data are 
assembled, however, a surprising number of permutations are found 
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to have been tried. Nevertheless, no systematic attack has been 
mounted, progress having been niade by chance and through the 
testing of a series of inspired, though limited, analogies. 

T h e  formulation of the reagent as R-C=Z excludes the special 
I 
Y 

category, containing the ketenes and carbon monoxide, for which 
either Y, or both R and Y ,  are absent. However, uncatalysed acyla- 
tion a t  carbon by these reagents appears to be very rare and their 
successful catalysed reactions probably normally involve attack by 
species which may be considered to be derived from the general type 
R-C=Z. Carbon monoxide can behave differently and such cases 

I 
Y 

\vill be emphasized. 

C. Cutulysis und Substituent Eflects 

Quite generally, because the reaction involves a nucleophilic role 
for a carbon atom of a hydrocarbon substrate and because such atoms 
are normally poor nucleophiles, significant reaction is usually only 
obtained in the presence of powerful catalysts. Catalysts function by 
increasing either the nucleciphilicity of the substrate (basic catalysis) 
or the electrophilic charxter of the reagent (acidic catalysis). 
Because of the great importance of catalysis to the reactions con- 
sidered, this aspect of them is often that which engages most attention. 
Moreover it is the necessity for powerful catalysts and the undcsirablc 
side-reactions caused by them which together set limits to the 
successful outcome of the various substrate-reagent combinations. 

T h e  general effects produced by substituents in the reactants 
follows from the outline mechanism given. Those substituents which 
under the given catalytic conditions render the substrate more 
nucleophilic and the attacking reagent more electrophilic will favour 
reaction-other complicating side-reactions being equal. Conversely, 
substituents which have the opposite effects on the reactants will 
discourage reaction. So far as the substrate is concerned, three broad 
groups are available : saturated hydrocarbons, unsaturated aliphatic 
hydrocarbons and aromatic hydrocarbons*. The carbon atoms of 

* 'l'his ignores heterocyclic compounds. I t  is not possible to include a separate 
discussion of these within the limited confines of this chapter. However, they ale 
often mentioned, and in any case, as far as their carbon atoms zre concerned, the 
different classes of heterocycle often display behaviour in principle analogous to 
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saturated hydrocarbons are generally so lacking in nucleophilic 
character that reaction will only be possible if a suitable metal 
derivative or carbanion is first formed; this is in effect basic catalysis. 
Saturated hydrocarbons do yield desired products under acidic con- 
ditions but, as will be seen, this is due to preliminary reactions which 
first convert them into unsaturated compounds. Strictly speaking 
only unsaturated hydrocarbons undergo attack by R-C=Z under 

I 
Y 

acidic conditions. 
The following sections deal first with direct acylation and sub- 

sequently with indirect processes. The more important variations on 
R-C=Z which have been studied are covered and their applic- 

I 
Y 

ability as reagents for the different groups of hydrocarbons outlined. 
The great volume of the available experimental data renders the 
treatment necessarily selective. I t  is hoped that it is not distorted. 
The lengths of the various sections roughly accord with the body of 
data they summarize. Throughout, the emphasis is on principles 
rather than on facts. As noted above, we hope to give some unity to 
the field by discussing the different reactions as variations on scheme 
(1). The close logical interrelationship and the frequent experimental 
similarity between the ketone and aldehyde syntheses is also stressed. 
Most of the reactions dealt with have been the subjects of recent 
lengthy reviews. These are used in the text as leading references. 

I I .  DIRECT ACYLATION AND FORMYLATION 
OF HYDROCARBONS 

In  this contest the reagent always has the form RCOY and is known 
as the acylating (or formylating) agent. By direct acylation we mean 
those processes in which the active reagent introduces the carbonyl 
group into the substrate in a single step, without this group losing its 
essential double-bond character. Typical of acylation and formylation 

that of one or other of the various types of homocyclc. Frequently the hctero- 
cyclic atom is the most nucleophilic present and undergoes preferential acylation. 
When attack at carbon occurs it does so, in the great majority of cases, at the 
2-position. Many heterocyclic compounds have the disadvantage of being rather 
liable to destruction by acid catalysts. 
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at  carbon are the processes (4) and (5). If a solvent is used, a 

(CHjC0)zO + RCH=CH, RCH=CHCOCH, + CH3COzt-I (4) 

(5) 

compound more inert to acylation than the substrate must, of course, 
be chosen. The solvent must also permit the catalyst to function. 
These conditions normally mean that hydroxylic substances must be 
avoided. 

ZnClz 

BF3 
HCOF + C,H, 4 HCOCGHB + HF 

A. Factors Affecting the Reactivity of RCOY 

1. The leaving group Y 
The following is a rough order of reactivity: 

RICONR: < R*C02R2 < R1COOCOR2 c RCOHal c RC02S03H < 

Thus uncatalysed acylation by amides or esters is almost invariably 
so slow as to be impracticable, whereas the predominantly ionic acyl 
perchlorates and tetrafluoroborates are powerful reagents. The latter 
species are of the type often formed from milder reagents under acid 
catalysis (see below). When R (or R1) = H, so far as is known, the 
same order of reactivity obtains. However, in this case not all the 
reagents are readily accessible. A reasonable generalization is that 
the power of an acylating agent RCOY increases with the strength of 
the acid HY. The origin of the parallelism is clear: the separation of 
the anion Y - is involved in both phenomena. In RCOY the carbonyl 
group is always polarized, some net positive charge being located on 
the carbon atom. Groups Y which attract electrons and possess some 
stability as Y - will enhance this positive charge, promote cleavage 
into RCO+ and Y - ,  and thus aid reaction. Groups which repel 
electrons and provide anions of little stability will have the opposite 
effect. Examination of the rough reactivity series shows it to be con- 
sistent with the usual qualitative assignments of polar effects to 
groups 2. 

The same generalization applies for subtler variations in the 
leaving group, achieved within a given type of reagent. Thus phenyl 
or cyanomethyl esters are more reactive than methyl derivatives and 
acyl bromides more reactive than the corresponding chlorides*. 
Thesg minor differences may, however, be overridden under the 

* N.B. The  acid strengths of the hydrogen halides are in the order HI > 
HBr > HCI > HF. 

RCOOCIO3 - RCO+BFC 
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influence of acid catalysts when other factors enter, in particular the 
ability of the leaving group to coordinate with the catalyst. 

2. The group R (or R1) 
I n  formylation no variation in R is, of course, possible. For 

acylation, the effects on reactivity of changes in R are not as straight- 
forward as for changes in Y .  Substituents which, by provision of 
electrons, favour the departure of Y - and stabilize the acylium ion 
have the effect of reducing the charge on the carbonyl carbon atom 
in both the acylium ion and the polarized reagent. Electron-with- 
drawing substituents increase this charge but hinder ionization. A 
balance of factors is therefore involved and the effect of changes in 
R will be expected to vary with the reaction concerned. This point 
is expanded below, where the consequenccs of the steric require- 
ments are also discussed. R is represented in the literature by an 
enormous range of structures3. Ions like Me,CCO+ tend to lose 
carbon monoxide and so can lead to alkylation rather than to 
acylation 4. 

B. Acidic Catalysis 
Acids may be divided into two sorts: Br~lnstcd acids and Lewis 

acids. Among the latter, those of the metal halide type are the most 
important in the present contexts and are represented generally as 
MX,. Acidic catalysis of the acylation of hydrocarbons normally 
involves anhydrous conditions. 

As noted in scction I.C, the essential function of the acid catalyst 
is to increase the electrophilic character of the carbonyl carbon atom 
of the reagent. In  some cases the catalyst also has other subsidiary 
functions which aEect the course of the reaction. These will be noted 
as the occasion arises. Among the ways in which the catalyst can 
increase the electrophilicity of the reagent are the following5 : 

Y Y 
I I +  

R C O Y  + H2S04 [RC=OH]+[HSO,]- + R-C=OH + HSO4- 

11 
+ 

RCO+ + H Y  + H S 0 4 -  RCOHSOd + HY & R-C-YH + HS04- ( 6 )  
II 
0 

RCOY + MX, & RC=O: MX,l RCY: MX, [RCO]+[MXnY]- 

(2) 
II 
0 

I 
y (1) 

RtO:+ MX,Y (7) 
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I n  both equations (6) and (7) the relative positions of the different 
equilibria will depend upon RCOY, upon the acid, and upon the 
dielectric constant and solvating power of the medium. Some quantity 
of each species is, no doubt, always present and some species will 
clearly be better acylating agents than others. Systems which favour 
acylium-ion formation are generally the most useful. In solvents of 
low dielectric constant, few free ions will exist, and ion-paired and 
other particularly polar species (e.g. 1) will often be self-associated 
in solution, especially at the high concentrations usually needed in 
preparative work 6. I n  coordinating solvents yet other complexes 
involving the solvent will form. These points should be borne in 
mind throughout, for it is often convenient, and indeed desirable, to 
ignore such complexities when outlining in equations the essentials 
of particular reaction mechanisms. 

Typical examples5 of (6) are the bchaviour of amides or esters in  
contact with sulphuric acid (equations 8 and 9). A familiar example 
of (7) is the behaviour of acyl halides with aluminium chloride 
(equation 10). Because of the complexity of the equilibria it is not 

+ + 
RCONHa + H2S04  RC=OH + HS04- RCONH, + H S 0 4 -  

I 
NHz 

RCO+ + NH, + HS04- (8) 
H 

+ I 
R1C02Ra + HzSOI R'C=OH + HS04- + R'COOR' + HSOA- 

I 
 OR^ 

+ 

RICO+ + R 2 0 H  + H S 0 4 -  (9) 

RCOCI + AICI, RC=O:AICI, [RCO+][AICI;] T 
I 
CI 

RCO+ + AICI4- (10) 

certain that even when other factors are equal thc strongest acids 
will be the best catalysts. However, this is probably true in general 
and various qualitative comparisons of catalytic activity, and hence 
of relative acidity, under different anhydrous conditions have been 
made-mainly with Lewis acids-about whose strengths few 
independent data exist *. The various orders of activity found as yet 
show little agreement in detail, though the aluminium halides, ferric 
halides and antimony pentachloride normally come near the head 
of the list, and zinc, mercuric and bismuth halides near its foot, with 
stannic chloride somewhere in the middle. I n  some casesg reagent 
and catalyst interact in a manner which, although providing a more 
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powerful acylating agent, leads to the destruction of the acid (e.g. 
equation (11)). Reactions which entail such phenomena are not 
strictly catalytic. 

(RC0)PO + AICI, A RCOCI + RCOOAlClz (11) 

c. Basic Catalysis 
The base serves to increase the nucleophilicity of the hydrocarbon. 

The type of basic catalyst appropriate depends upon tbehydrccarbon; 
most are so little acidic that prior formation of a metal derivative 
(perhaps from the alkyl or aryl halide) is the extreme form of catalysis 
necessary. Only a few special reactions of this type will be dealt with 
in detail here. Others are discussed in a later chapter. 

Aliphatic hydrocarbons with electron-attracting substituents (e.g. 
CN or CO) are often susceptible to attack by alkoxide, amide and 
similar ions (equation 12). The Claisen and related condensations 
are typical examples which employ this effectlo. We shall deal with 
these reactions. 

(12) 
- 

RCHzCN + NH; & RCHCN + NH, 

D. Substituent Effects on Substrate Reactivity 

Under acidic catalysis the substrate is not directly involved with 
the catalyst, and therefore substituent effects are simple : electron- 
donating substituents will normally favour rcaction. In basic catalysis, 
however, electron release will hinder carbanion formation, although 
it will activate this ion once l’ormcd. A balance of factors is therefore 
involved, similar to that obtaining for the structure of the acylating 
agent under acidic catalysis (section II.A.2 above). 

E .  Aromatic Hydrocarbons as Substrates 

1. Acylation 

a. Introduction and scoje. Equation (1 3) typifies aromatic acylation. 
Substitution only is the rule in these reactions, which are, of course, 

(13) 

examples of electrophilic aromatic substitution. Basic catalysis takes 
the form of rcaction between acylating agent and a metal derivative 
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of the hydrocarbon. These reactions are dealt with in another chapter 
and will be omitted here. To induce significant reaction in aromatic 
hydrocarbons not artificially activated in this way, a n  acylating agent 
a t  least as reactive as an acyl halide will usually be required and 
more normally one with significant acylium ion character. This 
means that if RCOY is not a compound like an acyl perchlorate or 
tetrafluoroborate*, then acidic catalysts will be required to transform 
it into such a species in the reaction mixture. Aromatics containing 
electroil-withdrawing substituents are attacked with great difficulty l3 
even by the most powerful reagents and this fact underlies the frequent 
use of nitrobenzene and of halobenzenes as solvents for the acylation 
of other aromatic compounds. I t  also means that the introduction of 
the first acyl group discourages the entry of a second, and disub- 
stitution in the same ring is therefore rare 13. Electron-repelling sub- 
stituents which lead, of course 2 ,  to predominant ortho-para direction, 
facilitate acylation (Table 1). Polysubstitution of this sort provides 

‘rABLiz 1. Relative rates of benzoylation 
of substituted benzenea. 

Subs t ra t ec Relative rateb 

Chlorobenzenc 0.01 1 
Benzene 1 
‘Tolucnc 154 
nz-X ylenc 3910 
Mesitylene 125,000 
Pentamethylbenzene 139,000 

aH. C. Brown, B. A. Bolto and F. R. Jcnsen, 
J .  Org. Chenz., 23, 414 (1958); H. C. Brown and 
F. R. Jensen, J .  Am. Chenz. Soc., 80, 2296 (1958). 

b.Refers to total rate of substitution, i.e. at all 
positions. 

See also G. A. Olah and coworkers, J. Am. 
Clltrn. SOL, 86, 2198 (1964) for some more recent 
relative reactivities. 

considerable enhancement of reactivity but reactive acylating agents 
are still apparently required 13. Unfortunately, the available data are 
not sufficient to permit a decision on how far down the reactivity 
series (section II.A.l above) i t  would be practicable to go with, for 
example, a compound such as 1,3,5-trimethoxybenzene. Many of the 

* Such compounds are  sometimes 1 1 ~ 1 2  formed metathetically prior to reaction, 
e.g. RCOCI + AgC104 -> RCO + C104- + AgCl. 
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apparently uncatalysed 14*15a reactions involving unsymmetrical 
anhydrides are probably catalysed by the free acid usually also 
present. 

Reaction often fails with amines and phenols owing either to 
preferential N- or 0-acylation or to interaction between substrate 
and catalyst, which removes the substrate from the reaction mixture 
or otherwise deactivates it15b. With phenols, however, acid-base 
interaction at the hydroxyl group sometimes protects this group 
and permits satisfactory nuclear acylation (cf. section III.B.3). 
Prior conversion of the phenol into the corresponding borate (3) is a 
recent, and successful, variation on this effect 16. 

(RGH40)aB 
(3) 

The acid-catalysed acylation of aromatic hydrocarbons, especially 
when the catalyst is a. metal halide like aluminium chloride, is 
generally termed the Friedel-Crafts ketone synthesis after its 
discoverers17. It is the oldest and still one of the most widely used of 
the preparative methods discussed here. Friedel and Crafts themselves 
used mainly aluminium chloride but it is normally found convenient 
to include other similar Lewis acids and even strong Brsnsted acids 
like hydrogen fluoride and sulphuric acid, which provide analogous 
effects, under the Friedel-Crafts umbrella 7. The accumulated 
literature is of formidable proportions 

Reaction a t  room temperature is common. 
O n  some occasions the hydrocarbon acts as its own solvent, on others 
the catalyst (e.g. HF) serves, and on others still an inert solvent is 
required. Hydroxylic materials (especially water) must normally be 
excludcd from the reaction mixtures for these both successfully 
compete for the acylating agent and may also deactivate the catalyst. 
Nitrobenzene, carbon disulphide, methylene and ethylene dichlorides, 
carbon tetrachloride and ether are, therefore, common solvents. 
I t  is best if the catalyst is soluble in the medium, Some Lewis acids 
(e.g. AlCl,) are poorly soluble in most solvents. Nitrobenzene and 
ethers, which readily form coordination complexes with metal 
halides, arc often used in such cases. Many recorded preparative 
reactions have been of an hcterogeneous nature. Sometimes the 
catalyst will form a complex with one or more reactants which 
separates as a second phase, often highly coloured and of a very 
polar nature. O n  other occasions much catalyst is left undissolved 
and provides a solid surface. Under these heterogeneous conditions 

b. Reaction conditions. 
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i t  is by no means certain that the detailed reaction mechanism bears 
much resemblance to the mechanism of the same reaction were i t  to 
occur in a single homogeneous phase. This point is important to 
remember since most kinetic studies-the studies most valuable for 
the discovery of mechanistic detail-usually refer to simple homo- 
geneous conditions. Some solvents (e.g. ethylene dichloride) fail to 
dissolve the catalyst but dissolve its complex with the acyl com- 
ponent. This is often convenient, for one of the best preparative 
procedures is to form a solution of this complex, to remove any excess 
of catalyst and then to add the substrate1*. 

Apart from the varying degrees of heterogeneity attendant upon 
the usc of different solvents, there are a number of other factors which 
complicate the mechanistic and even the preparative aspects of the 
Lewis acid catalysed syntheses 19. Firstly, the product ketone 
frequently forms a complex with the metal halide and so removes 
some of this component from its effective sphere of action. This fact 
usually necessitates the use of roughly stoichiometric amounts of 
catalyst rather than ‘catalytic ’ amounts. With wcakly acidic catalysts 
(e.g. ZnC1,) or at higher temperatures these complexes are not so 
prominent and smaller quantities of catalyst are adequate. Secondly, 
the actual value chosen for the molecular ratio of the catalyst to the 
acyl component-whether it be 0.5, 1.0 or 1.5, etc.-sometimes 
appears to affect the position of substitution. This is especially so for 
polycyclic hydrocarbons. Thirdly, some of the rcactions are not 
strictly catalytic in that the catalyst is not regenerated, even in 
principle (section 1I.B above). Fourthly, the great reactivity of the 
most effective catalysts often leads to undesirable side-reactions and 
tar formation. These side-reactions include the isomerization of 
alkylated aromatics and the cleavage of alkoxide substituents to give 
phenolic products. I t  is, therefore, often advantageous to use a 
catalyst of only moderate activity. Finally, unless moisture is 
rigorously excluded, an unknown fraction of the catalyst will become 
hydrated or hydrolysed. In  both cases Brmsted acids will rcsult (e.g. 
H,OBF, from BF,, or HCI from AICI,). I t  is hardly surprising that 
irreproducibility has becn a characteristic of thc field. 

c. Mechanism. Electrophilic aromatic substitution is onc of thc 
most thoroughly studied topics of organic chemistry and most aspects 
of some such substitutions (e.g. nitration) are understood in con- 
siderable detai12*20. For any given substitution, the features which 
normally receive most attention are (a) the nature of the active 
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substituting agent ( e g .  NO,+ in nitration), ( b )  the nature of the 
preliminary reactions which produce it, (c) the question of whether 
or not one of these preliminary reactions, or that of the substituting 
agent with the aromatic species, is the slow step of the whole sequence, 
and ( d ) ,  if the latter, whether or not the expulsion of the proton is a 
significant feature of it. 

The starting materials in Friedel-Crafts acylation are so diverse 
that a single type of solution to these questions is clearly very unlikely, 
thov.gh this is only slowly becoming realized 21*22. Kinetic analyses 
are, of course, the best hope for answering such questions23. Several 
such studies have been made, and of the reactions discussed in this 
chapter direct aromatic acylation is by far the best documented from 
this viewpoint, the other reactions being virtually unexplored 
kinetically. The most thoroughly studied cases so far involve acyl 
(usually benzoyl) chlorides as reagents and an aluminium halide as 
catalystz4. The results show that a single molecule of the aromatic 
substrate is involved in the rate-determining step. From kinetic 
work with other systems z2.25 this appears a general result for Friedel- 
Crafts acylations. I t  implies that the substitution proper rather than 
the formation of the active acylating agent is the slow step in these 
processes. Unfortunately, the remainder of the kinetic data are 
compatible with either the oxonium (RC=O:A1C13) or the acylium 

I 
c1 

(RCO+A1C14-) type of species (section 1I.B above) as the active 
rzagent. This particular ambiguity of the kinetic data ofren intrudes 
and is the major obstacle to the further elucidation of acylation 
mechanisms 25. The kinetic studies have, however, shown that 
attacking reagents with compositions like (RCOCl),SnCI, and 
RCO+Al,Br,- may occur, as well as the various 1 : 1 adducts. If the 
reaction is represented simply and generally as in equations (14) to 

MX, + RCOY z p = 2  RC=O:MX, (or RCO+MX,Y- etc.) Fast (14) 
I 
I 

Y 

0 
I1 

RC H R C O  
I 

Slow (15 )  
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RC=O:MX, 

Fast (16) 6 
(16)*, then available data for substitucnt effects on the observed 
rates22.24b and studies with excess of acylating agent indicate that 
the reactions may be divided into two (extreme) types. With power- 
ful catalysts like aluminium chloride and especially In the presence of 
non-coordinating solvents, the complex between catalyst and acyl 
component is essentially completely formed (ix. the equilibrium (14) 
lies far to the right). Then step (15) controls substituent effects, and 
it is found that increasing electron withdrawal by R favours sub- 
stitution (Table 2a). This implies that bond-forming processes by 

acylating agent. 

(a) In  the aluminium chloride catalyscd benzoylations 

TABLE 2. Effects of substitucnts in the 

of toluene with j-RC6H,COCI in chlorobenzene’. 

R Relative rateb 

0.18 
0.24 
1.0 
1.8 
1.9 

(b) In  the srannic chloride catalysed acetylations of 
/%naphthol with RCH,COCI in carbon tetrachloride“. 

R Relative rated 

C2H5 4.0 
CH3 1.6 
H 1.0 
c1 < 0.03 

P. J. Slootmackcrs, P. Rooscn and J. Vcrhulst, 
BidI. SOC. Cliini. Bdges, 71, 446 (1962). 

Iicfcrs to total rate of substitution. 
1). 1’. N. Satchcll, J. Chem. Soc., 5404 (1961). 
IWcrs to acylation at oxygcn and not at carbon. 

It  is very probablc but not ccrtain that thc order of 
cficiency of the dilTcrcnt rcagcnts will be thc same 
for the more weakly nuclcophilic carbon as for 
oxygen. This point requires checking. 

’:’ It is assumed, as is usualz0 in othcr aromatic substitutions, that during the 
4ow step (15) thc reactants pass through a configuration somcwhat akin to a 
u complex. 
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the acylating agent are here more important than the recession of 
Y - (which will be made more difficult by electron withdrawal by R). 
When less powerful catalysts such as stannic chloride are involved, 
equilibrium (14) is probably not far to the right, and both steps (14) 
and (15) govern the overall substituent effect. I n  such cases it is 
found-at least when the substrate is oxygen rather than carbon 
(Table 2b)-that increasing electron release in R favours reaction, 
and electron withdrawal hinders it. This probably means that the 
dominant effect of R is 011 the position of the equilibrium (14) rather 
than on the rate of process (15), although a rateinfluencing departure 
of Y - in (15) would lead to effects in the same direction. A kinetically 
significant departure of Y -  could, of course, only intrude if the 
reagent is the oxonium species. Work on the hydrogen isotope effect 
under various conditions26 shows that phase B of step (15) can 
sometimes affect the rate. 

We give below a rCsumC of the mechanistic features currently 
provoking particular interest. 

1. While it is clear that an acylating agent carrying considerable 
charge on its carbonyl carbon atom is normally required, it is still 

debated whether the species (section 1T.B above) RC=OH, 
+ 

I 
I 
Y 

RC-CH, RC=O : MX,, RC-Y: MX,, [RCO] + [MX,Y] - and 
I I  
0 

I 
Y 

II 
0 

RCO+ can all be active on occasions, whether the activity of some 
species usually predominates or whether, in fact, only RCO+ (or 
[RCO] + [MX,,Y] - )  is ever involved. In recent reviews Gore l3 and 

Jensen 25 reach very different conclusions. Species such as R-C=OH 
+ 

I 
Y 

and RC=O : MX, arc, in fact, not attractive because the facilitation 
I 

Y 
of the removal of the leaving group Y requires either a shift in the 
position of the catalyst (equation 17, path A )  or the involvement of 
a second molecule of this substance (equation 17, path B).  No such 
problem arises when species like [RCYH]+ are considered but, as a 
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R-C=O:MX, R-C=O: MXn 
I I 0 -k MX, f HY 

(17) 

noted above, the involvement of two molecules of catalyst has some- 
times been observed and may be indicative of the incursion of oxonium 
structures in these cases. 

The essential problem in deciding between oxonium and acylium 
participation generally is to arrive at  a reliable estimate of the 
inherent relative electrophilicities of these two species in particular 
cases. If it could be demonstrated that they were normally of roughly 
comparable reactivity, then, since spectroscopic data 27 show that 
one or other of the forms often greatly predominates in a reaction 
mixture, this form could be definitely identified as the species 
primarily responsible for reaction under these conditions. Such a 
demonstration would lead to the acceptance of acylation by both 
types of complex : sometimes one, sometimes the other, sometimes 
both together. Only if acylium-ion complexes are shown to be far 
more electrophilic than the corrcsponding oxonium complexes 
need the reservations about small undetectable amounts of 
[RCO] + [MX,Y] - being responsible, in spite of the molecular 
predominance of RC=O: MX, (or vice versa) be retained in our 

1 
Y 

arguments. 
The fact that the para-substituted product is usually formed in 



5. Formation by Acylation, Forrnylation and Some Related Processes 251 

great excess over the ortho derivative is sometimes used as an argument 
in favour of the oxonium complex as the normally operative species, 
this species being supposedly bulkier than the acylium ion. These 
arguments and similar ones13 based on the observed variations of the 
ratio of a- to @-substituted products in the naphthalene series are, 
however, groundless for they ignore the fact that the acylium ions 
must commonly participate in an ion-paired form which may, with 
its attendent solvation shell, be quite as bulky as the solvated 
oxonium species. 

2. The complexity of the problem of comparing catalytic efficiencies 
is becoming more clearly realized The relative activities of different 
catalytic systems, even within a given context of solvent and reaction, 
are still very inadequately known. Few generalizations appear 
possible (section 1I.B above). Certain catalysts seem especially good 
for some classes of reaction. Thus Br~nsted acids have found greatest 
use in intramolecular acylation. I n  meaningful quantitative com- 
parisons of catalytic activity it is, of course, necessary for the kinetic 
form and mechanism of the reaction to be the same for all the 
catalysts compared. For Lewis acids this is a severe restriction and 
comparisons havc usually, therefore, to be limited to sequences of 
MX, in which n is the same. Progrcss in this important aspect of 
Friedel-Crafts systems awaits more thorough quantitative studies of 
Lewis acid-base interactions 8 .  

3. While in the past acyl halides havc been the commonest reagencs 
in both prcparative and kinetic studies, other sources of the acyl 
group have currently begun to receive attention11022b I t  is often 
assumed that carboxylic anhydrides, esters and acids are effective 
because they first undergo reaction with the catalyst (assumed to be 
a metal halide) to give the acyl halide as in equations (18) and (19). 

(18) 

R C 0 3 H  + 2AICI3 --+ RCOCIAIC13 + AlOCl + HCI (19) 

With powerful and easily solvolysed Lewis acids (e.g. AICl,, TiC1,) 
these processes are probably important 9,  though neither the detailed 
reaction scheme nor the kinetic form has been rigidly established in 
any case so far. With weaker Lewis acids (e.g. ZnCl,, SnCI,) the 
evidence21.22b-29 points to the absence of such processes and to the 
direct participation of complexes betwecn (say) the anhydride and 
mctal halide (cquation 20). I t  is quite incorrect to discuss Fricdcl- 
Crafts acylation as if it always involved acyl halide at  some stage, 

(I?CO)~O + 3 AICI, + 2 RCOCIAICI, +AIOCI 
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though this is occasionally done. Equilibria like A and B in (20) tend 
to lie to the left, so that in the absence of steric effects electron release 
by R favours reaction (see above). 

A 

\ 7 
R-C=O 

RCOAr + RCOOHSnCI, R?O[SnCI,OCOR]- 

Carboxylic acids and metal halides very often form complex 
Bransted dual acids (e.g. H,SnCI, (OCOR) ,) of great strength and 
it is doubtless these acids which are responsible for the catalysis in 
such systems. Catalysis of aromatic acylation by Brransted acids 
generally is presumably much along the lines of their catalysis of 
acylation in hydroxylic medial (e.g. equation 21). This point is 

(R’C0)ZO + HX T (R’CO)ZOH+ + X -  R’CO+ + X- + R’COPH (21) 

I RZOH 

Y 

Products Products 

particularly relevant to the increasing use of mixed anhydrides based 
on trifluoroacetic acid 14. In  such systems any free trifluoroacetic 
acid will be expected to play an important role. Since most prepara- 
tive Friedel-Crafts syntheses do not exclude water rigorously, there 
is certain to be some Bransted acid available (e.g. H,OBF,, 
H,OSnCI,, etc.) from the start of such acylations. As reaction 
proceeds more becomes available owing to the elimination of HY 
(equation 1). The reactions of acyl halides are little susceptible to 
catalysis by Bransted acids (because the leaving group, Hal-, does 
not easily accept a proton) and the build up of available Br~lnsted 
acid would be expected to make little difference to their reactions, 
as found 24. Anhydrides, esters and carboxylic acids are, however, 
susceptible to Brransted acid catalysis and it may well be that the 
species RCOOHMX, and ROHMX, formcd during acylations with 
them play an important role in the overall reaction. Detailed know- 
ledge of the structures and ease of formation of the complexes which 
form between the various metal halides and the different types of 
acylating agent and also of those between metal halides and different 



5. Formation by Acylation, Formylation and Some Related Processes 253 

classes of Br~nsted acid (HHal, ROH, RCOOH, etc.) is only jus t  
beginning to become available 27.30*31.  Without such knowledge, no 
proper understanding of the diversity of the Friedel-Crafts ketone 
synthesis is possible. 
4. As already noted, in polycyclic systems in which more than one 
isomer may be formed (e.g. in naphthalene a- and p-acyl derivatives 
are produced) the solvent composition and the molecular ratio of 
catalyst to acyl component can affect the isomer distribution. A 
variety of interpretations appear possible l 3 s Z 5  but the complexity of 
the phenomena makes the attempt to use the problem as a touch- 
stone for the correctness of postulated mechanisms of acylation 
unconvincing. It seems very likely, however, that more than one 
acylating agent is operative in such systems. In  very reactive aromatic 
compounds acylation is reversible, and this fact combined with 
different preparative recipes can lead to a variety of isomer dis- 
tributions 13. Independent studies of deacylation have also been 
made. Strong Br~lnsted acid catalysts are needed; the reaction is an 
electrophilic substitution by hydrogen. 

d. Intramolecular acylation. Aromatic compounds containing an acyl 
group in a suitable position in a side-chain may undergo ring 
closure32. Five- and six-membered rings form most easily. There is 

no reason to suppose that the essential mechanism of this process is 
different from that outlined above for intermolecular acylation. All 
the usual catalyst-acyl component combinations may be used, 
though catalysts of only moderate activity (e.g. SnC1,) often seem 
particularly appropriate. The formation of a mixed anhydride with 
a halosubstituted acid (e.g. Y = CF3COO) is often effective, though 
as noted above these reactions may be catalysed by free halosub- 
stituted acid which is normally also present in the reaction mixture 
(equations 23, 24). The  efFcctiveness of the mixtures of AcOH/Ac,O/ 
ZnC1, favoured by Johnson is probably to the similar series of 
reactions (25) to (28). The species 5 may be considercd as a mixed 
anhydride of the powerful acid H,ZnCl,(OCOCH,),. 
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0, /OH 0%-/0c0cF3 

-k (CF3CO)20 @m -1- CF3COOH 

(24) 

ZnQ + 2 CH,COOH H,ZnCI,(OCOCH& (26) 

[HZnCI2(0COCH3)]- -i- CH3COOti 

d H2ZnC12(0COCH3)2 
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A notable feature of this topic is the widespread use of the 
carboxylic acid (Y = OH in equation 22) as reagent with catalysts 
such as hydrogen fluoride, sulphuric acid and particularly poly- 
phosphoric acid3*, as well as in schemes like (23) and (25). Yields 
are good and products comparatively clean. Appreciable acylium- 
ion formation is-likely in media of such high acidity and dielectric 
constant (cf. equation 6). I t  is curious that these methods have not 
found greater use in intermolecular acylation. Although there is 
little quantitative data on the point, it seems that the intramolecular 
reaction is easier to achieve than an equivalent intermolecular 
process. Thus o-benzoylbenzoic acids may be readily cyclized to 
anthraquinone (equation 29), whereas benzophenone itself is 

resistant to acylation. This effect is doubtless due to the artificially 
enhanced collision number and to the favourable steric positioning 
involved in the intramolecular process. 

Intramolecular acylation has many preparative ramifications and 
great potential-especially when judiciously coupled with appro- 
priate Friedel-Crafts alkylation-for the synthesis of multi-ring 
systems 32b. Although of great interest to the synthetic chemist, these 
topics involve no new principles and are omitted here. 

2. Formylation 
a. Introduction. I n  principle aromatic formylation is exactly 

analogous to aromatic acylation ; and the general factors which govern 
its course and success are much the same (section II.E.l above). 
Special limitations arise in practice in all formylations because of the 
instability of most formylating agents35. Thus the only formyl 
halide readily isolated is the fluoride; formic anhydride has not been 
obtained pure; formic acid and formic esters are notably unstable in 
the presence of acids. Nevertheless, satisfactory formylation can often 
be effected since transient formylating agents may be adequate for 
this purpose. Reaction normally involves acid catalysis; base- 
catalysed formylation of aromatics has apparently not been 
attempted. 
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b. Scope and reaction conditions. Gattermann and Koch36 were the 
first to pursue the analogy with acylation. They bubbled an equi- 
molecular mixture of hydrogen chloride and carbon monoxide into 
simple aromatics in the presence of aluminium chloride. The 
behaviour simulated that expected for formyl chloride. At atmos- 
pheric pressure much better results were obtained in the presence of 
cuprous chloride, which acts as a carbon monoxide carrier. At high 
pressures (40-90 atm), cuprous chloride may be dispensed with. 
Other variztions have been iried". Thus water may replace 
hydrogen chloride in the high pressure synthesis (though inevitably 
some hydrogen chloride will also form). Other catalysts may be used 
(e.g. TiCl,, AlBr,); HF/CO/BF, is another recent reagent com- 
bination. Temperatures between 20" and 40" are normal, since a t  
higher temperatures the yields decline. The substrate usually acts as 
its own solvent, although other common inert solvents are also used. 
The cuprous chloride, metal halide and carbon monoxide form 
coloured complexes which partly dissolve in the liquid phase. All 
these CO/MX,/HY methods are known collectively as the Gatter- 
mann-Koch synthesis. Aromatic hydrocarbons more reactive than 
benzene form the most suitable substrates. As in acylation, phenols 
and amines usually present difficulties (see section 1I.E. I .a above), 
and with other substrates the side-reactions typical of Friedel-Crafts 
conditions often occur. Few applications to the heterocyclic field 
have been reported. 

A recent analogous method makes use of the isolatable formyl 
fluoride in conjunction with boron trifluoride or similar catalysis 37*38.  

I n  one procedure, employing a temperature below 0", the substrate 
containing formyl fluoride is saturated with boron trifluoride. The 
powerfill nature of the acid products (HF/BF,) makes it desirable to 
remove these as soon as possible to avoid secondary complications. 

Methods based on formic-carboxylic anhydrides, formic esters and 
formic acid itself have been little exploited 35. Formic anhydride has 
not been isolated and unsymmetrical anhydrides (e.g. formic-acetic) 
are unstable in the presence of acids, yielding carbon monoxide38. 
They have proved poor formylating agents under Friedel-Crafts 
conditions. Factors affecting their direction of cleavage may also 
militate against success 39. 

Formic acid, like other carboxylic acids 9, probably yields-though 
perhaps briefly-the corresponding formyl halide with suitable 
metal halides (equation 30). Such processes could result in formyla- 

HCOOH + AICI, [HCOCI] + AICIZOH (30) 
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tion via the formyl halide. Poor yields are reported for the aluminium 
chloride system. I t  seems likely in view of the foregoing that use of 
metal fluorides would be more successful. With Bransted acids, 
formic acid decomposes to carbon monoxide, perhaps 40 via CHO +. 
I n  view of this, such systems deserve study as possible formylating 
agents. Alkyl, aryl and silicon formates also decompose to carbon 
monoxide in the presence of acids (e.g. AlCI,), but probably without 
the intermediacy of CHO". They are poor formylating agents35. 
I),ecen:ly, ethyl orthoformate (HCiOEt),), in conjunction with 
aluminium chloride, has proved a satisfactory reagent for the formyla- 
tion of phenols41. This reaction, which is not a direct formylation, is 
discussed in section 1II.D. 

We need only be concerned with the Gattermann- 
Koch and HCOF/BF, type systems. In these the active formylating 
agent is probably very similar. In  liquid sulphur dioxide infrared 
spectral evidence42 points to the existence of H-C=O: BF, as the 

c. Mechanism. 

I 
F 

predominant comples between formyl fluoride and boron trifluoride ; 
very small amounts of the formylium complex HCO+BF4- are, of 
course, not excluded. Whether or not free formyl chloride is actually 
formed transiently under Gattermann-Koch conditions at high 
pressures is not yet clear; the point is somewhat academic since the 
overall process providing the formylating agent presumably approxi- 
mates to (31). In the low pressure synthesis with cuprous chloride, 

CO + HCI + AICI, - HCO:AIC13 HCO+AICI,- (31) 

CI 
this compound appears to form a complex with the metal halide 
which can then retain carbon monoxide, perhaps 43 as in equations 
(32) to (34). In each case the formylating agent is doubtless essentially 

CuCl + AIBr, :e Cu+AIBr3CI- (32) 

CO + Cu+AIBr,CI- T [CuCO]+ [AIBr,CI]- (33) 

HCI + [CuCO]+[AIBr,CI]- CuCl + [HCO]+[AIBr3C1]- (34) 

the same. (It  should be remembered that all these equations must be 
oversimplifications, since the aluminium halides and hydrogen 
chloride/aluminium halide mixtures engage in separate equilibria 
with  aromatic^^^.) As for acylation, it is not possible to distinguish 
between the oxonium or the formylium complex as the responsible 

g + C . C . G .  



258 D. P. N. Satchell and R. S. Satchell 

entity (section 1I.E.l.c above). A rate-determining step like (35) is 
consistent with the one available kinetic study43 and with the facts 
already outlined for acylation. 

HCO:MX, or [HCO]+[MX,Y]- + ArH --+ ArCHO:MX, + H Y  (35) 
I 

Y 

Because para-substitution always greatly predominates over ortho- 
substitution, when both sites are zvzilzble, it has been argued that the 
free formylium ion (of presumed low steric requirements) is unlikely 
to be the active reagent 35. Significant concentrations of free HCO + 

are in any case very unlikely in most aromatic solvents. Similar 
arguments apply to Friedel-Crafts acylation : ion-paired or co- 
ordinated entities probably play the dominant roles in all these 
processes, except perhaps in solvents like nitrobenzene. 

Two other aspects of these reactions warrant mention. First, at low 
temperatures it is possible45 to prepare stable polar complexes 
between carbon monoxide, hydrogen fluoride, boron trifluoride and 
aromatic compounds. These so called a complexes probably have the 
form 

[Q 1’ BF; 

CHO 

At ordinary temperatures these complexes decompose and therefore 
cannot be intermediates (in the technical sense) in the usual aldehyde 
synthesis, though this configuration can clearly be assumed a t  some 
stage. Secondly, the formation of aldehydes from carbon monoxide 
and aromatics is not significantly favoured thermodynamically : d G 
is smal.1. I t  appears that the engagement of the product by the catalyst 
system is an  important driving force in formylation 43. Deformylation 
has also been studied, and proceeds a t  significant speeds at  elevated 
temperatures, especially with reactive aromatic compounds. I n  the 
presence of proton acids it involves electrophilic substitution by 
hydrogen (discussed in a later chapter). The decomposition in the 
presence of Lewis acids appears more ~ o m p l e x ~ ~ * ~ ~ .  The tendency of 
aldehydes to decarbonylate in the presence of acids may account for 
the particularly strange order of Lewis acid catalytic activity found 
for the Gattermann-Koch reaction 43. 
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F. Olefins as Substrates 

1. Acylation 

As with aromatic systems, basic catalysis normally 
involves formation of a metal derivative of the aliphatic substrate. 
This subject is largely treated in another chapter, though the special 
case of reactions involving carbon monoxide and metal carbonyls is 
discussed in section II.F.5 below. Under acidic catalysis the overall 
phenomena are also essentially the same as those assccizted with 
aromatic acylation but present some extra complications owing (a)  to 
the possibility of addition (equation 36) as well as of substitution 
(equation 37),  and ( b )  to the possibility of the mobility of the 
unsaturated linkage and its reduction in some systems. Thus not only 

(36) 

___f RCH=CHCOCH3 + HCI (37) 

/3- but: also y- and &haloketones are sometimes formed (equation 38) ; 
and B,y- as well as u,p-unsaturated ketonic products may appear. 
Hydride transfers are involved in these processes (see below). 

a. Introduction. 

CH3COCI + RCH=CH* ___f RCHCICH2COCH3 

RCHZCH=CHz + CHaCOCI RCHzCHCHzCOCH3 + CI- + 
+ 

RCHCHZCHzCOCH3 + CI- _I, RCHCHZCH2COCH3 (38) 

c1 

The extension of acid-catalysed acylation to unsubstituted aliphatic 
systems was attempted soon after the successes of Friedel and Crafts 
with aromatic compounds, but was not properly accomplished before 
the work of Kondakov*? in 1892. The extension has proved an 
important synthetic tool, but the volume of work to date does not 
compare with that concerning aromatic systems 48. 

In the presence of free-radical initiators, olefins possessing a 
terminal double bond add aldehydes, thus yielding saturated 
ketones 49. These reactions have not yet achieved widespread 
preparative importance and are omitted here. 

b. Scope and reaction conditions. In addition to the usual side-reactions 
encountered with Friedcl-Crafts catalysts, the susceptibility of olefins 
to acid-catdysed polymerization makes the use of mild conditions 
particularly important. Kondakov used zinc chloride as catalyst, 
and both acyl chlorides and carboxylic anhydrides as sources of the 
acyl group. Other acylating agents have been rarely used except in 
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intramolecular variations, when carboxylic acids are successful50. 
Other catalysts have now been investigated. The reaction takes a 
superficially different course depending upon whether the acyl halide 
or anhydride is employed. With the former (equation 39) at tempera- 

Hcat  
R'COCI + R2CH=CH2 -> R2CHCICH2COR' w HCI + R2CH=CHCOR' (39) 

(R'C0)ZO + R2CH=CH1 __j [ R2yHCH,COR1] ---+ 
OCOR' 

R2CH=CHCOR1 -t R'COOH (40) 

R1COOCOCF3 + R2CH=CHz __f R2CHCHzCOR1 d 
I 

OCOCF, 
R2CH=CHCOR' + CFaCOOH (41) 

tures less than about O", the product is mainly the haloketone, which 
can be dehydrohalogenated by various procedures (e.g. by distilla- 
tion or heating in the presence of bases). Actually, only /I-halo 
ketones lose hydrogen halide readily and, because of the usual 
production of some other isomers, these syntheses rarely yield 
completely halogen-free products 4R. 

I n  the reaction of anhydrides (cquation 40), in contrast, no 
addition product is usually isolated. However, it may be obtained in 
certain cases with anhydrides such as acetic-trifluoroacetic (equation 
41) and, therefore, probably forms as a brief-lived intermediate in 
other examples also. The reaction with unsymmetrical anhydrides, 
prepared from the free acid and trifluoroacetic acid or anhydride, 
forms, in Fact, the basis of an important recent modification of the 
process 14. 

Reaction temperatures arc usually kept fairly low to minimize 
side-reactions. Catalysed addition of the hydrogen chloride or 

CH 
H3C-C/  I <C--CH3 I I  

~ ""QCH' (42) 

c q  0 
c=o 

I CH3 
CH3 
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carboxylic acid products to the unreacted olefin is an important 
hazard of this sort. Carboxylic acids do not appear to act as acylating 
agents in these contexts but add to give esters. I t  is not certain how 
general this effect is, since (as noted above) in intramolecular versions 
of these acylations the free acid is often employed (see below). 

The reaction is commonly carried out in excess of acyl halide or 
anhydride, though inert solvents are also used. Excess of acylating 
agent frequently leads to diacylation and subsequent pyrillium salt 
formation51 (equation 42). 

The catalyst is usually added last to keep polymerization of the 
olefin to a minimum. The most popular catalysts have been zinc 
chloride (mostly used with anhydrides), and aluminium and stannic 
chlorides (used with acyl halides). Of the latter, stannic chloride is 
generally more satisfactory, probably because of its relative mildness. 
Other catalysts have been tried sporadically. A variety of olefins have 
been studied and, as expected, electron-donating substituents 
facilitate reaction48. Because of the great variety of possible side- 
reactions in these aliphatic acylations, the yields are rarely quantita- 
tive and success depends upon a balance of factors not all, or even 
mostly, related to the efficiency of the actual acylation process. 
Hence yields are exceptionally poor guides to rhe intrinsic relative 
reactivities of the various reagents. 

When a molecule contains both a double bond and a suitable acyl 
centre in appropriate relative positions, intramolecular acylation can 
be effected 32b*50. As in other cyclizations, five- and six-membered 
rings are those most easily formed. The normal reagent-combinations 
have all been satisfactorily employed but, as in the analogous 
cyclizations involving aromatic compounds (section 1I.E. 1 .d), the 
use of the free acid (rather than anhydride or acyl halide) in con- 
junction with powerful Bransted acid catalysts has recently become 
comnion. Polyphosphoric acid, introduced by Snyder and Werber 52 ,  

has proved a particularly effective catalyst. Between these cycliza- 
tions involving olefins and those involving aromatic compounds 
there is, however, an important difference: under acid catalysis, fiee 
carboxylic acids usually add to olefins to give esters rather than 
ketones (see above). In intramolecular reactions this effect often 
results in prefcrcntial lactone formation and poor yields of cyclic 
ketone 50 .  The balance between lactonization and acylation appears 
to depend upon the catalyst and upon the degree of aromaticity of 
the olefin. Thus concentrated sulphuric acid, which leads primarily 
to lactones with straightforward olefinic acids but to good yields of 
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ketones with y-arylalkanoic acids, provides 53 with 7 approximately 
equal amounts of lactone and ketone (equation 43). 

Ph 
I 

Q p L H  COVH 

e C Q H  

0 
(43) 

I t  is clear that it is the susceptibility of the C=C bond to protona- 
tion which determines the susceptibility to lactonization. With olefinic 
acids the most desirable Brnrnsted acid catalysts are those which 
promote mixed anhydride or acylium ion formation at  the carbonyl 
group (equation 6) with the minimum of protonation of the double 
bond. I t  appears that polyphosphoric acid and the ZnCl,/AcOH/ 
Ac20 or (CF3C0)20/CF3C02H combinations do this best 50. 

Whereas these intramolecular acylations are essentially irreversible, 
the lactonizations are not, the suitable y- and &lactones can, on 
occasion, be used as starting materials for the acylation (equation 44). 
The yields are poorer than with the free acids and it has been con- 
cluded therefore, that the acylation does not normally proceed via 

the lactone as intermediate. I t  would seem, however, that the lactone/ 
ketone product ratio in any given case should depend upon the 
contact time. 

As for aromatic compounds (section 1I.E. 1 .c) , the 
essentials of the mechanism can be separated into two parts; (a) the 
formation of a sufficiendy active acylating agent from the catalyst 

c. Mechanism. 
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and acyl compound, and ( b )  the attack of this species on the substrate 
and the subsequent bchaviour of the intermediates thus formed. 

I t  should be made clear at  this point that the following descriptions 
are particularly conjectural, in view of the total absence of kinetic 
studies in this part of the field. However, so far as (a)  is concerned, 
conclusions drawn from studies on aromatic acylation are clearly 
relevant. 

A significant feature is that sometimes particularly basic (or 
nucleophilic) olefins may be acylateci by acyi Salides in the (apparent) 
absence of catalysts (though the process is usually slow)54. Since 
olefinic compounds are more reactive than aromatic compounds 
this is a reasonable result and, as expected, those acyl halides which 
are most able to form acylium ions (e.g. acyl iodides rather than 
chlorides, and aroyl halides rather than their aliphatic analogues) 
are the most effective in these uncatalysed processes. 

The two usual reagent-catalyst combinations (RCOHal/MX, and 
(RCO) ,O/ZnCI,) will provide the quasi-acylium species required 
for reaction with the olefin in different ways (section 1I.E. 1 .c). When 
acyl halide is used, complexes like 1 or 2 (equation 6) will participate, 
while with anhydrides, and in the absence of Br~nsted acid catalysts, 
oxonium complexes like 4 (equation 20) will be involved, a t  least for 
zinc and stannic halides. In  the additional (possibly adventitious) 
presence of free carboxylic acid or other Bronsted acids, strong dual 
acids will form (e.g. H2SnC1,(0COR),) and these will probably be 
the effective catalyst when the reagent is the anhydride (equation 
45). As noted under aromatic acylation (section 11.3. i .d), this 
circumstance is especially relevant to the frequent use of the 

(R1C0)20 + H2SnCI,(OCOR2)2 & [(R'CO)zOH]+[HSnCI~(OCORa)~]- 6 
[R1CO]+[HSnCI,(OCORz)2]- + R'COOH (45) 

(8 )  

R'COOH + H2SnC14(OCOR2), & [R1COOHz]+[HSnC14(OCORL)2]- ---- 
[R1CO]+[HSnCI,(OCOR2)2]- + HzO (46) 

Ac20/AcOH/ZnC1, and (CF,CO) ,O/CF,COOH recipes together 
with the free acid (RCOOH) in intramolecular acylation. 
Species 8 (cf. species 5, equation 27) can be regarded as a mixed 
anhydride. Similar species no doubt exist in the sulphuric or 
phosphoric acid catalysed intramolecular acylations. (The apparent 
use of phosphoric oxide55 is probably, in fact, the use of polyphos- 
phoric acid, some water entering the apparatus.) Polyphosphoric 
acid will owe some of its effectiveness to its high dielectric constant, 
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which is favourablc to acylium ion formation. As for the aromatic field, 
there seems no obvious reason why the free carboxylic acid should 
not be used more often as the reagent in intermolecular acylation. 
In the second stagc (b) of the reaction, the quasi-acylium entity 

attacks the olefinic substrate. The resulting carbonium-ion inter- 
mediate can suffer a number of fates, which have been outlined in 
the above discussion. These are now set out schematically in (47). 

R'CH2CH2CH=CHZ !- R2C@' X- (47) 

R ~ C H ~  C+H c H,C H, co RZ R1CH2CH=CHC H2C0 R2 

R'CHZCH(CH2)ZCORZ 
I 
X 

The relative importance of these various routes must vary with the 
actual system. The importance of A,  which corresponds to a direct 
substitution, is not certain. B followed by B' is clearly one possible 
route to a,/l-unsaturated ketones. The surprisingly frequent formation 
of the unconjugated P,y-unsaturated ketones via C may be due to 
the opportunity present for a six-membered cyclic transition state 
leading to the corresponding dienol (equation 48). This is thought to 
be the route taken when diacylation leads to pyrillium salts 51b 
(equation 42). 
R'-CHZ H 

\c' 
/ \ +  

H 
+ R'CH,CH=CHCH=CR2 __f R1CHZCH=CHCHaCR2 

0 l:: &-I 8 
\/ \H 

I 
R2 
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A possiblc reason why 9 is not found, in acylations by most 
anhydrides (see cquation 40) is that the complcxity of the anion X- 
in these cases (see 8 in equation 45) discourages its formation. I n  
procedures involving acyl halide or trifluoroacetic acid, X-  is C1- 
or OCOCF,- and 9 can, thercforc, form more easily. 

Route D involves intramolecular hydride-ion transfer, a known 
process for aliphatic hydrocarbons 48, and E intermolecular hydride- 
ion transfer, also a known process. Route E is well covered by circum- 
stantial evidence56 and appcars important when the solvent is a 
saturated hydrocarbon (c.g. cyclohexane) . Hydride ion transfer 
assumes great importance in the acylation of saturated hydro- 
carbons (section 1I.G. 1). I t  appears that in certain favourable cases 
species like 10 may lead to ether rather than ketone formation5' 
(equation 49), 

C H3 
I 

-H' - 
H 

(49) 

2. Formylation 

Direct formylation of olefinic compounds under any conditions has 
rarely been achieved a t  a preparative level. Attempted Gattermann- 
Koch and similar procedures (section II.E.2 above) usually result 
mainly in carboxylic acid derivatives, together with small quantities 
of ketones48. I t  is that aldehydes are probably not formed 
as intermediates (see section IZ.G.2 below). Even were they formed 
they would be difficult to isolate for aliphatic aldehydes and halo 
aldehydes are particularly unstable under acid conditions and, 
especially in the presence of Lewis acids, tend to rearrange to isomeric 
ketones 59. Successful formylation of aliphatic compounds requires 
other than Friedel-Crafts conditions. They are described in sections 
II.F.5 and I11.A.3 below. 

3. Acyiation bf acetylenes 

This topic has been little studied in comparison with olefin 
acylati0n4~. The essential character of the acid-catalysed reaction is 
similar and the reagents used much the same, except that aluminium 
9+ 
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chloride appears less disadvantageous where acetylenes are con- 
cerned. One important difference is that when acyl halides are 
employed, the initial product, a ,%halovinyl ketone, is not easily 
dehydrohalogenated and normally is isolated as such (equation 50). 
These compounds prove useful intermediates in many syntheses, the 
,&halo atom possessing unusual reactivity. 

AICI, 
RCOCl + CHrCH __f RCOCH=CHCI (50) 

Reaction of acetylenes with a carboxylic acid and trifluoroacetic 
acid (or anhydride) provides a useful route to /3-diketones14 
(equations 51, 52). 

R'COOH + (CF3CO)zO R'COOCOCF3 + CF3COOH (51) 
CF,COOH C H 3 0 H  

R'COOCOCF3 + CHrCR' - R1COCH=CR20COCF, - 
R'COCH=CR20H - R1COCH2CORZ (52j  

4. Acylation of alkylidenephosphoranes 
Alkylidenephosphoranes (11) may be regarded as organo- 

phosphorus analogues of olefins. Recently 60a they have been found 
to participate in superficially very similar reactions (equation 53) 
with the standard acylating agents RCOY to give intermediate 
#?-ketoalkylphosphonium salts (12), which eliminate HY and yield 
stable /?-ketoalkylidinephosphoranes (13). These compounds can, if 

- HY 
Ph,P=CHR' + R'COY + [Ph3P+CHR'COR2]Y- __f Ph3P=CR'COR2 (53) 

(11) (12) (1%) 

Ph,P=CR'COR2 + Ph3P + R'CHzCOR' (54) 

desired, be reduced to the corresponding phosporus-Cree ketones 
(equation 54). Discussion of the mechanistic details of the reactions 
awaits further study. Acetylenic ketones may also be prepared 60b. 

5. Acylation and formylation of olefins with carbon monoxide 
a. Introduction. A variety of organic compounds, when heated under 

pressure with carbon monoxide, hydrogen and suitable transition 
metals or their compounds, undergo reactions leading to the intro- 
duction of the carbonyl group 61. Depending upon the exact con- 
ditions of catalyst, solvent, temperature and acidity a variety of 
products, among which are ketones and aldehydes, may result from 
a particular substrate. The synthesis of ketones actually still con- 
stitutes only a minor feature of this field, such ketones as are formed 
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often being by-products from other main reactions. No routine ketone 
synthesis has yet appeared. Consequently ketone formation will not 
be emphasized here. The  synthesis of saturated aliphatic aldehydes 
from olefins-sometimes termed the ' 0x0 process' and sometimes 
' hydroformylation '--is, on the other hand, one of the major applica- 
tions of this type of reaction, which grew originally out of the 
Fischer-Tropsch ' water-gas' process. Indeed, much of the early 
work in the field was performed in industrial laboratories, particularly 
by Reppe62 in Germany. 

The overall reaction is the addition of the elements of formaldehyde 
to an olefin (equation 55). The effective catalysts are metal carbonyls 

COIH- 
RCH=CH2 A RCHzCHzCHO 

catalyst 
(55) 

and their derivatives. Understanding of the mechanisms of these, 
sometimes partially heterogeneous, processes is still far from complete, 
but facts are accumulating rapidly. As is shown in section II.F.5.c 
below, an outline scheme may be suggested. 

6 .  Reaction conditions. Reaction is normally conducted either in the 
presence of an inert solvent (like benzene or ether) or with a supported 
catalyst. High pressures (200-300 atm) of carbon monoxide/hydrogen 
mixtures, and temperatures of about 100" are used. At higher 
temperatures ( > 150") the aldehyde is reduced'to the corresponding 
alcohol6'. The metal carbonyl catalyst can either be formed in situ, 
from the metal or its salts and carbon monoxide, or be added as silch. 
Cobalt is the usual metal and can be added as the octacarbonyl. 
Other metals are occasionally used, for example rhodium and iridium, 
and under comparabie conditions the sequcnce of efficiency appears 
to beG3 iridium < cobalt < rhodium. The in situ conversion process 
is rather slow and reactions employing this method tend to accelerate 
with time. I t  may be that the usual drastic conditions are unnecessary 
when the catalyst is added as the preformed metal carbony161. 

Both steric and electronic effects are detectable on variation of the 
olefin structure : the reaction rate is decreased by electron-with- 
drawing substituents and also by chain branching in simple olefinic 
hydrocarbons, when the aldehyde group tends to add to the less 
hindered side of the double bond 64. Both molecular rearrangement 
and double-bond migration are often observed. A wide range of 
simple olefins has been studied61. Yields are often severely limited by 
condensation of the aldehyde products. 
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c. Mechanism. Most light has been thrown on the reaction mechanism 
by studies of the behaviour of metal carbonyls under conditions 
typical of hydroformylation. It has been observed 65  that under such 
conditions dicobalt octacarbonyl is rapidly converted into cobalt 
hydrocarbonyl (equation 56) and that this compound reacts with 
olefins absorbing carbon monoxide in the process (57). The rates 01' 

C O ~ ( C O ) ~  + H, 2 HCo(CO), (56) 

2 tiC0(C0)4 + RCH=CHZ -t CO - z RCHZCHZCHO + COZ(CO)~ (57) 

this process with different olefins a t  room temperature and pressure, 
parallel those lof the hydroformylation of the same olefins under 
more extreme conditions 64a*65. I t  has also been found that under 
normal hydroformylation conditions no hydrocarbonyl can be 
detected until all the olefin has been consumed66a. Since metal 
carbonyls appear to form in the usual reaction systems, even when 
the metal is added as the element or as its salt*, 'these results seem to 
implicate the hydrocarbonyl as an essential species in hydroformyla- 
tion. The other successful catalysts besides cobalt-rhodium and 
iridium-also form hydrocarbonyis. 

Indications of the finer details of reaction (57) come from work67 
with acyl and alkyl metal carbonyls. At high carbon monoxide 
pressures such compounds engage in equilibria like (58). Moreover, 

(58) CO + CH,Mn(CO), T CH3COMn(C0)6 

carbon-1 4 tracer studies show that this process is essentially an 
intramolecular rearrangement and that the entering or expelled 
carbonyl group is not that associated with the acyl group (59). I t  is 
to be noted that the forward step of (58) does not proceed with the 

(5!1) 

CF, group in place of CH,. A variety of different metal alkyl 
carbonyls enter into such equilibria 68. 

* T h e  accelerating rates then observed (see section II.F.5.b above) can be 
accounted for by the increasing amounts of carbonyl being formed. 
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The above facts suggest the following four steps in the mechanism 
for hydroformylation : 

RCHzCHzCOCo(CO)4 + HCo(CO), -t R(CH&CHO + CO~(CO)~ (63) 
(14) 

Such a scheme is compatible with the observed 69 first-order 
dependence of the rate of aldehyde production on the hydrogen and 
olefin concentrations in different pressure regions. At very high 
carbon monoxide pressures an inverse dependence on this substance 
is found and this may be due to a side-reaction which removes the 
octacarbonyl (equation 64). Reaction (61) is formally that of a metal 

CO(C0)B + co ___f CO(CO)t, (64) 

hydride with the substrate, and a consideration of this and of scheme 
(59) shows that the carbonyl-substitution process can be thought of 
as particularly complicated variety of base-catalysed direct acylation 
in which the catalyst not only creates a potential carbanion but also 
provides the carbonyl carbon atom which attacks it. The un- 
reactivity of the trifluorylmethyl derivatives emphasizes the normal 
electrophilic nature of the carbonylation processes. 

Steps like (63) have not received independent study. I t  has been 
suggested 66b that in certain circumstances the alkylcarbonyl, rather 
than the hydrocarbonyl, may attack species 14 and so lead to the 
ketones sometimes observed. 

The speculative nature of the foregoing remarks is emphasized. 
A topic now occupying much attention is the factors which underlie 
the structural changes in the olefin which often occur during hydro- 
formylation. Current interest in the whole field is particularly 
intense. 

6. Acylation of vinyl ethers with ketenes 

Particularly nucleophilic olefins (e.g. vinyl ethers) are able to add 
ketenes in the apparent absence of catalysts, the product being a 
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cyclobutanone70 (equation 65). This type of reaction seems restricted 

RaC--C=O 
I 1  (65) 

to a limited class of olefins. Its mechanism, although as yet little 
studied, appears straightforward. With acetylenic ethers, cyclo- 
butenones are formed. 

- C2HjO-CH-CH2 

CaH5OCH=CH2 + 
R,C=C=O 

G. Llnsubstituted Saturated Aliphatic Hydrocarbons as Substrates 

1. Acylation 

Saturated aliphatic hydrocarbons are particularly poor nucleo- 
philes and uncatalysed acylation of them will, therefore, be very 
unusual. Basic catalysis, as in the other classes of compounds dealt 
with so far, involves formation of an organometal derivative 
(discussed in another chapter). The acid-catalysed reactions are 
complex4*. There is rather little evidence (except perhaps for cyclo- 
propane7I which already shows some olefinic character) for a direct 
substitution mechanism, and reaction is considered to proceed via 
the olefin and along the lines discussed in section 1I.F above4*. This 
requires the prior oxidation of the hydrocarbon. Olefin formation 
from alkanes in the presence of aluminium chloride and a suitable 
third substance is a known process and very probably involves 
hydride ion transfer. Related isornerizations can also occur and the 
overall scheme for cyclohexane has been reported by Nenitzcscu 
(who has been associated with much of the work in this general field) 
to be as follows: 

\ I 
0 
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AICI3 f HCI -k ‘ S C O R  3. AIC13 

The species 15 (and similar entities) are probably formed by electro- 
philic attack by an acylium or a carbonium ion on hydrogen 
(equations 68, 69). Thus, strictly, acylation of saturated aliphatic 
compounds involves acylation of hydrogen-attack on carbon being 
too difficult. The resulting aldehyde (16) can on occasion be isolated, 

(68) 
R1CO+AIC14- + R2H d [R2]+ + R’CHO + AIC14- (69) 

R’COCI -t AICh T R1CO+AICI4- 

(16) 

although it is thought that processes like (71) usually predominate 
as the products begin to build up, only traces of aldehyde then being 
formed. Schemes like the above undoubtedly approximate closely to 
the stoichiometrics of these reactions. The true details of the individual 
steps are, however, still very uncertain. Only powerful catalysts- 
such as aluminium chloride and antimony pentachloride-appear to 
promotc ihese processes. 

The amount of rearranged product in any given case depends 
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upon the starting material. With cyclohexane, no appreciable cyclo- 
hexyl derivatives are formed, the major products being derivatives 
of cyclopentane. As expected therefore, cyclopentanes do not 
rearrange. The stability of the intermediate carbonium ions is 
probably an important factor here, but the actual reasons can at 
present only be conjectured. The complexity of the systems has so 
far precluded systcmatic studies on substrate substituent effects 48. 

With acyl halides, cyclopropanes yield not only the y-halo ketone 
(17) expected from ring opening but also the p”-haioisopropyi ketone 
(18), which is sometimes the major product7’. Various tests are 

RCOCHzCH,CH2CI RCOCHCHzCl 
I 

thought by Hart to leave a direct substitution (equation 72) as the 
most likely route to the latter. 

CI H CI- 
CH3 * IC ’ ’>  ;$$:: ---+ CH3COCHC(CH3)2 I 

3 I (72) 
CH3COCI +wcH 

CH3 f H  

2. Formylation 

Attempted Gattermann-Koch reactions with saturated aliphatic 
hydrocarbons do not provide aldehydes but ketones, usuaiiy with 
skeletal rearrangement 48. Although aliphatic aldehydes rearrange 
to ketones under the influence of aluminium chloride 59,  the aldehydes 
which would be expected to form from the addition of CHO+ to the 
intermediate olefins do not in fact rearrange to the observed ketone 
products and it is therefore considered that the ketones form directly 
under Gattermann-Koch conditions from carbonium ions and 
carbon monoxide58 (equation 73). If this is so these reactions are the 

(CH&CH (CH3)3C+ S (CH&C=CH2 

(CH3)3&0 1 bC0 
(73) 

11 + 
(CH3)ZCCOCHs ----+ (CH3)aCHCOCH3 
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only acylations discussed here in which the roles of substrate and 
reagent are reversed : nucleophilic attack by the carbonyl group on 
the substrate is involved. It is difficult, however, to understand why 
no direct aldehyde formation should occur. 

Other formylating agents have not been studied in these contexts. 

H .  Substituted Saturated Aliphatic Compounds as Substrates 

1. Acylation 
a. Introddon. Rather few types of substituted compound have been 

studied, by far the most important being ketones, esters and nitriles. 
These compounds all carry electron-withdrawing substituents and 
these substituents render their a-hydrogen atoms ' active' or acidic. 
As a result the compounds form carbanions readily on contact with 
strong bases such as sodium ethoxide. They are the most susceptible 
of all types of organic compound to base-catalysed C-acylation, the 
prior formation of an organometallic derivative from the corre- 
sponding alkyl halide being unnecessary. We shall therefore discuss 
these base-catalysed reactions in this chapter lo. 

The acid-catalysed acylation of ketones at  an a-carbon atom has 
also been effectedlO. As with other acid-catalysed acylations at 
apparently saturated carbon atoms (section 1I.G. 1 above), these 
reactions very probably involve the preliminary formation of an 
unsaturated centre. 

b. Base-catalysed acylation. Scope and reaction conditions-The commonly 
used bases are sodium alkoxides, sodamide and sodium hydride; less 
often the very powerful triphenylmethylsodium is employed. The 
commonest acylating agent is an ester, although others are used in 
certain circumstances. The normal substrates are those listed in 
section H.1.a above. A very wide range of structures has been 
studied, especially for ketones and esters1('. Typical acylations are 
shown in equations (74) , (75) and (76). These reactions are generally 

NaOC2H, 
2 CH3CO2C2HS CH3COCH2COzC2HS + C2HSOH (74) 

NaOC H 

CH,CO,C,H, + (CH&CO -2 CH3COCH2COCH3 + C2HsOH (75) 

(76) 

termed Claisen condensations 7 2 ;  reaction (74) is, of course, the 
acetoacetic ester condensation. The products are /3-diketones, P-keto 
esters, /I-keto nitriles and related compounds. Reaction is often 

N aOC, H , 
CH3COzCzHS + RCHZCN -L RCH(CN)COCH, + CZHSOH 
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conducted in an excess of one reactant as solvent or in an inert 
medium like benzene or ether. The three essential components (sub- 
strate, acylating agent and catalyst) are mixed at ordinary tempera- 
tures and the product, a stronger acid than the original substrate, 
usually precipitates as its sodium salt. Were this not to occur these 
equilibria would often lie largely on the reactant side. When ethyl 
esters are used as acylating agents the forward process is often 
further aided by distilling out the ethanol as it is formed. Because 
catalyst is removed by the product, molecular proportions are 
necessary, and a two-fold excess is common. It is clear that side- 
reactions will frequently limit the yields. These are, however, often 
good. Self-condensation of the acylating agent, the substrate or 
the product, polysubstitution, and 0- rather than, or as well as, 
C-acylation are all possibilities among others. The last two com- 
plications seem particularly important in variations which employ 
the acid chloride or anhydride with the preformed (i.e. free from 
alkoxide, etc.) sodium derivative of the substrate, e.g. equations 
(77) and (78). For these reasons the reaction with acyl halides and 

(77) 

(78) 

anhydrides has proved of less preparative value than that with esters, 
except in special contexts (see below). Work on the factors which 
control the balance between 0- and C-acylation is only just 
beginning 73*74. 

With suitable keto esters, intramolecular acylations may be 
eff'ected lo. These produce normally five- or six-membered rings, the 
second keto group appearing endo- or exocyclic depending upon the 
original structure (equations 79, 80). When the substrate is a diester 
the cyclization is known as the Dieckmann reaction 75. 

2 R'COCI + NaCHR2COR3 __f R1COCR2=CR30COR1 + HCI + NaCl 

2 R'COCI + NaCH2COR2 - (R1C0)2CHCOR2 + HCI + NaCl 



5. Formation by Acylation, Formylation and Some Related Processes 275 

Other related intramolecular processes result in rearrangements 76 

(equation 81). For these reactions mild catalysts like potassium 

carbonate appear adequate. This circumstance is a further example 
of intraixolecular eKects requiring less forcing conditions than the 
corresponding intermolecular process (cf. section 1I.E. 1 .d above). 
The Kostanecki reaction is another intramolecular variation 77. 

The ability of acyl halides and anhydrides to provide polyacylation 
at a single carbon atom is sometimes utilized when the intermediate 
polycarbonyl compound can be decomposed in a desired direction 7 8 .  

Thus acylation of suitable sodiomalonic esters provides a route to 
simple ketones (equation 82). 

R'COCI + [CR2(COOR3)2]Na+ ___f R1COCR2(COOR3)2 + NaCl ___f 

4 0  

R1COCR2(COOH)2 R'COCHzR2 (82) 

Very recently 79 aliphatic sulphoxides, sulphones and related com- 
pounds have been subjected to Claisen-like reactions. Their pre- 
formed carbanions react readily with esters. The acyl sulphoxides 
formed on hydrolysis can, if desired, be smoothly reduced to a 
sulphur-free ketone (equation 83). 

R1COOR2 + 2 CH,SOCH,-Li+ __f [R'COCHSOCH,]-Li+ + MeaSO + LiOR2 
H,O + AVAg 

R'COCH&OCH3 R'COCH, (83) 
H2O 

Mechanism-These base-catalysed acylations appear straightforward 
examples of equation ( l ) ,  though appearances have not yet been 
supplemented by much kinetic evidence. 

R1CHpCOR2 + NaOC2H5 Na+[R'CHCOR2]- + C2H50H (84) 

Na+[R1CHCOR2]- + R3COOR4 R1CHCOR2 + NaOR4 (85) 

LOR3 

R1CHCOR2 + NaOC2H6 5 R1CCOR2 -Na+ + C2H50H (86) 

(or Na[OR4]) [ LOR3 ] I 
C O R ~  

When sodium hydride or sodamide are used, (84) lies well to the 
right. These are forcing catalysts but are not always so experi- 
mentally convenient as sodium ethoxide. The slow step is probably 
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(85), since reaction seems favoured by electron withdrawal by R3 
or R4 : phenyl esters rather than ethyl esters are often advantageous lo. 

I n  the substrate the more highly substituted the a-carbon atom the 
more difficult the reaction: methyl is usually substituted in preference 
to methylene. This effect parallels the relative stabilities and ease of 
formation of the respective carbanions and implies that the relative 
amounts of these species available are more important than their 
relative reactivities (cf. section 1I.D above). Steric factors may also 
intrude. 

Scope and reaction conditions-Rather little work 
exists in this context, except for the acylation of ketones by boron 
trifluoride/carboxylic anhydride mixtures lo. (Recently aluminium 
chloride has also been used in similar reactions*O.) The mixture of 
substrate and anhydride is saturated with boron trifluoride at 
ordinary tempera-tures and the desired product (@-diketone) isolated 
after treatment with aqueous alkali (equation 87). The catalyst and 
product form a complex (decomposed by a base) which is possibly 

c. Acidic catalysis. 

I .  BF, 

2. Base 
(CH3CO)ZO + CH3COCH3 __j CH3COCHZCOCH3 + CHSCOOH (87) 

crucial to the preparative success of the reaction and is the reason for 
the apparent restriction to boron-like Lewis acid catalysts. Side- 
reactions include the catalysed self-condensation of the reactants. 
Yields normally, however, exceed 50%. 

Mechanism-The cilrreritly proposed mechanism for these reactions 
must be considered to be based largely on guesswork and analogy. 
I t  is evident that the acylating agent probably does not attack a 
saturated carbon atom but that some kind of preliminary enolization 
occurs. In  all real Lewis acid systems some Branseed acid also exists 
(if only in traces) and this provides a rapid route to enolization 
(reaction 88). Electrophilic attack on the enol follows (90). Of the 
two possible enols from an unsymmetrical ketone, that to a methylene 
rather than to a methyl group provides the more nucleophilic carbon 
atom. This is probably why thcse acid-catalysed acylations yield 
predominantly methylene derivatives in such cases. This fact 
is useful since basic catalysis leads mostly to attack at  the methyl 
group (see section 1I.H.l.b above). The product can often be 

I (88) 
CF3COCHZR’ + BF3 + HF T CH,-C=CHR’ + HF 

HQ: BFO 
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(R2C0)20 + BF3 R'CO: BF3 4 [R'CO]+[BF~0COR2]- (89) 

' 0  
/ 

R2C0 

CH,-C=CH R' +- [ R'CO] + [ BF30COR'I- CH,-C=CR' + R'CO: BF, 
__f I 1  I d 

F3B:0 COR2 OH 
I 

HO:BF, 
I 
H 

CH 3-C=C R1-C R2 (90) 
II 
0 + HF 

I 
0 

(19) 

isolated as the boron complex (19). This complex can also form 
from the 0-acylated substrate (perhaps as in equations 91,92) and 
this may be the reason why 0-acylation does not prove a major 
comrlication in these reactions. Acyl fluorides have been isolated 
from the reaction mixtures. 

CH3COCH3 + (CH3C0)20 ----+ CH3C=CHZ +- CH3COOH (91 1 
I 
OCOCH3 

I d  .OCOCH, 1 [BF30COCH3]- - 
J 

CH,C=CH-CCH, 
I I  A O + CH3COF + CH3COOH.BF3 (92) 

\ I /  
B F Z  

Some Br~nsted acids (e.g. HC10,) can also, in conjunction with 
anhydrides, effect the C-acylation of ketones. However, reaction is 
commonly accompanied by 0-acylation which is not surprising 
since it doubtless proceeds via the enol. As with basic catalysis 
(section II.H.1 .b above), the factors which determine the balance 
between 0- and C-acylation are little understood. 

2. Formylation 
Boron trifluoride-catalysed formylations, analogous to the acyla- 

tions discussed above, have not been attempted. As noted in section 
II.E.2.b, formic anhydrides are unsatisfactory reagents. 
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A limited number of base-catalysed formylations have, however, 
been accomplished by reaction of formic esters with ketones and 
similar compounds The product, if formally a /3-keto aldehyde, 
often exists mainly in the enolic form (equation 93). The reaction 
conditions used are similar to those described in section II.H.l. 
above for acylation. 

(93) 

Attempts to use formyl fluoride and sodium derivatives do not 
appear to have been yet made. 

111. INDIRECT ACYLATJON AND FORMYLATION 
OF HYDROCARBONS 

The reactions coming under this heading differ from the direct 
acylation and formylation processes discussed earlier in that, while 
the carbonyl carbon atom is introduced in an electrophilic sub- 
stitution by the reagent-catalyst combination as before, the carbonyl 
oxygen atom either is not, or alternatively when first introduced has 
little of its eventual double-bond character. The carbonyl unit is 
established during a subsequent step. Hence the carbonyl group is 
not introduced in a single process and for this reason these reactions 
are termed indirect. Strictly speaking they all involve an initial 
alkylation followed by some secondary process which is often 
oxidative hydrolysis. While all the reactions are examples of equation 
( l ) ,  the variations encountered in the structure of RC=Z are far 

I 
Y 

greater than those involved in direct acylation. Moreover the exact 
reaction schemes are in several cases still matters for conjecture. For 
these reasons comprehensive generalizations about the effects of 
variations in R and Y cannot be made and the major subdivisions 
in this section, therefore, correspond to the types of reagent rather 
than to the types of substrate. 
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A. The Use of Carboxylic Acid Amides and Phosphorus Oxychloride 

I .  introduction 
This reaction may be used for both acylation (94) and formylation 

(95) depending upon whether a formamide or a higher amide is 
employed8'. The reaction with formamides is usually called the 
Vilsmeier aldehyde synthesis 35*81. 

Because the reagent has the form RCOY, these processes lie 
nicely between the direct routes discussed in section 11, which all 
employ reagents of this form, and the other indirect processes to 
follow, which do not. Direct acylation by amides has been very little 
studiedI3. The poorness of NR, as a leaving group means that very 
active substrates and powerful catalysts are normally necessary to 
provide reaction. With such powerful catalysts (e.g. AlCl,) the amide 
is probably converted into the corresponding acyl halide, the true 
reagent being then not the amide at  all. The secret of the success of 
Vilsmeier-type processes is that the catalyst-reagent complex is of 
such a nature that the role of the leaving group in the main sub- 
stitution process is transferred from the NR2 group to an oxygen 
atom (see section III.A.2.b below). A successful outcome is, however, 
still limited to cases involving rather reactive hydrocarbons. Never- 
theless, because of the restricted nature of available direct formyla- 
tions, the Vilsmeier method is of great importance and has received 
wide application in recent years 35.81. I t  employs readily available 
starting materials and is also successful with compounds containing 
amino or hydroxyl groups-groups which usually lead to difficulties 
in direct Friedel-Crafts processes. I t  is in this latter context that the 
related acylations with phosphorus oxychloride have proved most 
valuable. 

2. Aromatic hydrocarbons 

a. Scope and reaction conditions. Unsubstituted amides and formamide 
itself have occasionally been employed as reagents but N-alkyl and 
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N-aryl derivatives are both more usual and more reactive. The 
commonest reagents for formylation are AT-methylformanilide (used 
in the original work of Vilsmeier and Haacka2) and dimethyl- 
formamide. Mild conditions (temperatures often below 40") are usual, 
especially with formanilides, because of the chance of transformyla- 
tion (equation 96). Most types of aromatic compound more 

reactive than alkylbenzenes and -naphthalenes are satisfactory sub- 
strates. The reaction is also especially suitable for heterocyclic com- 
pounds (which are often destroyed by normal Friedel-Crafts 
catalysts). 

Phosphorus oxychloride (or oxybromide) is the usual catalyst but 
phosgene and thionyl chloride have also been successfully employed 
with amides derived from secondary amines. A molecular equivalent 
of catalyst is required because it is not regenerated during the reaction. 
Strictly speaking, therefore, the reactions are not catalytic. Owing 
to the good solvent properties of formamides, an added solvent is 
often unnecessary. When required, most halogenated hydrocarbons 
are satisfactory. 

b.  Mechanism. The mechanism of these reactions is rather uncertain 

R3 
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and current schemes are largely based on the reaction products, on 
the necessity for final hydrolysis, and on the analysis and spectro- 
scopic characterization of various complexes like 20 isolated from the 
reaction mixtures. While isolated complexes are not necessarily 
reaction intermediates and while their exact structures are still 
debated, nevertheless most workers in the field are in apparent 
general agreement about the essentials of the r e a ~ t i o n ~ ~ . ~ ~ .  The 
particular scheme favoured by ZollingerS3 is (97). As noted 
previously, the reaction is essentially an electrophilic alkjilation oI' 
the aromatic hydrocarbon. This accounts for the usual ortho-para 
orientation al.  The finding that phosgene and thionyl chloride are 
only successful with some amides does not appear to have been 
satisfactorily explained. 

3. Olefinic hydrocarbons 
Few examples of acylation of olefins 

using amides and phosphorus oxychloride appear to exists1. This 
seems a promising field for exploration, since some most interesting 
formylations have been achieved 35-81 .  Reaction usually takes place 
readily, simply on mixing the reagents, and the Vilsmeier method is 
one of the best routes to cr,P-unsaturated aldehydes (equation 98). 

R' CH3 R1 CH3 

a. Scope and reaction conditions. 

I \ I 
C=CHZ + CBHS-N-CHO + C=CHCHO + CBH,-NH (98) 

R2 

\ 

/ / 
R2 

If R' is aryl, R2 may be hydrogen, an alkyl or a heterocyclic group. 
Unsaturated aldehydes may also be prepared by a modification of 
the usual reaction, devised by Jutz 84. He employed vinylogues of the 
normal reagents, e.g. 21 and 22. These compounds react readily with 

CH3 CH3 
I 

c,H,-k-c H=c Hc  H 0 C, H,-N-(C H=C H),CH 0 
(21)  (22) 

reactivc aromatic substrates or with arylethylenes in chloroform 
(equation 99). Azulene also participates in these processes, which are 
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clearly effective because of the transmission of the positive charge 
along the conjugated system. Other 85 more involved reactions lead 
to the formation of dialdehydes from alkoxyethylenes (equations 
100, 101). 

ROCH -ROH ROCHCHO CsHG 
+ I ( 100) 

3 CHO CHa-N-H 

CHJ 
(101) 

RICH CH3 - R ~ O H  R'CHCHO 
l i  A I + I 

CH3-N-H z CHO 
L 

6. Mechanism. The mechanism of the more straightforward of these 
olefinic reactions is doubtless analogous to that outlined in section 
ITI.A.2.b above for aromatics. The more complex reactions (100, 101) 
obviously contain other species and other stages. I t  is evident, 
however, that cases of addition of the reagent to the double bond, 
analogous to the additions found with olefins in direct acylations 
(section II.F.l.a), would not be expected in the present context. All 
these processes warrant further study. 

4. Saturated aliphatic hydrocarbons 
Vilsmeier processes would not be expected to be effective for these 

substrates except for substituted compounds with very active 
a-hydrogen atoms. The processes ( 102) have been reported a6. 

(n = 3-6) 

B. The Use of Nitriles 

1. introduction 
I n  this reaction a group -C(R1)=NR2 is introduced into a 

hydrocarbon. This group is subsequently hydrolysed to give a ketonr 
or an aldehyde. The ketone synthesis, known generally as the 
Houben-Hoesch reactiona7, employs a nitrile (RICN) and catalysis 
by hydrogen chloride, often in the additional presence of zinc 
chloride or aluminium chloride. As will become evident in what 
follows, the group R2 varies with the reaction conditions, one 
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variation being the scheme (103) in which a ketimine hydrochloride 

ZnCI, H2O 
RCN + HCI + ArH __f ArC=NHHCI m ArCOR 

I 

R 

is formed. The corresponding aldehyde synthesis, which was the 
earlier of the two reactions to be devised and which clearly influenced 
Hoesche7, is known as the Gattermann s y n t h e ~ i s ~ ~ * ~ ~ .  I t  employs 
hydrogen cyanide and hydrogen chloride, again often in the presence 
of aluminium chloride, zinc chloride or some other Lewis acid. 
Gattermann developed this synthesis because of the failure of the 
Gattermann-Koch reaction (section II.E.2.b) to formylate phenols. 
As with the Houben-Hoesch process, the intermediates have various 
compositions. One of the simplest is illustrated in equation (104). 

AICI, 
HCN + HCI + ArH + ArCH=NHHCI --+ ArCHO ( 104) 

2. Acylation of aromatic hydrocarbons 
The substituting agents in these 

reactions have normally been rather poor electrophiles and under 
such conditions only particularly reactive compounds are suitable 
substrates. Thus the applications of the reaction have been largely 
restricted to polyhydric phenols and their ethers, and to reactive 
heterocyclics such as pyrrole and furanE7. However, it seems pos- 
sible to achieve a gradation in the reactivity of the substituting 
agent. The mildest conditions employ nitrile and hydrogen chloride 
alone; added zinc chloride at  ordinary temperatures, with ether as 
the solvent, provides a somewhat stronger reagent; ferric chloride, 
or especially aluminium chloride, in ether, or better, in an halo- 
genated benzene solvent at  temperatures of 50" and over, yields a 
potent reagent. With the latter recipes, even alkylbenzenes may be 
attacked in good yield, though aromatic compounds with electron- 
attracting substituents do not react significantlye7. Hence the use of 
halobenzene solvents. The direction of substitution is, of course, 
normally ortho-para. Sometimes side-reactions occur when the most 
active position is blocked. I n  common with other acylations involving 
strongly acidic catalysts, aromatic amines are unsatisfactory 
substrates. 

So far as the nitrile is concerned, electron-attracting substituents 
appear to favour reaction. This point is discussed more fully below. 
A wide variety of substituted nitriles may be used successfully and an 
excess of this component is often beneficial. 

a. Scope and reaction conditions. 
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The intermediate products usually precipitate from solution and 
this facilitates their isolation and hydrolysis. The essential substitution 
occurs, however, under homogeneous conditions. 

I t  may be fairly said that current ideas about the 
mechanism ofthis and of the related Gattermann synthesis are chaotic. 
A wealth of possible intermediates have been either discussed or 
suggested and it is a major difficulty to decide which of them are 
essential to the mechanism. Moreover, there is often disagreement 
about their proper compositiona7. No adequate kinetic data appear 
available. Of the two reactions, the present involving nitriles is 
probably the more straightforward. As with all acid-catalysed 
aromatic substitutions, the process may be divided into stages. In  
this case we have (a) the production of the substituting species from 
reagent and catalysts, ( b )  the substitution step and (c) the hydrolysis 
of the initial non-ketonic product. I t  is stage (a) which presents 
most difficulties. 

With metal halides, nitriles form stable complexes in solutiona9, 
such as (RCN)JhCI, or RCN-tBF,. They also interact with 
hydrogen halides 87c*90. It  may be that the 1 : 1 complexes, RCN- HC1, 
are usually unstable in the absence of a second molecule of either a 
Brransted or a Lewis acid. In the presence of excess of acid com- 
plexes like 23, 24, 25 and 26 are thought to form90*91. These species 

6. Mechanism. 

[RC=NH] + HC12- 

(23) 

[ RC=NH] + ZnCI,- 
(25 )  

(34) 

[ RC=N H +]2SnC1G2 - 
(26) 

will exist as ion pairs in media of low dielectric constant and no 
doubt be further solvated by other molecules of nitrile and/or acid. 
With hydrogen chloride and acetonitrile it is considered that form 
23 is more stable than 24, with the reverse true for the corresponding 
hydrogen bromide system, but the balance between the two sorts of 
species appears to depend upon R, on the temperature and probably 
also on the solvent. With benzonitrile Klagesgl has observed 
equilibria like (105). Thus it seems probable that in solutions of 

2 (CGH6C=NH +)&nCI,*- & 70' (CGH5CN),SnCI, + [ C6HsC <1:]+.SnC&2- (105) 

2 
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the nitrile and hydrogen chloride alone, species such as 23 or 24 exist, 
and when zinc or aluminium chlorides are added species like 25 or 
26 are also formed. The most polar species are likely to result with 
aluminium chloride and this would account for the high reactivity 
observed with this catalyst. Electron withdrawal by R will increase 
the carbonium ion character of the complex but make its formation 
more difficult, because of the lowered electron density on nitrogen. 
The fact that electron withdrawal sometimes facilitates further 
reaction appears to indicate that the polarity of the complex when 
attacking the substrate is more important than the amount of 
complex available. However, substituent effects are still very 
uncertain 87c. 

A complicating feature of the reactions, emphasized by the work 
of GrundmannS2, lies in the possibility of the polymerization of the 
nitrile. Species like 23 or 25 may be attacked by other nitrile molecules 
and perhaps (though this point is still debated8'") lead in stages to 
lY3,5-triazines or their corresponding acid adducts (equation 106). 

R NH R N 

C-R 
\/ \ 

RCN I + H+ (106) RLNH + RCN - > I  -> I I  
N N 

I 
R 

I 
R 

These processes appear normally rather slow and take place best in 
the presence of aluminium chloride, and when electron-withdrawing 
substituents are present in the nitrile. If it may be supposed that all 
the species 23 to 27 can attack the aromatic substrate, then the 
essentials of the second and third phases of the mechanism can be 
shown as in equations (107) and (108). The predominant species 

[RlC=NH]' X-  t 

(X=CI. HCI, or ZnCI,) 

Hzo ~ 5 (107) 

C 
/ \-. 

R1 NHz+CI- R' 
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I c 
R” Ny 

I 
C 
/ \  

R1 0 
I 

R’C=NHZ’CI- (108) 

involved will clearly depend upon the system and the temperature. 
The choice of temperature is of great importance in these reactions 87c. 

The depicted intermediate ketimine and substituted ketimine 
hydrochlorides may be isolated, though the relative importance of 
the latter in the ketone synthesis is not yet clear87. When formed, 
however, the yield based on RCN can never be 100% and the 
observation of increased yields in the presence of excess of nitrile may 
be a pointer to their frequent involvement. The extent to which a 
rapid preliminary polymerization to triazines and a subsequent slow 
depolymerization to provide the substituting agents may be con- 
cerned in some cases, is also not clear. This possibility is very much 
more important in the Gattermann synthesis (section lII.B.4 below). 

3. Acylation of olefins and saturated aliphatic hydrocarbons 

I n  contrast to the situation found with Friedel-Crafts reactions 
there appear to have been no successful acylations of olefins under 
Houben-Hoesch conditions 8 7 .  The usual product is a substituted 
amide. I t  is relevant to the reaction mechanism to discover the reason 
for this. 

In both types of reaction mixture there must always be some free 
Brsnsted acid (and frequently some very powerful Brsnsted acid like 
HJnCl,). The olefinic substrates, which are normally more basic 
than aromatic compounds, will, therefore, often be partially pro- 
tonated to carbonium ions and these ions can then react with 
suitable basic entities in the system. In  standard Friedel-Crafts 
syntheses there is usually little basic material available-apart from 
the anion of the acid which provided the proton-and therefore the 
olefin is eventually acylated, but under Houben-Hoesch conditions 
the nitrile reagent itself is particularly basic and it seems clear that 
here the favoured reaction is, therefore, that between the carbonium 
ions and the nitrile (equation 109) rather than between protonated 
nitrile and free olefin-the process which would lead to acylation. 
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R' R' R' 
H* '\ + R ~ C N  I + H P  I 

R' 

C=CH2 C-CH, - > R1-C-N=C-R2 ---+ R'--C-I\JHCOR2 
\ 

/ 
R( CH, CH3 (109) R' 

Among the few reactions attempted with saturated aliphatic com- 
pounds, that with cyclohexanone 93 is particularly instructive. Under 
the influence of acid catalysts some enol will form and this species 
provides both an unsaturated centre and a hydroxyl group. As 
with monohydric phenols under mild Houben-Hoesch conditions 
(equation 110) 87, it is the hydroxyl group which is attacked and an 
imino ester results (equation 11 1). IR each case it is clear that the 

most basic centre is oxygen (rather than carbon) and that this has 
been preferentially attacked by the reagent. (The cyclohexanone 
example is, in fact, more complex than is shown in (1 1 l), further 
reaction occurring a t  the double bond.) The reactions of various 
phenols under Houben-Hoesch conditions 87 illustrates how, in 
electrophilic substitutions generally, their behaviour often displays a 
balance of two effects. With polyhydric compounds the ring carbon 
atoms can be more basic than the phenolic oxygen atomsg4 and 
preferential nuclear substitution therefore results, whereas with 
monohydric phenols the oxygen atom is attacked. If, however, this 
atom is protected by coordination with any Lewis acid available in 
the system, nuclear substitution again results-provided that a 
sufficiently active attacking agent is also present (cf. section 1I.E. 1 .a). 

4. Formylation of aromatic compounds 
In the Gattermann aldehyde syn- 

t h e s i ~ ~ ~ . ~ ~  the reaction conditions are much the same as for acylation, 
except that hydrogen cyanide, or a suitable source of this substance, 
replaces the nitrile as reactant and that benzene and halobenzene 
solvents are more common than ether. Reactive aromatic com- 
pounds are substituted at temperatures below 40" but alkylbenzenes 
need temperatures closer to 100". This fact may be associated with 

a. Scope and reaction conditionr. 
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available substituting agents at the different temperatures (see 
below). The use of free hydrogen cyanide as reactant, as in the 
original Gattermann method, provides experimental hazards and 
various modifications, beginning with that of Adamg5, who 
employed zinc cyanide, have been devised. 

In  the presence of hydrogen chloride, zinc cyanide provides both 
hydrogen cyanide and the zinc chloride catalyst insitu (equation 112). 
If more powerful catalysts are necessary (e.g. AlCI,), these can be 

Zn(CN)2 + 2 HCI __j ZnC12 + 2 HCN (1 12) 

subsequently added. Other metal cyanides have also been used (e.g. 
NaCN and KCN) and a variation introduced by Karrerg6 involves 
BrCN with hydrogen chloride and a Lewis acid catalyst. Only 
Gattermann’s original procedure and Adams’ modification of it 
have, however, been extensively exploited. (No alternative procedures 
are necessary in the Houben-Hoesch reaction because, of course, 
hydrogen cyanide is not involved.) 

The choice of solvent seems particularly important in the Gatter- 
mann synthesis and can affect both the yield and the position of 
sub~ t i tu t ion~~ .  It is not at all clear exactly why this should be but in 
view of the complexity of the mechanism it is not unduly surprising. 

This appears to be along the same general lines as 

D. P. N. Satchell and R. S .  Satchell 

b. Mechanism. 

HCN + HCI & HCN-HCI 

(28) 

or 
HCN/HCI 
P 

(29) 
N N 

/ B 
I 

H-C C-H 

N + 3HCI (113) 
It 

-3HCI PJ 

[-[;i-H] H - 

‘\. H C t p 

(30) 
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for acylation (cf. section III.B.2.b above) but the number of possible 
intermediates is now increased, hydrogen cyanide appearing more 
versatile than nitriles in this respect. Most of the investigations have 
concerned the behaviour in solution, either of hydrogen cyanide and 
hydrogen chloride alone, or of these substances in the presence of 
aluminium chloride. The zinc chloride systems have not received 
much study. This is unfortunate because they would probably provide 
more reproduceable phenomena than those containing aluminium 
chloride. 

Hydrogen chloride and hydrogen cyanide alone interact with the 
eventual production of triazines and their acid derivatives 97. In 
solution the positions of the various equilibria are uncertain and no 
doubt depend upon solvent and temperature. Intermediate stages in 
the polymerization may provide, apart from species 28 and 29- 
which have probably never been isolated-species 98 such as 31 and 32. 

(311 (32) 

NH=CHN=CHCI CHClzNHCHCINHp 

I n  the presence of aluminium chloride, hydrogen cyanide alone is 
considered to form a complex AlC1,-2HCN, which on reaction 
with hydrogen chloride at moderate temperatures yields mainly 98 
31. In  general, mixtures of hydrogen chloride and hydrogen cyanide 
in the presence of aluminium chloride yield aluminium chloride 
derivatives of 30 (e.g. 33) but these are rather unstable and at 

(33) 

moderate temperatures break down in stages to their precursors, 
31 being considered the main intermediate 97. Under these conditions 
the predominant substitution product with an aromatic substrate is a 
rnethyleneforrnamidine salt (equation 114) ; 31 may exist in solution 

I 0  + C.C.C. 



290 D. P. N. Satchell and R. S. Satchell 

coordinated to aluminium chloride via nitrogen and excess of 
catalyst may, therefore, be beneficial. A variety of possible minor 
variations on equation (1 14) are clearly possible. 

In the absence of Lewis acid or at low temperatures species 28, 29 
or 32 may participate primarily, leading to an aldimine (34) or 
dialdimine (35) salt respectively. Other complications exist, especially 

(115j 

( 1  16) 

for phenols, when the hydroxyl group is often esterified (cf. section 
III.B.3 above). The Gattermann synthesis appears a remarkably in- 
volved process mechanistically in vicw of the simplicity of the reagents 
and the often excellent yield of product 35. 

5. Formylation of olefins 
As with the Houben-Hoesch procedures (section III.B.3 above) 

little success has been met with olefinsg9. Again the indications are of 
initial carbonium ion formation from the substrate followed by 
attack by the cyanide ion as in equation (1 17) or by the basic end of 
the iminoformyl chloride (equation 118). 

(COH,=,)2C=CHC $- HCI + HCN ----+ (CBHG),C-CH,, ( 1  17) 
I 
CN 

o N = C H c l  ~ 0 N H C H O  

( 1  18) 

-L H C N  - : -  HCI ---+ 
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C. The Use of Metal Fulminates 
Fulminates, especially that of rnercurylo0, form on treatment with 

hydrogen chloride a compound which may be considered the oxime 
of formyl chloride (equation 119). If a reactive aromatic compound 

Hg(ONC)* + 4 HCI + 2 CIHC=NOH + HgClz (1 19) 

(e.g. phloroglucinol) is present the corresponding aldoxime is 
formed lol and this may be hydrolysed to the aldehydcJequations 120 
and 121 with R1 = €3). Nitrobenzene is a suitable solvent. With less 
reactive compounds (e.g. C6H6) the presence of (partially inactivated) 
aluminium chloride assists the reaction. I t  is clear that these processes 

CICR1=NOH + HCI R&=NOH[HCI,]- (120) 

(121) 

are similar to those discussed in section B above. In this case the unit 
-C(R)=NOH is being introduced and the probable substituting 

species, [RC=NOH] [HCID] - or [RC=NOH] [AlCl,] -, are very 
a k k  to the simplest iavolved in the Houben-Hoesch and Gattermann 
syntheses. 

The useful processes are formylations, i.e. those in which R = H; 
otherwise the reagent is the oxime of a n  acyl halide and since free 
acyl halides are readily available (whereas formyl halides are not) no 
advantage is obtained in making the oxime. The method has, 
however, been little exploited as an aldehyde synthesis. If anhydrous 
aluminium chloride is used, it tends to dehydrate the oxime and 
nitriles become a prominent product lol. 

+ 4- 

D. The Use of Dichloromethylalkyl Ethers 
Dichloromethylalkyl ethers have the structure C1,CHOR. In  

solution in methylene chloride or carbon disulphide and in the 
presence of the usual Friedel-Crafts catalysts, these substances react 
with aromatic compounds to provide a-alkoxybenzyl chlorides 
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(equation 122). These substances are unstable and lead to the alde- 
hyde on hydrolysis (equation 123). Reaction is relatively fast and 

H 
AICI, I 

ArH + ClaCHOR Ar-C-OR I- HCI (122) 
I 

CI 

H 

(123)  
I H Z O  

I 
Ar-C-OR __f Ar-C=O + ROH + HCI 

I 
H CI 

good yields are obtained with a wide variety of aromatic compounds. 
One or two molecular proportions of catalyst are used, though the 
reason is not apparent. This reaction is essentially a straightforward 
Friedel-Crafts alkylation, the resulting product being unstable. 
There seems no reason why the corresponding phenyl ethers should 
not be equally satisfactory, nor why compounds like C1,CROR 
should not lead to ketones by this route. The method discovered by 
Fischerlo2 has so far been exploited mainly by Rieche, Gross and 
Hoeft103. Further details of mechanism can only be guessed at, at 
the present time, but an understanding of normal Friedel-Crafts 
alkylation (so far as it exists) should directly apply. 

A related process also developed by the same authors103 employs 
alkyl orthoformates and aluminium chloride. The overall reaction is 
given in (124). I t  seems very probable that the ketal of formyl 

AICI, 
HC(OCZH6), + ArH - Ar-C-OC,H, ArCHO + 2 CzHsOH (124) [ :CzHs ] Hzo 

chloride is intermediately formed (125) which then acts as an alkyl- 
ating agent in conjunction with more aluminium chloride (126). 

H 

(125) 
I 

HC(OC,H,), + AICI, (C2H,O)zC-CI + AICI2OCzH, 

AICI, H,O z [ !K2Hs ] (CaHsO), -CI + ArH ~_f  Ar- -OC,Hs + HCI __f 

ArCHO 4 2 C,HsOH + HCI (126) 

To date, the reaction has only been used with phenols as substrates. 
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E. The Use of Chloromethylene Dibenzoates 
Reactive aromatic compounds (e.g. anisole) interact Io4 with 

chloromethylene dibenzoates in the presence of aluminium chloride 
(and presumably other catalysts) to yield intermediates unstable to 
hydrolysis (equation 127). There appear only a few isolated 
applications of this process. 

(127) 

I t  is not difficult to invent other possible routes to aldehydes and 
ketones along the lines of those discussed in sections n1.D and 1II.E; 
the principles are apparent. One such has recently appeared105; it 
employs benzotrichloride and leads to benzophenones. 

F. The Use of Chloroform and Alkali 

I .  Introduction 

Chloroform, in conjunction with powerful Lewis acids, is clearly a 
potential reagent for effecting reactions analogous to those discussed 
in sections TI1.D and II1.E above. However, the powerful electron 
drain provided by the three chlorine substiiiienis also renders the 
hydrogen atom in chloroform susceptible to attack by bases. I t  has 
been found that under aqueous alkaline conditions chloroform is 
hydrolysed, yielding eventually carbon monoxide, hydrogen chloride 
and formic acid. The initial step is considered106 to be a rapid 
reversible formation of the carbanion CC1; (equation 128) which 
subsequently rejects a chloride ion in a slow step (129). The inter- 
mediate dihalocarbene then undergoes further solvolysis ( 130). 

HCCI, -t OH- e CCI; + H 2 0  

CCI; __f :CCI, + a- 
H,O 

:CCI, d Products 

When alkaline chloroform mixtures are used in formylation, this 
hydrolysis takes place but the carbene intermediates also attack the 
substrate. Formylation with chloroform and alkali is generally known 
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as the Reimer-Tiemann reaction after two of its earliest investi- 
gators lo'. 

2. Scope and reaction conditions 

Suitable substrates are compounds which form carbanions readily 
under alkaline conditions and, to date, applications have been largely 
restricted to phenols and similar compounds, and to pyrroles (131, 
132). 

The usual reaction conditions lo' consist of heating the substrate 
with an excess of chloroform in the presence of 10% aqueous alkali 
for some hours a t  temperatures above 50". Sometimes other solvents 
(e.g. ether, alcohol. and pyridine) are added, though their effect is 
uncertain. Yields of aldehyde are low (raxly > 50%) and various, 
often highly coloured, by-products are formed in small amounts. The 
desired products are normally 2-substituted pyrroles (equation 133) 
and 0- and $-substituted phenols (1 34). Among the by-products two 

K H 

types are of particular importance and mechanistic significance. 
(u )  When the usual site of substitution is blocked (i.e. occupied by a 
substituent other than a hydrogen atom) loss of aromaticity occurs 
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in addition to the normal formylations (equation 135). With poly- 

-f b C H 3  @ti3 O H C . 6  0 H3 

/ CHCI, ..- 0 
CHO 

(135) 

cyclic phenols, angular groups can be inserted Io8 (equation 136). 
These products appear surprisingly stable towards hydrolysis. ( b )  In 

certain cases ring enlargement is observed, as shown for pyrrole in 
equation (1 37) and indene in (1 38). 

(36) 

The effects of substituents in all these reactions is by no means 
This problem is made difficult by the very poor yields 

normally obtained, since these obscure inherent rcactivities of thc 
substrates towards the Reimer-Ticmann process. 

3. Mechanism 

The allied work on the hydrolysis of chloroform Io6 and the nature 
of the by-products outlined above both combine in a circumstantial 
implication of the dichlorocarbene as the active substituting agent. 
This species (like other radicals) apparently acts as a feeble electro- 
phile (hence the necessity for anionic substrates) and attacks either 
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the phenolic oxygen atom (equation 139) or a ring position (140). 

CI 

-0 - cI’ ‘ ? - O G  H z o z  
:CCIz + 0 

, hydrolysis product 
’ of cc12 

p 
0- ?- 

@J Aq.:kali, Q 
I 

CHClZ t H O  

(140) 

In (1 39) the phenoxide ion is only taking the role usually played by 
the hydroxide ion in catalysing the hydrolysis of chloroform. In  (140) 
steps A ,  B and Clead to the aldehyde. Step B cannot occur when the 
substituted position carries no hydrogen log unless an external proton 
source, e.g. H,O, is provided (equation 141). Species like 37, for 
which there is evidence1l0 (e.g. 36 in equation 138) can in suitable 
cases lead to the observed ring expansions. 

bH3 CCl, -> H,O bH3 CHClZ 

/ / 

A recent interesting variation on the Reimer-Tiemann process 
employs 6-trichloromethylpurine in place of chloroform With 
sodium metlioxide in methanol, this leads to the corresponding 
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ketones on  reaction ivith phenols (equations 142 to 144). As may be 

-k 

L 

-* a)- 
seen, a mechanism analogous to that given above for the Reimer- 
Tiemann process can be written111. The  purine is effective because it 
contains a n  acidic hydrogen atom, together with a suitable conjugated 
sys tern. 

G. The Use of Hexamine in Formylation 

The Duff reaction Il2, which employs hexamine for the formation 
of o-hydroxyaldehydes from phenols and which may contain as a 
final step the hydrolysis of a species like 38, could be considered an 

I O* 

OH HO 

(38) 
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indirect acylation. However, since this reaction-like the related 
Sommelet process 113-involves an important prior oxidation stage, 
it is excluded from this chapter. 

IV. CONCLUSlOM 

The foregoing sections show that for reactive aromatic and hetero- 
cyclic compounds a variety of satisfactory procedures exist for 
acylation and formylation at  carbon. I t  is this segment of the field 
which has received the most intensive study from both the preparative 
and mechanistic viewpoints. In comparison other classes of com- 
pound fare badly, though for olefins and for species containing 
acidic hydrogen atoms, one or two well-tried methods are available. 
I t  is clear that in principle, at least, the majority of the methods 
suitable for aromatic compounds should also be satisfactory for 
olefins, though with this class difficulties are often present owing to 
their tendency to undergo addition and polymerization. Neverthe- 
less, in time, more than a t  present of the available aromatic sub- 
stitutions should be extended to olefins and acetylenes. Those classes 
of compound for which the outlook is least promising are powerfully 
deactivated aromatic and saturated aliphatic hydrocarbons. In these 
the carbon atoms are so lacking in nucleophilicity that even the most 
powerful. catalysts and reagents fail or, alternatively, destroy the 
substrate in subsidiary processes, rendering the yields poor and the 
products mixtures. For this group the other approaches to aldehyde 
and ketone synthesis given in this book appear likely to be the most 
rewarding. 
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1. INTRODUCTION 

The use of organometallic compounds for the synthesis of molecules 
containing the carbonyl group has been known for more than a 
century 

Organometallic derivatives of aluminum, cadmium, copper, lead, 
magnesium, mercury, sodium, tin and zinc have been s h o ~ n ~ - ~  to 
react with acid halides to yield ketones, as represented by the general 
equation (1). The scope and limitations of the use of this reaction in 

0 0 

/! (1) 
II  

R'-C-X + R2M + R1- -R2 + MX 

the laboratory-scale preparation of either simple ketones or various 
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polyfunctional derivatives containing a keto group have been re- 
r e ~ i e w e d ~ - ~  up to 1954. The reader is also referred to these reviews 
for detailed experimental considerations and procedures. 

This chapter attempts to bring the subject up to date and deals 
largely with the mechanistic considerations and interpretations 
advanced for this reaction during the past ten years. In  addition it 
has been considered pertinent to mention briefly the synthesis of 
organic carbonyl compounds by direct carbonylation reactions using 
metal carbonyls. The literature on this topic for the period to thc ex! 
of 1960 has recently been reviewed5. 

II. T H E  USE OF ORGANOCADMIUM COMPOUNDS 

A. Experimental Considerations 

I t  was stated in the introduction that reaction (1) has been found 
to occur with the organic derivatives of a large number of metals. 
However, only a few of these organometallic reagents have been of 
general practical value. The organocadmium derivatives are thought 
to be most generally satisfactory6. 

The organocadmium compound is prepared from the respective 
Grignard reagent (preferably organomagnesium bromide) and 
anhydrous cadmium chloride in refluxing diethyl ether. (Organo- 
lithium compounds can be used instead of the Grignard reagents but 
this offers no particular advantage ".) After all the organomagnesium 
compound has reacted (as checked by testing with Michler's 
ketone 3-6) the ether solvent is replaced with anhydrous benzene and 
the acid chloride is then added to the organocacimium compound. 
The replacement of ether with benzene is advantageous for several 
reasons : 

1. The ether tends to react with the acid chloride, in the presence 

RCOCI + CzH50CzH5 + RCOSCZHS + CZHSCI (2) 

2. The side-reaction between the organocadmium reagent and the 
acid chloride (or the ketone formed) to yield a metallic enolate 
occurs less readily in benzene than in ether (equation 3). 

0 0 
I I  il 

R'CHzCdCHzR' + R2CHz-CR3 + [R2CHxCR3]-[R'CHzCd]+ + R1CH3 

of magnesium chloride, to form ethyl esters (equation 2). 

(3) 

3. Efficient stirring of the heterogeneous reaction mixture (which 
is essential for good yields) is easier accomplished in the benzene 
solution. 
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4. The higher reflux temperature possible with benzene allows 
completion of the reaction in less than one hour, whereas 
several hours are necessary for completion with ether as solvent. 

The experimcntal procedure is equivalent to a one-step process. 
The  relatively ready availability of starting materials and good 
product yields make this a useful method for the synthesis of ketones. 

These considerations have led to the use of this reaction for the 
syntheses of isotopically labeled carbonyl compounds ?. 

B. Reaction with Acid Chlorides 
The first systematic investigation of the preparation of ketones by 

the reaction between organocadmium compounds and acid chlorides 
was carried out by Gilman and Nelson in 19366. These authors 
obtained a number of dialkyl, alkyl aryl and diary1 ketones in yields 
ranging between 17-86%, but generally better than 50%. The 

(4) 

reactions involved in this preparation are shown in (4). The reaction 
occurs smoothly with both aliphatic and aromatic acid chlorides, 
though the former appear to be more reactive. However, one 
limitation of this reaction is that if the organic radical is alkyl it 
must be primary for satisfactory results 2. 

In general the reaction between the organocadmium compound 
and the acid chloride takes place with ketone formation. Carbinol 
formation through addition to the carbonyl group will occur only if 
the latter is unusually activated by some adjacent function. Even so 
this latter side-reaction can be minimized if the acid chloride is added 
to a solution of the organocadmium compound at low temperatures. 

A typical example 8a is provided by the reaction of dimethyl- 
cadmium with cyclobutanccarboxylic acid chloride (1). The use of a 
large excess of cadmium reagent and dropwise addition of the acid 
chloride 1 to a refluxing ether solution of dimethylcadmium furnished 

CdCI2 2 R'COCI ME 
R'X __f R'MgX ---+ R'CdR' 2R1COR2 

(or LI) (or R'Li) 

0 
I 1  I 

Refluxing 

ether 
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exclusively the tertiary carbinol 2. O n  the other hand, addition of 
the acid chloride (0-50 mole) to a well-stirred solution of the cadmium 
derivative (0.35 mole) at -70" gave after a reaction time of one 
hour a yield of 66% of the desired ketone 3. 

In contrast to the above conditions Cole and Julian8b reported 
that best yields (7595%) of steroidal methyl ketones such as 5 were 
obtained when several times the theoretical amount of dimethyl- 
cadmium was used, even though an excess of the reagent might have 
been expected to bc harmful through further action on the acetate 
or the ketone groups. 

FH3 
CH- 
I 
..r" 

CI 

CH3 
I 

0 

-C- 
I1 

The effect of activating adjacent groups in changing the course of 
the reaction in the synthesis of ketones through organocadmium 
compounds was demonstrated by the reported attempt to synthesize 
a-keto esters by this method9. 

Inverse addition of the organocadmium reagent to ethoxalyl 
chIoride (6) accompanied by high-speed stirring at  - 30" to -40" 
gave less than 2% yields of the a-keto ester 7. The main products 
were the a-hydroxy ester 8 and its ethoxalyl derivative 9. 

0 0  
II I 1  

O-C-COC2Hs (9) 
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The same authorsg investigated the possibility of changing the 
course of the reaction by steric inhibition of the addition reaction. 
The use of diisobutylcadmium raised the yield of the a-keto ester 7, 
R = isoC,H,, to only 7%. O n  the other hand with di-o-tolylcadmium 
the a-keto ester 7, R = o-CH,C,H,, was obtained as the exclusive 
product in a yield of 50%. 

In connection with the effect of activating adjacent groups, of 
interest are the results of reactions of organocadmium compounds 
with chlorides of dicarboxylic acids, where diketones are expected to 
be formed. The reaction of phosgene with dialkylcadmium gave lo 

the expected symmetrical ketone (10) in yields of 20%. With oxalyl 

R,Cd 
COCI, + RZCO 

20% 

(10) 

chloride, the reaction does not stop at  the diketone stage, the 
compound isolated6.*0 being the keto alcohol 11. With higher diacid 

(COC1)z _j [RCOCOR] - > RCOCRzOH 

chlorides (12,)~ 2 4) good yields of diketones 13 have been reported lo. 

CICO(CH,),COCI ----i- RCO(CH,),COR 

R,Cd 

(11) 

RzCd 

(12) (13) 

With the lower homologs (12, n = 1, 2, 3), side-reactions due to 
cyclizations appear to predominate and very poor yields of the 
diketones are obtained lo. 

I t  is remarkable that the dichlorides of monoethyl- and diethyl- 
malonic acids are recovered unchanged from the reaction with 
organocadmium compounds lo, 

(12, 
71 = 2) gives no 3,6-octanedione (14) but yields instead y-ethyl-y- 
caprolactone (15a) in addition to succinic anhydride and ethyl 
y-oxocaproate isolated as a mixture of the normal open-chain ester 
and cyclic pseudo ester (15b). It is suggested that the initial reaction 
product from succinyl dichloride is the acylium ion (16a t-) 16b). 
Attack by the carbanion (or an equivalent species) from the cadmium 
reagent at  the position of the charge in 16b would yield the cyclic 
form (15c) of y-oxocaproyl chloride. Attack at the position of charge 
in 16a would yield the open-chain form of y-oxocaproyl chloride 
which has been shown l2 to rearrange rapidly at  room temperature 

The reaction of diethylcadmium with succinyl dichloride 
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( 16a) (16b) 

to the cyclic form 15c. The reaction of the latter with the cadmium 
reageot results in the formation of y-ethyl-y-caprolactone (15a). 
The formation of the mixture of ethyl y-oxocaproates as the major 
product (2045% yields) in this case is not ascribed to the usually 
observed side reaction between an acid chloride and the ether 
solvent (vide supra). Instead, Cason and Reist1I postulate a cyclic 
transition state such as 17, in which there may be involved other 
Lewis acids than the organocadmium reagent. Such a transition 
state, if it exists, appears to he less favored in the case of glutaryl 
dichloride where small amounts (6-10y0) of the expected 3,7-non- 
anedione are formed, accompanied by higher yields of the cyclic 
products analogous to 15a and 15b. 

0 

(17) 

-CSH,CI 

-4- 

The reaction of a succinic acid derivative with an organocadmium 
reagent has been recently investigated l3 in order to ascertain whether 
epimerization occurs during organocadmium ketone synthesis. The  
reaction of either of the two diastereoisomeric ester acid chlorides of 
s-dimethylsuccinic acids, 19 and 21, with dihexylcadmium yielded a 
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COCl COR 

309 

I 
COzCH3 COzCHs 

(19, erythro) (20, erythro) 

(from meso succinic acid 
derivative) 

H3 R,Cd H3 

H CH3 CH3 

(from racemic succinic 
acid derivative) 

keto ester of the same g&metry as the starting material with little or 
no epimerization. O n  this account Cason and Schmitz have sug- 
gested l3 that the highly variable amount of racemization (0-90%) 
observed by Mislow and Brcnner l4 during the preparation of 
optically active a-phenylethyl methyl ketone (24) did not occur at  
the time of reaction between a-phenylpropionyl chloride (23) and 
dimethylcadmium. Such racemization might have occurred during 
the preparation and/or storage of the acid chloride l5*I6.  

(CH3),Cd 

50-70% 
CEHsCH(CH3)COCI CBHSCH(CH3)COCH3 

(23) (24) 

The results obtained by Cason and  coworker^^'-^^ for aliphatic 
diacid dichlorides can be compared to those obtained in the reactions 
of sor.ie polynuclear aromatic acid chlorides with organocadmium 
reagents17a. Thus, diphenic acid dichloride (25) reacted as the 
symmetrical dichloride with diphenylcadmium to form only 2,2'- 
dibenzoylbiphcnyl (26) in 83:/, );ieldl7". On the other hand, 
8-benzoyl-1 -naphthoyl chloridc (27) rcacted with diphenylcadmium 
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to form 17a a mixture of lY8-dibenzoylnaphthalene (28) and 3,3- 
diphenylnaphthalide (29). (Total yield of mixture was 60% but the 
two components were not separated from one another.) This was not 

/ Ko 0 CI I'C 6 H 5 

surprising since French and Kircher had already shown earlier 17b 
that 8-benzoyl- 1 -naphthoyl chloride can be separated into two 
isomeric chlorides, one being an oil and the other a crystalline solid, 
m.p. 125-127". French and K i r ~ h e i - ~ ' ~  ascribed the cyclic structure 
27b to the crystalline isomer. The isolation of compounds 28 and 29 
from the reaction of the crystalline chloride with diphenylcadmium 
supports this assignment and is analogous to the isolation of cyclic 
compounds such as 15 from the reactions of aliphatic diacid 
dichlorides with organocadmium compounds. 

Attempts to prepare unsaturated ketones by reacting alkyl- 



6. Carbonyl Syntheses through Organometallics 31 1 

cadmium with unsaturated acid chlorides such as crotonyl chloride 
and cinnamoyl chloride resulted in the formation of viscous oils or 
resins I*. However, diphenylcadrnium and cinnamoyl chloride (30) 
yielded benzalacetophenone (31) in 44% yieldle. By analogy to 

(30) (31) 

this reaction Dauben and Colette attempted the sycthesis of siib- 
stituted tetrahydrobenzophenones (34) by reacting cyclohexenyl-1- 
carbonyl chloride (32) with an aromatic organocadmium reagent 
(33). When 32 was reacted with the cadmium reagent derived from 
rn-bromoanisole (33, R = OCH,) an 18% yield of analytically pure 

(32) 

material was obtained, but the spectral properties of this material did 
not correspond to the expected tetrahydrobenzophenone (34, 
R = OCH,). The  infrared spectrum showed, in addition to the 
expected 2o carbonyl band at 6-09 p, another carbonyl band a t  5.92 p. 
This latter band was found to be due to the presence, in the isolated 
material, of a fluorenone derivative (36). The production of 36 is 
thought l9 to occur through the formation of an intermediate com- 
pound 35 which then undergoes addition to the a$-unsaturated 

ketone system. The  isolation of 36 clearly indicates that in addition 
to the ring closure, a different isomer must have been formed at some 
stage of the reaction whereby the carbonyl group was placed on the 
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carbon atom adjacent to the position of that originally holding the 
halogen atom. 

In  an attempt to investigate the generality of the abnormal 
organocadmium reaction, the cadmium reagents derived from the 
three isomeric bromoanisoles were reacted with acetyl chloride 19. 
It  was observed that the p-bromoanisole reagent yielded only the 
expected, normal product, p-methoxyacetophenone. The o-bromo- 
anisole reagent yielded a mixture containing 96% of the normal 
product, o-methoxyacetophenone, and 4% of the p-isomer. However, 
with the m-bromoanisole reagent (33, R = OCH,) a mixture 
containing 35% m- (37) and 65% p-methoxyacetophenone (38) was 
isolated. 

The same reaction carried out with other sets of isomeric aryl 
halides showed that only the m-methoxyphenylcadmium reagents 
gave the abnormal reaction. This indicates that the abnormal path 
requires a highly activated position adjacent to the carbon atom 
originally holding the bromine atom. The reaction was also found 
to be dependent on the nature of the acid chloride, since different 
isomer compositions were obtained with different acid chlorides. 
In order to determine whether isomerization occurs during the 
formation of the organocadmium reagent, that latter compound, 
derived from m-bromoanisole, was reacted with biacetyl. The product 
from this reaction, expected to be 3-hydroxy-3- (m-methoxypheny1)- 
2-butanoneY upon oxidation yielded ody m-methoxybenzoic acid. 
This result shows that the cadmium reagent is of the expected 
orientation and the abnormal reaction must occur in the last step, 
namely during the reaction with the acyl halide. 

Mention has already been made that the reaction of an organo- 
cadmium reagent with an acyl halide can be envisaged to proceed 
through the initial coordination of the cadmium to the halide atom 
with the resulting polarization of the carbon-halogen bond (see 17). 
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This concept has also been used by Dauben and Collette19 to 
formulate a mechanism explaining the formation of the p-substituted 
product from m-methoxyphenylcadmium reagent. 

The mechanism presented by these authors is that of an electro- 
philic substitution in which the organocadmium reagent acts as an 
internal Lewis acid. Initially, the cadmium reagent coordinates with 
the chloride of the acid chloride to form an intermediate such as 39. 

CH30 

&Cd-R1 __f Q.<"' ,R2 CI +--+ Q&(R1 ,R2 'CI 

II II 0 

CH30 C H36 

7: H C  H C  
I I  
0 

(4Ob) 

R2 -C- C I 

0 

(39) (40s) 

II 
0 

(41) 

This coordination results in polarization of the carbonyl group and 
development of an  acylium type of intermediate. Attack of this 
developing acylium ion can occur at the m- and !-position of the 
anisole ring. Substitution at  the p-position would be favored due to 
the ability of the methoxyl group to lower the transition state energy 
in the intermediate (40a f--) 40b). The primary acylated material 
(41) in this mechanism would still retain the organocadmium bond, 
similarly to the intermediate 35 postulated in the mechanism for the 
formation of the fluorenone derivative 36. Indeed, the isolation of 
the latter compound is taken19 as evidence for the correctness of the 
postulated mechanism (39 + 40 3 41). 

C. Reaction with Acid Anhydrides 
Organocadmium reagents react with acid anhydrides in a similar 

manner to their reaction with acid chlorides (equation 5). However 
R'COOCOR' + RZCd - > R1COR2 + R'COOH (5) 
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the yields from the acid anhydride reaction are less satisfactory ihan 
those obtained from the reaction with acid chloride and the former 
appears to have advantages only in cases where it is undesirable to 
prepare a carboxylic acid chloride. 

A useful application of the anhydride reaction involves mixed 
carbonic anhydrides 21.22. The mixed anhydrides 42 are prepared by 
the action of triethylamine and a chlorocarbonate ester on the 
carboxylic acid in ether or toluene at 0". The triethylamine hydro- 
chloride is removed b y  fi!trzition and the mixed anhydride solution 

0 0 
(C,H,),N II I I  RzCd 

R'COOH + ClCOOCzHE A R'C-O-COC2H5 __f R'COR" 

(42 1 (43) 

is added to the dialkylcadmium reagent. (Removal of the amine 
hydrochloride is essential since it appears to decompose the cadmium 
compound more rapidly than the latter reacts with the mixed 
anhydride.) Propiophenone (43, R1 = C6H5, Rz = CzH5) was 
obtained21.22 in this manner in 60% yield. 

The most interesting reaction of organocadmium reagents with 
acid anhydrides is that with cyclic anhydrides, leading to the 
synthesis of ketocarboxylic acids. Thus, succinic anhydride reacted 
with diphenylcadmium to give the keto acid 44 in 30% yieldz3. 

c 

This is a typical yield in the reaction of organocadmium reagents 
with cyclic anhydrides and it is usually more profitable to convert 
the acid anhydride first into thc half-ester and then into the ester 
acid chloride2-4. Reaction of the latter with the organocadmium 
compound gives the keto ester corresponding to the keto acid obtained 
directly from the anhydride. This method is not suitable for phthalic 
and similar type compounds because of the reported 24 instability of 
the ester acid chlorides of such dibasic acids. 

The reaction of phthalic anhydride with dimethylcadmium was 
reported23 to yield 47% of o-acetylbenzoic acid (45). The same 
reaction was also reported 25 to yield 66% of 3,3-dimethylphthalide 
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(46). I n  a more recent reinvestigation of this reaction Jones and 
Congdon have shown26 that the formation of 45 and/or 46 depends 
upon the reaction time and the type of organocadmium reagent 
employed in the reaction. Both 45 and 46 are formed even when the 
reaction time is relatively short and the ratio of 46 : 45 after 30 min 
was 0.02. However, the amount of 46 relative to 45 increased with 
reaction time. Thus, the yield ratio 46 : 45 was 0.5 after 6 h and after 
17 h 46 was the only isolable product. 

0 
II a) I I  

0 

II 
0 

Jones and Congdon26 also attempt to differentiate between ‘di- 
methylcadmium ’, (CH,),Cd, and ‘ monomethylcadmium chloride ’, 
CH,CdCI, on the basis of the stoichiometry of their formation, 
namely on whether one or one-half molar equivalents of cadmium 
chloride were used in the preparation of the organocadmium 
reagent. Thus the highest conversion into products was achieved with 
two equivalents of ‘ monomethylcadmium chloride’ rather than with 
one equivalent of ‘ dimethylcadmium’. Furthermore, the use of one 
equivalent of ‘ monomethylcadmium chloride ’ led to the formation 
of 45 as the only product. However, the authors 26 recognize that the 
distinction between the two reagents might be artificial and they 
point out that the apparent superior reactivity of ‘ monomethyl- 
cadmium chloride ’ could be due to purely mechanical reasons; with 
this reagent the mixture remained sufficiently fluid so that efficient 
stirring could be maintained throughout the reaction period. 

I t  must be noted at this point that the use of the structure 
R-Cd-R to describe organocadmium compounds is largely a 
matter of convenience. Indeed, Freon has recently pointed out lo 
that the above structure could not possibly fit the known chemical 
reactivity of the ‘ normal ’ organocadmium reagents. Furthermore, 
he stresses the fact that doubling the quantity of cadmium halide, in 
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order to realize reaction (6) and thus arrive at  the ‘monoalkyl- 

RMgX + CdXz - RCdX -t MgX, (6) 

cadmium halide’, does not seem to change appreciably the behavior 
of the organocadmium reagent in its various applications. This is in 
contrast to the previously mentioned observations of Jones and 
Congdon26 who, by halving the molar equivalent of the cadmium 
halide, changed the course of the organocadrnium reaction. 

The ‘abnormal’ rezction (see p. 312) between the cadmium 
reagent of m-bromomethoxybenzene and an acid chloride has been 
found to take a similar course when the latter is replaced by an acid 
anhydride. The results have been interpreted to show that the 
process is intramolecular 19. 

Potential synthetic interest may be found in the reports that 
organocadmium compounds do not react with a nitro group in an 
aromatic nucleus 25.27. Dimethylcadmium and 3-nitrophthalic 
anhydride (47) gave 2-acetyl-3-nitrobenzoic acid (48) in 38% yield 
and a small amount (1 yo) of 3,3-dimethyl-4-nitrophthalide (49) 2 5 .  

NO2 0 NO2 0 NO2 CH3 M0 (CH&Cdt +’&;”‘ 
II C02H 
0 

I t  
0 

In  a similar manner, starting with 4-nitrophthalic anhydride (50) 
Tirouflet obtained 27 2-acetyl-5-nitrobenzoic acid (51) and 2-benzoyl- 
5-nitrobenzoic acid (52). 

(50) 

(51) 

I I  I 0 
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D. Reaction with Other Functional Groups 
The fact that the organocadmium reaction can be used success- 

fully for ketone synthesis is in itself proof of the lack of reactivity of 
ketonic carbonyls towards organocadmium reagents. On  the other 
hand, it has already been mentioned that activating adjacent groups 
change the course of the reaction; witness the examples of ethoxalyl 
chloride (6) and oxalyl chloride. I n  the latter case the presence of an 
a-carbonyl group leads to attack of the cadmium reagent on a 
carbonyl group to forni the carbinoi grouping -CR20H. However, 
once this is formed the group activating the other carbonyl group is 
removed and the reaction stops at  the keto alcohol stage (11). 
Similarly, ethyl pyruvate (53) reacts with organocadmium reagents 
to form the hydroxy ester 54 exclusively lo. 

R,Cd 

S O %  
CH3COCOOC2H5 - CH,CR(OH)COOC,H, 

(63) (54)  

The ester carbonyl is not attacked even in the presence of a large 
excess of cadmium reagent. Similar results have been reported for 
other keto esterslO. 

The presence of an a-halogen atom (chlorine) does not appear to 
have a sufficient activating effect in order to lead to the addition of 
the organocadmium reagent to the carbonyl grouplo. On  the other 
hand, the presence of two a-chloro atoms (55, 57) leads to the 
production bf 30-50% yields lo 

0 
I I  -cc I ,-c- 

(55)  

(57) 

of dichloro tertiary alcohols (56, 58). 

O H  
R,Cd I 
+ -CCI2-C- 

I 
R 

(56) 

OH 
R,Cd I I I 
__j -ccl-c-ccl- 

I 

(58) 

R 

A similar situation appears to prevail in the case of a-chloroalde- 
hydes lo. 

The reaction of chloral (59) with organocadrnium reagents 
results in the production of 45-70% yields of a-trichloro secondary 
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alcohols (60) and this appears to be lo one of the best general methods 
for the preparation of compounds such as 60. 

R,Cd 
CClaCHO w CCI,CH(OH)R 

(59) (60) 

111. T H E  USE OF ORGANOMAGNESIUM COMPOUNDS 

A. General Considerations 
The well known tendency of Grignard reagents to undergo addition 

to ketones to form tertiary alcohols causes, a pn’ori, severe limitations 
on the use of organomagnesium compounds for ketone synthesis. 
However, in recent years a number of reports have appeared in 
which details are given for the use of Grignard reagents in the 
preparation of aromatic, alicyclic and sterically hindered ketones 4. 

I n  particular high yields of ketones have been reported when the 
Grignard reagents have been used in conjunction with various 
catalytic agents; the following section will concentrate on this 
aspect of ketone synthesis through organomagnesiums. 

B. Reaction with Acid Chlorides 
About fifteen years ago, it was found28 that the use of copper 

instead of glass reactors in the reaction of t-amylmagnesium chloride 
with isobutyryl chloride afforded the ketone 2,4,4-trimethyl-3- 
hexanone (61) in yields of up to 870/0 whereas previously only 10- 
15 yo yields had been realized from this reaction 29. This dramatic 

0 CH3 0 CH3 
il I il I 

I 870; I I 
(CH&CHCCI + CH3CHzC-MgCI -4 CH3CHC-CCHzCHS 

CH3 

change in yields was ascribed by Cook and Percival to the catalytic 
role played by cuprous chloride, formed in situ when the reaction was 
carried out in copper vessels. Indeed, the beneficial effect of cuprous 
chloride catalysis was demonstrated29 when the addition of 5 g of 
cuprous chloride to the reaction between 5 moles of t-butylmagnesium 
chloride and 5 moles of trimethylacetyl chloride resulted in yields of 
70-80% of hexamethylacetone (62). In the absence of cuprous 

(CHB)3CCOCI + (CH3)3CMgCI - (CH3)3CCOC(CH3)3 
70-75% 

(62) 
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chloride and under otherwise similar reaction conditions, 62 was 
obtained in yields of only 1-2%. I t  is suggested29 that cuprous 
chloride initiates a free-radical chain reaction as shown in the 
Scheme 1. 

RCOCI + .CuCI --+ Rk0 + CuCI, 

R e 0  + RMgCl - RCOR + .MgCI 

RCOCI + *MgCI 4 R e 0  + MgCI, 
SCHEME 1. 

I n  a continuation of this work, Cook and coworkers30 tested a 
number of other anhydrous metallic halides for catalytic activity in 
the reaction of acetyl chloride and n-butylmagnesium chloride to 
produce 2-hexanone. Ferric chloride was found to be superior to 
aluminum chloride, cuprous chloride, zinc chloride, manganese 
chloride, cobaltous chloride and magnesium bromide. The optimal 
conditions for the synthesis of straight-chain ketones appear to be 
addition of one mole of Grignard reagent to one or more moles of the 
acyl chloride a t  -65" in the presence of a ferric chloride catalyst 
(1.5 g FeCl,/mole acid chloride). Under these conditions the yield 
of 2-hexanone was in the range of 70-75% as compared to 3 1 % yield 
in the absence of the catalyst 30. 

For the synthesis of highly branched ketones, the temperature of 
reaction does not seem to be as critical as in the case of straight-chain 
ketones30. The use of ferric chloride instead of cuprous chloride 
catalyst for the synthesis of di-t-butyl ketone (62) raised the yield of 
pure product to 84%. 

Cook and c o t v ~ r k e r s ~ ~  consider that in view of the stability of the 
complex formed at  the end of the reaction (the complex was heated 
for several days with no liberation of ketonic product), it does not 
seem likely that ferric chloride is present as free-radical type catalyst 
as they suggested for cuprous chloride in the previous reaction29. 
Instead, for ferric chloride, but not specifically for the cuprous 
chloride-catalyzed reactions, an ionic mechanism is proposed, in 
which ferric chloride acts as a Lewis acid (equation 7). 

t i  CI CI 

R2 

*RlRZC=O + MgXCl I H,O, 
R1C-OMgX + FeCI3 

I 
(7) CI 
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An ionic mechanism involving a Lewis acid has been proposed 
also by Morrison and Wishman3'. These authors3' consider that 
addition of Grignard reagents to acid halides involves attack on a 
Grignard-acid halide complex by a second molecule of Grignard 
reagent, via a cyclic transition state (equation 8). By acting as strong 

CI CI 
I CI Y 

R1-k?hlCl I - R1-5-0 \>-Cl R1-C-OMCI I + MgCl 1 

I Y 
R2 

R2 MgCl 

___f R'-C=O + MClz 
I 
R2 (8) 

(M =magnesium or other metal: 
Y = R2 or halogen) 

Lewis acids, certain metallic halides can take the place of Grignard 
reagent in forming the initial complex with the acid chloride. A 
stronger Lewis acid would form a higher concentration of the com- 
plex. The latter, being more reactive by virtue of the greater 
polarization of the carbonyl bond, would lead to an overall faster 
reaction. 

Cason and Reist l1 have criticized both these suggested mechan- 
i s m ~ ~ ~ * ~ ~  on the grounds that they both fail to differentiate between 
carbonyl in an acid chloride and in other structures such as a ketone. 
They consider that any intermediate involving coordination of the 
ferric chloride with oxygen is inconsistent with the observed fact that 
ferric chloride specifically catalyzes the Grignard reaction with an 
acid chloride in great preference to other carbonyl groups. To over- 
come this difficulty, Cason and Reist suggest a mechanism similar to 
that proposed 11*32 for the reaction of an organocadmium reagent 
with an acid chloride, namely extraction of halogen by the Lewis 
acid to give acylium ion and reaction of this ion with the Grignard 
reagent (Scheme 2). The same mechanism has been considered to be 

RlCOCl + FeCI, 

R1?O + R2MgX + R1COR2 + &gX 

FeC14 + hgX w FeCI, + MgXCl 

R"?O + FeCI, 

SCHEME 2. 
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responsible for the resulting products in the reaction of methyl- 
magnesium iodide with triphenylacetyl chloride (63) 33. The products 
obtained from this reaction, as reported by Cason and S ~ h m i t z ~ ~ ,  
were methyl trityl ketone (64) (1 7-2 1 yo), triphenylmethane (65) 
(17-21yo) and triphenylethane (66) (31-40y0). 

(CsH5)3CCOCI __f (CGH&COCH, -I- (CsH&CH $. (C,H5)3CCHs - 
(63) (64) (65) (66) 

CH,Mgl 

- co A 
(68) 

1 
(C&hhC:O - (CsH5)3C+ 

(67) 

These results are quite different from the previously reported 34 

isolation of ethyl triphenylacetatc in 67% from the reaction between 
63 and methylmagncsium. iodide. The formation of ethyl triphenyl- 
acetate has been ascribed by Zook and coworkers3* to the reaction 
between the acylium ion (67) and the diethylether solvent. 

Cason and Schmitz could not isolate any ethyl triphenylacetate in 
their work33; this, it is stated, is not unexpected since the acylium 
ion 67 should react much more rapidly with the excess Grignard 
reagent present in the reaction mixture than it should with the ether 
solvent. These authors33, whilst agreeing to the acylium ion inter- 
mediate 67, ascribe a different fate to this ion to explain the formation 
of the isolated reaction products. Reaction of 67 with the Grignard 
reagent would yield the ketone 64. Decarbonylation of 67 would 
result in the formation of the triphenylmethylcarbonium ion (68), 
which then leads to the formation of triphenylmethane (65) and 
triphenylethane (66). 

I t  might be noted in parentheses that good yields of alkyl trityl 
ketones can be obtained by reacting triphenylacetyl chloride with a 
large excess of dialkylcadmium reagent 33. 

I n  a further attempt to test the plausibiiity of an acylium ion 
intermediate, Cason and Kraus 35 examined the ferric chloride- 
catalyzed Grignard reaction with the isomeric acid chlorides 69 and 
70. The acylium ion from either of these isomeric acid chlorides can 
be represented by the cyclic oxonium ion 71, and its resonance forms 
72 and 73. This suggestion derives support from the fact that either 
of the isomers 69 or 70 reacts with an organocadmium reagent to 
give a mixture of the isomeric keto esters 74 and 75. The same 

11 + C.C.G.  
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mixture of isomers 74 and 75 should be expected from the ferric 
chloride-catalyzed Grignard reaction if the cyclic 'oxonium ion 71 
is an intermediate. However, a similar mixture of isomers 74 and 75 
could be formed in such a reaction if ferric chloride might induce the 
rearrangement of the acid chlorides 69 f 70 prior to the addition of 
the Grignard reagent to the reaction mixture; in which case the 
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cyclic oxonium ion would not necessarily be a required intermediate 
to explain the reaction products. Cason and K r a ~ s ~ ~  found that 69 
and 70 rearrange into one another rapidly at  room temperature in 
the presence of ferric chloride without solvent and somewhat slower 
in ether-toluene solvent. However at - 55" to - 60" rearrangement 
occurs at such a slow rate that any rapid reaction at these tempera- 
tures must involve an assisted process for the removal of halogen. 

The reaction of one mole of 69 with two moles of the Grignard 
reagent at - 60" m d  in the presence of half a mole of ferric chloride 
gave after one hour a 40% yield of the keto ester 74 and none of the 
rearranged ester 75. Under exactly the same reaction conditions, the 
isomer 70 gave 0.3% of 74 and 4% of 75. When the temperature of 
the reaction with 70 was increased from - 60" to - 10" the yield of 
the rearranged product 74 was increased to 10% and that of 75 was 
about 4%. On the basis of these and similar additional data the 
authors35 suggest a dual reaction path. One route, leading to re- 
arrangement, involves formation of an intermediate acylium ion, 
such as 71. This is the preferred route when the acid chloride function 
is hindered, as for instance in 70, and the total reaction yield would 
be relatively very low. The second route, operating in the case of 
compounds such as 69 in which the acid chloride function is un- 
hindered, involves a transition state such ~s formulated in 76 in which 
halogen is extracted by the Lewis acid from the acid chloride as the 
alkyl of the organometallic reagent attacks the carbonyl carbon. 
Such a concerted reaction might offer an explanation of the observed 

(76) 

discrimination of ferric chloride in promoting reaction with the acid 
chloride in preference to other carbonyl groups. Furthermore, 
reaction via transition state 76 would be subject to steric hindrance 
whereas reaction via 71 would be relatively unaffected by such 
hindrance. In addition it is argued35 that the dual reaction paths, 
involving transition states 71 and 76, are consistent with the observa- 
tion that thc rate of the reaction route involving rearrangement is 
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more affected by temperature changes than is the rate by the second 
route. The negative entropy of activation would be expected to be 
larger for reaction via 76 and hence the concerted reaction would be 
expected to become more important as the temperature is lowered, 
and become dominant at low temperatures in the absence of steric 
hindrance. 

O n  the basis of data obtained from the reactions of 69 and 70 with 
organocadmium reagents, Cason and Kraus 35 conclude that a dual 
mechanism also applies to thc cadmium reactions, involving 
transition states similar to 71 and 76. 

For synthetic applications Cason and Kraus 35 suggest that for the 
ester acid chloride of an unsymmetrical dibasic acid the use of a 
Lewis acid with the cadmium reagent at  low temperature appears 
specifically useful for avoiding rearrangements, provided that the 
acid chloride function is unhindered. At higher temperatures, where 
the ionization route becomes dominant and the cadmium reagent is 
no longer subject to hindrance, the yields are much better but 
rearrangement occurs in unsymmetrical compounds. 

Mention should be made of what appears to be a rather versatile 
method for carbonyl synthesis involving organomagnesium inter- 
mediates. This is the reaction of either chloromethyl ethers or other 
or-halo ethers with carbon$ compounds in tetrahydrofuran in the 
presence of m a g n e ~ i u m ~ ~ . ~ ~ .  Both aldehydes and ketones have been 
prepared by this method (equation 9). 

C,H,0CH2ClfMe \ H+ '\ 
c=o C-CHZOC2Hs 4 CH-CHO (9) 

\ 

/ / I  / THF 

OMgX 

The various mechanistic suggestions for the reactions of organo- 
cadmium and organomagnesium compounds have been presented in 
a more or less chronological order. The reason for choosing this 
manner of presentation will have become obvious to the reader by 
now. The mechanism of these reactions is far from having been 
clarified and even though each mechanism presented seems plausible 
for the particular example being discussed by the various authors, 
none of the suggested mechanisms provide a satisfactory answer to 
the problem as a whole. Just to illustrate this statement, mention has 
been made that Cason and coworkers l1 have criticized the mechan- 
isms of Percival and coworkers 30 and Morrison and coworkers3' for 
not taking into consideration the difference between the carbonyl 
group in an acid chloride and that in other structures. On the other 
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hand, the mechanisms presented by Cason and coworkers give a 
ketone R1COR2 as the final product without really providing an  
adequate answer as to why this ketone should not react further with 
the excess organometallic reagent present in the reaction mixture. 
Cook and coworkers30 have pointed out that the complex formed at 
the end of the reaction is very stable thermally and it only liberates 
the required ketone upon reaction with water. 

I n  addition all the above-mentioned authors do not concern 
themselves with the structure of the orgaiiometallic reagent and it is 
quite clear that even less is known about organocadmium compounds 
than about organomagnesium compounds. I n  the case of the latter 
compounds only very recently has x-ray analysis shown the presence 
of RMgX units in crystalline organomagnesium compounds 38. 
Although such evidence cannot be directly transferred to reactions in 
solution, it certainly opens anew the problem of the structure of 
organomagnesium 39 and by necessity of organocadmium compounds. 

IV. THE USE O F  ORGAMOLITHIUM COMPOUNDS 

The use of organolithium compounds for ketone synthesis does not 
appear to have received much attention in the more recent literature 
despite the simplicity and potential of the method. 

The observation made by Ziegler and Colonius 40 that carbonation 
of phenyllithium gave only traces of benzoic acid led Gilman and 
Van Ess 41 to reinvestigate this reaction. The latter authors41 found 
that the poor yield of benzoic acid was accompanied by a high yield 
( > 70%) of benzophenone. This observation prompted Gilman and 
Van Ess to test the value of this reaction in the synthesis of ketones. 

Carbonating an organolithium compound with solid carbon 
dioxide at low temperatures (-50" to -80") gave the expected 
carboxylic acid according tc  equation (10). However, at higher 

RLi + C 0 2  RCOOLi (10) 

(room) temperatures, on bubbling carbon dioxide into or over the 
surface of the solution, the chief reaction product is a ketone and 
practically no tertiary alcohol is formed. This has been taken to 
indicate that the salt initially formed (77) adds another mole of the 

0 R' 
II 

R'COLi + R2Li __z 

R2 



326 M. Cais and A. Mandelbaum 

organolithium reagent to form the dilithium derivative of a di- 
hydroxymethane (78). The latter yields the ketone 79 on hydrolysis. 
The absence of carbinol formation is taken to indicate that 79 is not 
formed as such in this reaction, since it would then react further 
with the organolithium compound. Thus, benzophenone (79, 
R1 = R2 = C,H,) reacts rapidly and quantitatively with phenyl- 
lithium to give triphenyl carbinol. On the other hand, lithium 
benzoate (77, R1 = C6H5) reacted with phenyllithium to give 
benzophenone iz 70% yield *I. Similarly, lithium n-butyrate (77, 
R1 = n-C,H,) reacted with phenyllithium to give 62% yield of 
n-butyrophenone (79, R1 = n-C3H,, R2 = C,H5). This latter 
example shows up the possibility of using this reaction for the 
synthesis of unsymmetrical ketones. 

In  1946 Van Dorp and Arens 42 used this reaction for the synthesis 
of the C,, ketone 81, one of the compounds of interest in vitamin A 
chemistry. By adding a solution of p-ionylidenecrotonic acid ( S O )  
in ether to 2 moles of methyllithium in ether 81 was obtained 
in over 90% yield. 

0 

(801 (81) 

A similarly high yield (90-95%) of a methyl ketone was obtained43 
upon reacting lithium cinnamate with methyllithium. The com- 
pbund, benzalacetone, thus obtained was very pure and therefore 
this method was used to prepare isotopically labeled benzalacetone 
as an intermediate in the synthesis of c~-~~C-alanine. 

The same reaction was investigated by Tegner 44, who wanted to 
compare the yields of methyl ketone when using the free cinnamic 
acid, or the lithium salt. In  both cases practically the same yield 
( -  77%) was obtained; since the lithium salts of carboxylic acids are 
rather difficult to prepare, the frec acid can be used directly in this 
reaction. From the reaction of a number of acids with methyllithium 
(see Table l), Tegner concIude~*~ that this is a useful method for the 
synthesis of methyl ketones in high yields, even when carbon-carbon 
double bonds are present in the structure of the acid. In addition it 
appears that acids having electron-withdrawing substituents give a 
higher yield of the ketone than those containing an electron-repelling 
subs tit uen t. 
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TABLE 1. Yields of methyl ketones obtained 
by the reaction of methyllithium with 

carboxylic acids44. 
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R in acid Yield of RCOCH3 
RCOzH (%I 

0 

16 
83 
82 
76 

100 
77 
90 

- 1  

V. T H E  U S E  O F  METAL CARBONYLS 

The hydroformylation of olefins, the so-called ' 0 x 0  synthesis ', for 
the preparation of aldehydes is the best known example of the use of 
metal carbonyls to prepare organic carbonyl compounds (equation 

CHO 

11) 45. The role played by dicobalt octacarbonyl in these reactions 
has been extensively investigated and this in turn has led to the 
investigation of other metal carbonyls as potential catalysts for 
carbonyl insertion 5. 

An excellent review5 on this subject was published in 1962. I n  
addition several examples are mentioned in passing in a chapter in 
the first volume of this series46. We shall limit ourselves to giving a 
few selected examples in order to demonstrate the potentiality of the 
method. 

An interesting example of carbonyl insertion in the presence of a 
metal carbonyl is that in which methylmanganese pentacarbonyl 
(82) is converted into acetylmanganese pentacarbonyl (83) by 
tretitment with carbon monoxide at elevated pressure and room 
temperature 47. This process was found to be reversible, 83 

0 
I 1  

CH,Mn(CO), + CO + CH3CMn(CO), 

(82) (83) 
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undergoing fast decarbonylation to 82 on heating; the mechanism of 
this reaction has been investigated by a number of workers 48-50 in an 

(83) (85) 

attempt to learn more about the general process of carbonyl insertion 
in the presence of metal carbonyls. The use of radioactive carbon 

0 

(86) (87) (88) 

monoxide in the carbonylation reaction 4 8  and several kinetic 
studies 49*50 have led to the suggestion 50 that the decarbonylation 
step occurs by a mechanism of methyl migration (84 -+ 85). Similar 

(90) (91) (92) 

carbonylation reactions have been observed with other organo- 
metallic compounds such as iron, cobalt, platinum, palladium and 
nickel derivatives 5. Reactions of acetylene and substituted acetylenes 
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with iron carbonyls have been shown 5*51  to form compounds such as 
86 to 88. A further interesting example of carbonyl insertion is the 
reaction between bicyclo[2.2.1] heptadiene (89) and iron penta- 
carbonyl where the metal-fi-ee ketones 90 to 92 were found among 
the reaction  product^^.*^. The isolation of compounds such as 90 to 
92 together with the fact that the reaction of organoiron tricarbonyl 
complexes such as 86 to 88 with ferric c h 1 0 r i d e ~ ~ s ~ ~  breaks up the 
complex to release the metal-free organic moiety in good yields, 
completes a reaction sequence which may provide a useful method 
for the introduction of the carbonyl group into organic compounds. 
The potcntiality of this method has been very little investigated so far. 
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1. INTRODUCTION 

Virtually every class of organic compounds of biochemical interest 
includes among its members compounds containing the carbonyl 
group. In  the myriad of metabolic reactions that have been described 
in all forms of microbial, plant and animal life carbonyl compounds 
appear either as end-products in themselves or as intermediates in 
the formation of other substances. I t  is fitting, therefore, to divide a 
discussion of the biochemistry of the carbonyl group into two 
categorics : formatioE and reactions. Each of these divisions can be 
further subdivided into reaction types that follow the lines of classical 
organic chemistry, with the restriction in mind that these reactions 
are, with few exceptions, catalyzed by enzymes. In considering the 
mechanism of these reactions the role of the enzyme as a transitory 
participant must be recognized, and in many instances a coenzyme 
will be an additional essential. component of the reaction. 

It is obviously impossible in a chapter of this kind to include every 
reaction which is known to involve the biological formation or fate of 
carbonyl groups. The carbohydrates, for example, comprise one of 
the largest class of biologically important compounds and are 
characterized by the presence of an aldehydic or ketonic carbonyl 
group, the focal point of their reactivity. Since many reviews of 
carbohydrate chemistry and metabolism have appeared and continue 
to appear, only reactions of recent origin will be discussed. Where a 
carbonyl compound is formed as an intermediate in the synthesis of 
another compound, a clear distinction between formation and 
reaction will not be attempted. Such cyclic processes as the Embden- 
Meyerhof pathway, the Krebs tricarboxylic cycle, or the glucuronic 
acid pathway can best be treated as intact units. 

Only de nouo formation of carbonyl groups will be considered and 
only those compounds in which the carbonyl group is actually or 
potentially aldehydic or ketonic and plays a central metabolic role 
will be included, Carbonyl groups in quinones, carboxylic acids, 
esters, amides, and sulfur analogs have been excluded. 

I I .  BIOLOGICAL FORMATION O F  CARBONYL GROUPS 

A. Reduction of Corboxylic Acids, Esters, and Anhydrides 
Although few carbonyl compounds are synthesized by this route, 

it ranks among the most important, since it leads to ketones and 
aldehydes that play central roles in the metabolism of plapts, 
the ultimate source of metabolic fuel for the animal kingdom. 



334 F. Eisenberg 

I. Pyruvate synthase 
I n  spite of its recent discovery1 this reaction will be presented first 

since it may Tepresent the primordial carbonyl synthesis in nature. 
Cell-free extracts of the photosynthetic bacterium Chromatiurn will 
reductively couple carbon dioxide to acetyl-P* in the presence of 
hydrogen gas, ferredoxin, and CoA to produce pyruvate, a key 
carbonyl intermediate in biological systems (equation 1). To demon- 

CH,COOP2- + CO, + H, CH,COCOO- + H,OP- (’! 

strate the formation of pyruvate it is necessary to include a carbonyl 
trapping agent, semicarbazide, without which pyruvate would go on 
to form amino acids and other cellular material. In  Clostridiurn 
pasteurianum, another photosynthetic organism, no trapping agent is 
needed for the accumulation of pyruvate. 

The energy to drive this reaction in the dark is supplied by the 
concerted action of the energy-rich organic phosphate and the high 
reductive potential of hydrogen gas, whose electrons arc carried by 
ferredoxin, a low molecular weight protein, the most electronegative 
electron carrier yet discovered in Living systems. In the light, 
pyruvate can be synthesized from simple carbon precursors, acetate 
and carbon dioxide. Radiant energy captured by chlorophyll, the 
green pigment of Chromatiurn and higher plants, photophosphorylates 
ADP to ATP, which in turn phosphorylates acetate to acetyl-P; the 
sequence then follows equation (1) to produce pyruvate. 

This reaction thus illustrates the fundamental role played by 
photosynthetic organisms in capturing radiant energy for the 
synthesis of reduced substrates which then serve as sources of oxidative 
energy for higher organisms. 

The reverse reaction, known as the phosphoroclastic reaction, will 
be discussed in section III.A.2. 

2. Glyceraldehyde-3-P dehydrogenase2 

A major route of carbohydrate catabolism and synthesis in living 
systems is the glycolytic pathway (Figure I) ,  which traverses a series 

* The  following abbreviations will be used in this chapter: P = phosphate, 
CoA = coenzyme A, AcCoA = acetylcoenzyme A, AcAcCoA = acetoacetyl- 
coenzyme A, ADP = adenosine diphosphate, ATP = adenosine triphosphate, 
NAD = nicotinamide-adenine dinucleotide, NADH = reduced NAD, NADP = 
nicotinamide-adenine dinucleotide phosphate, NADPH = reduced NADP, 
FMN = flavin mononucleotide, FAD = flavin-adenine dinucleotide. 
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FIGURE 1. The Embden-Meyerhof glycolytic sequencc. 

of reversible steps from glucose, the principal fuel, to pyruvate and 
lactate. One of these steps involves the freely reversible interconver- 
sion (Kequ = 1 at pH 7.4) of 1,3-diphosphoglycerate and glycer- 
aldehyde-3-P (equation 2). The reaction is coupled to the oxido- 
reduction of NAD. The reaction as shown in the direction of aldehyde 
1,3-Diphosphoglycerate + N A D H  + H+ T Glyceraldehyde-3-P + NAD+ -t 

HOP (2) 
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synthesis occurs in photosynthetic organisms and gives rise to a 
precursor of hexose through reversal of the glycolytic scheme. 

Photosynthetic organisms thus utilize the reduction of a mixed 
anhydride of phosphoric acid and a carboxylic acid for the generation 
of an essential aldehyde (equation 2) as well as a ketone (equation 1). 

3. Aspartate p-semialdehyde dehydrogena~e~ 
Extracts of the bacterium Escherichia coZi, yeast, and mutants of the 

mold Neurospora catalyze the reduction of ,9-aspartyl-P to aspartate 
,8-semialdehydeY NADPH serving as the reducing agent. This 
reaction is a link in the chain of reactions leading to the formation 
of threonine and lysine, amino acids essential to the growth and 
repair of the animal organism. An important biosynthetic function is 
subserved by this reaction since the carbon skeleton of so-called 
essential amino acids can not be synthesized by animal tissues and 
must be supplied in the diet, which is ultimately of vegetable origin. 
Without this dietary supply of essential amino acids the animal 
organism is unable to synthesize protein for growth and maintenance. 

B. Oxidation of Alcohols 
I n  this category is found the great majority of reactions leading to 

aldehydes and ketones. Many of the important metabolic pathways 
involve a t  least one reaction in which a carbonyl compound arises 
by oxidation of an alcohol. Of especial interest in this group are the 
primary alcohols, e.g. ethanol, the prototype for studies of enzyme- 
catalyzed stereospecific hydrogen transfer. 

I .  Akohol dehydrogenases * 
Since a complete review of these enzymes has appeared recently, 

this discussion will deal mainly with stereospecific hydride ion 
transfer. Although stereospecificity has long been recognized as a 
concomitant of enzyme catalysis, the underlying principles remain 
obscure and many misconceptions persist in the literature. 

Alcohol dehydrogenases occur in all living systems and were among 
the first enzymes to be recognized and studied. Most work, however, 
has Keen done on the yeast and horse-liver enzymes, both of which 
have been crystallized. They catalyze the general reaction shown in 
equation (3), where the alcohol is either primary or secondary, 

(3) 

R1 Rl 
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leading to aldehydes and ketones, respectively. An alcohol dehydro- 
genase recently found in a pseudomonad grown on methanol as sole 
carbon source has been shown to require no pyridine nucleotides for 
activity but required phenazine methosulfate as hydrogen acceptors. 
The substrate specificities of the yeast and liver enzymes are different, 
the latterhaving the lesser specificity. Animportant substrateof alcohol 
dehydrogenase is vitamin A which is oxidized to the aldehyde6. 

Although the two enzymes are distinct proteins they have several 
properties in common, apart from their catalytic hnction. 30th 
enzymes contain zinc which is involved in the binding of enzyme, 
coenzyme, and substrate and both display stereospecificity toward 
hydrogen transferred directly as hydride ion from substrate to 
coenzyme. From the standpoint of classical organic chemistry the 
carbinol hydrogen atoms of a primary alcohol would appear to be 
chemically indistinguishable and yet are completely differentiable in 
enzymatic reactions. The remainder of the discussion of alcohol 
dehydrogenases will dwell on this subject. 

Implicit in the Van’t Hoff-LeBel tetrahedral model of the carbon 
atom is the notion of asymmetry which is apparent when the apexes 
of the tetrahedron are occupied by four structurally distinct groups 
(Cabde). Interchange of any two of the groups generates the non- 
superimposable mirror image or enantiomer of the original con- 
figuration. The preferential reactivity of cnzymcs toward one 
enantiomer, usually to the exclusion of the other, has been known 
from the earliest years of organic chemistry and is ascribed to the 
asymmetric nature of the enzyme protein. That it is in fact the 
asymmetry of the enzyme which enables i t  to distinguish one 
enantiomer from the other is seen from the capacity of nonenzymic 
asymmetric molecules to differentiate similarly but usually less com- 
pletely. For example, chromatography on paper7 and on columns of 
lactoses and of starch9 has been used to resolve racemic mixtures 
more or less completely. 

The advent of isotopcs and their application to biochemical 
problems brought to light phenomena that were not previously 
detected. Onc of these was the puzzling observation that citrate, 
enzymatically labeled with 14C, contained the label in only one of its 
terminal carboxyl groups and not randomly in both in accord with 
expectation from the symmetry of the molecule lo. Apparently 
another kind of asymmetry characterized the citrate molecule, recog- 
nizable by enzymes but unnoticed by the observer until isotopic 
labeling became available. I t  must be emphasized at the outset that 
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optical activity resulting from introduction of the isotopic marker, 
although often measurable, does not explain nor is it related to the 
asymmetry implied in the differentiation of like groups in symmetrical 
molecules. The role of the isotope lies solely in the detection of the 
phenomenon. 

The paradox of the asymmetric behavior of seemingly symmetrical 
molecules was resolved in two stages, first by OgstonII and later by 
Schwartz and Carter12. Ogston explained the asymmetry of such 
molecules as a manifestation of the geometry of binding of substrate 
to enzyme. A molecule with symmetry of the citrate type could only 
bind to the enzyme surface so that one of the like groups was asym- 
metrically located with respect to the other. Schwartz and Carter 

(b) 
FIGURE 2. The meso carbon atom. 

placed Ogston’s hypothesis on a simpler and more fundamental 
basis by their perceptive recognition that like groups in unlike 
asymmetric environments are differentiable by enzymes whether the 
groups reside in the same molecule or in different molecules. 

How is it possible to find asymmetry in a molecule devoid of 
optically active centers? For this purpose Schwartz and Carter 
recognized the meso carbon atom in analogy to the meso molecule in 
which equal and opposite asymmetries compensate to render the 
molecule optically inactive. Figure 2a shows a meso carbtm atom, 
Caabd. One restriction in this definition, often ignored but essential 
to the argument that follows, is that all four substituents must be 
symmetrical, that is it must be possible to pass a plane through the 
molecule which will bisect the groups b and d. The resulting halves 
shown in Figure 2b are now tetrahedra with four unlike groups at 
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the apexes arranged in familiar antipodal relation to each other. 
Each a group resides in an environment of equal and opposite 
asymmetry and an asymmetric reagent, e.g. an enzyme, should 
behave toward these enantiomers just as it does toward a racemic 
mixture of molecules. Schwartz and Carter demonstrated this fact 
experimentally by showing that a simple asymmetric reagent, 
I-phenylethylamine, formed unequal amounts of diastereomers with 
/?-phenylglutaric anhydride, a compound like citratc containinga meso 
carbon atom. I t  is to be noted also that the reaction was selccted such 
that an effect could be detected optically without recourse to isotopic 
labeling, thus eliminating isotopic asymmetry from consideration. 

I t  follows from the discussion just presented that ethanol, a com- 
pound with a meso carbon atom, should show stereospecificity of 
hydrogen transfer in enzymatic oxidation to acetaldehyde. That this 
is in fact true has been demonstrated experimentally with deuterium- 
labeled ethanol in a reaction l3 catalyzed by alcohol dehydrogenase 
(equation 4). When unlabeled ethanol was incubated with the 

CH3CD20H + NAD+ NADD + CHSCDO + H+ (4) 

enzyme and coenzyme in D,O, no deuterium was taken up in any 
product, showing that the transfer of hydrogen is direct and does not 
involve solvent protons. 

In further studies l4 the reverse enzymatic reactions were run with 
labeled acetaldehyde (equation 5 )  and labeled coenzyme (equation 6). 
I t  is obvious from the two kinds of labeled ethanol produced that 

H+ +- CH3CD0 + NADH + CH,CDHOH + NAD+ (5) 

H+ + CH3CH0 + NADD T CH3CHDOH + NAD+ (6) 

stereospecificity is directed not only toward ethanol but also toward 
NAD. I n  a review of stereospecific enzymatic hydrogen transfer at  
meso carbon atoms Levy, Talalay, and Vennesland15 discuss these 
reactions and classify C,,, of the pyridine ring of NADH, the site of 
hydrogen transfer, as a meso carbon atom (Figure 3). Although it 
resembles a meso carbon in having two like (H, H) and two unlike 
groups, the latter are not symmetrical nor is the molecule sym- 
metrical. C,,, is therefore not a meso carbon atom since it does not fit 
the definition of Schwartz and Carter. 

Hirschmann l6 has explored the question of selection of like groups 
at non-meso carbon in symmetrical compounds. Although the central 
carbon atom of citrate is meso, the methylene carbons are not since 
they can not be bisected by a plane of symmetry; Hirschmann has 
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FIGURE 3. The oxidoreduction of NAD. 

shown that like groups on such carbons can be differentiated by any 
reagent, symrr,etricaloi- unsymmetrical. The same argument can be 
extended to Cc4) of NAD, an  asymmetric molecule; any reagent 
should be able more or less to distinguish the transferable hydrogens. 
It is therefore not unexpectedI7 that dithionite reduction of NAD in 
D,O yielded an unequal mixture of the two isomers (A and B) of 
NADD. A and B refer to the two approaches an incoming hydride 
ion can take in an attack of the C,,, position. From a study of the 
absolute configuration of degradation products of pyridine nucleo- 
tides reduced by A and B specific enzymes, Cornforth and col- 
leagues have deduced the absolute configuration of C,,) and 
formulate their findings in a rule which states that enzymes with A 
specificity transfer hydrogen from substrate to coenzyme on the side 
of the nicotinamide ring in which numbering is counterclockwise. 

The question that follows from this discussion concerns the con- 
tribution of the enzyme to stereospecific transfer of hydride ions. In 
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the oxidation of alcohol by NAD with alcohol dehydrogenase the 
requirements for differentiation of hydrogen atoms in both substrate 
and coenzyme are theoretically fulfilled by the compounds them- 
selves since they are complementary to each other; that is oxidized 
coenzyme is the asymmetric reagent needed for stereospecific 
recognition of meso carbon-bound hydrogen in the substrate, and the 
substrate is the indifferent reagent for selection of non-meso carbon- 
bound hydrogen in reduced coenzyme (equation 7). Further experi- 
mental work is necessary to define the role of the enzyme. I t  may act 

Ethanol + NAD+ Acetaldehyde + NADH + H +  (7) 
(meso) (asymmetric) (meso) (asymmetric) 

directly as the asymmetric agent required for selection of substrate 
hydrogen or it may act indirectly by augmenting the asymmetry of 
the coenzyme sufficiently to make the selection absolute. The latter 
alternative is possible on the basis of nuclear magnetic resonance 
stud'cs which can detect no spectral difference between the hydrogen 
atoms at C,,, of NAD 19. 

2. Galactose oxidase 
In  contrast to the action of glucose oxidase, which catalyzes the 

oxidation of the terminal aldehyde group of glucose, galactose oxidase 
mediates an attack on the terminal alcoholic group of galactose to 
produce a dialdose20 (equation 8). An analogous reaction has been 
observed in the oxidation of fructose to a ketaldose 21. 

HOCH,(CHOH),CHO + 0 2  OHC(CHOH)*CHO + HZOg (8) 

Reactions of this type are of great interest to chemists and bio- 
chemists since they make possible the preparation of dicarbonyl 
compounds hitherto attainable only by laborious and indirect 
chemical methods 22. Chemical or enzymatic oxidation of aldoses 
suitably blocked at the terminal aldehyde group have in previous 
attempts led invariably to uronic acids; the specificity of these newly 
discovered enzymes for the primary alcoholic group obviates the 
necessity of protecting the existing carbonyl group. 

Galactose oxidase is a copper-containing protein which has been 
crystallized from extracts of the mold Dactylium dendroides. Specificity 
studies with monosaccharide substrates have shown that the galactose 
configuration at C,,, (axial OH) is essential since glucose (Cc4) 
equatorial) is inert. From the observation that 2-deoxygalactose, 
talose (C,,, axial), and galactosamine are all active substrates 
it was concluded that configuration at C,,, is not critical. 
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Since talose and galactose have the same configurations at  C,,, and 
C(4), a theoretically more interesting interpretation is that the 
galactose configuration at  C,,,,, is the essential structure. 

An important application of the galactose oxidase reaction has 
been found in elucidation of polysaccharide structure where specific 
6-oxidation of terminal galactose residues leads to formation of 
aldehydic side-chains susceptible to oxidation with Br, to galacturo- 
nosides. The relative resistance of galacturonosidic linkages to 
subsequent acid hydrolysis compared to other glycosidic linkages 
present permits the isolation of uniquely ordered fragments 
reflecting the sequence of monosaccharide units in the parent 
polymer 23. 

3. Lactate dehydrogenase 

The end-product of aerobic glycolysis is pyruvate (Figure 1) 
which is then further oxidized by the Krebs tricarboxylic acid 
cycle in animal tissues (Figure 4). During periods of strenuous 
exercise the tissues become. deficient in oxygen, and this results in 
the accumulation of reduced coenzymes to the extent that pyruvate 
is reduced to lactate, which accumulates. On readmission of oxygen, 
lactate is oxidized to pyruvate; the enzyme catalyzing this oxido- 
reduction (equation 9) is lactate dehydrogenase 24. Since the D-isomer 

(9 1 

is not a substrate for the enzyme the system exhibits absolute 
specificity of hydrogen transfer. A bacteriai NAD-dependent lactate 
dehydrogenase has been described which is specific for the D-isomer 25. 

Yeast contains lactate dehydrogenases which differ from the animal 
enzyme in that they are flavin-linked proteins26. Both isomers are 
oxidized but by two distinct enzymes, both of which transfer electrons 
directly to cytochrome C .  They are therefore called D-lactate and 
L-lactate cytochrome C reductases. The L-enzyme has been crystal- 
lized and is a flavohemoprotein with FMN and protoheme as 
prosthetic groups; the D-enzyme is associated with mitochondria but 
has been solubilized and partially purified. The prosthetic group 
is FAD. 

The crystalline animal enzyme has been found to exist in several 
molecular forms known as isozymes, a term used to denote the 
different proteins which may coexist to catalyze the same reaction. 
Lactate dehydrogenase was one of the first enzymes to be recognized 
as a complex of isozymes; many other enzymes are known to be 

L-Lactate + NAD+ T Pyruvate f NADH + H+ 
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isozymic mixtures, a property which is now regarded as a common 
characteristic and another manifestation of their protein nature. 
Since isozymes may have different affinities for a substrate and display 
different degrees of product inhibitionz7 they serve as a means of 
regulating metabolic activity. 
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FIGURE 4. The Krebs tricarboxylic acid cycle. 

4. Malate dehydrogenase2* 
Another critical conversion of an alcohol into a ketone is the 

oxidation of malate to oxalacctate catalyzed by malate dehydro- 
genase. This reaction constitutes the last segment of the tricarboxylic 
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acid cycle (Figure 4) and supplies oxalacetate for condensation with 
acetyl-CoA to form citrate, the first of the tricarboxylic acid inter- 
mediates of pyruvate oxidation. The enzyme is NAD-dependent, 
stereospecific for hydrogen transfer, and catalyzes the reaction shown 
in equation (10). 

L-Malate + NAD+ + Oxalacetate -+ N A D H  + H+ (10) 

5. Oxidative decarboxylases 

Associated with oxidation of secondary alcohols to ketones is an 
important biochemical reaction, decarboxylation. Carbon is supplied 
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as fuel for living tissues in a reduced state and through oxidation 
energy is released for synthetic processes in the organism; the state 
of lowest energy is carbon dioxide, ultimate catabolic product of 
carbon. Although oxygen is required finally to remove electrons from 
reduced carbon compounds, direct combination of oxygen with 
these compounds is relatively rare and never occurs to form carbon 
dioxide. Instead, carbon dioxide is evolved as a result of decarboxyla- 
tion, a reaction represented in each of the major catabolic pathways. 
In  many cases the precursor is a ,!3-hydr~xy acid and the product of 
decarboxylation is an essential metabolite. I n  the Krebs cycle 
(Figure 4) there are two such reactions, one catalyzed by the malic 
enzyme and the other by isocitrate dehydrogenase. The decarboxyla- 
tion products are pyruvate and a-ketoglutarate, respectively, both of 
which are key intermediates in the cycle and supply carbon for the 
amino acids alanine and glutamate, respectively (section III.F.3). 
In  the phosphogluconate oxidative pathway (Figure 5) a similar 
oxidative decarboxylation occurs in the formation of ribulose-5-P 
from 6-phosphogluconate by 6-phosphogluconate dehydrogenase. 
The pentulose is important as a precursor of pentose required by the 
organism for nucleic acid synthesis. Although the tendency to 
decarboxylate is characteristic of /3-keto acids no evidence for these 
intermediates has been found. 

a. Malic enzyme28. This system is distinct from malate dehydro- 
genase (section II.B.4) and catalyzes the reaction shown in equation 
(W 

Mn2 i. 
-Malate2- + N A D P +  T Pyruvate- f NADPH + COz (1 1) 

0. Isocitrate dehydrogenase 29. The requirements for this enzyme are 
similar to the previous one. Although oxalosuccinate is decarboxy- 
lated by this enzyme there is no evidence for its existence as a free 
intermediate in the reaction given by equation (12). A detailed 

Mn2- 
IsocitrateJ- + N A D P f  + a-Ketoglutarate2- + NADPH+ COz (12) 

study30 of the mechanism of this reaction has shown that a carbanion 
intermediate is formed with retention of configuration during 
replacement of the central carboxyl group by a proton generating a 
central mso  carbon atom in a-ketoglutarate (Figure 6). 
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c. 6-Phosphogluconate defiydrogenase 31. In  this reaction NADP is 
again the cofactor but the metal requirement is not absolute (equation 
13). A study of the mechanism of this reaction showed that dccar- 

6-Phosphogluconate3- + NADP+ - > Ribulose-5-P2- + NADPH + C02 (13) 

boxylation was accompanied by inversion of configuration during 
replacement of the carboxyl group by a proton32 (Figure 7) .  
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FIGURE 7. Mechanism of oxidative decarboxylation of 6-phosphogluconate. 

d. Enzymes of the glucuronic acid pathway33. The identification of 
L-xylulose in the urine of pentosurics led to the discovery of another 
metabolic system known as the glucuronic acid pathway (Figure 8). 
L-Xylulose was found to arise from the decarboxylation of 3-keto- 
gulonate which in turn resulted from the oxidation of L-gulonatc by 
NAD and the kidney enzyme, L-gulonate dehy-drogenase. Here again 
is an example of carbon dioxide formation by decarboxylation but in 
contrast to the previous reactions a fl-keto acid is clearly implicated. 

Normally L-xylulose is reduced by NADPH to xylitol which is 
then oxidized at the other penultimate carbon by NAD to D-xylulose. 
I n  the condition known as pentosuria the reduction of L-xylulose is 
blocked, the compound accumulates in the blood, and is ultimately 
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excreted in the urine. Xylitol is a meso compound since and C,,, 
are compensated centers of asymmetry ; they are therefore differenti- 
able by asymmetric reagents (enzymes or possibly coenzymes) giving 
rise to the enantiomeric xyluloses. 

I n  the liver of all species except man, monkey, and guinea pig 
L-gulonate undergoes an entirely different conversion ; the first step 
is enzymatic y-lactonization followed by atmospheric oxidation 
catalyzed by an oxygenase to Z-keto-~-gulonate which then enolizes 
to ascorbic acid. 

For a long time biochemists were puzzled by the configurational 
changes in these reactions which suggested the existence of a com- 
plicated series of epimerizations. It can be seen from Figure 8 that 



348 F. Eiscnberg 

these changes are simply the result of reversai of the numbering 
system in going from D-glucuronate to L-gulonate and of stereospecific 
selection in going from xylitol to either ketopentose. 

6. G I ycerophosphate dehydrogenase 34 
A recently recognized important cyclic process utilizes the redox 

couple L-glycerophosphate/dihydroxyacetone-P and occurs in mus- 
culature with high energy requirements such as insect flight and 
saltatory muscles and vertebrate tissues. The reaction in the cyt-o- 
plasm is NAD-dependent and reversible (equation 14). I n  mito- 
chondria it is unidirectional and NAD-independent (equation 15). 
The net reaction (equation 16) is the sum of equations (14) and (15). 

Dihydroxyacetone-P + N A D H  + H+ NAD'  + a-Glycerophosphate (14) 

(15) a-Glycerophosphate + 3 0, d Dihydroxyacetone-P + HZO 

NADH + H +  + 3 0 ,  - t N A D +  + H,O (16) 

This shuttle thus provides for the conveyance of hydrogen from 
srtbstrates via pyridine nucleotides in the cytoplasm to sites of 
atmospheric oxidation in respiratory particles (mitochondria). 

7. /I- H ydroxyacy I-CoA dehydrogenase 35 
A critical step in the degradation of fatty acids is the oxidation of 

P-hydroxyacyl-CoA by NAD to the P-keto ester (equation 17) which 
then undergoes thiolytic cleavage by CoA to yield acetyl-CoA and 
an acyl-CoA shorter by two carbon atoms (equation 18). 

RCHOHCHzCOSCoA + N A D +  RCOCHzCOSCoA + NADH + H+ (17) 

RCOCH,COSCoA + HSCoA RCOSCoA 4- CH,COSCoA (18) 

8. Methyl ketone f o r r n a t i ~ n ~ ~  
Resting cell suspensions of Penicillium rogueforti, the mold used in 

the manufacture of bleu cheese, catalyze the oxidation of fatty acids 
to the methyl ketone shorter by one carbon atom. The characteristic 
aroma and flavor of this cheese is attributed to these compounds, 
the main one being 2-heptanone. The nature of the end-product 
suggests that this pathway of fatty acid degradation involves 
hydrolytic removal of CoA from acylacetyl-CoA (equation 17) to 
form a P-keto acid which then undergoes decarboxylation. 

9. Regulation of a series of carbonyl reactions 
Although biochemical reactions of many kinds are essential to the 

functioning of living cells, the cell contents are not chaotic mixtures 
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of independently metabolizing enzymes. One aspect of metabolic 
activity of pafamount importance is the maintenance of the steady- 
state composition of the cell, homeostasis. Since enzymes are the 
catalysts for cellular reactions, control of these catalysts will regulate 
the steady-state composition. Several mechanisms are available for 
this regulation; one has already been alluded to in the discussion of 
isozymes (section II.B.3). Another device is feedback inhibition in 
which the activity of an enzyme is diminished by interaction with an 
intermediate or end-product of a sequence of reactions. Still another 
is control of synthesis of an enzyme; this can be an increase in syn- 
thesis, known as induction, or a decrease, repression. Although all of 
these processes are of great current interest, the last is probably the 
most interesting since it is thought that this kind of control is effected 
a t  the level of messenger RNA (ribonucleic acid) and is therefore 
under genetic direction. 

An example of dual control of enzyme synthesis is seen in the 
bacterium Pseudononas juorescens in which a pathway of oxidation of 
a secondary alcohol, mandelate, is regulated through the effect of 
substrate as well as products (equation 19)37. Both mandelate and 

E S  
SuccCoA + AcCoA t -00CCH2COCH2CH2C00- +-- Catechol 

benzoyl formate are inducers of El. Benzoate repressed El, E,, and 
E3 but induced E, and E,. Catechol repressed El - but induced E5. 
Both succinate and acetate repressed El - 5. All repressive effects 
could be reversed by increasing concentrations of mandelate. 

10. lnositol dehydrogenase 

Several species of microorganisms 38 as well as mammalian tissues 39 
contain a system for the oxidation of myoinositol to inosose. Since 
this is an NAD-linked dehydrogenation the reaction has been used 

myoinositol inosose scyllitol 

FIGURE 9. The interconversion of myoinositol, inosose, and scyllitol. 
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as an assay for inositol. I n  mammalian tissues inosose has been shown 
to be the intermediate through which myoinositol and its 2-epimer, 
scyllitol, are interconverted (Figure 9). 

11. Hydroxy steroid dehydrogenases40 
Microorganisms and animal tissues contain enzymes which 

catalyze the oxidation of hydroxyl groups substituted at  all positions 
where they occur in the steroid nucleus: 3a, 3/3, llg, 17a, 17p, 20a, 
20& and 21. Both NADP (equation 20) and NAD (equation 21) are 
coenzymes for these reactions. In  addition to their dehydrogenating 
function these enzymes are capable of transferring hydrogen between 
the two coenzymes at catalytic concentrations of the steroids 
(equations 20, 2 1, and 22). Stereospecificity of hydrogen transfer has 

Hydroxy steroid + NADP+ (20) 

Sum: NADPH + N A D +  + NADP+ -k NADH (22) 

been demonstrated for these enzymes, all of those examined showing 
B specificity; that is hydrogen is transferred to the side of the pyridine 
ring on which numberkg is clockwise18. 

Keto steroid + NADPH + H +  

Hydroxy steroid + N A D +  & Keto steroid + NADH + H +  (21) 

C. Oxidation of an Enediol t o  a Diketone 
Plants and animals both contain systems for the oxidation of 

L-ascorbic acid to dehydroascorbic acid. In the rat and guinea pig 
the oxidation can occur nonenzymically, catalyzed by a heat-stable 
particulate factor from liver 41; in plants a copper-containing oxidase 
has been described. The unusual feature of the plant reaction42 is 
that water and not H,O, is formed as a by-product (equation 23). 

Ascorbic acid + 3 O2 Dehydroascorbic acid + H20 (23) 

D. Dehydration43 
Another series of reactions involving alcoholic substrates is the 

disproportionation of vicinal glycols to carbonyl products with the 
concomitant formation of a deoxy function. The net change is a 
dehydration catalyzed by enzymes known as dehydrases. Two 
mechanisms can be written for this reaction for each of which there 
are examples. The reaction illustrated by equation (24) proceeds 
through liberation of a carbon-bound hydrogen as a proton with 
release of a hydroxyl group to form water and an enol which then 
tautomerizes. In  equation (25) the same hydrogen is liberated as a 
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R' CHzCOR' 
fl - H , O t  

R'CH-CR2 

hydride ion displacing the hydroxyl group which then combines with 
the proton liberated from the other alcoholic group. Although this 
class of reactions is peculiar to microbial systems there is one notable 
exception, the enolase reaction, found in all classes of living matter. 

1. E n o l a ~ e ~ ~  
A central reaction of the glycolytic sequence (Figure 1) is the 

dehydration of D-2-phosphoglycerate to phosphoenolpyruvate, a 
variant of equation (24) in which the enol form is unable to undergo 
ketonization (equation 26). A second enzymatic reaction catalyzed 

CH2OH CH2 
I I I  

I l 
H C O P  C O P  + H 2 0  

coo- coo- 
by pyruvate kinase dephosphorylates the enol to pyruvate coupled to 
the phosphorylation of ADP to ATP. The importance of these 
reactions to the organism is that energy unavailable in the form of 
secondary phosphate is rendered available in the conversion to enol 
phosphate, which is capable of generating ATP, the principal store 
of energy for all manner of biochemical reactions. 

2. bPhosphogluconate dehydrase 
A pathway of glucose dissimilation in microorganisms, elucidated 

by Entner and D o ~ d o r o f f ~ ~ ,  contains a dehydration step in which 
6-phosphogluconate is converted into 2-keto-3-deoxy-6-phospho- 
gluconate. 

3. Dihydroxy acid d e h y d r a ~ e ~ ~  
Extracts of Neurospora crassa and E. coli dehydrate c+dihydroxy+ 

methylvalerate to a-keto-p-methylvalerate and c@-dihydroxyiso- 
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valerate to a-ketoisovalerate, precursors of isoleucine and valine, 
respectively. 

4. Diol d e h y d r a ~ e ~ ~  
I n  other microorganisms 1,2-propanediol is converted into pro- 

pionaldehyde and ethylene glycol into acetaldehyde. Cobamide is a 
required cofactor for these enzymes. Evidence for equation (25) has 
been adduced by Brownstein and Abeles 48 who found no incorpora- 
tion of deuterium whcn the reaction was carried out in D,O. An enol 
intermediate required by equation (24) would have introduced 
isotope into the product. 

5. Glycerol d e h ~ d r a s e ~ ~  
A reaction of economic importance is the analogous dehydration 

of glycerol to /3-hydroxypropionaldehyde by a species of Lactobacillus 
found in fermenting grain mash. The product is readily dehydrated 
nonenzymically to acrolein, an undesirable product in the manu- 
facture of whiskey. 

6. L-Tartrate dehydraseSD 

recently in a genus of Pseudomonas. 
Dehydration of L-tartrate to oxalacetate has been demonstrated 

7. Galactarate dehydrase51 
An homologous reaction has been found recently in E. coli in 

which galactarate (equation 27) and glucarate (equation 28), the 
dicarboxylic acid derivatives of galactose and glucose, respectively, 
are dehydrated enzymatically to the corresponding a-keto-p-deoxy 
acid. Further reactions split the compound centrally to pyruvate and 
glycerate. 

The  stereochemistry of these reactions is interesting and merits 
further consideration. Galactarate- 1-14C gave rise to labeled glycerate 
and unlabeled pyruvate while galactarate-6-I4C yielded labeled 
pyruvate. I t  is clear that galactarate, a meso compound, is dehydrated 
asymmetrically in a reaction reminiscent of the asymmetric oxidation 
of xylitol (section II.B.5.d). Glucarate on the other hand is de- 
hydrated less specifically, 15% resulting in 2-keto-3-deoxy- and 85 yo 
in 5-keto-4-deoxyglucarate. A possible explanation for the latter 
observation is the esistence of two glucarate dehydrases of opposite 
stereospecifici ty. 
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Loo- coo- coo - 
H O H  glycerate 

I 
HCoH 

I 
H t o H  

I 
H O ~ H  H O ~ H  t H O  

HO c H - I  HCH CH3 
-++ 

I 

I 
CO pyruvate 

coo - 

I co 
I coo - 

5- keto-4-deoxy- 

H c OH 

Loo- 
galactarate 

7 g'ucarate 

I 

- 1  

I coo - 

HCoH HCOH 

HCOH 
I 

I coo- 
HCOH 

Rlucarate 2- keto-3-deoxy- - 
glucarate 

8. Amino acid d e h y d r a s e ~ ~ ~  
Although the net reaction is the elimination of the elements of 

ammonia, the mechanism probably involves dehydration followed 
by hydrolysis of the imino compound. Pyridoxal-P is the coenzyme 
for these reactions. 

The formation of pyruvate from serine has 
been observed in mammalian Liver (equation 29). 

CHZCHCOO- - H,O CH,=CCOO- CH,CCOO- 

a. Serine det'ydrase. 

d - II + CH,COCOO- (29) 

b. Tfireonine and homoserine dehydrases. The liver is similarly 
capable of catalyzing the formation of a-ketobutyrate from the 
isomeric amino acids, threonine and homoserine (equation 30)- 

NH 
I -> 

d H  AH2 N Hz 

CH,CHOHCHNHzCOO-- - H,O 

CHzOHCH&HNHzCOO - - "'3 
J- CH3CH,COCOO- (30) 

9. Deoxy sugar synthesis53 
In contrast to the simplicity of D and L interconversions discussed 

in section II.B.S.d, the formation of 6-deoxy and 3,6-dideoxy sugars 
with L configuration from D-sugars is complicated and involves 
several epimerization steps. In  further contrast is the fact that the 

12+C.C.G. 
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sugars are not free as in the uronic acid pathway but nucleotide- 
bound. An intermediate has been isolated in these reactions and 
identified as the 4-keto-6-deoxy compound, as shown in equation 
(31). Since the net change in conversion of hexose into the inter- 

GDP-L-col itose 

Guanosine diphosphate 

1 

GDP-4-keto-6-deoxyrnannose (31) . . . . . . . . . . ., 
D-Mannose 

A 

GDP-L-fucose 

mediate is loss of a molecule of water with formation of keto and 
deoxy functions, the reactions bear a formal resemblance to the other 
dehydrations. The complete mechanism of these reactions, however, 
remains unknown. 

E .  Carbon-Carbon Cleavage 
A number of enzymes catalyze the cleavage of carbon-carbon 

bonds to give rise to important intermediary carbonyl compounds. 

1. Aldolase 
A critical step in the glycolytic pathway (Figure 1) is the splitting 

of hexose diphosphate to triose phosphates, achieved through a 
reverse aldol reaction catalyzed by aldolase. The literature pertaining 
to this enzyme has been reviewed by Rutter 54. Although the aldolase 
reaction operates with many substrates the reaction of principal 
interest is shown in equation (32). The newly formed carbonyl 

Fructose-I ,6-diP & Dihydroxyacetone-P + 3-Phosphoglyceraldehyde (32) 

group resides in the aldehyde. The stereospecificity of this reaction 
will be discussed in section III.C.4. 

2. lsocitrate l y a ~ e ~ ~  

The accumulation of glyoxylate and oxalate in certain species of 
molds has been found to result from the cleavage of isocitrate to 
succinate and glyoxylate, subsequently oxidized to oxalate (equation 
33). The reaction in the direction of synthesis resembles a Stobbe 

CHZCOO- 
CH,COO- 

I CH,COO- 
CHCOO- T I + OCHCOO- (33) 
I 

HOCHCOO- 
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condensation stopped short of the dehydration step which ordinarily 
leads to an unsaturated product. That this reaction cannot be classed 
as an aldol condensation is seen from the failure of succinate to 
incorporate tritium in the half reaction between enzyme and succinate 
in T20. 

The importance of this reaction is its key position in the glyoxylate 
cycle (Figure 10) by which acetate gives rise to four-carbon acids for 
carbohydrate and protein synthesis. The first occurrence of the 
enzyme in a multicellular organism has been repocted recently 56. 

AcCoA 

Oxalacetate xco Citrate A 

\ 

AcCoA 

FIGURE 10. The  glyoxylate cycle. 

3. lnositol o x y g e n a ~ e ~ ~  
An interesting reaction in which a carbonyl arid carboxyl group 

are generated simultaneously is the atmospheric oxidation of myo- 
inositol, catalyzed by an enzyme in rat kidney. The product is 

D-glucuronic acid 

myoinositol \ 

&=Z-*OH 

L-glucuronic acid 

FIGURE 1 1. Oxidation of inositol to DL-glucuronic acid. 
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D-glucuronic acid, the aldehyde group originating from C,,, of 
inositol and the carboxyl group from C(l). Ferrous ions are essential 
for the reaction. By means of '*O labeling it was shown that the 
added oxygen appeared in the carboxyl group. 

An unusual aspect of this reaction is its stereospecificity; with the 
crude kidney enzyme the product was a racernic mixture of 
glucuronic acids, presumably arising by cleavage of corresponding 
bonds across the plane of symmetry of inositol catalyzed by specific 
enzymes (Figure 11). Purification of thc cnzymes revealed that the 
D-enzyme was the more stable. Although the formation of D- 

glucuronate from inositol has been repeated in many laboratories, 
the formation of the L-isomer remains unconfirmed. 

F. Oxidative Deamination 
Analcgous to the oxidation of alcohols to aldehydes and ketones is 

the oxidation of amino compounds to metabolically important 
carbonyl compounds. 

1. Spermidine o ~ i d a s e ~ ~  
The bacterium Serratia marcescens contains an enzyme which 

catalyzes the atmospheric oxidation of spermidine to y-amino- 
butyraldehyde and trimethylenediamine (equation 34). 
NHZ(CHz)3NH(CHz),NHz + H z O  + 0 2  __f 

NHz(CHZ)3CHO + NHz(CHz)3NHz + HzOz (34) 

2. L-Glutamate dehydrogenase 59 

The most important reaction in this class is the reversible oxidative 
deamination of L-glutamate to a-ketoglutarate and NH,' by NAD or 
NADP, catalyzed by glutamate dehydrogenase. 

The reaction supplies the chief link between protein and carbo- 
hydrate metabolism and in conjunction with transamination (section 
III.F.3) provides for the oxidative deamination of many other 
amino acids. Although the actual reaction mechanism remains 
obscure the enzyme is known to be B stereospecific with respect to 
hydrogen transfer to both coenzymes and like liver alcohol dehydro- 
genase, the liver enzyme contains zinc. 

Glutamate dehydrogenase has become one of the model systems 
for the study of reversible dissociation of proteins into subunits. An 
interesting observation pertinent to this dissociation is that, whereas 
the tetrameric form of the enzyme has glutamate specificity, the 
monomer is specific for alanine. Moreover conditions which change 
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the rate of the glutamate reaction cause complementary chznges in 
the alanine reaction. 

3, D- and L-Amino acid oxidases60 
Enzymes are found in most living systems which catalyze the 

oxidation of amino acids to a-keto acids according to equation (35). 
RCH(NH,+)COO- + EnzFAD + H20 (35) 

EnzFADH2 is then oxidized by atmospheric oxygen to EnzFAD and 
H,O,. Both the D- and L-enzymes show absolute optical specificity. 

G. Prostaglandins 
A class of compounds originally thought to be elaborated by the 

prostate gland has been isolated from human and ovine sperm plasma. 
Prostaglandins are characterized by the presence of a cyclopentanone 

RCOCOO- + NH4+ + EnzFADH2 

1 hornor- l ino len ic  acid 
(8, I I, 14-eicosatrienoic acid) I f  Oz 

prostaglandin El 

FIGURE 12. Biosynthesis of prostaglandin. 

ring and have pharmacological activity on smooth muscle. Recent 
work on the biosynthesis of these compounds has disclosed that 
they arise from the essential fatty acids and may explain the dietary 
requirement for such compounds as linolenic and arachidonic acids, 
etc. The detailed mechanism of their synthesis remains unknown but 
the overall reaction is the uptake of three atoms of oxygen (Figure 12). 

111. BIOLOGICAL REACTIONS OF CARBONYL GROUPS 

A. Oxidation t o  Acids, Esters, Anhydrides, and Lactones 

1. Aldehyde dehydrogenases 
These enzymes have been reviewed62 and will not be discussed in 

detail. They have a wide range of specificity and like the alcohol 
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dehydrogenases occur in many forms of life. The coenzyme is either 
NAD or NADP and the reaction proceeds according to the general 
pattern of equation (36), where A is hydroxyl, phosphate, arsenate 

RCHO + NAD(P)+ i HA e RCOA + NADH(P) + H+ (36) 

or mercaptan. A recent addition to the known substrates for these 
enzymes is retinal which is oxidized to vitamin A acid63. 

2. Phosphoroclastic reaction 64 

Cleavage of pyruvate by phosphate was observed long before the 
reverse pyruvate synthase reaction (equation 1). The net reaction is 
an internal oxidoreduction in which the carbonyl group is oxidized 
to carboxyl and two protons are reduced to molecular hydrogen. 

3. a-Keto acid dehydrogenases65 
Pyruvate and a-ketoglutarate are the principal a-keto acids en- 

countered in living systems and both are intermediates in the Krebs 
tricarboxylic acid cycle (Figure 4). The systems for oxidation of 
these compounds are extremely complicated and not entirely under- 

NH3' 

thiamine pyrophosphate intermediate 

CH3CCOO- 

pyruvate OH 

FIGERE 13. hlechanism of decarboxylation of pyruvate 
by thiamine pyrophosphate. 
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stood. I t  is known that lipoic acid (6,8-dithiooctanoic acid) and 
thiamine pyrophosphate (cocarboxylase) are required for the several 
enzymes. The first step, decarboxylation, has largely been eluci- 
datedGG. I t  had beer, shown earlier that thiamine in basic solution 
will decarboxylate pyruvate to form acetoin; later it was found that 
3,4-dimethylthiazole at: alkaline pH will catalyze the same reaction. 
I t  was further shown by nuclear magnetic resonance spectroscopy in 
D,O that H(21 of dimethylthiazole is exchangeable with solvent 
protons; the thiazole mcliety is thus the catalyticaliy active part of 
the coenzyme and effects decarboxylation by the mechanism illus- 
trated in Figure 13. The addition product, containing a two-carbon 
fragment at  the aldehyde level of oxidation, transfers the fragment to 
lipoate to form 8-(S-acetyl)-6,8-dimercaptooctanoate and thiamine 
pyrophosphate. The acetyl group is then transferred enzymatically 
to CoA forming acetyl-CoA and reduced lipoate which is then re- 
oxidized to lipoate with NAD 67. A similar series of reactions converts 
a-ketoglutarate to succinyl CoA and GO,. 

4. Glucose-6-P dehyd rogenase 31 

This enzyme is spread throughout the biological kingdoms and 
has been the subject ofintensive study from all aspects of enzymology. 
The reaction catalyzed is the oxidation of ~-ghcopyranose-6-P by 
NADP to give 6-gluconolactone-6-P, NADPH, and H +. The reaction 
is important not only in the catabolism of glucose (Figure 5) but also 
as a sensitive analytical tool for the assay of compounds and enzymatic 
reactions which can be coupled to the dehydrogenase. The increase 
in light absorbancy at 340 mp is a measure of NADPH formation 
and constitutes the basis for the analytical method. 

5. Glucose oxidase(j8 

Microorganisms have long been known to oxidize glucosc to 
gluconate with concomitant formation of H202. Further studies of 
the reaction have shown a requirement for FAD which as the primary 
hydrogen acceptor is subsequently dehydrogenatcd by 0,. Glucose 
oxidase has been identified with notatin, elaborated by Penicillium 
notaturn, deriving its antibiotic activity from the lethal peroxide 
generated. 

The enzyme is specific for ,k?-D-glucopyranose which is oxidized to 
8-gluconolactone; the lactone is then spontaneously hydrolyzed to 
D-gluconate as shown in Figure 14. 
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coo- 
l 

B-o-glucopyranose 

FADHz 4 - 0 2  

H ~ O H  
I 

HCOH 
I 

HCOH 
I 

CHzOH 

FAD -+- + FADH, __f OH- HOCH I 

0 
6-o-gluconolactone - FAD + H2Oz CH20H 

D-gl uconate 

FIGURE 14. The glucose oxidase reaction. 

6. BioluminescencsGY 
Straight-chain aldehydes from C, to C,, have been implicated in 

the reactions leading to light emission in luminous bacteria. In  these 
reactions light is produced when reduced FMN and aldehyde are 
incubated with the enzyme lucifcrase in the presence of 0,. The 
aldehyde apparently combines with oxygen to form a peroxide 
intermediate which in its rearrangement to the corresponding acid 
liberates sufficient energy to excite some product of the reaction to 
fluoresce. 

B. Reduction t o  Alcohols 
The general reactions presented in section 1I.B. 1 are reversible 

and therefore will not be discussed further. Certain reductive reactions 
of carbonyl compounds of particular metabolic significance will be 
considered, however. 

1. Glucuronolactone r e d ~ c t a s e ~ ~  
The first step in the catabolism of glucuronic acid (Figure 8) is the 

reduction of the terminal aldehyde group of D-glucuronolactone by 
NADPH to an alcohol, L-gulonolactone. All species of animals 
tested demonstrate this conversion so that the block in the synthesis 
of ascorbic acid by man, monkey and guinea pig does not occur at 
this step but in the further catabolism of L-gulonolactone. 

2. Aldose and ketose reductases 
Hers70 has described two enzymes present in sheep seminal vesicle 

which catalyze reversibly the reduction of glucose (equation 37) and 
fructose (equation 38) to sorbitol by NADPH and NADH, respective- 
ly. Since NADP occurs in tissues largely in the reduced form and 



7. Biological Formarion and Reactions of Carbonyl Groups 361 

NAD, largely oxidized, the reaction tends toward the conversion of 
glucose into fructose with sorbitol the intermediate (equation 39). 

Aldose reductase 

Glucose + NADPH + H+ . Sorbitol + NADP+ (37) 
Ketose reductase 

Sorbitol + N A D +  . Fructose + N A D H  + H+ (38) 

Sum: Glucose + NADPH + N A D +  Fructose + NADH + NADP+ (39) 

3. Reduction of ketones 
Pre10g~~  and coworkers have studied the steric course of reduction 

of bicyclic ketones by NADH in microbial systems. They have 

Axlal 
reducrase 

* 
H 

H 
H 
I 

EquatorialZ 

reductase 

9R 85 

NADH 

(b) 

FIGURE 15. Stereospecific rcduction of bicyclic ketones. 

(a) 9s-axial approach favorable. 
(b) 9R-equatorial approach favorable. 

observed that in the pair of enantiomers illustrated in Figure 15, 
where configuration of C,,, is S72 in (a) and R in (b), the configura- 
tion of the secondary alcohol at  C,,, is S in both (a) and (b), that is 

12* 
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Ho3) is axial in (a) and equatorial in (b). To account for these 
results they propose that a specific hydrogen at C,,, of the nicotin- 
amide ring of the coenzyme (Figure 3) approaches the carbonyl 
group of the ketone in a preferred configuration, axial when Co) is S 
and equatorial when R. Substrate, coenzyme, and enzyme are thought 
to be held in proper alignment for these approaches by hydropliilic 
and hydrophobic bonds. Prelog has enlarged on this concept73 by 
comparing the structures of various substrates of a given enzyme. 
When the carbon skeletons of mono-, bi-, and tricyclic cyclohexanones 
are superimposed such that the carbonyl groups are always in the 
same position for attack by the coenzyme-enzyme complex, a 
diamond lattice section is obtained which defines that space not 
occupied by enzyme, coenzyme, inhibitor, or adsorbed solvent in the 
transition complex. From the characteristics of this space and the 
structure of nonsubstrate analogs, some notion concerning the 
structure of the complex can be obtained. 

C. Carbon-Carbon Bond formation 

I. Carboxylation 74 

Only one reaction is known in which addition of carbon dioxide 
occurs at a carbonyl group. This is the photosynthetic carboxylation 
of ribulose-1,5-diP with the ultimate formation of two molecules of 
3-phosphoglycerate, the precursor of 1,3-diphosphoglycerate (section 
II.A.2). Spinach leaves are a particularly rich source of the carboxyl- 
ase to the extent that highly purified preparations represent only a 
10- to 20-fold concentration of the crude enzyme. There is evidence 
that the reaction proceeds according to equation (40). 

CH20P CHZOP CH20P 
I co 
I II =o, 
CHOH + COH - 
I 
CHOH 
I 
CHzOP 

coo- 
K O  I 
2 2 CHOH + 2 H+ 

I 
CHzOP 

l 

I 

I 

I 

-0OC-COH 
I 
COH 

I 

1 

(40) co 

CHOH + H +  

CH20P 

CHOH 

CH20P 

2. Synthases 

There are three analogous reactions known in which.AcCoA con- 
denses by an aldol-like reaction with a carbonyl compound to form 
an essential metabolic intermediate. Reaction (41) is catalyzed by 
condensing enzyme 75 for the operation of the tricarboxylic acid 
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cycle (Figure 4). Reaction (42) is an integral part of the glyoxylate 
cycle (Figure 10) of plants and microorganisms. Reaction (43) is 
essential to the biosynthesis of isoprenoid compounds and ultimately 
the steroids'6. 

AcCoA + Oxalacetate2- + H,O (41) 
AcCoA + Glyoxylate- + H,O (42) 

Citrate3- + CoA + H+ 

Malate,- + CoA + H+ 

AcCoA + AcAcCoA + HzO ___f 

8-Hydroxy-/?-rnethylglutaryl-CoA- + CoA + H + (43) 

3. Cyclization reactions 
Formation of a carbon-carbon bond within a molecule leads to a 

cyclic compound. Examples of this type of reaction are found in  the 
microbial synthesis of aromatic rings and the ubiquitous biosynthesis 
of cyclitols. Both pathways originate with glucose. 

Cyclization of 2-keto-3-deoxy-7- 
phosphoheptonate, formed from erythrose-4-P and phosphoenol- 
pyruvate, leads to the formation of 5-dehydroquinate, the precursor 
of shikimic acid and the aromatic amino acids. The overall reaction 
involves loss of water (as phosphoric acid) and an intramolecular 
oxidoreduction for which NAD is required. 

Another cyclization occurs in animals 7 8 ,  

plants 79.80, and microorganismsa1. By degradation of i n ~ s i t o l - ~ ~ C  
formed from specifically labeled glucose it has been shown that the 
cyclitol arises through cyclization of an intact hexose chainB2 (Figure 
16), contrary to earlier results which suggested that the conversion 

a. 5-Dehydroquinate synthesis77. 

b. Myoinositol synthesis. 

E l -  - 

A 
fi-D-glUCOSe myoinositol 

FIGURE 16. Biosynthesis of inositol from glucose. The  symbols indicate source of 
product carbon atoms in precursor. 

of glucose into inositol occurred with fragmentation of the hexose 
moleculeB3. I n  this reaction there is no change in composition; the 
conversion of glucose into inositol is an isomerization. In both the 
yeast and plant systems glucose-6-P is an intermediate and NAD is 
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required, which suggcsts that there may be transitory oxidoreduction 
necessary for activation of C,,, of the hexose. Although there is as yet 
no evidence in support of a mechanism, it is likely that there is 
stereospecific activation of hydrogen bound to the alcoholic terminal 
of glucose to produce myoinositol. 

4. A i d o l a ~ e ~ ~  

Studies on the stereospecificity of this enzyme have been carried 
out with triosc phosphates in the direction of synthesis (equation 32). 
The mechanism of base-catalyzed aldol condensation requires a 
nucleophilic attack on the a-carbon atom of one reactant to produce 
a carbanion which then reacts with the carbonyl carbon of the other 
reactant. With dihydroxyacetone and D-glyceraldehyde the products 
were D-fructose and D-sorbose (both 3,4-t7ans) ; neither of the other 
isomers, tagatose and psicose (both 3,4-cis), were formed showing 
geometrical specificity of the nonenzymatic reaction. 

The enzymatic reaction in which phosphorylated substrates were 
used proceeded by the same mechanism but was even more selective 
since only fructose-diP (4,5-cis) and no sorbose-diP (4,5-trans) was 
formed. When thc enzyme was incubated with dihydroxyacetone-P 
in D 2 0  or T,O one atom of isotope was incorporated showing 
exchange of a carbon-bound hydrogen in accord with the carbanion 
mechanism. The resultant fructose-dip, generated upon addition of 
unlabeled phosphoglyceraldehyde, was unlabeled indicating that an 
exchangeable position on the carbanion was involved in synthesis. 
From the absolute configuration of the enzymically tritiated di- 
hydroxyacetone-P it is concluded that the intermediate carbanion is 
of S configuration, that is reading counterclockwise on the face of the 
C,,, tetrahedron opposite the hydrogen atom, the groups are in the 
order OH, POCH2C0, and negative charge. 

B. lsomerization 

Four isonierizations have already been discussed : the intcrcon- 
version of glucose and fructose via sorbitol (section III.B.2), the 
analogous interconversion of D- and L-xylulose through xylitol 
(section II.B.S.d), the reversible epimerization of myoinositol and 
scyllitol through inosose (section II.B.lO), and the cyclization of 
glucose to inositol (section III.C.3.b). These are relatively indirect 
changes compared to those that are catalyzed by the isomerases and 
mut arotase . 
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6 .  lsomerases ** 
The isomerases catalyze the interconversion of a-hydroxy aldehydes 

and a-hydroxy ketones among the carbohydrates and theirderivatives, 
the phosphate esters, uronic acids, and the amino sugars. Studies on 
the enzymatic interconversion of glucose-6-P, fructose-6-P, and 
mannose-6-P have shown that, whereas the fructose ester is attacked 
by either phosphoglucose isomerase (PGI) or phosphomannose iso- 
inerase (PMI), the aldose esters are specific for their respective 
isomerase, each of which labilizes a different specific terminal 
a-hydrogen of fructose-6-P, as indicated with deuterium labeled 
substrates. Topper has proposed specific enzyme-bound enediols, one 
cis, the other tram, as intermediates in these reactions (equation 44). 

I I 1  I I (44) 

I I I I I 

Now the mechanism depicted above is incomplete since it fails to 
explain enzyme specificity in the direction from fructose ester to 
enediols. Selection of the correct hydrogen atom of fructose-6-P for 
release as a proton may be only a minor part of the specificity 
demanded of the isomerases, since these hydrogens by virtue of their 
asymmetric environment are inherently difFerentiable. Moreover it 
is unlikely that straight-chain forms of the sugar phosphates are 
involved, although to explain proton transfer, enediols arc the most 
likely intermediates. These reactions thus combine two kinds of 
stereospecificity, optical, in the selection of the proton, and geometric, 
in the selection of the enediol. The remainder of the discussion will 
be devoted to a possible basis for the latter specificity. 

From a consideration of the conformational formulas of the various 
substrates involved, it can be seen readily that the anomeric forms of 
the sugar phosphates might well be the determinants for geometric 
selection. If  it is assumed that the most stable conformation is that in 
which oxygen atoms (including the ring oxygen) on C(l) and C0, 
occupy positions in space as remote from each other as possible, then 
/3-fructose-6-P must be the precursor of the trans-enediol and the 
a-anomer of the cis-enediol (Figure 17). The trans-enediol then is the 
precursor of either /&glucose-6-P (trans- 1,Z-diequatorial) or a-man- 
nose-6-P (trans-1,2-diaxial) ; the cis-enediol gives rise to either 
a-glucose-6-P (cis- 1-axial;-2-equatorial) or /3-mannose-6-P (cis- 1- 
equatorial ; -2-axial). PGI and PMI are aldose-specific, however, SO 

CHO CHOH CHZOH CHOH CHO 

HOk E H O C H  H C O H e  COH e C 0  T 

glu-6-P cis-enediol fru-6-P trans-enediol man-6-P 
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CHzOP 

H,.H, 

/ 
*- 

a-fructose-6-P 

H b  

/3-mannose-6-P 

FIGURE 17. A proposed mechanism of action of isomerase. 

that only one product in each pair can be formed. Which series is 
related to a given enzyme can only be ascertained by experimental 
test. Should it prove feasible to prepare the anomeric forms of each 
aldose-P, a comparison of their reaction rates with the two isomerases 
would establish absolute relationships. 

2. Mutarotases 
Isomerism uniquely related to the carbonyl group of carbohydrates 

is seen in the a- and /3-anomers of the cyclic forms of the sugars. 
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Enzymes which catalyze the interconversion of these forms are 
known as mutarotases and have been described for many sugars 
The work of Swain and coworkers87 in model systems for enzymatic 
mutarotation is well known and will not be reviewed further. 

E. Reactions of Acetals 

A general property of carbonyl compounds is reaction with an 
alcohol to form a hemiacetal and further reaction to form an acetal. 
The simple carbohydrates comprise the largest class of hemiacetals, 
originating from intramolecular condensation of hydroxyl and 
carbonyl groups. The acetals are likewise represented by the carbo- 
hydrates and are seen in the structure of glycosides and their polymers, 
the polysaccharides. Acetal-like compounds formed from simple 
sugars and phosphoric acid, carboxylic acids, and nitrogen com- 
pounds are important in biological systems; the N-glycosides are 
abundantly represented by the nucleic acids. Because of the great 
number and variety of acetal reactions it is beyond the scope of this 
chapter to consider more than a few. 

1. Carbonyl carbinol acetals 

This class comprises the bulk of the glycosides which in general are 
synthesized by transfer8* of a hemiacetal moiety from a nucleotide to 
an alcoholic group. Although most of the nucleotides have been 
implicated in these transfers, the general reaction can be illustrated 
with uridine diphosphate glucose (equation 45). 

UDPG + ROH - > UDP + P.OG (45) 

Although bacterial systems capable 
of synthesizing cellulose have been known for some time, only 
recently has this reaction been achieved in higher plants. A particulate 
fraction of mung beans (Phaszolus aureus) catalyzes the synthesis of 
cellulose from guaiiosine diphosphate glucose. 0 ther nucleotides are 
inactive in this transfer of glucose. 

6. Biosynthesis of gaZactinoZgO. A galactoside of inositol is formed 
by transfer of galactose from UDPgalactose in an extract of pea seeds. 

2. Carbonyl carbonyl acetals 
This class consists of compounds formed from the union of hemi- 

acetals through the potential carbonyl groups. The best known 
example of this type is sucrose, a-glucosido-p-fructoside. Some of the 
enzymatic reactions of this sugar will be described. 

a. Biosynthesis of cellulose 89. 
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a. Dextransucrase and levansucrase. The sucrases are microbial 
enzymes which catalyze the polymerization of glucose to dextran and 
of fructose to levan, both obtained from sucrose. The energy for these 
reactions is derived from the high energy interglycoside linkage in the 
substrate. 

The two series of reactions have provided a convenient approach 
to further studies of the nature of glycosidic bond cleavage by 
enzymes. Koshland9' has observed that in enzymatic hydrolysis of a 
glycoside the bond cleaved is that which links oxygen to the enzyme- 
specific moiety. For example, in 2 series of glucosides the bond 
between oxygen and C,,,  of glucose, and not between oxygen and the 
aglycone, is hydrolyzed by glucosidase. I t  was of interest to determine 
if the same rule applied to the transfer enzymes and the sucrases were 
chosen for this study with 1 8 0  as a tracer to follow the interglycoside 
oxygen atomg2. The results of the investigation showed that both 
enzymes catalyze the cleavage of the oxygen linkage to their respective 
enzyme-specific moiety (equations 46 and 47). 

Levansucrase 

n g l u + O j f r u  
(fru), .-t n giu 

(47) 
Dextransucrase 

z (glu),, i-- n f r u  

F. Transferases 

The previous section has dealt with transfer reactions characterized 
by C-0 cleavage. This section will be devoted to transfers in which 
C-C and C-N bonds are broken and reformed. 

I. Trans ketol ase 93 
An important reaction of aldehydes is enzymatic exchange with 

ketols as shown in equation (48). Although examples of this type of 

CHzOH CHzOH 

co CHO 

HOCH HCOH 

I 
{ -1- I 

I 
R1 

I 

co CHO 

HOCH HCOH 

I 
, . I  A -_-__)---- _ _ _ _  - 1  - 

(48) 

HCOH 
I 
R2 

I 
HCOH 

I 
R' 

I 
R2 

reaction are numerous, the most important is the exchange between 
~-xylulose-5-P and ribose-5-P to give sedoheptulose-7-P and glycer- 
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aldehyde-3-P, for which K,,, is nearly unity. Required for the 
reaction are Mg2 + , thiamine pyrophosphate and 3,4-tram configura- 
tion in the donor substrate. The coenzyme serves as carrier of'  active 
glycolaldehyde' in analogy to its role as carrier of 'active acetalde- 
hyde' in the decarboxylation of pyruvate (section III.A.3). 

369 

2. Transaldolaseg4 

A similar reaction of aldehydes with ketols is mediated by trans- 
aldokise, exchange occurring en-, carbon removed Crom the donor 
carbonyl (equation 49). The principal example of this reaction is 
found in the phosphogluconate oxidative pathway (Figure 5 )  in the 
exchange between sedoheptulose-7-P and glyceraldehyde-3-P to give 
fructose-6-P and erythrose-4-P. No metal or cofactor requirement has 
been found for the enzyme. K,,, = 0-95. 

CHzOH CH2OH 
I I 
CO 
I 

$0 

H O ~ H  CHO HOCH CHO 

HCOH R2 HCOH R' 
- - - - -  - - - - -  + I - - - - - - I - - - - -  + 1 

7 

I 
R2 

I 
R' 

(49) 

3: Yransaminaseg5 
In  these reactions both substrate and coenzyme are carbonyl 

compounds. In  general the reaction involves the transfer of an amino 
group, which never appears as free NH,, from an amino acid to 
p y r i d o ~ a 1 - P ~ ~  and then to a keto acid (equation 50). By reversal of 

RCHCOOH 

RCHNH,COOH f ArCHO N=CHAr 
I 

RCCOOH 
I I  
NCH2Ar W ArCH2NH2 4- RCOCOOH (50) 

Ar = H3C Ho&cH20p 
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the reaction the amino group of pyridoxamine-P can be transferred 
to another keto acid to form a new amino acid. Transamination 
provides a link between Krebs cyclc a-keto acids, oxalacetate and 
a-ketoglutarate and amino acids, aspartate and glutamate. 
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1. INTRODUCTION 

As might be expected from the great reactivity of the carbonyl group 
and the wide distribution of carbonyl compounds in natural and 
manufactured materials, the analytical literature on these compounds 
is extensive. No attempt is made in this chapter to obtain a compre- 
hensive coverage of all the methods. Instead, emphasis is given to the 
discussion of those methods which can be applied most generally. 
Included are methods which differentiate between aldehydes and 
ketones and between aliphatic and aromatic compounds. Both 
representative chemical and physical methods are discussed and 
procedural details are given for those that are most widely applicable. 

The general methods most commonly used for quantitative analysis 
are volumetric and often involve reactions also used for the character- 
ization of aldehydes and ketones. Addition reactions and reactions 
involving the oxidation and reduction of the carbonyl group are used, 
followed by a determination of one of the products of the reaction or 
of the excess reagent used. Gravimetric methods are useful for 
separating and determining carbonyl compounds in mixtures. The 
formation of colored derivatives with subsequent determination by 
spectroscopic methods is a sensitive technique for trace carbonyl 
analysis. Polarography is used often to determine particular carbonyl 
compounds directly or to examine the derivatives of carbonyl com- 
pounds. Chromatographic procedures are not only valuable for the 
direct identification and determination of aldehydes and ketones but 
also for separating these compounds for subsequent identification 
and characterization by other techniques. Ultraviolet spectroscopy 
is applied directly in some cases for analysis but its most important 
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application is to the derivatives of carbonyl compounds. Mass 
spectrometry and infrared and nuclear magnetic resonance spectro- 
scopy, either alone but especially in conjunction with one another, 
are powerful tools for structure elucidation. In certain special cases the 
last three techniques are applicable to quantitative determinations. 

I I .  CHEMICAL METHODS 

A. Qualitative 

I. Hydrazone formation 

The reaction of phenylhydrazine with aldehydes and ketones to 
form phenylhydrazones is used frequently as a test for the presence of 
carbonyl compounds (equation 1). In  most cases the phenylhydra- 

R’R2C=0 + HZNNHCOH, R’R”C=I;JNHC,H, + HzO (1) 

zones precipitate immediately when the sample and reagent are 
mixed. However, some phenylhydrazones, especially the derivatives 
of simple ketones, are oils; and the absence of a precipitate does not 
necessarily indicate the absence of these compounds. 

The test reagent is prepared as a 10% solution in water by adding 
acetic acid to dissolve the phenylhydrazine. To make the test, about 
0.5 ml of the sample is added to 5 ml of the reagent. If a cloudiness 
does not form immediately, the mixture is heated gently, an 
additional 1-2 ml of water is added, and the mixture is cooled. The 
phenylhydrazones can be isolated and the parent carbonyl com- 
pound identified from the melting point of the derivative. The 
derivatives of aryl carbonyl compounds are particularly useful for 
this purpose because of their convenient melting points. 

The 2,4-dinitrophenylhydrazones are the most widely used 
derivatives for the identification of carbonyl compounds (equation 2). 

Because of their higher melting points, they are more useful than the 
corresponding phenylhydrazones, especially for the characterization 
of the lower molecular weight compounds. 

A convenient reagent is a saturated solution of 2,4.-dinitrophenyl- 
hydrazinc in 2 N hydrochloric acid, An aliquot of the sample in 95% 



3 78 J. G. Hanna 

ethanol is added droptvisc to 20-60 ml of the reagent containing 
50-1 00% dinitrophenylhydrazine in excess of that needed for com- 
plete reaction. Fifty ml of 2 N hydrochloric acid are added. When 
precipitation is complete, the precipitate is filtered, washed with 2 N 

hydrochloric acid, then with distilled water, and finally dried. 
The tendency of this group of derivatives to polymorphism, to 

form geometric isomers and mixed crystals, and to undergo structural 
rearrangements can cause difficulties when identifications are 
attempted by evaluation of the melting points using published data. 
However, if reference derivatives of pure carbonyl compounds are 
prepared, employing techniques identical to those used for the test 
sample, these difficulties are minimized. 

Sensabaugh, Cundiff, and Markunas demonstrated the feasibility 
of titrating the 2,4-dinitrophe1iylh)1drazones as weak acids in 
pyridine. From such a titration 3 calculation of the equivalent weight 
is possible, which furnishes important additional information for the 
characterization of the parent carbonyl compound. Either 0.01 or 
0.02 N tetrabutylammonium hydroside is used as the titrant, and 
2-20 mg samples of the derivative in 50 ml of pyridine are titrated 
potentiometrically in an inert atmosphere. 

titrated the 2,4-dinitrophenylhydrazones of 
aliphatic ketones potentiometrically as bases with 0.2 N perchloric 
acid, using acetic anhydride as the solvent. They also applied this 
titration to some semicarbazones, phenylhydrazones, and 4-nitro- 
phenylhydrazones. However, the method is limited by the low 
solubilities of many of the derivatives in acetic anhydride. 

Cowell and Selby 

2. Oxime formation 

Duke3 has suggested that the appearance of the liberated hydro- 
chloric acid when carbonyl compounds react with hydroxylaminc 
hydrochloride to form oximes (equation 3) could be used as a test 
for the presence of aldehydes or ketones. A suitable acid-base 
indicator, added to the reaction mixture, indicates the liberation of 

RIR'C=O + N H 2 0 H - H C I  R'R2C=NOH -t HZO + HCI (3) 

hydrochloric acid by a color change. When combined with a test 
specific for aldehydes, for example the Tollen's test, the presence of a 
ketone can be established in the absence of aldehydes. A reagent 
solution containing 5 g of hydroxylamine hydrochloride and 3 ml of 
Universal indicator per liter in 950/, alcohol is used. The color of the 
solution is adjusted to a bright orange (pH 3.7-3.9) with alcoholic 
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sodium hydroxide. If acids or bases are present in the test sample, 
indicator is added and the color also adjusted to a bright orange. A 
change of color to red on mixing the sample and reagent is a positive 
test. A pH meter to indicate the pH change can be used conveniently 
in place of the indicator. 

Oximes are often used as derivatives, especially for the higher 
molecular weight compounds. They have lower melting points than 
the semicarbazones and substituted phenylhydrazones. An adapta- 
tion of the quantitative procedure of Bryant and Sm-ith4 can be used 
conveniently to prepare these derivatives. About 0-5 g of carbonyl 
compound and 0.5 g of hydroxylamine hydrochloride are dissolved 
in a mixture containing 4 ml each of pyridine and absolute ethanol. 
The mixture is heated on a steam bath for 2 h. The solvents are then 
evaporated in a current of air and the residue is washed well with 
water. The derivatives can be recrystallized from ethanol or from an 
ethanol/water mixture. 

3. Semicarbazone derivatives 

The semicarbazone derivatives of aldehydes and ketones (equation 
4) are generally highly crystalline compounds with sharp melting 
points and are easily obtained in a nearly pure state. The derivatives 

R'RZC=O + HZNNHCONH, T R'R2C=NNHCONH, + HZO (4) 

of unsubstituted aldehydes in the C, to C,, range are difficult to 
identify because their melting points are so close together. 

The semicarbazones can be formed by adding 1 g each of semi- 
carbazide and sodium acetate to 1 ml of the carbonyl compound 
dissolved in 10 ml of water. If the carbonyl compound is water- 
insoluble, it is dissolved in ethanol with just enough water added to 
obtain a cloud point and the turbidity just removed with ethanol. 
I n  either case the mixture is asitated well, heated in a boiling water 
bath, and then cooled in ice. The crystals are filtered and recrystal- 
lized from ethanol/water mixtures. 

The reaction as indicated in equation (4) is reversible, and the 
rate and position at  equilibrium are dependent upon a composite of 
the hydrogen ion concentration and acidity of the solution. The 
kinetics and mechanism of the reaction have been studied carefully 
by Conant and Bartlett5 and by Westheimcr6. Jamieson7 and Smith 
and Wheat suggested hydrolyzing the semicarbazone derivatives 
with aqueous hydrochloric acid and titrating with standard iodate 



380 J. G. Hanna  

solution to obtain the equivalent weights of the parent carbonyl 
compounds. 

4. Hydantoin derivatives 

Henze and Speerg used the procedure first described by Bucherer 
and Libe lo to prepare the hydantoins from aldehydes and ketones. 
They published melting points of some of these derivatives and 
recommended them for identification purposes. Hydantoins are 
formed wher, carbonyl compounds react with potassium cyanide and 
ammonium carbonate (equation 5 ) .  

0 
II 

R' R' C-NH 

C=O + KCN + (NH&C03 A 'c' I (5) 
\ 

/ / \  I 
H I I  

R2 N-C 

0 

R2 

The sample containing 0.02 mole of carbonyl compound is dis- 
solved in 50% alcohol, and 9-1 g of ammonium carbonate and 2.6 g 
of potassium cyanide are added. The mixture is warmed under 
reflux at  about 60"c for 2 h. The solution is concentrated to about 
35 ml, chilled in an ice bath, and the precipitate recovered by 
filtration. 

The method cannot be used for formaldehyde, certain unsaturated 
aldehydes, some substituted aryl aldehydes, and pyruvic acid. 

5. Dimedone derivatives of aldehydes 

Dimedone, also known as rnethone (5,5-dimethylcyclohexane- 
1,3-dione), is used as a reagent specifically for the identification 
of aldehydes 11-14. The derivatives, aldemedones, are highly 
crystalline compounds with sharp melting points. The aldomedones, 
except the derivative obtained from formaldehyde, can be cyclized 
by dehydration of their enolic forms, resulting in other useful 
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crystalline derivatives, octahydroxanthenes (equation 7) .  Thus two 
derivativei are obtained from a single sample of the original 
aldehyde. 

The  procedure of Homing and Horning14 is as follows. A 0.1 ml 
sample of the aldehyde is added to 4 ml of a solution of 400 mg of 
dimedone (300 mg for aromatic aldehydes) in 50% ethanol/water. 
One drop of piperidine is added as a catalyst and the mixture is 
refluxed for 5 min. The  aldomedone is filtered from the chilled 
solution. To form the anhydride, 100 mg of the aldomedone is 
dissolved in 3-4 ml of hot 80% ethanol. One drop of concentrated 
hydrochloric acid is added and the mixture is refluxed for 5 min. 
Water is added until a cloud point is obtained, the mixture is chilled, 
and the precipitate filtered. 

o-Hydroxy aromatic aldehydes and cc,fl-unsaturated aldehydes 
give derivatives which differ in structure from the normal aldo- 
medones and cannot be dehydrated. These derivatives, however, 
serve equally well for identification purposes. 

6. Schiff‘s reagent for aldehydes 
The use of Schiff’s reagent is one of the oldest tests for aldehydes15. 

The reagent is prepared by treating the red dye basic fuchsin 
(rosaniline hydrochloride) with aqueous sulfur dioxide, forming the 
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colorless addition product. Reaction with an aldehyde results in the 
loss of sulfurous acid and the formation of a red quinoid dye. The 
reactions can be formulated as in equation (8). 

Schiff’s reagent is prepared by dissolving about 0.3 g of basic 
fuchsin in  250 ml of water and filtering. To this solution is added 
250 ml of water saturated with sulfur dioxide. The solution is allowed 
to stand overnight. To  make the test, 1 or 2 drops of the sample 
solution are added to 2 ml of the reagent. Thc development of a 
color in about 4 min is a positive test, 

7. Tollen’s reagent for aldehydes 
Tollen’s reagent, an ammoniacal silver nitrate solution, is exten- 

sively used to test specifically for aldehydes. The reaction involves 
osidation of the aldehyde to the corresponding acid and reduction of 
the metal ion to metallic silver (equation 9). The silver is usually 
deposited in the form of a mirror on the surfaces of the container. 
Ketones do not undergo this reaction, and acetals are not hydrolyzed 
under the basic conditions of the reagent. 

R C H O  + 2Ag(NH,),OH R C O O N H 4  + 2 A g  + 3 N H j  + H 2 0  (9) 

The reagent is prepared by precipitating silver oxide from a 5% 
solution of silver nitrate by the dropwise addition of 10% sodium 
hydroxide. A 2% solution of ammonium hydroxide is added until 
the silver oxide just dissolves. An excess of ammonia reduces the 
sensitivity of the reagent. A positive test is indicated when 1 or 2 
drops of the sample added to 5 ml of the reagent produce a precipitate 
of metallic silver or a silver mirror on the surfaces of the container. 
The reagent must be freshly prepared for each use. It has shown a 
tendency to deteriorate on standing, forming an explosiue compound; theref re, 
any excess reagent should be discarded immediatcly and any silrier mirrors 
obtained should be dissolued in nitric acid and the solution discarded. 

8. Cupric salts for aldehydes 

Cupric salts in an alkaline medium form blue complexes with 
tartrate and citrate. Aliphatic aldehydes reduce the copper to red 
insoluble cuprous oxide (equation 10). Fehling’s solution, using 

R C H O  + 2 CuO d R C O O H  + Cu,O (‘0) 

tartrate, and Benedict’s solution, using citrate, are specific for 
aliphatic aldehydes and a-ketols and, when used in conjunction with 
Tollen’s reagent, distinguish betwecn aliphatic and aromatic 
aldehydes. 
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Fehling's solution is prepared by mixing equal volumes of tartrate 
solution and copper sulfate solution immediately before use. The 
copper sulfate solution contains 34.7 0 of the hydrated copper salt in 
500 ml of water. The second solution is prepared by dissolving 173 g 
of potassium sodium tartrate and 70 g of sodium hydroxide in 500 ml 
of water. 

Benedict's solution is prepared by first dissolving 173 g of sodium 
citrate and 100 g of anhydrous sodium carbonate in  800 ml of water 
with the aid of heat. This solution is filtered if necessary and diluted 
to 850 m! with water. A second solution is prepared by dissolving 
17.3 g of hydrated copper sulfate in 100 ml of water. The latter 
solution is poured, with stirring, into the first solution and the 
volume adjusted to 1 liter with water. 

? 

9. lodoform reaction 

Hypoiodite reacts with certain organic compounds to give iodo- 
form (equation 11). The iodoform is easily identified by its light 
lemon color and its melting point, 119-121"c. Compounds containing 

R 

C=O + 3 l2 + 4 NaOH - CHIJ + CH,COONa + 3 Nal + 3 H20 (11) 
\ 

/ 
H& 

I I I  
the structures CH,C=O and CH,=C-C=O and other coinpounds, 
including CH,CH,OH, CH,CHOHR, RCOCH,COR and 
RCHOHCH,CHOHR, where R is either an alkyl or aryl radical, 
give the test. Fuson and Bu1116 have given a general discussion of this 
test. Fuson and T ~ l l o c k ~ ~  recommend the use of dioxane as the 
solvent. 

The compound to be tested is dissolved in 5 ml of dioxane, and 1 ml 
of 10% aqueous sodium hydroxide solution is added. A slight excess 
of iodine/potassium iodide solution is added. The iodine solution is 
prepared by dissolving 50 g of iodine and 100 g of potassium iodide 
in 400 ml of water. The sample mixture is warmed 2 min a t  60"c 
and the excess iodine discharged, using alkali. Water is then added 
to precipitate the iodoform. 

10. Peroxytrifluoracetic acid for ketones 

A test which gives positive results only with ketones has been 
proposed by Drucker and RosenI8. These workers first oxidized the 
ketones with peroxytrifluoroacetic acid to produce esters and 
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lactones (equation 12) and they detected these products using the 
characteristic purple color of the ferric hydroxamates l9 (equations 
13 and 14). 

R1COR2 + CF,COOOH d R1COOR2 + CF,COOH (12) 

R1COOR2 + NHzOH ---+ RKONHOH + R20H (13) 

(14) 

The peroxytrifluoracetic acid reagent is prepared by first dis- 
sclvkg 1 drop 01 3G% hydrogen peroxide in 1 ml of methylene 
chloride. While cooling in an ice bath, 6 drops of trifluoroacetic 
anhydride are added and the mixture agitated for about 30 sec until 
a homogeneous mixture is obtained. The oxidation of any ketone in 
the test sample is then performed by adding the methylene chloride 
solution of peroxy acid to a 0.2 ml or 0.2 g sample and refluxing on a 
steam bath for 5 min. The mixture is cooled and washed twice with 
10 ml portions of 0.5 M sodium carbonate solution, then twice with 
10 ml of 10% sodium bisulfite, and finally once with 10 ml of water. 
The methylene chloride is evaporated on a steam bath. The hydrox- 
amic acid test is then performed as follows. The residue is dissolved 
in 1 M hydroxylamine hydrochloride reagent (70 g of hydroxylamine 
hydrochloride, 0.2 g of thymolphthalein, 0.1 g of methyl yellow in 
1 liter of methanol). One-half ml of 2 M methanolic potassium 
hydroxide is added in excess of that necessary to just form a blue 
color. The mixture is boiled for 30 sec, cooled, and 2 hi methanolic 
hydrochloric acid added until a pink color is just formed. Two drops 
of 10% ferric chloride are added. A positive test is indicated by a 
red-purple color. Esters must be absent from thc sample or they will 
cause the test to be positive in the absence of ketones. 

3 RCONHOH + FeCI, - (RCONHO),Fe 

I I .  Chromotropic acid for formaldehyde 
An almost specific test for formaldehyde was proposed by 

Eegriwe20, based on the deep purple-violet color formed when the 
aldehyde is condensed with chromotropic acid ( 1,8-dihydroxy- 
naphthalene-3,6-disulfonic acid). The chemistry of this color reaction 
is not known with certainty. Formals and other compounds which 
split off formaldehyde also give a positive test. A drop of the sample 
solution is mixed with 1-2 ml of concentrated sulfuric acid containing 
a little solid chromotropic acid and the mixture heated at  60"c for 
10 min. The formation of a purple-violet color constitutes a positive 
test for formaldehyde. 
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5. Quantitutive 

1. Oximation methods 

Oximation reactions between carbonyl compounds and hydroxyl- 
amine or its salts have been thoroughly studied, and quantitative 
methods based on these reactions are the most extensively used for 
the determination of aldehydes and ketones. The hydroxylamine 
reagents are attractive because they are generally applicable to both 
ketones and aldehydes, and the reagent or the reaction products, 
free acid and water, are determined easily. Most investigations have 
been concerned with overcoming the instability of the free hydroxyl- 
amine, eliminating the adverse equilibrium effects encountered in 
the use of the hydroxylamine salts, and obtaining satisfactory end- 
points in the final titrations. Although the reaction of carbonyl 
compounds with free hydroxylamine, in general, is complete 
(equation 15), the instability of this reagent due to air oxidation 

R'R2C=0 + NHzOH ----+ R1R3C=NOH + HzO (15) 

discourages its use. O n  the other hand, although the hydroxylamine 
salts are relatively stable, an equilibrium is involved in their reactions 
with carbonyl compounds (equation 3) and special conditions are 
necessary in many cases to obtain substantially complete reactions. 
Siggia2' has pointed out, however, that for many aldehydes the 
equilibrium is sufficiently favorable for satisfactory results to be 
obtained without special precautions, using a variety of solvents such 
as water, glycol, isopropanol, and mixtures of glycol or isopropanol 
with benzene or petroleum ether. Hydroxylamine is used as the 
reagent and the liberated hydrochloric acid is titrated, usually 
potentiometrically, because the system is often too highly buffered 
to yield sharp p H  changes at the end-point. Roe and Mitchellzz used 
a differential p H  method to determine small concentrations of 
carbonyl compounds in water, methanol, dioxane, and benzene 
systems. The p H  of a 0.5 N hydroxylamine hydrochloride solution is 
measured before and after thc addition of the sample. The  change in 
p H  is compared with a working curve prepared using measured 
concentrations of pure carbonyl compounds. T h e  method can be 
used to determine 0.0 to 0.23 millimole of aldehydes and methyl 
ketones per ml to 2 2 %  relative. The  procedure is subject to 
interference from acids and buffering materials. 

I n  most cases it is necessary to use systems that will force the 
reaction to completion. Since water is one of the products of the 

13-kC.C.G. 
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reaction, the use of nearly nonaqueous systems is advantageous. 
Higuchi and Barnstein 23 investigated hydroxylammonium acetate 
as a reagent. The oximation was performed in glacial acetic acid and 
the excess reagent titrated potentiometrically with standard per- 
chloric acid solution. Because of the basicity of the oximes of the 
lower aliphatic carbonyl compounds, the titrations in these cases 
produced poor end-points. Pesez 24 used hydroxylammonium formate 
in a methanolic medium and titrated the unreacted reagent with 
perchloric acid in dioxane to the thymol blue end-pokt. Results in  
some cases were 1 to 2% low, which has been attributed to the 
presence of peroxides. Ruch, Johnson, and Critchfield 25 changed the 
titration solvent of the Pesez procedure to a 2 : 1 mixture of methyl- 
cellosolve and methanol and replaced the perchloric acid titrant 
with nitric acid solution. Their preference for the nitric acid titrant 
was based on the observation that the hydrolysis of acetals did not 
occur as readily in the presence of this acid as when the stronger 
hydrochloric or perchloric acids were used. An outline of the 
procedure of Ruch and coworkers follows. 

Exactly 50 ml of 0.5 N hydroxylammonium formate are pipetted 
into each of two flasks. One is reserved as a blank. The sample 
containing 15 milliequivalent or less of carbonyl compound is added 
to the other flask. The reaction mixture is allowed to stand at room 
temperature until the reaction is complete. Fifty ml of methanol, 
75 ml of methylcellosolve, and 5 or 6 drops of thymol blue indicator 
are added. The blank is titrated with 0.5 N nitric acid in methyl- 
ccllosolve until the color changes to a definite orange. The sample is 
titrated until the color matches that of the blank. 

To  prepare the hydroxylammonium formate, 32 g of potassium 
hydroside are added to 350 ml of methylcellosolve. Twenty ml of 
90% formic acid are added to bring about solution. Formic acid is 
then added until the solution is neutral to phenolphthalein, and then 
2 or 3 more pellets of potassium hydroxide are added and dissolved. 
A second solution is prepared by dissolving 34 g of hydroxylamine 
hydrochloride in 650 ml of methylcellosolve. The two solutions are 
mixed, the mixture cooled to 15"c, and the potassium chloride filtered. 

The 0.5 N nitric acid solution is prepared by adding 33 ml of 
concentrated acid to 500 ml of methylcellosolve. One g of urea (to 
destroy any nitrous acid) and 0.1 g off-diethoxybenzene (to retard 
peroxide formation) are added and dissolved and the mixture diluted 
to 1 liter with additional methylcellosolve. 

The procedure has been adapted to the semimicro scale by sub- 
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stituting more dilute reagents: 0.22 N nitric acid solution and 0.1 N 

hydroxylammonium formate solution. Carbonyl-free methanol was 
used as the diluent for both titrant and reagent. Trace carbonyl 
present in the methylcellosolve interferes if this reagent is used as the 
diluting agent. 

Another technique is to include an acid acceptor in the oximation 
system to tie up the acid liberated as the reaction proceeds and 
displace the equilibrium in the direction of complete reaction. The 
Bryant and Smith method4, which has been used for many years, is 
based on the use of pyridine as the acid acceptor. The pyridine 
hydrochloride produced by the reaction is titrated with a standard 
alcoholic solution of sodium hydroxide, using bromphenol blue as 
the indicator. The end-point determination depends upon matching 
the color of the sample reaction mixture with that of a blank solution. 
However, the color change is gradual and precise matching is 
difficult. Fritz, Yamamura, and Bradford 26 proposed the use of 
2-dimethylaminoethanol in an amount necessary to approximately 
half-neutralize the hydroxylamine hydrochloride. The solvent 
medium was methanol/isopropanol. The base is neutralized by the 
hydrochloric acid liberated by the reaction, and excess base is 
titrated with perchloric acid in methylcellosolve to an indicator 
end-point. Acetals, ketals and vinyl ethers will interrere if present in 
major amounts. The procedural details of this method follow. 

Exactly 20 ml of 0.25 M 2-dimethylaminoethanol and then 25 ml 
of 0.4 M hydroxylamine hydrochloride are added to the sample 
containing 1.5 to 2.5 millimole of carbonyl compound. For most 
aldehydes and simple aliphatic ketones, the solution is allowed to 
stand at room temperature for 10 min. Aryl ketones, hindered 
aliphatic and dicarbonyl compounds are held at 70" for 45 min or 
longer. The completeness of reaction of doubtful compounds can be 
checked by using longer reaction times. Five drops of indicator 
(0.0667 g of Martius yellow and 0.004 g of methyl violet in 50 ml of 
ethanol) are added and the excess amine titrated with 0.2 M per- 
chloric acid in methylcellosolve. A similar mixture except that the 
sample is omitted is carried through the procedure as a blank and is 
also titrated. 

Mitchell, Smith, and Bryant 27 based a method for the analysis of 
carbonyl compounds on a titration of water formed in the oximation 
reaction. Although Karl Fischer reagent reacts with the hydroxyl- 
amine salts to produce water, thc oximes are not affected. For this 
reason, excess hydroxylammonium ions are converted into the 



388 J. G .  Hanna 

pyridine salts of sulfamic acid by adding a solution of sulfur dioxide 
and pyridine in methanol. Then only the water formed by the 
oximation reaction is titrated. The sample, containing up to 10 
milliequivalent of carbonyl, is added to exactly 30 ml of 0-5 N 

hydroxylamine hydrochloride in dry methanol containing 5 ml of 
pyridine. The sample mixture is maintained at  60" k 1"c for 2 h 
and then cooled to room temperature. Twenty-five ml of 1 M pyridinel 
sulfur dioxide in methanol are added and the resulting solution 
titrated with Karl Fischer reagent. After applying the correction for 
the water originally present in the sample and in a blank, the 
carbonyl concentration is equivalent to the net water found. 

Fowler and c o w ~ r k e r s ~ * * ~ ~  presented a method for the determina- 
tion of aromatic aldehydes in the presence of aromatic ketones based 
on the competing rates of oxime formation. The difference in reaction 
rates for these two types is normally large, and oximation of the 
aldehyde is complete when a very small amount of the ketone has 
reacted. These workers prepared calibration curves using mixtures of 
known concentrations reacted for a given period of time. The com- 
position of the sample mixture was then read from this graph, 
relating the amount of reaction to the original composition. Siggia 
and Hanna30 proposed a more general reaction rate method which 
permits the quantitative resolution of binary mixtures of aliphatic as 
well as aromatic aldehydes and ketones and also mixtures of alde- 
hydes and mixtures ofketones. They added the sample to a hydroxyl- 
amine hydrochloride solution and maintained the pH of this solution 
at 3-5 by the addition of a standard sodium hydroxide solution. The 
amount of alkali consumed at successive time intervals is a measure 
of the amount of reaction at these intervals. They then extrapolated 
the final straight-line portion of the standard second-order rate plot 
to zero time and calculated the amount of slower reacting component. 

2. Bisulfite addition methods 
Analyses based on the formation of the bisulfite addition products 

of aldehydes can be divided into two general methods. In  one method, 
after the carbonyl compound has reacted with excess bisulfite to form 
the addition compound, the residual bisulfite is determined by 
titration with a standard iodine solution. This technique was first 

RCHO + NaHS03 RCHOHS03Na (16) 

used by Ripper31 to analyze formaldehyde. Air oxidation of the 
bisulfite and the equilibrium indicated (equation 16) make this 



8. Chemical and Physical Methods of Analysis 389 

method subject to serious errors. As iodine is added in the end 
titration, the excess bisulfite is reduced and a shift takes place in the 
equilibrium in favor of free aldehyde and free bisulfite. The method 
is satisfactory only for formaldehyde, for which the rate of dissociation 
of the bisulfite addition product is slow, but is unsatisfactory for 
other aldehydes and ketones. Parkinson and Wagner 32 improved 
the accuracy of the procedure somewhat by using a back-titration 
approach. These workers added an excess of iodine to react rapidly 
with the free bisulfite and immediately titrated the excess iodine 
with sodium t hiosuifat e. 

The other general method involving the formation of the bisulfite 
addition product is based on the increase in alkalinity of the system 
when sodium sulfite is used as the reagent (equation 17). Direct 

RCHO + Na,S03 + H 2 0  RCHOHS03Na + NaOH (17) 

titration with standard acid was used by Lemme33 to determine the 
increase in alkalinity. Here again, equilibrium difficulties are en- 
countered and although various modifications have been pro- 
posed 34-37, the direct neutralization methods are reliable only for 
formaldehyde analysis. Reynolds and Irwin 38 gained some improve- 
ment in the accuracy of the method for formaldehyde by reducing 
the temperature of the system to 0-5" by the addition of clean ice. 
The solution is finally titrated with standard 0-5 N acid and the 
formaldehyde content calculated. 

To overcome the reagent instability and to obtain a more favor- 
able equilibrium situation, Siggia and M a ~ c y ~ ~  added a measured 
volume of standard sulfuric acid to a solution of sodium sulfite to 
produce sodium bisulfite immediately before the addition of the 
sample. After complete reaction, the free excess acid was titrated 
potentiometrically with standard alkali. A large excess of sulfite 
drives the reaction substantially to completion and also aids in the 
dissolution of many of the higher boiling aldehydes. Of the ketones, 
only cyclohexanone can be determined by this method. Other 
ketones and furfural give shallow titration curves showing no definite 
end points. I n  general, ketones will not interfere in the determination 
of aldehydes if they are present in less amounts than 10 mole percent. 
The system is not sufficiently acidic at any time for acetals to 
hydrolyze and interfere. The method, therefore, is almost specific 
for aldehydes. Once the end-point p H  for a particular aldehyde has 
been established, it is often more convenient and more rapid to 
titrate the reaction mixtures of subsequent determinations to this 
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predetermined pH with a slight loss in accuracy. The  reproducibility 
of the method is k 0.2% if the entire curve is plotted and & 0.4% if 
the rapid method is used. The procedure of Siggia and M a x ~ y ~ ~  is 
as follows. To 250 ml of 1 M sodium sulfite solution neutralized to 
pH 9.1 are added exactly 50 ml of 1 N sulfuric acid. The sample, 
containing 0-02 to 0.04 mole of aldehyde, is added and the mixture 
shaken for 2-3 min for the more soluble aldehydes and 5 min for the 
less soluble compounds. The titration is made with 1 N sodium 
hydroxide to a predetermined pH or by stepwisc' addition, followed 
by plotting p E  uersus ml. A blank is run and the percent aldehyde 
calculated, based on the difference in ml of titrant between that used 
for the blank and that used in the presence of the sample. 

3. Hydrazone formation 
Many procedures have been proposed using hydrazine compounds 

for the volumetric and gravimetric determination of carbonyl com- 
pounds. Kleber 40 added an excess of phenylhydrazine to the sample 
and titrated the excess with standard acid. Air oxidation of the 
reagent necessitated the use of large blank corrections in this method. 
Ardagh and Williams 41 determined the excess phenylhydrazine 
iodometrically but also experienced difficulties due to oxidation by 
air and by dissolved oxygen. In  addition, because the phenyl- 
hydrazone formed reacts with the iodine added in the end deter- 
mination, they found it necessary to extract the product before the 
excess phenylhydrazine was titrated. Various methods have been 
proposed based on oxidation of the unreacted phenylhydrazine with 
Fehling's solution to liberate nitrogen, which is collected and 
measured 42-46. However, these procedures do not produce precise 
and accurate results for most carbonyl compounds. Fuchs 47*48 and 
Monti 49 and their associates titrated the acid liberated after reaction 
of hydrazine sulfate with carbonyl compounds. Long reaction times 
were needed for quantitative reactions. 

Gravimetric 2,4-dinitrophenylhydrazine methods are useful for 
determining carbonyl compounds in complex mixtures. The reaction 
is specific and the 2,4-dinitrophenylhydrazones, because of their low 
solubilities, can be prepared essentially quantitatively. Iddles and 
coworkers 50.51 recommended the use of a standard 2,4-dinitro- 
phenylhydrazine solution in 2 N hydrochloric acid as the reagent. 
Aqueous soh  tions of water-soluble carbonyl compounds were pre- 
pared, while 95% ethanol was used for water-insoluble compounds. 
Ten ml aliquots of the sample solutions are added dropwise to 20-60 
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ml of the reagent containing 50-100% dinitrophenylhydrazine in 
excess of that needed for complete reaction. The alcohol solutions are 
diluted with 50 ml of 2 N hydrochloric acid solution. The mixtures 
are then allowed to stand at room temperature until precipitation is 
complete. The precipitates are filtered and washed with 100-150 ml 
of 2 N hydrochloric acid and then with distilled water until the filtrates 
are free of chloride. The precipitates are dried and weighed. 

The method gives slightly low recoveries, especially for the low 
molecular weight aldehydes, because of the slight solubilities of their 
hydrazones. Interferences consist mainly of material that will oxidize 
the hydrazones to form tars, which are weighed with the hydrazones. 
Because of the acidity of the reaction mixture, acetals and vinyl 
ethers are hydrolyzed, forming aldehydes, and if present will interfere. 

Clift and Cook 52 dissolved the 2,4-dinitrophenylhydrazones of 
keto acids in excess caustic solution and back-titrated the excess with 
standard acid. Epsil and coworkers 53.54 used titanous chloride to 
reduce the dinitrophenylhydrazones. Strict precautions must be 
observed to eliminate air oxidation of the titanous chloride reagent. 
Schoeniger and Lieb 55 determined excess 2,4--dinitrophenylhydrazine 
with titanous chloride. Sensabaugh and associates titrated the 2,4- 
dinitrophenylhydrazone potentiometrically, using pyridine as the 
solvent. They recommended this method primarily for identification 
purposes (see section II.A.l). Baldinus and R ~ t h b e r g ~ ~  demon- 
strated that the ketone derivatives can be titrated potentiometrically, 
using a sodium nitrite titrant in a tetrahydrofuran medium containing 
sulfuric and hydrochloric acids. However, since the 2,4-dinitro- 
phenylhydrazone derivatives can be obtained in essentially pure 
form and errors involved are due almost exclusivcly to their solubilities 
and are not overcome by these titration methods, it appears more 
logical to make the: final determinations gravimetric rather than 
ti trime tric. 

Siggia and Stahl 57 introduced the use of unsymmetrical dimethyl- 
hydrazine for the determination of aldehydes. This reagent is stable 
toward decomposition and oxidation and, because i t  is alkaline, 
acetals do not interfere in the determination of aldehydes. An excess 
of the reagent is added to the sample and, after reaction, the un- 
reacted excess is titrated potentiometrically with standard acid. The 
precision and accuracy are within 1%. Ketones cannot be deter- 
mined and will interfere in the determination of aliphatic aldehydes. 
Thrce different reagent mixtures are recommended for different 
types of' samples: 0.2 M dimethylhydrazine in ethylene glycol for 
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aliphatic aldehydes, 1 M in ethylene glycol for aromatic aldehydes, 
and 1 M in methanol for disubstituted benzaldehydes. A 25 ml 
aliquot of the reagent is reacted with 0.002 mole of aliphatic aldehyde 
or 0.01 mole of aromatic aldehyde at room temperature for 15 min 
or longer (2 h for aromatic aldehyde). Fifty ml of methanol are used 
to wash the mixture into the titration beaker, and the titration is 
made potentiometrically, using 0.1 N hydrochloric acid in methanol 
for the 0.2 M reagent and 0.5 N hydrochloric acid in methanol for the 
1 M reagent. A blank is run. 

4. Schiff base formation 
The characteristic reaction of carbonyl compounds with amines 

to form imines, commonly called Schiff bases58, has been used by 
Siggia and Segal 59 to determine certain aldehydes (cquation 18). 

C=O + R2NHZ C=NR2 + HzO (18) 

Because water is a product of the reaction and an equilibrium is 
involved, a nonaqueous system is uscd to obtain the most favorable 
conditions for complete reaction. Salicylic acid is used to titrate 
excess amine potentiometrically after the reaction is complete. If 
stronger acids are used as titrants, the Schiff base hydrolyzes to free 
amine and aldehyde and low results are obtained. Laurylamine is 
used as the reactant because of its availability and high boiling point. 
The equilibrium position for the reaction of ketones or aliphatic 
aldehydes excepting formaldehyde is in favor of the free amine and 
carbonyl; and as the reaction mixture is titrated with acid, the 
product is decomposed and no definite end-point is obtained. The 
presence of ketones tends to obscure the end-point for aldehyde 
determinations. Exactly 20 ml of 2 M laurylaminc in a 1 : 1 mixture of 
ethylene glycol/isopropanol are added to 0-02 mole of aldehyde, 
mixed and allowed to stand for 1 h. The excess laurylamine is then 
titrated potentiometrically with 1 N salicylic acid solution which is 
also prepared in a 1 : 1 ethylene glycol/isopropanol medium. A blank 
is run. 

R1 R' 
'\ 

/ 

\ 
/ 

H H 

5. Oxidation methods 
a. Hyfohalite oxidation. Romijn 6o  was the first to use the hypoiodite 

reaction (19) for the determination of formaldehyde. After the 

HCHO + N a O l  + NaOH d H C O O N a  + Na l  + HzO (19) 
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reaction was complete, he acidified the excess hypoiodite and titrated 
the iodine with standard sodium thiosulfate solution. Iodoform is the 
primary reaction product of compounds containing the structures 

CH,C=O and CH=C-C-0 or structures oxidizable to these 
groups (equation 20). The hypoiodite reaction has been studied 

I I I  

extensively since Messinger 68 used it for the determination of 
acetone. Because the reagent oxidizes many noncarbonyl compounds, 
analyses based on this reaction suffer from interferences and side- 
reactions. Such methods are useful primarily for determining small 
concentrations of formaldehyde, acetaldehyde, or acetone. For 
example, Bose determined 3-5 p.p.m. acetaldehyde, in water 
as follows. The sample containing 0.5-1-0 mg of aldehyde is diluted 
to 200 ml with water and cooled in ice water, and 6-12 ml of 0.0125 
N iodine are added. Then 4 ml of 4 N sodium hydroxide are added 
and the mixture kept cold for 2 h, after which the temperature is 
raised to 20"c for another hour. The mixture is acidified with 5 mi of 
4 N sulfuric acid and the exc.:ss iodine titrated with 0.025 N thio- 
sulfate. Goltz and GlewS2 used a similar method to analyze dilute 
solutions of acetone in water and in benzene. 

Grover and M e h r ~ t a ~ ~  used alkaline bromine as a volumetric 
reagent for the estimation of acetone. Hashmi and Ayez'O deter- 
mined low Concentrations of methyl ketones and acetaldehyde by 
direct titration with hypobromite, using Bordeaux as an internal 
indicator. T o  use the latter procedure, 2 ml of a solution containing 
about 0.001 mole of sample are added to 3 nil of 3 N NaOH, and 
the mixture is diluted with 2 ml of water. The titration is done using 
0.1 N hypobromite solution and 3 drops of a 0.2% aqueous solution 
of Bordeaux. 

b. Silver oxidation. Siggia and Sega171 applied Tollen's reagent as 
an oxidant for aldehydes and determined the residual silver ions by 
titration with 0.1 N potassium iodide potentiometrically. The 
oxidation reaction is shown in. equation (9). A silver and calomel 
electrode system with a potassium nitrate bridge was used. Although 
the alkalinity of the reaction medium eliminates the hydrolysis and 

13* 
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interference of acetals and vinyl ethers, it promotes the Cannizzaro- 
type reactions among aromatic aldehydes, causing low results. In  
general the method is applicable only to water-soluble samples. 
Ketones, excepting cyclohexanone, do not react and  do not interfere 
in the determination of aldehydes. T h e  principal disadvantage 
connected with the method is the instability of the reagent. The 
reagent is potentially hazardous because of the occasional formation of an 
explosive silver compound which can explode wi th  violence. Therefore, long 
reaction t imes and elevated reaction temperatures are not advisable, and 
aldehydes, such as salicylaldehyde, which are difficult to oxidize 
cannot be determined. 

Mitchell and Smith 72 oxidized aldehydes to their corresponding 
acids with silver oxide (equation 21). I n  their procedure about 

2 RCHO + 3 Ag,O A 2 RCOOAg + H,O 3- 4 Ag (21) 

5 milliequivalent of aldehyde is heated with solid silver oxide for 
about 30 min at 60"c. A measured amount of 0.5 N sodium hydroxide 
is added to displace the silver salt, the mixture is filtered, and the 
excess alkali is titrated with 0.2 N hydrochloric acid. This method 
gives low recoveries for formaldehyde and suffers from interference if 
acids or esters are present. Bailey and K n ~ x ~ ~  also applied silver 
oxide as a reagent. In their procedure the sample containing about 
0.2 milliequivalent of aldehyde is dissolved in 1 to 5 ml of isopropanol 
or water and passed through solid silver oxide packed in a glass 
column. The column is washed with 25 ml of water and the eluant 
containing the silver salt of the acid is titrared with 0.02 N potassium 
thiocyanatc to the ferric alum end-point. For saturated aliphatic 
aldehydes up  to hexaldehyde, agreement within 2% of the values 
obtained by an oximation procedure was reported by the authors. 
The hydrolysis of esters, if present, constitutes an interference. 

P ~ n n d o r f ~ ~  developed a method for acetaldehyde in which sodium 
hydroxide is added to a mixture contairting the sample and dilute 
silver nitrate. The unreduced silver is determined in the filtered 
reaction mixture after acidification to redissolve the silver oxide by 
titration with potassium iodide solution. Siege1 and Weiss 7 5  extended 
the Ponndorf procedure to the determination of formaldehyde, 
propionaldehyde, n-butyraldehyde, benzaldehyde, and valeraldehyde 
and reported an accuracy of 2% in the following procedure. Five 
ml of 0.5 sodium hydroxide are added to a mixture of the sample 
containing 0.5 milliequivalent of the aldehyde and 25 ml of 0.1 N of 
silver nitrate solution in a 100 ml volumetric flask. After shaking for 
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15 min, 2 ml more of 0.5 N sodium hydroxide are added and the 
mixture shaken again for 10 min. Then the mixture is acidified with 
5 ml of 18 N sulfuric acid, cooled, diluted to the mark, and filtered. 
A 50 ml aliquot of the filtrate is titrated with 0.05 N thiocyanate 
using ferric alum indicator. Because the reaction is kept dilute with 
respect to samplc and made strongly alkaline only in the last stages of 
oxidation, no side-reactions are experienced. There is no interference 
from ketones excepting cyclopentanone and cyclohexanone. 

The reactions with silver oxide are heterogeneous with the attend- 
ant difficulties G f  reaction time and particie size of the reagent. 
Mayes, Kuchar, and S i g ~ i a ~ ~ ,  to overcome these difficulties and also 
to circumvent the use of the potentially hazardous Tollen’s reagent, 
investigated silver oxide-amine complexes and used the complex 
formed with t-butylamine. This system is adaptable to the analysis 
of water-insoluble aldehydes and retains the advantages of the silver 
oxide systems, since it permits the determination of aldehydes in the 
presence of ketones, carboxylic acids, and acetals. The reagent is 
prepared by vigorously stirring a mixture of 24.5 g of silver oxide, 
500 ml of deionized water, and 72-0 ml of t-butylamine until nearly 
all of the silver oxide is dissolved. An excess of amine is avoided and 
the excess silver oxide removed by filtration. Dilution with water to 
1 liter results in a 0-2 N solution suitable for the determination of 
aromatic aldehydes, and dilution to 2 liters results in a 0-1 N reagent 
for aliphatic aldehydes. A 10 ml aliquot of the sample in 2B alcohol* 
containing about 0.002 mole of aldehyde is added to 50 ml of the 
reagent, After standing at  room temperature with periodic shaking 
until reaction is complete (0.5 to 2 h), the mixture is filtered and the 
filtrate acidified with 10 ml of concentrated nitric acid and the 
excess silver ion is titrated with 0-1 N potassium thiocyanate solution. 
A blank is also run. Carboxylic acids and ketones do not interfere. 
Anisaldehyde yields Pow results, and acrolein and cinnamaldehyde 
give erratic results. 

The oxidation of aldehydes with an 
alkaline solution of potassium mercuric iodide, a modification of 
Nessler’s reagent, and determination of the liberated mercury has 
been extensively studied 77-83 (equation 22). These methods offer no 

t. Mercurimetric oxidation. 

RCHO + KZHgl4 + 3 K O H  RCOOK + Hg + 4 KI + 2 H20 (22) 

advantages over the silver methods, and the disadvantages are 

* Formula 2B alcohol is a specially denatured alcohol consisting of a mixture 
of 0-5 volume part benzene and 100 volume parts 95% ethanol. 
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similar. The most effective of the mercury methods is that of Ruch 
and JohnsonE2. In this method the free mercury produced is main- 
tained in the colloidal state with agar, acidified with acetic acid, and 
reacted with 0.1 N iodine. Excess iodine is titrated with 0.1 N sodium 
thiosulfate. Yamagishi, Yokoo, and Inoue 8 4  demonstrated a micro- 
method involving the determination of unreacted Nessler’s reagent 
by adding hydrazine and measuring the liberated nitrogen gas. 

6. Reduction methods 

Higuchi and his coworkers 85-88 proposed lithium aluminum 
hydride as a reagent for the quantitative reduction of aldehydes and 
ketones. A known amount of the hydride in tetrahydrofuran is 

4 R,C=O + LiAIH., ---+ (R2CH0)4LiAI (23) 

reacted with the sample (equation 23) and the excess determined by 
electrometric titration with a standard solution of one of the lower 
primary alcohols in benzene. The nonspecificity of the hydride 
reagent limits its utility. I t  is sensitive to such compounds as alcohols, 
amines, amides, water, mercaptans, acids, esters, nitriles, oxygen, and 
carbon dioxide in addition to the carbonyl compounds. 

Sodium borohydride has thc advantage as a quantitative reducing 
agent for carbonyl groups in that it is relatively stable in water or 
alcohol solutions (equation 24). Jensen and Strucke9 added known 

R,C=O + NaBH, + 2 Na0l-l + H20 + Na3B03 + 4 RzCHOH (24) 

amounts of 0-5 N sodium borohydride solution to the sample and 
determined the excess by titration of the iodine liberated when a 
mixture of potassium bromate and potassium iodide was added. 
Sobotka and Trutnovsky used a gasometric method wherein the 
excess aqueous borohydride is decomposed with hydrochloric acid 
in propanol and the volume of hydrogen evolved is measured 
(equation 25). Borohydride solutions decompose slowly, and frequent 
standardization of the reagent is necessary. 

NaBH4 + HCI + 3 H20 (25 )  4 H2 + NaCl + H3B03 

7. Dimedone method for formaldehyde 

The dimedone derivative of formaldehyde (see section II.A.5 and 
equation 6) precipitates quantitatively and can be used for the 
gravimetric determination of the aldehydes This technique is 
particularly useful for the determination of formaldehyde in the 
presence of ketones. Yoe and Reidg3 showed that careful control of 
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the pH of the solution is necessary. A sample containing about 0.025 g 
of formaldehyde is added to a solution buffered at pH 4.6 by means 
of sodium acetate/hydrochloric acid mixture and containing about a 
10% excess of dimedone. After standing for 12 h or longer, the 
precipitate is filtered and dried to constant weight at 60"c. 

111. PHYSICAL METHODS 

A. Chromatographic Techniques 

I .  Gas chromatography 
The gas chromatographic separation, identification, and deter- 

mination of volatile aldehydes and ketones is normally uncom- 
plicated. Because of the large variety of column substrates and 
operating conditions used by various workers, no specific procedure 
will be given here. Certain conditions reported apply to specific 
compounds and to compounds in specific mixtures. The reader is 
referred to the literature cited in this section for the selection of the 
method most pertinent to his needs. 

The time necessary for an unknown carbonyl compound to pass 
through a chromatographic column when compared with data for 
known compounds is often sufficient for its identification. The 
quantitative interpretation of the chromatograms is based on either 
peak height or peak area. Retention-time data for various types of 
columns and conditions have been published for aldehydes and 
ketonesg4-lo1. The eluted fractions also may be trapped and further 
characterized by chemical reagents or by physical measurements 
such as infrared and ultraviolet spectroscopy. Lewis, Patton, and 
Kaye Io2 presented a technique applicable to the identification of 
aldehydes in complex mixtures whereby the elution times of known 
compounds from two partition columns having different character- 
istics are plotted against each other on logarithmic paper. Each 
compound studied had a different location on the plot. Younglo3 
has pointed out that there is a linear relationship between the 
number of carbon atoms in alkyl ketones and the logarithm of their 
retention volumes on dinonyl phthalate columns. Methyl n-alkyl 
ketones give a linear plot for all members. Ethyl n-alkyl, n-propyl 
n-alkyl, and isopropyl n-alkyl ketones each give linear plots except 
for the first member of each series, which is low; all the straight lines 
have the same slope. Compounds containing branched groups fall 
below the corresponding unbranched groups. An unknown can be 
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tentatively identified from its position on the plot. Results given by 
other workers 04*95~L00 indicate that such linear relationships also 
exist for aldehydes. 

Difficulties are often associated with the gas chromatographic 
analysis of formaldehyde, because it polymerizes on many stationary 
phases before it is eluted. Using special substrates, however, it is 
possible to obtain peaks. Kelker lo* used o-acetyltriethylhexyl citrate; 
Sandler and Strom105 used a surface-active agent extracted from a 
commercial detergent; and Bombaugh and Bu11106 used a poly- 
oxyethylene monostearate containing an average of 15 ethylene 
oxide units per molecule. 

Ralls lo' and Stephens and Teszler Io8 formed the 2,4-dinitro- 
phenylhydrazones of carbonyl compounds and identified and deter- 
mined the parent carbonyls by exchange with a-ketoglutaric acid 
followed by gas chromatography. This method is useful for con- 
centrating small amounts of carbonyl compounds in large volumes 
of solvent or gas. Cason and Harris'Og showed that low molecular 
weight carbonyl compounds can be identified conveniently by gas 
chromatography of their oximes. These workers used di-2-ethylhexyl 
phthalate as a partitioning agent and showed that i t  is possible to 
identify C2 to C4 aldehydes, acetone, butanone, and 3-methyl-2- 
butanone in the presence of each other. Gray I1O separated long-chain 
fatty aldehydes by converting them into dimethyl acetals, which 
have better stability and lower boiling points than the aldehydes 
themselves. He then plotted the logarithm of the relative retention 
volumes for the acetals for separations, using Apiezon L grease as a 
stationary phase against values obtaincd using a Reoplex 400 
stationary phase, and obtained parallel straight lines for each series. 
A tentative identification of an unknown is made from its position on 
such plots. 

Another technique useful for determining the carbon skeleton and 
other structural features of micro amounts of carbonyl compounds is 
catalytic hydrogenation followed by gas chromatography. Hydro- 
genation of microgram amounts of C, aldehydes produces mainly 
the C,-l hydrocarbon corresponding to the original compound less 
the CHO group, and hydrogenation of ketones produces the parent 
hydrocarbon. Thompson and colleagues 111 hydrogenated fractions 
trapped from a column and passed the hydrogenated fractions again 
through the column. Beroza 112 simplified this technique by hydro- 
genating the original sample and passing it directly into the column, 
omitting the trapping steps. Depending upon the catalyst used, 



8. Chemical and Physical Methods of Analysis 399 

aldehydes up to at  least C,, and ketones up to at least C ,  are 
distinguishable Il3.  

2. Paper chromatography 

The isolation and identification of aldehydes and ketones by paper 
chromatography is generally performed using their 2,4-dinitro- 
phenylhydrazone derivativcs. Identification is normally made by 
comparing the R, values, the ratio of the compound movement to 
the developing solution movement, to the R, values ofk~own ~3x1- 
pounds. The method is valuable particularly for small amounts of 
carbonyl compounds in natural products. The use of the 2,4-dinitro- 
phenylhydrazones is advantageous in that the separated spots can be 
located easily because of the yellow color of the derivatives. Rice, 
Keller, and Kirchner used ascending development with ethyl 
ether in petroleum ether and sprayed the chromatograms with a 
10% solution of potassium hydroxide to enhance the colors of the 
separated compounds. Kirchner and Keller 115 impregnated the 
paper with silicic acid and again used the same developing solution. 
Sgkora and ProchAzka1lG used kerosine as the immobile phase and 
80% ethanol or 65% propanol as the developer, mainly for the 
2,4-dinitrophenylhydrazones of the lower aldehydes and ketones. 
Seligman and E d m o n d ~ ~ ~ '  impregnated paper with olive oil and 
developed the chromatograms of the 2,4-dinitrophenylhydrazones of 
cg, C,, and C12 aldehydes, and C,, and C, ,  ketones with either 
methyl acetate/water or isopropanol/water solutions. Acetylated 
paper was used by KoStii. and Slavic118 and by Burton119 and the 
chromatograms developed with various organic solvents. Klein and 
de JongI2O separated the 2,4-dinitrophenylhydrazones of aliphatic 
carbonyl compounds having 7 or more carbon atoms, using paper 
impregnated with paraffin oil and 4:l dioxane/water as the mobile 
phase. 

used thin-layer chromatography to separate 
the 2,4-dinitrophenylhydrazones of some short-chain carbonyl com- 
pounds. A thin layer of neutral alumina was used as the adsorbent 
and a 2:l mixture of cyclohexane/nitrobenzene or an 8:2:1 mixture 
of hexane/chloroform/nitrobenzene as the developing solvent. 

Nan0 and Sancin 

3. Column chromatography 

Smith and LeRosen 122 have studied the straight-chain ketones, 
using ads~rption on carbon, calcium carbonate, silicic acid, and 
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Florisil, a synthetic magnesium silicate. They found that the adsorp- 
tion of these materials becomes progressively stronger as the length of 
the chain is increased, LeRosen and May123 studied the chromato- 
graphic behavior of aldehydes on silicic acid from benzene and found 
that the rate of movement of zones increased with the length of the 
chain, and decreased with unsaturation in it. The position of the 
zones was found by streaking the column after extrusion with Schiff’s 
reagent. Sto11124 separated aldehydes with an activated alumina 
column. 

GabrieIson and Samuelson lZ5 used an ion-exchange column in the 
bisulfite form to separate aldehydes from ketones. Ketones are 
readily removed by washing with water, while aldehydes are retained 
on the column. With such columns, Sjostrom 126.127 separated 
ketones by fractional elution with water. To separate and recover 
volatile carbonyl compounds, as well as ones which tend to poly- 
merize 01- oxidize, Huff 128 used increasing concentrations of sodium 
or potassium bisulfite in water as the eluent. 

However, a major portion of the studies performed on the column 
chromatography of carbonyl compounds has been concerned with 
their derivatives. Roberts and Green 129 used a silicic acid/Super Cell 
adsorbent mixture in a 2: l  ratio to separate any mixture of the 
2,4.-dinitrophenylhydrazone derivatives of acetaldehyde, acetone, 
propionaldehyde, and methyl ethyl ketone except that of acetone and 
propionaldehyde. They used ethyl ether in petroleum ether to elute 
the fractions. White130 separated the aldehyde and ketone derivatives 
on a mixture of bentonite and diatomaceous filter aid. Gordon and 
coworkers131 separated aldehydes and ketones from C, up to C4 on 
a 2 : 1 silicic acid/Celite column, using ether/petroleum ether mixtures. 
The range of this procedure was extended by Pippin, Eyring, and 
Nonaka 132, who separated adjacent members of the homologous 
series of saturated normal aldehydes as high as C,, on long columns. 
Kramer and Van Duin133 used silica gel to separate the derivatives 
of up to and including CI8 normal aliphatic aldehydes and normal 
methyl ketones. These authors used nitromethane as a stationary 
phase and purified hexane as the mobile phase. They plotted 
retention volumes against the number of carbon atoms in the parent 
compound of two homologous series and obtained practically straight 
lines. Monty134 modified this method by using diatomaceous earth 
as the supporting medium. Nitromethane absorbs light in the same 
region as the 2,4-dinitrophenylhydrazones and has to be removed 
before spectrophotometric identification. Corbin, Schwartz, and 
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Keeney 135 replaced the nitromethane with acetonitrile to overcome 
this interference, Corbin 13' separated mixtures of dicarbonyl com- 
pounds, using acetonitrile and water as the stationary phase on Celite 
columns. Elution was done with methylcyclohexane alone or in 
mixtures with ethyl acetate. Wolfrom and Arsenault 13' separated 
highly oxygenated C, and C, carbonyl compounds on a silicic 
acid/Celite column. Schwartz, Parks, and Keeney 138 separated 
2,4-dinitrophenylhydrazones into classes on a magnesia/Celite 
column. The classes elute in the sequence: methyl ketones, saturated 
aiciehydes, 2-enals7 and 2,4-dienals. Characteristic colors for each 
class are displayed on the adsorbent and aid in their identification. 

8. Visible and Ultraviolet Spectroscopy 

1. Qualitative 

Except in some special cases, for example glyoxal, which absorbs 
at about 440 mp, direct optical examination of aldehydes and ketones 
in the visible range is of little analytical utility because of the colorless 
or transparent nature of these compounds. 

Compounds containing unsaturated bonds exhibit resonance and 
therefore are likely to have characteristic absorptions bands in the 
ultraviolet region. For this reason, aldehydes and ketones, because of 
the presence of the carbonyl group, show an absorption that is 
usually in the region 270-300 mp. A low relative intensity absorption 
in this range and the nature of the spectrum, usually structureless, 
are criteria for the presence of an aldehydic or ketonic group. The 
ultraviolet spectrum is a useful supplement to the infrared spectrum, 
especially to distinguish between these groups and esters, which is 
normally difficult to do from the infrared spectrum alone. 

The ultraviolet spectra arc subject to environmental influence; 
for example, substitution of halogcn for hydrogen in ketones displaces 
the band toward longer wavelengths and substitution with hydroxyl 
displaces the band toward shorter wavelengths 139. These eEects are 
iliustrated in Table 1. 

Ethylenic unsaturation conjugated with the carbonyl group shifts 
the spectrum toward the visible range 140. The presence of two bands, 
one of low intensity at 320-340 mp due to C=O absorption and the 
other of high intensity at  200-250 mp due to C=C-C=O 
absorption, is good evidence of the conjugated linkage. 

Medium effects must also be considered when identification is 
attempted using the ultraviolet region. The polarity of the solvent and 
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TABLE 1. Environmental effccts on the band position of ketones 
in the ultraviolet region138. 

Compound 

Acetone 
Methyl ethyl ketone 
Monochloroacctone 
sym-Dichloroacetone 
Aceioin 
Desoxyhenzoin 
Benzoin 

Formula Wavelength (max) 
(mP) 

CH3COCH3 2 78 

CHZClCOCH3 292 
CHzCICOCHzCl 294 
CH3COCHOHCH3 273 
CeH,CH,COCGHS 326 
C6HSCHOHCOCeH5 316 

CH3COCHZCHs 279 

hydrogen ion concentration influence the spectral absorption141*142. 
In  general an increase in polarity or hydrogen ion concentration of 
the solvent results in a displacement of the absorption band to 
shorter wavelengths. The solvent also can affect the equilibrium 
between the enol and keto forms of 1,3-diketoneY resulting in a change 
in the absorption spectra. The enol form has the characteristic con- 
jugated structure which is absent in the keto form and is evidenced in 
the ultraviolet spectrum. The formation of hydrates can also influence 
the spectra. Formaldehyde shows carbonyl absorption in the vapor 
state but fails to show significant absorption in aqueous solution 
because of the formation of the hydrate, H,C(OH),. 

The high molar absorptivities in the far-ultraviolet region, 222-1 75 
mp for carbonyl compounds, make this region attractive, especially 
for the examination of small quantities143J44. Not only is differen- 
tiation between classes of carbonyl compounds possible, but also 
differentiation between homologs. T h e  spectra of vapor samples are 
to be preferred, because then the vibration fine structure is revealed 
and solvent absorption is avoided. 

Informative qualitative data can be obtained from the visible and 
ultraviolet spectra of derivatives of carbonyl compocnds. Jones, 
Holmes, and Seligman 145 have made a detailed spectrophotometric 
study of various 2,4.-dinitrophenylhydrazones of aldehydes and 
ketones in neutral and in basic solution. Differentiation among classes 
of carbonyl compounds is possible. Table 2 shows the general band 
positions for the 2,4-dinitrophenylhydrazones of carbonyl compounds 
of differing structures. In  addition to these maxima for aliphatic 
aldehydes and ketones, smaller maxima occur a t  520-525 mp in 
alkaline media. These maxima are stable in the case of ketone 
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TABLE 2. Absorption of classes of aldehyde and ketone 
2,4-Dinitrophenylhydrazones 145. 

403 

L l a x  Range (ml.4 

Neutral Basic 
Compound class solution solution 

~~ ~~ 

Aliphatic aldehydes 344-358 426438 

Aromatic aldehydes 378-390 462-486 
A 4 i ~ m ~ t i ~  ketones 382-392 452-508 

Aliphatic ketones 364-367 431-444 

Olefinic aldehydes and ketones 368-385 452-459 
Furanic aldehydes and ketones 380-404 468-490 

derivatives, but deteriorate in 60 to 90 min in the case of aldehyde 
derivatives, and this deterioration is the deciding factor in 
differentiating between these classes. 

Phillips146 has compiled charts of the absorption maxima in the 
ultraviolet region of several hundred 2,4-dinitrophenylhydrazones in 
chloroform and of several hundred semicarbazones, mostly in ethanol. 
In  general the semicarbazones appear insensitive to most minor 
structural influences on their spectra compared with the 2,4- 
dinitrophenylhydrazones. 

The temperature-sensitive equilibrium reaction between aldehydes 
and alcohols (equation 26) can be used to detect these carbonyl 

OR 
/ 

ROH -+ RCHO T RCH 

‘OH 

compounds in complex mixtures by comparing the ultraviolet 
spectrum at two different temperatures and noting the equilibrium 
shift 14?. 

2. Quantitative 
Only limited use has been made of the direct determination of 

carbonyl compounds using ultraviolet absorption spectroscopy. 
Barthauer, Jones, and Mettler 148 determined acetone in mixtures 
with diisopropyl ether, isopropyl alcohol, and low molecular weight 
olefins. Rees and Anderson 14’ determined benzaldehyde in benzyl 
alcohol. Englis and coworkers 150*151 determined vanillin and Pepe, 
Kniel, and Czuha 152 determined isopropenyl ketone in polymers, 
using direct ultraviolet absorbance measurements. The band in the 
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170-200 mp far-ultraviolet region has been applied to the analysis 
of acetone in acetylene 153. 

The most generally used technique for determining trace quantities 
of carbonyl compounds is based on the spectrophotometric measure- 
ment of the 2,4-dinitrophenylhydrazone derivatives. The main 
difficulty in these procedures has been the interference from the excess 
2,4-dinitrophenylhydrazine, which absorbs in the same region as the 
derivatives. To minimize this, two general approaches have evolved. 
One involves the selective extraction of the derivative, using a 
hydrocarbon solvent, and subsequent measurement of the absorbance 
at  about 340 mp.. The other is based on the measurement of the 
wine-red complex formed on addition of alkali to a solution of the 
derivative, shifting the maximum absorbance to the 430-480 mp 
region, where the rcagent interference is decreascd. One objection 
to the direct measurement of the 2,4-dinitrophenylhydrazone 
derivatives, even after extraction, is that the absorption maximum 
and the molar absorptivity change significantly with the saturated 
and unsaturated nature, as well as the structural variations of 
carbonyl compounds. This causes difficulties when attempts are 
made to determine the total carbonyl content of mixtures. However, 
the method is satisfactory for single aldehydes or ketones, when com- 
parison is made with calibration curves based on the compound 
being determined. I n  contrast to this, where the color is stable, the 
color of the complex formed in the presence of alkali decreases in 
intensity with time for any given concentration and a prescribed 
reading interval must be observed to limit the error incurred to 
within the accuracy of the method. However, in this latter case, no 
significant shift in absorbance maximum is observed with aliphatic 
and most simple aromatic aldehydes and ketones. 

The determination of small amounts of carbonyl compounds based 
on the formation of 2,4-dinitrophenylliydrazone was first reported 
by Mathewson154. He applied it to the determination of acetone in 
water-soluble samples only. Toren and Heinrich selectively 
extracted the 2,4-dinitrophenylhydrazone of a butadiene-furfural 
condensation product with isooctane and determined its concentra- 
tion by absorption measurement at 340 mp.. Lohman156 presented a 
more general procedure, using hexane to extract the 2,4-dinitro- 
phenylhydrazone derivative. Carbonyl compounds in the range 3 to 
300 p.p.m. of carbonyl oxygen are determined. This range can be 
extended to lower limits by use of large samples for the hydrazone 
formation, followed by a chromatographic adsorption on a silicic 
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acid/Celite column to concentrate the hydrazone. This technique 
has been used to determine aldehydes down to the 0.1 p.p.m. level 
in 100 g sarnplesl5'. The details of Lohman's procedure156 are as 
follows. 

Ten ml of 2,4-dinitrophenylhydrazine solution, 1 mg per ml in 
purified ethanol (500 ml of anhydrous ethanol refluxed with 5 g of 
2,4--dinitrophenylhydrazine and a few drops of concentrated hydro- 
chloric acid for 2 h and distilled), and 5 ml of hexane are pipetted 
into a 50 ml glass-stoppered flask and one drop of concentrated 
hydrochloric acid added. The sample is diluted with mineral oil, if 
necessary, to contain about 1 mg of aldehyde or ketone per gram. 
Approximately 0.25 to 0.5 g of the sample solution is added to the 
flask and the exact sample weight obtained by difference. The 
mixture is kept at 50"c for 1 h and then transferred to a separatory 
funnel containing 15 ml of methanol and 10 ml of 1% sodium 
bicarbonate solution. The mixture is extracted 5 times with 15 ml 
portions of hexane. The combined extracts are dried with a little 
sodium sulfate and diluted to exactly 100 ml. The absorbance of this 
solution is read at 340 mp in a 1 cm cell, using hexane as the reference 
solution. The concentration of carbonyl is read from a calibration 
plot of absorbance versus concentration, prepared using the carbonyl 
compound being determined. 

Pool and Klose 15* eliminated the interference from excess reagent 
by carrying out the condensation on an alumina column. The 2,4- 
dinitrophenylhydrazone was eluted with benzene, made alkaline, 
and the colored product determined spectrophotometrically at 435 
mp. Lappin and Clark159 determined carbonyl compounds at a 
wavelength of 480 mp as the 2,4-dinitrophenylhydrazone in alkaline 
solution. Mendelowitz and RileylG0 pointed out that, for most 
aldehydes and ketones, thc maximum absorbance occurs near 430 mp 
instead of the 480 mp used by Lappin and Clark. They also observed 
inorganic chloride precipitation upon the addition of potassium 
hydroxide. By adding water to ensilre solution of inorganic chloride, 
Jordan and Veatch eliminated this objection. The Jordan and 
Veatch procedure was developed primarily for carbonyl compounds 
in alcohols, but is also applicable for most hydrocarbons, organic 
esters and acids, aromatic compounds, petroleum distillates and 
some ethers. An appropriate size sample is weighed into a 25 rnl 
volumetric flask. Five ml of a 3: 7 n-hexane/Formula 30 alcohol* 

* Formula 30 alcohol is a specially denatured alcohol consisting of a mixture of 
10 volume parts methano! and 100 volume parts 95% ethanol. 



406 J. G .  Hanna 

and 0.1 ml of concentrated hydrochloric acid are added. The 
Formula 30 alcohol and the n-hexane are previously purified by 
refluxing with an excess 2,4-dinitrophenylhydrazine (1 h for the 
alcohol and overnight for the n-hexane) and then distilled. The 
sample mixture and reference solution are heated at  55 & 1"c for 
30 min. They are cooled rapidly to room temperature and diluted 
to volume with a solution containing 59 g of potassium hydroxide 
and 180 ml of water diluted to 1 liter with Formula 30 alcohol. 
The absorbance of each solution is read, using 1 cm cells at  480 mp 
between 8 and 15 min after diluting to volume. The concentration of 
carbonyl is obtained by referencc to a calibration curve prepared 
using pure aldehyde or ketone. 

Chromotropic acid is an almost specific reagent for formaldehyde 
(see section II.A.11). Spcctrophotometric methods based on the 
deep purple-violet color produced are primarily useful for deter- 
mining small amounts of formaldehyde in the presence of large 
concentrations of various organic compounds. Methods were 
developed by Bricker and Johnson162 and by Bricker and Vai1163. 
West and Sen 164 presented a procedure as follows. 

One ml of a 1% sulfuric acid solution of chromotropic acid is 
added for each ml of aqueous formaldehyde solution. Immediately, 
sufficient concentrated sulfuric acid is added to insure that the acid 
is present in a concentration of at least 86% during the color 
development. This is mixed, allowed to stand for a few minutes, 
diluted cautiously with distilled water to almost the desired volume, 
and again mixed. After the mixture is cool, final adjustment of volume 
is made and the color measured at  570 mp. Using cells of 1 cm light 
path, solutions containing 0.05 pg to 2.0 pg of formaldehyde per ml 
follow Beer's law. The method is sensitive not only to free formalde- 
hyde, but also to any substance which will yield formaldehyde upon 
hydrolysis in concentrated sulfuric acid. Only acrolein interferes 
seriously; other aldehydes react with chromotropic acid but the 
purple color is specific for formaldehyde. 

Altshuller, Miller, and Sleva 165 adapted the method of West and 
Sen with slight modifications to determine formaldehyde in air at 
the 0.5 ?.p.m. level. 

Although the use of Schiff's reagent is one of the earliest tests for 
aldehydes (see section II.A.6) and is widely used, the method suffers 
from many defects. As a result, numerous studies have been made to 
arrive at  acceptable quantitative procedures. Careful attention must 
be given to the ratio of sulfur dioxide to fuchsin, and the solution 
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must be specially treated by adsorbents to remove residual color 
before it is suitabie for use166-168. Kramm and K ~ l b ’ ~ ~  found that 
the most sensitive reagent results when a dye concentration of 300 mg 
per 100 ml and a sulfur dioxide concentration of 2-8 to 4.8 rnillimole 
in the form of sodium metabisulfite is used. This solution is decolorized 
with 1 g of carbon for each 500 ml of solution, followed by vacuum 
filtration. Tobie I 7 O  recommended the addition of ethanol; Hoffpauir 
and O’Connor 171 suggested the addition of acetone to intensify the 
color of the reaction product with aldehydes. Fishbeck and Neun- 
deubel 172 applied the reaction for the determination of formaldehyde, 
acetaldehyde, and propionaldehyde. Deniges 173 observed that Schiff’s 
reagent reacts with formaldehyde in acidified solution to give a blue 
color, fairly stable for several hours, while the color formed with 
higher aldehydes faded within a few hours. Blaedel and Blacet 174 
used this observation to determine formaldehyde in the presence of 
other aldehydes. Hoffpauir, Buchaloo, and Guthrie 175 refined the 
procedure of Blaedel and Blacet 174 and obtained a reproducible 
curve for transmittance a t  550-585 mp against mg of formaldehyde. 
Rayner and J e p h ~ o t t l ~ ~  used Schiff’s reagent to determine form- 
aldehyde in air in concentrations as low as 0.05 p.p.m. Precise control 
of reaction conditions and the use of standards prepared under 
identical conditions and at  the same time as the experimental samples 
are necessary. Temperature and time affect the rate of color develop- 
ment, and Beer’s law is not obeyed in any of the modifications of the 
methods discussed. Therefore, no general procedure can be given to 
cover all specific situations. 

An ultraviolet spcctrophotometric method for acetaldehyde and 
acetone based on the iodoform reaction (see section II.A.9) has been 
described by Dal Nogare, Norris, and Mitchell 177. Using controlled 
conditions, thc reaction of acetaldehyde and acetone with hypoioditc 
gives iodoform, which is measured a t  347 mp. This peak is most 
sensitive and shows good agreement with Beer’s law for amounts of 
iodoform from 0 to 3 mg. Thc  procedure can probably be used for 
other methyl ketones. Ten ml of 20% iodine solution are pipetted 
into a 125 ml separatory funnel and 3.3 ml of 20% sodium hydroxide 
added. If the resulting solution is not distinctly orange, the color is 
adjusted by dropwise addition of iodine solution. To this solution, 
1 to 5 m! of solution containing no more than 0-4 mg of acetone or 
acetaldehyde are added and immediately mixed. This is allowed to 
stand for 5 min. Iodine solution is added dropwise to maintain the 
orange-yellow color. After reaction, the iodine color is discharged 
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with a few drops of 5% sodium thiosulfate solution. The iodoform is 
extracted, using 22 to 24 ml of chloroform. The chloroform extract 
is washed by shaking with an approximately equal volume of water. 
The chloroform extract is dried by passing it through a bed of 
anhydrous sodium sulfate supported on a glass-wool plug in a funnel. 
The extract is diluted to 25 ml in a volumetric flask, using chloroform, 
passing it first through the sodium sulfate to wash down the retained 
extract. The  absorbancy of the solution is measurcd at  347 m p  versus 
chloroform in 2.5 cm silica cells. The absorbance of a blank is 
determincd and subtracted from all sample readings. Equation (27) 
or (28) is used for the calculation, where A is the absorbance 

A x 0.421 x 100 
mg of sample 

yo Acetaldehyde = 

A x 0.284 x 100 
mg of sample 

yo Acetone = 

corrected for the blank, and 0.421 and 0.284 arc the reciprocals 
of the slopes of the respective acetaldehyde and acetone calibration 
curves. These calibration curves are plots of absorbancy uersus mg 
compound, the data obtained by application of the outlined 
procedure to pure acctaldehydc and pure acetonc. 

Cochran and Reynolds 17' used sodium borohydride in dimethyl- 
formamide for the direct photometric titration of aldehydes. The 
sample was dissolvcd in a water/isopropyl alcohol solution and 
titrated with standardized reagent to the disappearance of the ultra- 
violet absorption peak characteristic of the particular aldehyde being 
determined. 

C. Infrared Spectroscopy 

1. Qualitative 

The carbonyl group appearing in a number of different classes of 
compounds, including aldehydes, ketones, carboxylic acids, esters, 
amides, and anhydrides, exhibits under normal conditions a strong 
band in the region between 5.45 and 6.5 p. Aldehydes and ketones 
absorb, in general, in the range 5.7 to 6.0 p and overlap the absorp- 
tion bands for acids and esters. Therefore, diffcrcntiation among the 
different classcs using thc masinia in this region only is usually 
difficult, if not impractical. Aldehydes also exhibit C-H stretching 
of the formyl groups, and characteristic bands appear near 3-7 p 
which can be used to differentiate aldehydes from other types. Esters 
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can be eliminated in the absence of a band at 7.7 to 8-8 p due to 
C-0 stretching, and acids can be eliminated if the OH absorption 
at 2-82 p is missing. 

The structural configuration adjacent to the carbonyl group 
affects the observed spectra in the 14 to 25 p region in a specific 
manner179*180. The spectral behavior of aldehydes and ketones in 
this region is very similar. Each possess a vibration involving a C=O 
bending motion slightly below 20-0 p. This absorption occurs in 
nearly the same position in both a-branched and non-a-branched 
mzrnbcrs of the two classes. Each class possesses a C-C-C bending 
motion in which one of the carbon atoms is the carbonyl carbon. 
The wavelength of this vibration is not the same in the two classes, 
about 16.0 p for ketones compared to about 14.7 p for aldehydes. 
In  both classes a-branching tends to shift the absorption to higher 
wavelengths. 

The near-infrared region can be used to confirm the presence of 
the aldehyde group and to provide information concerning its 
environment 181*182. This portion of the spectrum shows characteristic 
absorptions which are combinations of the C=O and formyl C-H 
bands and appear in the 2-25 p region. This region is comparatively 
free of absorptions by other functions, and the presence of a band 
here in addition to the C-H and C=O bands is good indication of 
the presence of an aldehyde. Alternatively, the absence of this band 
in the near-infrared, although the C-H and C=O bands are 
present, would appear to exclude the possibility of the presence of 
an aldehyde. 

Special advantages often are gained by separating the aldehyde 
or ketone as the 2,4-dinitrophenylhydrazone or as the semicarbazone 
and examining the infrared spectrum of the derivative. The spectra 
are, in general, unique for the 2,4-dinitrophenylhydrazones of the 
common aldehydes and ketones and of the 2,4-dinitrophenyl- 
hydrazine reagent lE3. Even closely related aldehydes or ketones 
differing by only one CH, group exhibit markedly different infrared 
spectra. Derivatives containing as much as 5 to 10% of an impurity 
as another derivative may be characterized readily. The N-H 
stretching band is found at shorter wavelengths in the ketone 
2,4-dinitrophenylhydrazones than in the aldehyde derivatives 145 and 
is useful for distinguishing the two classes. Use can be made of the 
ratio of absorbance of the CH, and NH band to distinguish among 
n-alkanals, 2-alkenals, and 2,4-dienals and to differentiate individual 
members within each of these  group^'^^.^^^. Lento and Ford184 
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demonstrated that there is a linear relationship between the ratio of 
the CH2 to NH stretching modes and the chain length of the parent 
carbonyl compound and, using calibration curves, showed that the 
chain length of an unknown can be estimated. Using the semi- 
carbazones, it is not possible to differentiate ketones from aldehydes 
as a class186. However, the semicarbazones appear to be even more 
readily differentiated from one another than are the 2,4-dinitro- 
phenylhydrazones. Crystalline modifications of both the 2,4-dinitro- 
phenylhydrazoncs and semicarbazones yield different spectra, but if 
the ciystallizations are performed under identical conditions as those 
used to obtain the reference spectra, no difficulties are experienced. 

2. Quantitative 
I t  has been demonstrated that, with suitable attention to corrections 

for mutual interferences, satisfactory semiquantitative analyses of 
mixtures of oxygenated hydrocarbons are possible 187-189. The band 
positions used by Saier and Hugheslag for the analysis of such a 
mixture are shown in Table 3. The band position used for the 

TABLE 3. Wavelengths used for analysis of oxygenated 
hydrocarbon mixtures I8O. 

Aldehydes 3-68 
Ketones 5-80 
Acids 2.82 
Esters 7.7-8.8 
Ethers 8.-?-9*4 

aldehyde determination corresponds to the C-H stretching of the 
formyl group. The C=O vibration band was used for the ketone 
determination, which introduces difficulties because of the absorption 
in the same region of other compounds containing the carbonyl 
group and, in addition, all the others except aldehydes have greater 
absorptivities. A correction for the ester absorption in this region 
was made, using the 7.7 to 8.8 p C-0 stretching band position, and 
a correction for the presence of acids was made, based on their 0-H 
absorption at 2.82 p. I n  such a complex mixture the average error to 
be expected is about 9% for aldehydes and 23% for ketones189. 
The use of bandwidth curves*87, substitution of the data into a 
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special matrix18g, or the use of integrated absorptivities of the C-H 
stretching vibration188 aids in the resolution of such mixtures and 
increases the accuracy of the method. The application of this scheme 
to other types of mixtures should be preceded by careful testing of 
synthetic mixtures to evaluate mutual interferences ofthe components. 

used the absorption of the aldehyde 
group in the near infrared to determine benzaldehyde in the presence 
of aromatic ketones and to analyze mixtures of nitrobenzaldehydes. 
Although the position of the combination bands for m- and p-nitro- 
benzaldehyde are practically identical, the difference in their position 
from the o-nitrobenzaldehyde band position is sufficient to make 
possible the determination of a mixture of either the ortho and para 
isomers or the ortho and 7neta isomers. 

I n  many cases a preliminary distillation lg0 or chromatographic 
separation of a mixture, followed by infrared examination of the 
fractions, results in a decrease in complexity of the spectra and an 
increase in the accuracy of the determination. Also, separation of 
interfering compounds by chemical means, where practical, simplifies 
the spectra of the remaining mixture. The quantitative determination 
of a mixture of acetaldehyde and propionaldehyde by means of their 
2,4.-dinitrophenylhydrazones in solution has been demonstrated by 
Ross lgl. 

Goddulg2 points out that oxime derivatives of aldehydes and 
ketones have a very intense fundamental band at 2.78 p, which can 
probably be used as a basis for quantitative determinations. Alcohols, 
which absorb at 2.74 to 2.76 p, hydroperoxides, which absorb at 
2.8 1 to 2.84 p, and most nitrogen-containing compounds, which 
absorb a t  2-8  to 3.0 p, would not be expected to interfere. Phenols 
would probably interrere. 

Powers, Harper, and 

D. Mass Spectroscopy 
Although more certain identifications from the mass spectra of 

carbonyl compounds are obtained by matching the spectra of the 
unknown with reference spectra of known compounds, much 
structural information can be obtained using certain structural 
correlations, even if pertinent reference spectra are not available. 
Structural correlations can be obtained from such works as those of 
Gilpin and McLafferty Ig3 for aliphatic aldehydes, Aczel and 
Lumpkinlg4 for aromatic aldehydes, and those of Sharkey, Shultz 
and Friedel lg5 and Beynon, Saunders, and Williams lg6 for ketones. 
The observations of these workers can be summarized only very 



41 2 .J.  G. Hanna 

generally here. Readers interested in more detailed information are 
referred to the original papers. 

The mass 29 peak, fi-om the aldehyde group -CHO, is the 
highest peak in the spectra of formaldehyde, acetaldehyde, and 
n-propionaldehyde. In  most cases aldehydes give a major cleavage at 
the bond /3 to the aldehyde group, accompanied by a shift of one 
hydrogen to the oxygen-containing fragment to give mass 44. Mass 
44 is the highest peak in the spectra of straight-chain C, to C ,  
aldehydes; cleavage is increased by chain-branching adjacent to 
the fl bond. For aromatic aldehydes, thc loss by a: cleavage of the 
functional group often gives the most intense peak. Major frag- 
mentation peaks are produced by splitting on either side of the 
carbonyl group. Asymmetrica! ketones show two such peaks, since 
either alkyl substituent may be lost. These peaks are useful for 
establishing the position of the carbonyl group. For cyclic ketones, 
the spectra show the tendency to give a large peak corresponding to 
loss of C2H4, C2H, and C,H40 fragments from the molecular ions. 
(C3H3O) + ions predominate in the single-ring systems. 

E. Polurograph y 
The direct polarographic determination of carbonyl compounds is 

limited, in general, to aliphatic aldehydes, which readily reduce at 
voltages just below the reduction voltages of the more common 
supporting electrolytes. Ketones, on the other hand, are reduced at 
potentials much more negative than those obtainable in the usual 
supporting electrolytes. Ketones can be directly determined in 
solutions of specially prepared quaternary ammonium salts, as 
recommended by von Stackelberg and Stracke lg7. 

The direct technique has its most extensive application in the 
analysis of formaldehyde and acetaldehyde, either alone or in 
mixtures. Formaldehyde reduces a t  about - 1.6 v, while the saturated 
aldehydes reduce at  about - 1-8 v, making the determination of 
formaldehyde in the presence of other aldehydes feasible. Boyd and 
Bambachlg8 used a supporting electrolyte solution, 0.5 N in potassium 
hydroxide and 0-01 N in potassium chloride, to determine form- 
aldehyde. An alkaline medium is used because formaldehyde exists 
predominantly in the hydrated and therefore nonreducible form in 
acidic aqueous solutions. Shikata and his coworkers 199*200 described 
the polarographic determination of small amounts of aldehydes, 
including acetaldehyde, in alcoholic beverages. Elving and Rutner 201 
used the polarographic technique to determine acetaldehyde in the 
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presence of formaldehyde or unsaturated aldehydes, based on the 
difference in diffusion currents. The effect of the presence of other 
aldehydes, such as acrolein, acetaldehyde, and propionaldehyde on 
the determination of formaldehyde was investigated by Whitnack 
and Moshier 202. They found that the most satisfactory results are 
obtained in 0.1 N lithium hydroxide containing 0.01 N lithium 
chloride. Warshowsky and Elving203 used this method for the 
simultaneous determination of formaldehyde and acetaldehyde 
resulting from the periodate oxidation of mixtures of ethylene and 
1,2-prcpylenc glycols. Neiman and Gerber 204 analyzed solutions 
containing both formaldehyde and acrolein by using dimedone to 
remove the wave due to formaldehyde. Sandler and Chung205 
determined formaldehyde in mixtures containing hydrogen peroxide 
and acetaldehyde. Titanium tetrachloride was added to eliminate 
peroxide interference. 

Vzn Atta, Harrison, and Sellers 206 developed an amperometric 
method for the titrimetric determination of acetaldehyde using 
hydroxylamine hydrochloride solution. The sample is titrated at 
constant voltage using a dropping mercury electrode. Braddock and 
coworkers 207 studied the 2,4-dinitrophenylhydrazones of a series of 
aldehydes in an acetone/water solution. They found that, in the 
range 5 x hi concentration, the diffusion current 
varies directly with the concentration, providing a means of quanti- 
tative analysis of these compounds. The semicarbazones of aldehydes 
and ketones give well-defined polarographic waves in solutions 
buffered in the pH range 4 to 5. Coulson208 applied this technique 
to the determination of volatile compounds in the atmosphere. 

Ketones are usually determined polarographically by first reacting 
them with a reagent to form a product which is reducible within the 
range of potentials available with the ordinary electrolyte systems. 
The bisulfite method used by Strnad209 is based upon the extent to 
which the presence of a ketone decreases the bisulfite wave. Souchay 
and Graizon 210 presented a method involving the polarographic 
measurement of acetone after condensation with semicarbazide. The 
imine produced by the reaction of ketones with amines has been 
measured 211-216 and used quantitatively. 

Adkins and his  associate^^^^^^^^ worked with diary1 and alkyl aryl 
ketones and found that, in some two-kctone systems, the diffusion 
current was quantitatively proportional to the concentration of 
ketone being determined and independent of other ketones present ; 
for example, n-propyl phenyl ketone and benzophenone, and iso- 

to 4 x 
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propyl phenyl ketone and benzophenone. However, this was not the 
case for other ketones ; for example, acetophenone and benzalacetone, 
in which case benzalacetone had a marked effect on the wave height 
of acetophenone. Boyd and Amel1219 found that, in 0.1 M lithium 
hydroxide in 5076 ethanol/water solvent, the diffusion current is 
directly proportional to the benzaldehyde concentration and to the 
concentration of isopropyl phenyl ketone and t-butyl phenyl ketone. 

F. Nuclear Magnetic Resonance Spectroscopy 

1. Qualitative 
High-resolution nuclear magnetic resonance chemical shifts and 

spin-spin splittings provide information concerning the chemical 
environment and numbers of each type of hydrogen present in a 
molecule. I t  is a valuable tool for the identification of organic 
structures. The chemical shifts indicate the chemical nature of the 
hydrogens and provide some information about their spatial positions. 
Further information about the spatial positions of the hydrogens are 
obtained from the band multiplicities produced by spin-spin inter- 
action. The number of hydrogen atoms contributing to a band can 
be counted, since the area under an absorption band is directly 
proportional to the number of hydrogen atoms contributing to the 
band. Identification is made when an unknown exhibits the same 
characteristic chemical shifts and relative intensities as a known 
sample. The technique is useful alone, but is used best with other 
tools, especially with infrared spectroscopy. 

Various listings of nuclear magnetic data and reviews of the 
technique are found in the literature 220-224. The aldehydic proton 
shift in aliphatic carbonyl groups occurs at about -2-3 p.p.m. 
relative to benzene as an external standard and at  about - 2-7 p.p.m. 
in aromatic compounds. The shift for the protons in a methyl group a 
to the carbonyl group in aliphatic compounds is a t  about 5-2 p.p.m. 
and at about 6.3 p.p.m. in a methyl group /3 to the carbonyl group. 
Methylene groups a to the carbonyl group in aliphatic compounds 
have their proton shift at  4.9 p.p.m., while those in the /3-position 
have the proton shift a t  5.9 p.p.m. For a methyl group /3 to an  
aromatic ring, the proton shift is at  about 4.8 p.p.m., while for a 
methylene group a to the ring, it is at  about 2-8 p.p.m. 

Curtin and coworkers 225 showed that nuclear magnetic resonance 
spectroscopy can be used to differentiate between aldehydes and 
ketones, based on the presence or absence of the aldehydic hydrogen 
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in their 2,4-dinitrophenylhydrazone and semicarbazone derivatives. 
The proton resonance of the N=C-H group in methylene chloride 
solutions of the 2,4.-dinitrophenylhydrazones and the semicarbazones 
occurs a t  -0.2 to -0.4 p.p.m. and 0.34 to 0 p.p.m. relative to 
benzene, respectively. 

2. Quantitative 

The number of hydrogen nuclei contributing to a band can be 
counted by integration of the area under an absorption band. The 
total hydrogen can be determined by comparison with samples of 
known hydrogen content, and quantitative analysis becomes possible. 
Jungnickel and Forbes z26 used this technique to analyze diethyl 
ketone, among other illustrative examples of organic compounds. 
Karabatsos, Graham, and Vanezz7 used the same technique to 
determine the percentage of stereoisomeric forms of the 2,4-dinitro- 
phenylhydrazone and semicarbazone derivatives of ketones. 
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1. INFWODUCTlON 

I t  is not usually obvious to a chemist working in the field of organic 
synthesis that questions about the basicity of the carbonyl group are 
of any importance at  all. According to the familiar general concepts 
of basicity, it would seem that carbonyl compounds do not behave 
like bases in common practice, and even if they did hardly anything 
would seem to be relevant to this subject besides a list of the values 
of basicity constants for different carbonyl compounds. But in spite 
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of these common assumptions, recent investigations have shown that 
the basicity of the carbonyl group is by no means a simple problem. 
To  demonstrate this, Table 1 lists the pK, values (the negative 

TABLE 1. The pK, values for acetone according 
to different sources. 

P& Ref. PK, Ref. 

- 7.2 1 - 1.6 4 
- 4  2 - 0.66 5 
-2  3 

logarithm of the basicity constant) for acetone, according to different 
authors. The result is striking: anybody is at  liberty to choose a 
‘right’ value within the limits of seven powers of ten. Such freedom 
of choice is rather disappointing, especially if we take into considera- 
tion the fact that the discrepancies (to several powers of ten!) 
cannot be attributed to experimental errors. 

Several questions now arise. What do we mean when we speak 
about the basicity of carbonyl compounds? What does ‘basicity’ 
itself mean? Is it one definite thing or are there several different 
basicities ? 

In this chapter we shall try to find some possible answers to these 
problems. We shail also try to show that the study of the basicity of 
carbonyl compounds is extremely important for the development of 
the general concepts of basicity. 

II.  T H E  CLASSICAL ACID-BASE CONCEPT AND T H E  
QUANTITATIVE MEASURE O F  BASICITY 

Classical definitions of a base were given by Bronsted6 and by 
L ~ w r y ‘ * ~  from one point of view, and by Lewisg from another. The 
first two authors considered bases as compounds capable of forming 
a protonated entity; the more general definition of Lewis considered 
basicity as the ability of an electron donor to donate an electron pair 
to form a covalent bond with the acceptor. From the point of view 
of the bases themselves, however, these two concepts are equivalent. 
The electron pairs donated by bases are usually presented as unshared 
electron pairs, but this is not a rigid requirement and w electrons 
could be used as well. Consequently, all carbonyl compounds should 
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be considered as bases, with their basic behavior related to the 
unshared electron pairs of the oxygen atom. 

There are some important details in the Bronsted basicity concept 
which should be outlined. The acid-base interaction is considered 
to follow the general scheme ( l ) ,  where n and m denote the charges 

B" + A H m  + B H n + l  + Am-'  
base acid acid base 

on the base and acid, respectively. According to this scheme, the 
general property of a base is its ability to form a protonated particle 
BHn+l. The charge on the latter is more positive by one unit than 
the charge on the original base. Uncharged bases, for example 
carbonyl compounds, give protonated particles (cations) with a unit 
positive charge. Consequently, there should be important differences 
between the electronic structure of the base and that of its protonated 
form (conjugate acid). 

I t  is easy to represent this simple concept, since the equilibrium 
(1) with a standard acid under standard conditions can be used to 
estimate base strengths quantitatively. When the standard acid is 
water, the equilibrium (1) for uncharged bases is reduced to the 
equilibrium (2), so that the basicity constant Kb in pure water at 25" 

B + H 2 0  T BH+ + OH- (2) 

can be used to measure the base strength (equation 3). The con- 
centration of the base must be small enough to assume activity 
coefficients of unity; the concentration of water is 'included' in the 
value of Kh. 

If  H 3 0 +  is chosen as the standard acid, the equilibrium (1) for 
uncharged bases becomes the equilibrium (4), so that the dis- 

(4) 

sociation constant K ,  for the conjugate acid BH+ can be used to 
measure the base strength (equation 5). The simple relationship (6) 

B + H,O+ + BH+ + H20 

K, x Kb = K ,  

exists between the K ,  and K, values, where Kw = [H,O+][OH-]. 
For weak bases the value of Kb is too small to be detected experi- 
mentally, and the only directly measurable quantity is K,. 
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Further developments of this concept by Hammett lo* l1 led to the 
possibility of measuring K, values for extremely weak bases. 
Simultaneously, the extended quantitative acidity scale was suggested 
as a continuation of the pH scale. The basic assumption made by 
Hammett (equation 7) was that the ratios of activity coefficients 

for the base and protonated base were equal for all bases of the samc 
charge n. Equation (5), therefore, can be expanded to the general 
equation (8). 

The quantity ho = aH+ .fB/fBH+ is independent of the nature of 
the base involved and was interpreted as a quantitative measure of 
the acidity of the medium. The quantity H, (equation 9) is called 

H, = -log ho (9) 

the acidity function*. 
If the ratios of the concentrations of B and BH + can be determined 

by some experimental method (spectrophotometry is usually em- 
ployed), it is possible to measure the stepwise change in H, values 
for increasing acidity of the solution, beginning in the range where 
the pH scale is still applicable. Or, alternatively, if the H, values are 
known, K, values can be estimated by using equation (10). So, from 

the point of view of the concept presented in this section, the problem 
of the basicity of carbonyl compounds reduces itself to the estimation 
of their pK, values; this estimation is based on the Ho values deter- 
mined by the use of indicator bases. 

111. M O D E R N  VARIATIONS IN T H E  ACIDITY-BASICITY 
CONCEPT 

There has been a surprising development in the concept of acid-base 
interaction during recent years l2-l8, the main difference from the 

* The subscript zero denotes that Ho is the acidity function for uncharged bases. 
It is possible to introduce acidity functions H + ,  H - ,  etc., for bases of different 
charge typeslla. 
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classical theory being in the definition of an acid-base interaction 
itself. The protonated (or ‘fully protonated ’) base resulting from 
this interaction is considered as only one of several possibilities- 
namely the extreme one, which is formed when the acid-base inter- 
action is completed to its full theoretical extent. But there are thought 
to be many examples where such a complction is not achieved and 
the ‘partly protonated’ base or a complex between acid and base is 
formed by hydrogen bonding only. This can be represented by the 
scheme (1 1) (neglecting solvation). It is assumed that some acid-base 

6 -+ H A  5 &...HA T BH+.*..A- 4 BH+ + A- (11) 

pairs are able to form only the complexes B....HA; for such complexes, 
equations (5) and (8) obviously cannot be used, and in this connection 
the pK, value becomes meaningless. Even if all the equilibria 
represented by (11) are real, difficulties still arise. When the con- 
centration of the complexes B..-.HA is of the same or higher order of 
magnitude than the concentration of BH+, equations (5) and (8) 
are also useless, if the concentrations of BH+ and B.-..HA cannot be 
determined independently. 

Other authors 19-24 stress the importance of the solvation of the 
protonated base, and hydration in aqueous solutions is especially 
considered in detail. Since the activity of water in dilute aqueous 
solutions remains constant, the phenomena connected with hydration 
become important in concentrated mineral acids where the activity 
of water rapidly decreases with increasing acid concentration. There- 
fore equation (8) should be modified by introducing the term aHaO 
for the water activity. Equation (10) thus becomes equation (12), 

where n and m represent, respectively, the number of water molecules 
involved in the solvation of the protonated forms of the base and the 
indicator used in the determination of H,. 

I t  is obvious that if H 3 0 +  (or any lyonium ion) is considered as 
the acid HA, the two concepts in this section are indistinguishable. 
Indeed, particles like B-..-H+ . n H 2 0  can be considered either as the 
complex of the base B with the acid H 3 0 +  (n  - l)H,O, or as the 
protonated base BH+ with a hydration shell of n H 2 0  molecules. 
Moreover, even the complexes B....HA can be considered as 
indistinguishable from the protonated base BH+ ‘solvated’ by the 
anion A-  (the ion pair BH + A e ) .  

14* 
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This equivalence has to be considered in the formal quantitative 
laws of the equilibrium; but if there are independent methods (e.g. 
spectral ones) to distinguish between the molecular structures of 
‘fully‘ and ‘partly’ protonated forms, the equality of the two 
concepts disappears. 

IV. BASICITY AND ACID CATALYSIS 

The existence of acid catalysis is the reason why the basicity of even 
very weak bases is of great importancc for organic chemistry. An 
arbitrarily chosen acid-catalyzed process could be represented by the 
formal scheme (13). According to this scheme the first step of every 

Fast 
Substrate (base) + acid Intermediate ( 13a) 

Slow 
Intermediate (+ reagent) __j Products (13b) 

acid-catalyzed reaction is like an  ordinary acid-base equilibrium. 
I n  practice the substrate is usually a base having a heteroatom with 
an unshared electron pair. If the catalyst is a protonic acid, at least 
for the cases considered in this chapter, it should not be a pseudoacid, 
so that the first step can be considered a fast This could be 
any of the possible acid-base interactions discussed in section 111 of 
this chapter. The rate-determining second step could be a uni- 
molecular (Al)  or bimolccular (A2)  process. In  the latter case the 
‘reagent’ is likely to be a nucleophile because ‘full’ or ‘partial’ 
protonation obviously increases thc electrophilic reactivity of the 
substrate. (The possibility of the termolecular concerted attack of 
acid and ‘reagent’ on the substrate is not discussed in this section 
and will be considered in connection with concrete situations only.) 

Two fundamental formal relationships exist in the quantitative 
aspect of acid catalysis. Accordingly, acid-catalyzed reactions can be 
divided into two classes: those following the laws of ‘specific’ acid 
catalysis ; and those which are consistent with ‘general ’ acid 
catalysis 26. 

I n  the case of specific acid catalysis the observed value of the rate 
coefficient k is proportional only to the oxonium (lyonium) ion 
concentration in dilute solutions of acids, and to the acidity ho as 
defined in equation (9) in concentrated solutions of acids. Since in 
dilute solutions of acids ho = [H,O+], the overall relationship (14) 

(14) log k = C - Ho 
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is obeyedz7, where C is a constant. I n  the case of general acid 
catalysis the observed value of the rate coefficient equals a sum of 
terms, each being proportional to the concentration of some acid 
present in the system (equation 15). 

Here k,  is the rate coefficient of the noncatalytic ‘spontaneous’ 
reaction, and each k, is a ‘catalytic constant’ for the acid A,H. 

The interpretation of equztioii (14) is simple. Assuming that the 
substrate-acid interaction leads to the ‘fully ’ protonated form and 
the reaction rate is proportional to the concentration of the latter, 
(14) can be easily derived from (1 1) by assuming that [BH+] <c [B]. 
The value of the constant C in (14) is given by equation (IS), where 

c = log- k0 
K ,  

ko is the rate coefficient for the rate-determining reaction of the 
protonated substrate and K,  is the basicity constant for the same. 

I n  the case where media of high acidities are involved and the 
limitation [BH+] << [B] is not obeyed, the more general equation 
(1 7) 28 is used. If h, << K,, equation ( 17) is reduced to equation (14) ; 

if h, >> Ka, then k = k,  and the further increase of the acidity has 
no influence on the value of k. 

The problem of the interpretation of equation (15) is much more 
complex. The naive assumption that different acids react with the 
substrate at  different rates should be discarded because it would 
require the acid-base interaction to be the slow step of the reaction. 

The two methods given below can be used to derive equation (16) 
from the concepts considered in sections I1 and 111. 

A. Prototropic Reactions29 

The acid-catalyzed process can be represented by the scheme (18), 
Fast 

Fast 
BH + A,H + HBH+ + Ai- ( 184 
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where BH is the substrate, PqH denotes any acid present in the system, 
and HB is the product. Assuming that the value of k, is different for 
different A; in equation (18) and that the reaction with each A; 
is independent of the other ones, the relationship (19) can be derived 
for the observed value of the first-order rate coefficient. 

k =  (19) 

Con- 
sequently k,, k,+ , and kf may be defined by the following equations: 

120 + K ,  

In dilute aqueous soluticns of acids ho = [H30+] << K,. 

where kH+ is the catalytic constant for hydrogen ion, and 

= k,[AfHl 
k i  [A, I& - - ki- [A; 1 [HSO + 1 - - k; Ki [AH] 

Ka Ka Ka 

Substituting these vdues into equation (19), the equation (20) is 
obtained, analogous to (15). The formal analogy between (15) and 
(20) is complete with the understanding that the term kH+ [H30] is 
included in the sum in (15) but exhibited separately in (20). 

k = k,  + kH+ [H,O+] + 2 k,[A,H] (20) 

Instead of A, and A,H, the bases Bf and their conjugate acids 

i 

B,H+ could be considcred in the same way. 

B. Other Reactisns30 

If only one definite ‘reagent’ is participating in equation (13b) 
and the ‘intermediate’ is a ‘fully’ protonated base BH+, general 
acid catalysis is excluded. Consequently in the case of nonprototropic 
reactions sensitive to general acid catalysis, the intermediate is not 
a ‘fully’ protonated base, but either a hydrogen-bonded acid-base 
complex B-..-HA or an ion pair BH’-...A- (see scheme 11). If 
the reactivity of the complexes of the substrate with different acids is 
sufficiently different and/or the equilibrium constants for the 
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formation of such complexes depend considerably upon the nature 
of the acid, general acid catalysis follows. 

The quantitative treatment of this interpretation will be presented 
in relation to experimental data about the behavior of carbonyl 
compounds. 

V. THE EQUILIBRIUM INTERACTION BETWEEN 
CARBONYL COMPOUNDS A N D  ACIDS 

IN A Q U E O U S  SOLUT!O.RJS 

In this section we present the main results of the experimental study 
of processes and phenomena (excluding acid catalysis) connected 
with the basicity of carbonyl compounds. 

Carbonyl bases will shift equilibrium (2) to the left to such an 
extent that there is no experimental method for detecting the increase 
of the hydroxyl ion concentration after the carbonyl compound is 
added, so that the Kb value cannot be directly estimated. All the 
observations in the field of acid-base equilibria involving carbonyl 
compound<, therefore, are related to aqueous solutions of acids. 

The first experimental observation in the field of the basicity of 
carbonyl compounds was made by Hantzsch31 in 1909, who found 
that in 100% H,SO, acetophenone and benzil behave like strong 
bases and the equilibrium (21) is shifted completely to the right. 

(21) 

A more extended study of the basicity of carbonyl compounds was 
performed after the indicator method for detecting pK, values by 
the use of the acidity-function concept had been elaborated by 
Hammett and Deyrup (see section 11). This study was based almost 
completely on the investigation of the acidity dependence of the 
electronic absorption spectra of carbonyl compounds in acid media. 
I t  is assumed that major differences between the spectra of non- 
protonated and protonated carbonyl compounds should be observed, 
due to the considerable change in the electronic structure of the 
carbonyl group after the protonation depicted in equation (22). 

\ \ 

/ / 
C=O + HZSO4 C C=O.H+ + HSOd- 

C=O + H+ “I / 
\ 

/ 
(1) (2) 

If the resonance structure 1 has a much greater contribution thin 
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structure 2, the ultraviolet carbonyl absorption band (n-urr* transfer) 
should disappear. For saturated aliphatic carbonyl compounds this 
band is the most intense one in the region of 270 mp and the pro- 
tonation should be easy to detect. I n  compounds where the carbonyl 
group is directly connected with an aromatic ring the latter is 
mainly responsible for the very intense ultraviolet absorption. Now 
the appearance of the contributing resonance structures 

causes considerable changes in the ultraviolet absorption spectrum. 
Assuming that the observed changes in the ultraviolet or visible 

spectra are caused by reactions (4) or (22), the ratios of [B]/[BH+] 
were determined from the spectral data and the pK, values for a 
number of carbonyl compounds were calculated using equation (1 0) ; 
these are shown in Table 2. Besides the values of pK, the concentra- 

TABLE 2. Spectrophotometric pK, and pK, values for carbonyl compounds. 

Compound 

o - C H ~ C ~ H ~ C H O  
m-CH3CeH4CHO 
fiCH3CeH4CHO 
2,4,6-(CH3)3CeH&HO 
2,4,6-(C2H&C6H&HO 
2,4,6-(i-Pr) 3CeHZCHO 
m-ClCeH4CHO 
PClCeH4CHO 
PNOZC~H~CHO 
P-CH3OCsH4CHO 
~r-Cl OH7 CHO 
P-CloH7CHO 
1 -Anthrylaldehyde 
9-Anthrylaldehyde 
9-Phenanthrylaldehyde 
CH3COCH3 
CHSCOCHS 
CH3COCZHs 
CH,COCH( CH3) 2 

~~ 

- 6*9gb 
-7.10" 
- 6.50a 
- 7.06" 
- 6.32" 
- 4.74 
- 5.0" 
- 5.2" 
- 7.68" 
- 7.26" 
- 6.45" 
- 5.45" 
- 6-34." 
- 6.6gb 
-5.71b 
-4.81b 

- 7.2" 
- 6.39" 

- 1.58 
- 7.2" 
- 7.1" 

80 
81 
76.5 
80.5 
75 
62 
64 
66 
85 
82 
76 
68 
75 
78 
70.5 
63 
76 
81.5 

81.5 
81 

36 
37 
37 
37 
37 
37 
37 
37 
37 
37 
37 
37 
36 
36 
36 
36 
36 

1 
4 
1 
1 

- 2.30 
- 2.40 
- 1.95 
- 2.36 
- 1.82 
- 0.90 
- 1.00 
- 1.1 1 
- 2.90 
- 2.53 
- 1.92 
- 1.26 
- 1.84 
- 1.94 
- 1.44 
- 0.94 
- 1.88 
- 2.48 

- 
- 2.48 
- 2.40 

(Table continued) 
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TABLE 2--cont. 

43 1 

Compound 

COCH, 
I 

- 7.1" 
- 9.5" 
- 7.5" 
- 6.8" 
- 6.6" 
- 6.2" 
- 6.15" 
- 6.02" 
- 5.47"' 
-5.61" 
- 6-70" 
-4.81" 
- 6.70" 
- 4.90" 
- 6.59" 
- 4.73" 
- 6.06" 
- 7.01" 
- 6.52" 
- 6.90" 
- 6.52" 
- 7.62" 
- 7.92" 
- 5*86b 
-5.71" 
- 6*04b 

- 5.65b 

-66-16" 
- 5.5* 
- 6.18" 
- 5.67" 
- 4.39" 
-4.19" 
- 6.64" 
- 6.95" 
- 9.85" 
- 10.12" 
- 6.89" 
- 6.86" 

81 
98.5 
84 
78.5 
77 
74 
74 
72.5 
69 
70 
78 
63 
78 
63.5 
77 
62 
73 
80 
76.5 
79 
76.5 
85 
87 
71.5 
71 
73 

70 

73.8 
68.5 
74.1 
70 
59.5 
57.6 
77.6 
80.0 
99.3 
99.6 
79 
79 

1 
1 
1 
1 
1 
1 

35 
35 
35 
35 
35 
35 
35 
35 
35 
35 
35 
35 
35 
35 
35 
35 
35 
36 
35 
36 

36 

31 
33 
34 
32 
32 
32 
32 
32 
32 
32 
34 
34 

- 2.40 

- 2.74 
-2.16. 
- 2.03 
- 1.74 
- 1.71 
- 1-63 
- 1.29 
- 1.37 
-2-10 
- 1.24 
-2.10 
- 0.97 
- 2.02 
- 0.90 
- 1.65 
- 2.32 
- 1.96 
- 2.24 
- 1.96 
-2-90 
- 3.12 
-2.44 
- 1.43 
- 1.64 

- 

- 1.37 

- 1.68 
- 1.28 
- 1.72 
- 1.40 
- 0.78 
- 0.70 
- 2.05 
- 2.30 

- 
- 

- 2.23 
- 2-20 

(Table continued) 
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TABLE 2.-cont. 

Compound 

~~ 

% I;',sp* a t  
PK* half ionization Ref. pKhc 

- 6.92" 
- 7.07" 
- 7.04" 
- 7.1 1" 
- 7.07" 
- 7.39" 
- 5.91" 
- 6.02" 
- 6.57" 
-6.15" 

79 
81 
80.5 
81 
81 
83 
72 
73 
77 
74 

34 -2.27 
34 - 2.37 
34 - 2-34 
34 - 2.40 
34 - 2.37 
34 - 2.64 
34 - 1 -54 
34 - I a 6 3  
34 - 2.01 
34 - 1-71 

- 5.02" 64.7 32 - 1.01 

- 5.69" 70.2 32 - 1.42 

(Tabie continued) 
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TABLE 2.--cont. 

Compound 
% H2sP.l at 

PKS half ionization Ref. PKbC a -5.80" 71-1 32 1 *48 

~~ ~ 

a At 25"c. 
At room temperature. 
pKb = log U H ~ O  at H a  = pK, (see section VI). 
The observed spectral phenomena could be connected with the protonation of the NO2 group 

( I .  C.  D. Brand, J.  Chrrn. SOC., 997 (1950)). 

tions of H,SO, (in weight yo) at the point of half ionization 
([BH+J = [B], pK, = Ho) are also tabulated. These data for fifty- 
six ketones and seventeen aldehydes show that carbonyl compounds 
are bases which undergo protonation according to the schemes (4) 
or (22). There is an inconsistency in the case of acetone, for which 
two different pK, values based on ultraviolet spectrum measure- 
ments were reported by Nagakura, Minegishi, and Stanfield 
( - 1-58), and by Campell and Edward1 ( - 7-2). 

Let us consider how such a difference (running to six powers) 
arises. For this purpose it is useful to follow the changes in the 
ultraviolet spectrum of acetone beginning from the pure water 
solution and then through different concentrations of H2S04, 
covering the whole range investigated. Figure 1 illustrates three 
ranges of H2S04 concentrations at  which the spectral behavior of 
acetone is different. Up to 7% H,S04 (H, = 0) the spectrum is 
identical to that of the neutral aqueous solution. I n  the range from 
7% to 64% H2S04 the carbonyl-bond absorption maximum is 
gradually shifted to shorter wavelengths. By increasing the H2S04 
concentration to over 65% (Ho < -6) this absorption maximum 
gradually disappears. There are two approaches to the interpretation 
of these data: if the disappearance of the carbonyl-group absorption 
maximum alone is considered to be connected with protonation, a 
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pK,  value in the order of magnitude of - 7  is obtained; but if any 
changes in the absorption spectrum are related to the protonation, 
one could also conclude that the formation of the protonated particles 
becomes relevant a t  mu;h lower concentrations of H2S04. 

The changes in the spectra of bases relating LO their protonation 
can clearly be detected in the range H, = pK, 5 1.0-1-5*. The 
positions of the maxima in the spectra of acetone begin changing in 
the range Ho = 0-0 & 0.5. If this change is assumed to be relatcd to 

(0) 

- 
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teristics of the solvent without involving acidity and hence the 
assumed pKa N" -1 value for acetone may be due to a misunder- 
standing. 

But let us proceed considering the facts. As early as 1940 it was 
found that shifts of the infrared maximum for the 0-D bond in 
CH,OD are linearly related to the pKa values of the bases dissolved 
in deuterornethan~l~~.  I t  should be stressed that the pKa values in 
water were used and therefore the method is useful for the indirect 
estimation of these values. For acetone the value -4 was obtained. 
The incmsisience of this with both values cited before is obvious. 

I t  would be desirable to have some additional experimental data. 
Those which are as directly related to the possibility of protonation 
are naturally preferred. Clearly, if equilibrium (22) really occurs, 
one of the main results would be the substitution of charged particles 
of one type (>C+-OH) for those of another type (H,O+). The 
appearance of the charge on the carbonyl compound by protonation 
should be detectable conductometrically. If ions of one sort are 
substituted for ions of a different nature but with the same charge, 
the change in the conductivity of the solution should be proportional 
to the difference between the equivalent conductivities of the ions 
considered. Therefore, on addition of base B to an aqueous solution 
of a mineral acid the change in conductivity should be proportional 
to the concentration of the base 3 and to the degree of its protonation, 
and could be used for the determination of the [B]/[BH+] ratio. 

The conductometric method was first used for the study of the 
behavior of acetone in aqueous HCI 5. Conductometric apparatus *O 

with a sensitivity of 0.001% and a means of thermostating the 
conductivity cell to k0-003" is required to achieve the necessary 
precision of the measurements. The  conductometric values of y were 

435 

calculated from equation (23), where [Bl0 is the concentration of the 
base added, Z, is the conductivity calculated on the assumption 
that the only effect of the addition of the base is the dilution of the 
solution, Z2 is the measured value of conductivity after the base is 
added, and y-  is the extreme value of y reached at  high acidities 
when the base is completely protonated ([BH '3 >> [B]). The highest 
experimentally observed value of y was chosen for y,, because the 
increase of viscosity at high acid concentrations has an adverse 
influence on they value. 
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The pK, value of the base B can be calculated by substituting the 
values obtained from equation (24) into equation (10). 

Plots of y versus Ho for p-nitroaniline, o-nitroaniline, and acetone 
are shown in Figure 2. The first two of these bases are common 
indicators and their pK, values are determined fiom spectral data, 
so that the 'conductometric' pKe values can be compared with the 
' spectrophotometric' ones in -order to verify the method described 

A 

A 
20 

100 

HO 

FIGURE 2. Dependence of the conductometric y value (defined by equation 23) 
on the acidity function Ho. 

A 
0 
0 

fi-nitroaniline in aqueous HCI at 40" 
o-nitroaniline in aqueous H,S04 at 60" 
acetone in aqueous HCl at 25" 

above. This has been done in Table 3; Forp- and a-nitroaniline the 
agreement between the conductometric and spectrophotometric 
values is excellent. This is taken as proof that the conductometric 
phenomena are really related to the protonation of these bases, and 
this should also be true in the case of acetone. The 'conductometric' 
pK,  = -0.66 obtained for the latter is close to the value obtained 
by assuming that the shift of the absorption maximum is related to 
the protonation and differs from the value of - 7.2 obtained by using 
the ordinary procedures of the indicator method. 

If protonation of acetone occurs to a considerable extent according 
to the acidity function values in the H, range from 0.0 to - 1.0 
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(and this is impossible if the pK, value of - 7-2 is the correct one), 
a considerable transport of acetone should be observed if a constant 
electrical field is applied, and the acetone concentration should 
increase around the cathode compartment. Experiments to verify 
this idea were performed at  different concentrations of sulphuric 
acid42. I t  was found that the acetone was indeed transported to the 
cathode. The quantitative treatment of these data permits a pK, 
value for acetone to be calculated which was found to be equal to 
-0.43 and in agreement with the conductivity data. 

TABLE 3. Conductometric and spectrophotometric values of pK,. 

PK, 
Temp. 

Conducto- Spectro- 
metric5 photometric 41 

Base Medium ("c) 

p-Nitroaniline H,O/HCl 40 + 0.90 + 0-91 
o-Nitroaniline HzO/HzS04 60 - 0.49 - 0.43 
Acetone H,O/HCl 5 - 0.55 

15 - 3.60 
25 - 0.66 
40 -0.81 

VI. ACID-CATALYZED REACTIONS O F  CARBONYL 
COMPOUNDS 

There are two types of reactions characteristic of carbonyl com- 
pounds: the first one is connected with the nucleophilic attack on the 
carbonyl carbon, leading to addition or, after elimination, to sub- 
stitution; the second type is the abstraction of a proton from a C-H 
bond in the position a to the carbonyl group. Both these reaction 
types are subject to acid catalysis. Indeed, if the carbonyl oxygen is 
'fully' or 'partly' protonated, the positive charges on the carbonyl 
carbon atom and on the a-hydrogen atoms should be increased as 
well as their electrophilic reactivity: 
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The second type of reaction is reprcsented by the enolization of 
carbonyl compounds which is subject to general acid catalysis 43*44.  

General acid catalysis also influences many reactions of the first 
type, e.g. the hydration of the carbonyl g r ~ u p ~ ~ - ~ ‘ ,  and the formation 
of s emica rbaz~nes~**~~ ,  hydrazones ’ O ,  and Schiff bases ’I. Other 
reactions of carbonyl compounds are subject to specific acid 
catalysis. These are, for example, some isomerizations of carbonyl 
compounds 52-55,  acid-catalyzed aldol condensations 56-59, and the 
formation of acetals, although the formation of hemiacetals is subject 
to gcneral acid catalysis Go. 

So the picture is rather confused and complicated. According to 
the- scheme (18) and to equation (19), the prototropic reaction is 
subject to gcneral acid catalysis if the ‘fully’ protonated substrate is 
formed during the fast step of the reaction, with acid. The ‘fully‘ 
protonated substrate is also required for specific acid catalysis, but 
genera! zcid catalysis of the nucleophilic attack on the carbonyl 
carbon could not be related to the formation of the ‘fully’ protonated 
reagent, as was shown in section IV. 

Valuable additional information was obtained during thc study of 
enolization reactions in concentrated acids. If equation (19) is obeyed 
there should exist a phenomenon of saturation of the acid catalytic 
effect a t  h, >> K,. Therefore, the acidity dependence of the observed 
value of the rate coefficient could be used to find what value of pK, 
is related to the acid catalysis in this case. In the enolization of 
acetone in aqueous solutions of HC1 thc dependence of the observed 
value of the rate coefficient on the acidity is shown in Figure 329-38. 
The linear dependence of the log k value on H, is disturbed in the 
region where H,, < 0, and on reaching the H, < -2  region the 
reaction seems to become acidity independent with the rate 
coefficient being approximately proportional to the C1- concentra- 
tion. With aqueous sulphuric acid61 the picture is analogous, 
excluding the range of acidities H, < -4 which could not be 
studied in aqueous HCI. Although the experimental data con- 
sidered are only preliminary ones, the decrease of the rate co- 
efficient at high concentrations of sulphuric acid can be considered 
as a real phenomenon. 

The behavior of the acetaldehyde enolization reaction in aqueous 
HC1 is completely analogous to the results obtained for acetones2ss3. 

I t  is easy to see that these kinetic results are rather consistent with 
the conductometric value of pK, and do not support the much more 
negative spectrophotometric value. On the other hand, the enoliza- 
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tion kinetics of D-a-phenyhocaprophenone 7 0  is satisfactorily con- 
sistent with equation (17) in the concentration range of 85 to 94% 
H,S04. Consequently, in this case the order of magnitude of the 
spectrophotometric p K ,  seems to be applicable. 

The above discussion seems sufficient to show that the kinetic 
data relating to acid catalysis do not lead to a simple solution of the 
basicity problems of carbonyl compounds. 

H3 

FIGURE 3. Dependence of the cnolization rate of acetone and of the water activity 
on thc acidity function. 

1 
I! 

Line with unit slopc, corresponding to equation (14) 
Line calculated using equation (17) and accepting the conducto- 
metric pK, value for acetone 

n Experimental data in aqueous HCI at 15" (unimolecular rate 
coefficients) 

e Experimental data in aqueous H,SO, at 15" (unimolecular rate 
cocfficients) 

A Experimental data in aqueous H,S04 at 15" in aqueous H2S04 
(bimolecular rate coefficients : ratio k/uHZO) 

VII. GENERAL S C H E M E  F O R  T H E  I N T E R A C T I O N  OF 

M E D I A  

Although the most importiat experimental observations have now 
been presented, their general interpretation is still lacking. This is 
not an easy task, since we do not agree to accept different standpoints 

CARBBMYL C O M P O U N D S  WITH ACIDS IN AQUEOUS 
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on the nature of the process for the interpretation of different 
kinds of experimental data. 

I n  the first place the inconsistency between the p K ,  values of 
acetone as determined by the spectral indicator method, or con- 
ductometrically, or based on the kinetic data for the enolization, 
should be explained. I t  was suggested 19*42 that different processes 
were detected by using diffcrent methods. I t  is obvious that conducto- 
metric measurements offer proof of the formation of some kind of 
charged particles from acetone. These are assumed to be hydrated 
and protonated acetone molecules or hydrogen bonded complexes 
between acetone and hydrated oxonium ions (see scheme 13) : 

CH3 
I 

I 
CH:, 

C=O--H + . nH,O 

As stated in section 111, the formation of such particles should follow 
the classical laws of protonation equilibrium, except for the additional 

Log OH$ 

FIGURE 4. The interrelation between the acidity function ff, and the water 
activity in aqueous H2S04. 

influence of the activity of HzO. As there is not a ‘full’ covalent 
bonding between the carbonyl oxygen and the proton, the carbonyl 
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double bond is preserved and therefore the relevant ultraviolet 
absorption maximum does not disappear. The shift of this maximum 
is related to minor changes in the electron distribution caused by 
the bonding with a proton. Nevertheless, this sufficiently increases 
the positive charges of the a-hydrogens to bring about a large 
catalytic effect. For example, when comparing the rates of enoliza- 
tion of hydrated protonated acetone molecules on the one hand with 
formation of the enolate ion from unprotonated acetone on the other, 
both in aqueous solutions of acetate buffer, the bimolecular rate of the 
former rcaciion is found to be greater than that of the latter by a 
factor of two million64. 

As the concentration of the acid is increased the water activity 
decreases. The rapid increase of acidity and the considerable decrease 
of water activity are related to each other. This is illustrated by the 
plot of the H, values uerms log aHzO represented in Figure 4. There- 
fore the hydrated protonated particles will gradually loose water 
molecules from the hydrate shell, causing the shift of the ultraviolet 
absorption maximum after practically all the acetone molecules are 
protonated. In the presence of even higher acid concentrations the 
last molecule of H,O is lost and the ‘fully’ protonated particle is 
formed (equation 25). This is the equilibrium observed spectrally by 

I 

the disappearance of the ultraviolet maximum of the carbonyl 
group. I t  is clear in Figure 4 that for aqueous H,SO, H, and log aHaO 
are approximately linearly related at  the high acid concentrations 
where this spectral change is observed, The equations (26) and (27), 

= log a,,,. + log Kh 
[B-.,. H+ .H,O] 

log [BHi] 

where Kh is the equilibrium constant for the dehydration reaction, 
are formally indistinguishable in so far as both B and B.-.-H+ *H,O 
are assumed to have similar spectral characteristics. This leads to 
the conclusion that the pK, values represented in Table 2 are 
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meaningless as a measure of the classical basicity of carbonyl com- 
pounds. They are simply equal to the values of f f o  at the concentra- 
tions of H,SO, which correspond to the half-completion of the 
equilibrium (25) (i.e. [B.... H + H,O] = [BH 'I). The equilibrium 

(28) is indistinguishable I'rom the classical protonation equilibrium 
(4) in the range of acid concentrations where afj20 remains practically 
constant. Therefore in this range equation (10) represents the 
dependence of the ratio [B]/[B----H+ -7zH20] on the acidity of the 
medium if the Hammett postulate (7) is also valid for the hydrated 
protonated base. This is why the conductometric results are in 
agreement with the classical scheme of protonation. 

If the value of aazO begins to decrease to a considerable extent, 
the relative concentration of the particles >C=O--. H + nH,O 
with different values of n will also be changed; thus the concentration 
of the particles with any given value of n could be highly sensitive to 
the changes in water activity. Nevertheless, the total equilibrium 
concentration of the particles having different values of n is likely to 
be less sensitive to the changes in the activity of H,O. Therefore it 
can be assumed that the equilibrium (28) follows equation (10) even 
in the ranges of acid concentrations where the changes in the aHzO 
value become significant, by treating n as a variable. Thus  we have 
arrived at  the conclusion that the equilibrium (28) can be considered 
formally like a classical protonation equilibrium, if for practical 
purposes the only acid present in the medium is the oxonium or 
lyonium ion. 

Furthermore, assuming that the protonated particles hydrated by 
different number of H,O molecules are in equilibrium with each 
other, it would be logical to consider the 'fully' protonated form 
(71 = 0) as being equilibrated with them; this equilibrium should be 
highly sensitive to water activity. Therefore, even in dilute aqueous 
solutions of acids, >C+-OH ions are present, but their concentra- 
tion should be extremely low. If a buffer is added, complexes of the 
type C=O.-.-HA, containing different acids HA, should be con- 
sidered as different species with different properties. Accordingly, 
the qualitative picture of protonation of carbonyl compounds could 
be represented by scheme (29) which is actually a special case of the 
general scheme (12). I t  should be stressed once more that in principle 
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HA, -!- n HzO 

(29) 

+.-I 
C=O j- H,O+ f (n - I )  HzO ‘C==O--H+.nH,O 

\ 

/ 

’ 11 \ I + H A t  

C=O....HA, ‘LOH + n H20 
\ 

/’ / 

particles with different values of R could be represented as being 
equilibrated with each other. 

To distinguish between the equilibrium constant for reaction (28) 
and the classical K, it was suggested that the former should be 
written as K,42: 

QB. S H ~ O  * QH +. X H ~ O  
s + x - n  K, = 

aB... .H+ .  nHzO ’ aH20  

where s, x and n denote the numbers of water molecules in respective 
hydrated particles. This relationship can be represented as follows: 

and 
KB = K,.a&$ 

I n  pure water aHz0 is assumed equal to unity and then the numerical 
value of K, equals the value of K,. In  the range of concentrations 
where the water activity remains approximately constant there 
should be full formal analogy between K, and K, and the classical K,. 

In  spite of this formal analogy between the Kp and K, values 
there are quite important differences between them. The K, values 
are usually very sensitive to structural changes in the bases, because 
of the great differences between the electronegativities of the reaction 
center in the initial and final states. In the formation of hydrated 
protonated particles from carbonyl compounds this difference should 
be much less because the bonding of the base with a proton is much 
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weaker. This is true not only of carbonyl compounds. The results of 
conductometric measurements lead to the conclusion that the KB 
value for oxonium bases of different types (acetone, nitromethane, 
aliphatic alcohols, phenol, and benzamide) are usually all in the 
range 1 -= KD < 10 which corresponds to the pK, range 0.0 < pK, 
< - 1-04,. The changes in the K, values, when only substituents 
are varied adjacent to a constant reaction center (e.g. different 
ketones and aldehydes) should consequently be even less. Therefore 
the problem of the dependence of the K, value upon the structure 
of carbonyi compounds seems to be of minor practical importance. 

Besides K, or K,, the Kh values in equation (27) are important to 
describe quantitatively the behavior of carbonyl compounds in 
acidic media. Kh is defined in equation (31). I t  is not difficult to 

show that the Kh values could be easily obtained from the data in 
Table 2 (if the aHzO- [H2S04] dependence or the a,,o-Ho 
dependence is known). As the PKh values and the respective con- 
centrations of H2S04 determine the conditions (H,  or [H,SO,]) at 
which the concentrations of [B--- H + H,O] and [BH+] are equal, 
and a t  which the ratio of the respective activities could be assumed 
to equal unity, the relationship (32) follows, where aHzO is the water 

p K b  = log aHzO (32) 

activity at  the value of H, or the concentration of H2S04 mentioned. 
The pK, values calculated by the use of equation (32) are also 
represented in Table 2, assuming that n = 1, which should be a 
satisfactory approximation for concentrated sulfuric acid solutions. 

I t  is easy to realize that the precise relationship between the total 
concentration of B---H+-nH,O (or of BH+) and the acidity of the 
medium and the water activity should be quite complex. We will not 
try to discuss this relationship here, owing to the lack of information 
about the ratios of particles with different values of n a t  different 
water activities. The values of the respective equilibrium constants 
cannot be estimated, and hence the precise relationship becomes 
useless in practice, but it is reasonable to consider the following 
rough approximation. 

Assuming that equation (31) and the Hammett postulate (7) are 
valid for the total concentration of B..-*H+ .nH,O and also for BH+ 
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(n being a variable), and that s = 0*, the approximate relationships 
(33) and (34),can be derived, where [Bl0 is the total concentration of 

the base (carbonyl compound) and R should be considered as some 
effective mean value, depending on aHaO. It is easy to show that? 

KhK, = K ,  (35) 

Concerning these relationships in general, an interesting conclusion 
can be drawn. Let aHzO = 1 be the standard in pure water. Now, if 
Kh << 1, the value of (33) equals zero and compound B behaves like 
a 'classical' base. If Kb >> 1 the [BH+] is negligible in dilute aqueous 
solutions of acids and only the hydrated protonated particles are 
presented. We have seen that the carbonyl compounds belong to the 
latter class of bases. 

Equation (35) shows that the Kh and K,values are not independent. 
Taking into account the very low sensitivity of K, to the variations 
in the structure of the base, one can assume it to be a constant. 
Consequently the relative changes in the pK, values could approxi- 
mately represent the relative changes in the pK, values. But it 
should be kept in mind that equation (35) cannot be used for 
calculation of K,  values by substituting in it the experimental values 
of Kh and Ka, since these are dependent on the mean value of n 
which is variable and certainly differs in conditions where K, and 
Kh can be determined from experimental data. Indeed, K, is 
determined in dilute solutions of sulphuric acid where = 1, 
but Kh is obtained in conditions where a,,, < 1. 

* This assumption is made only for the sake of simplicity in the equations, and 
it is certainly incorrect in general. If s # 0 and the hydration of the indicator 
used for determining the Ho value is taken into consideration, n in equations (33) 
and (34) should be replaced by the more complex quantity m = n - n' - s + s', 
where n' and s' are the hydration numbers of the protonated and unprotonated 
indicator respectively. 

t This follows from equations (17), (33), and (34), since in these the ratio 
[B]/[BH+] is equal to KhK,/ho on the one hand and to KJh, on the other. 
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VIII. INTERPRETATION OF ACID CATALYSIS 

Acid-catalyzed reactions of carbonyl compounds considered in 
section VI should find their explanation by using scheme (29), in 
order to prove the validity of the latter. According to this scheme the 
three types of particles 3, 4, and 5 are relevant to  acid catalysis. 

Enolization, being a prototropic process, could proceed through 
particles 3 or 5 only. The reactivity of 3 should be much higher than 
the reactivity of 4, whatever the nature of the acid €I&. if the 
reverse is true, a more complicated equation than (15) should be 
used, with the terms k,[HAJ [A;] instead of k,[HAJ 65. I t  was shown 
that such termolecular terms could be present, but they are by no 
means the major  one^^^.^'. Hence, it should be concluded that 4 is 
indeed considerably less reactive than 3. General acid catalysis 
affecting electrophilic reactions of the carbonyl group could not be 
related to 3 or 5 although 3 could be involved as a specific case of 
complexes like 4. Specific acid catalysis could proceed through 3 or 5, 
like the enolization. 

Let us consider some details of these variants. Acid catalysis in the 
case of nucleophilic additions to the carbonyl group should involve 
the following processes : 

1. Addition of the nucleophile to the carbonyl carbon, e.g. 

+ I  \ 

/ I 
(364 RNH, + C=O 4 R-NHZ-C-0- 

2. Addition of a proton to the carbonyl oxygen: 

\ '\ 
C=O + HA or B H +  --+ C-OH + A- or B 

/ 

3. Removal of a proton from the basic heteroatom of the nucleo- 
phile : 

RNH, + A- or B __f R N H -  + HA or BH+ (36c) 

The order of these processes can, in principle, differ, but the fact of 
general acid catalysis and of a deuterium isotope effect (kH/kD = 1-2 49) 

exclude all other combinations except from the possibility of reactions 
(36a) and (36b) taking place simultaneously. This is equivalent to 
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accepting schcme (37) 40*51*68*69. Hence the formation of the com- 

Fast \ 
L O  + HA, C=O.-HA, 
\ 

/ / 

\ Slow + I 

/ I 
RNHz + C=O....HAI + RNHZ-C--OH + AT 

+ I  Fast I 

1 I 
RNH2-C-OH + A; e- RNHCOH + HA, 

(374 

(374 

plexes >C=O--HA, should be accepted as a fact. Nevertheless, 
the acid-catalyzed enolization by-passes these complexes. Let us 
consider whether particles of type 3 or 5 are involved. In  dilute 
solutions of acid, where water activity remains constant, the equilib- 
rium (38) causes a proportionality of the concentrations of 5 and 3. 

C=O--H+ -nH,O L+-OH + n H 2 0  (38) 
\ 

/ I 
Considering 3 to be a specific casc of 4 and taking into account the 
fact that these do not participate in the enolization, it follows that 
the enolization should be connected with the ‘fully’ protonated 
form 5. As shown in section VII, the formation of the latter to a 
considerable extent is possible in concentrated sulfuric acid only. 
Therefore up to Ho = -6, in aqueous sulfuric acid, the concen- 
tration of >C+-OH should be inversely proportional to the aHZ0 
value* and the rate of bimolecular reaction with water should not 
to the first approximation depend upon the water activity. In  Figure 3 
the real situation of the acetone enolization in aqueous sulfuric 
acid solutions is illustrated. The observed value of the first-order rate 
coefficient k follows equation (14) (represented in Figure 3 by line 1) 
only when No > 0. At Ho < 0 the k value becomes lower than 
defined by equation (14). Curve 2 represents the log k dependence 
on H, calculated by the use of equation (17) assuming that k is 
independent of aHzO (unimolecular reaction) and accepting the con- 
ductometric K,  value. Experimental values of log k are quite close 
to curve 2-in the wide range 0 > Ho > - 6, the maximum k being 
65% higher than calculated using equation (17). This- is consistent 
with an interpretation where complexes like 3 are considered to be 
reactive intermediates in a unimolecular reaction. The proton 

* For acetone the exact relationship at high concentrations of H2S04 isao 
log [3]/[5] = -3.60 + 1.5 log ~ = ~ 0 .  
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abstractor should be in this case one of the n water molecules in the 
hydration shell of particle 3: 

H or 
\ 

If the hydration number n becomes smaller, the bond between the 
carbonyl oxygen and the proton becomes stronger and the positive 
charge of the methyl hydrogen increases. The result should be an 
increase in the rate coefficient k with the decrease of a=,,, as observed. 
In  the region Ho < - 6 the decrease of the concentration of particle 3 
becomes considerable (see equilibrium 25) and the rate of uni- 
molecular reaction should decrease. The rate of bimolecular reaction 
between particle 5 and H,O should remain approximately constant 
in the region of H, > - 6 because the increase of the concentration 
of 5 will be compensated by the decrease of aHzO. I n  the region 
Ho < -6, the increase of the concentration of 5 becomes less than 
the decrease of a,,, and the reaction rate should decrease. (Actually 
the H, value has no immediate influence as far as the phenomena 
connected with the dehydration of complex 3 are considered. At 
H,, < -6 the water activity in aqueous sulfuric acid becomes very 
low and the concentration of 5 becomes comparable to the total 
concentration of acetone.) The ratio /?/aH,,, which could be con- 
sidered as a bimolecular rate coefficient, passes through a maximum 
in the Ho z 6 region (see Figure 3), and its increase in the - 2 > No 
> -6 range could be explained by assuming that the n value is 
higher than unity (which is very likely in this case). If so, the 
concentration of complex 5 will increase faster than the water 
activity. 

While it cannot be definitely ascertained whether particles 3 or 5 
are the main reactive intermediates, it is most likely that they are of 
the type 3, especially if we give any significance to the proximity of 
the experimental k values to the calculated curve 2 in Figure 3. 

The principal differences between the reactivities of complexes 3 
and 4 should be as follows: complex 3 may react by intermolecular 
attack of a water molecule from the hydration shell (unimolecular 
rate-determining step), but a similar reaction is impossible in the 
case of complex 4 because it is not hydrated like 3. Complex 3 
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may also react with water bimolecularly ; this possibility cannot be 
excluded and will be considered later. 

I n  the case of bimolecular interaction, the reactivity of complex 4 
should be much lower than the reactivity of 3. If the intermolecular 
attack of the water molecule in complex 3 is retarded, as in the case 
of sterically hindered carbonyl compounds, the differences between 
the reactivities of 3 and 5 should be detected by the relevant treat- 
ment of experimental data. From this viewpoint it is interesting to 
consider the enolization of D-a-phenylisocaprophenone in 85-94% 

i n  this range of H2S04 concentrations all the activity 
coefficients can be considered constants 71, and the concentrations of 
H 2 0  and HSO, can therefore be used instead of activities. Assuming 
the reaction to be bimolecular and the reactivity of complex 3 with 
n = 1 to be negligible in comparison with the reactivity of farm 5, 
equation (39) holds for the observed first-order rate coefficient k,. 

T T  CIA 

Here Kh is presented in concentration units and its absolute value is 
not comparable with those listed in Table 2. The Kh value can be 
calculated from the ratio of concentrations of 3 and 5 (equation 40) 

log [3]/[5] = -0.94 

in 90.6% H2S04 where [H,O] = 0.234; the value of Kh obtained 
is 0.49. 

Equation (39) can be rewritten as (41). The plot of the left-hand 

side of (41) versus the ratio of [H,O]/[HSO;] should be linear and it 
really is (Figure 5). So the suggested scheme for this reaction seems 
very likely to be the correct one and the existence of the equilibrium 
between 3 and 5 is also verified by the kinetic data. The ItHzo and 
kHso,- values obtained equal 4.05 x and 2.00 x 
respectively. 

Specific acid catalysis can be connected either with form 3 or 5, 
if the reaction is not a prototropic one. No nucleophilic reaction with 
carbonyl is known to occur in concentrated sulfuric acid, possibly 
owing to the protonation of all active nucleophiles in this medium. 

* In the original paper the data obtained were treated assuming the classical 

15 + C.C.C. 

protonization scheme and that pK,, = - 7-39. 



450 V. A. Palm, 0. L. Haidna and A. J. Talvik 

In dilute aqueous solutions of acids the concentration of particle 5 
is probably too low to have any real importance. Significant differ- 
ences must again exist between the reactivities of forms 3 and 4 to 
account for specific acid catalysis. Here the selectivity relationship 
could be According to this law the differences between the 
rate coefficients for 3 and 4 should increase with decreasing reactior, 
rates. So in the case of a nucleophilic attack on the carbonyl carbon, 
reactions with highly nucleophilic reagents should show general acid 
catalysis, and with much less nucleophilic reagents specific acid 
catalysis. This leads to the following general conclusions. I n  the case 

I I I 

FIGURE 5. Treatment of the experimental data70 for the enolization of D-(z- 

phenylisocaprophenone in 85-94% H,SO,. 

of nucleophilic additions to the carbonyl group or unimolecular 
isomerizations high reactivities (low free energies or heats of activa- 
tion) should be connected with general acid catalysis; low reactivities 
(high free energies or heats of activation) should be connected with 
specific acid catalysis. In  the case of enolization high reactivities (low 
heats of activation) should be connected with the termolecular 
kinetic law, and low reactivities (high hcats of activation) with 
general acid catalysis. 

These conclusions cannot be fully proved by a comparison of 
existing data, because the literature does not report any acid- 
catalyzed nucleophilic addition to a carbonyl group with a heat of 
activation higher than 10 kcal. On the other hand, it also seems that 
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there are no enolization and isomerization reactions of carbonyl 
compounds with low heats of activation. Nevertheless the data listed 
in Table 4 show that in all cases nucleophilic addition to the carbonyl 
group is connected with low heats of activation and general acid 
catalysis. Enolization reactions with high heats of activation exhibit 
general acid catalysis ; isomerization reactions with high heats of 
activation are connected with specific acid catalysis only. So the data 
listed in Table 4 do not contradict the general conclusions mentioned 
above. 

From the poiat of view of reactivity, also, complex 3 is a real entity 
and can be considered either as a hydrated ‘fully’ protonated form 
or a specific case of complex 4, depending upon the process occurring. 

The authors of this chapter realize that the general explanation 
they suggest for the phenomena under consideration is not the only 
possible one. The goal they desired to achieve was to show that such 
an explanation could be presented encompassing thc main experi- 
mental data even though these seem to be inconsistent with each 
other. 

IX. BASICITY O F  CARBONYL COMPOUNDS IN 
NONAQUEOUS MEDIA 

The basicity of carbonyl compounds in nonaqueous media can in 
principle be considered using the conceptions devcloped for aqueous 
solutions. Complex 3 should be substituted by the protonated form 

C=O.-..H + .nS 
\ 

solvated by the molecules of the solvent or by the equivalent com- 
plexes (6, S = solvent molecule) of carbonyl compounds with the 
solvated lyonium ions, if the existence of thcse particles is possible in 
the given solution. The ‘fully’ protonated form could be formed in 
solutions of very strong acids where the activity of the basic com- 
ponents of the medium is small. Most experimental investigations 
deal with solutions of carbonyl compounds in media of comparatively 
weak acidity, where the carbonyl compound is probably present in 
the form 4 or 6. These were mostly interpreted as hydrogen bonding 
of the medium or of proton-donating solutes with the carbonyl com- 
pound. The experimental methods usually employed for such a study 
are ultraviolet, infrared, and nuclear magnetic resonance spectro- 
scopy or the determination of the heats of solvation 14*15*77*78. 
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Investigations of infrared spectra of carbonyl compounds are quite 
e x t e n ~ i v e ~ ~ , " ~  and a considerable amount of work was done in the 
study of hydrogen bonding. I t  is that if formation of a 
hydrogen bond between the carbonyl group and some proton- 
donating component of the medium occurs, the infrared absorption 
frequencies for both the carbonyl group (vL0) and for the proton- 
donating group (vAH) are shifted to lower frequencies. These dv- 
and Av,, shifts are used by different authors for the qualitative or 
semiquantitative estimation of the relative basicity of different 
carhnny! col?;pwfids. It was concluded by Fox and MartinE1 
and Badger and Bauer82 that the magnitude of the shift to a lower 
frequency should depend upon the strength of the hydrogen bond: 
the stronger the bonding, the greater the shift. Accordingly, Gordy 
and S t a n f o ~ - d ~ - ~ ~ - ~ ~  suggested the use of the shift of 0-D bond 
frequency in CH,OD (or in D,O + HCI) as a measure of the basic 
strength of the dissolved base. I t  has already been mentioned in this 
chapter that a linear correlation was observed between the shift 
magnitudes and the p K ,  values of the respective bases. However, 
further reexamination 86.67 shows this relationship to be more 
complex. 

The detection of carbonyl-bond shifts for the estimation of the 
relative basicities of carbonyl compounds was employed also by 
Denisov8*, who studied the shift caused by hydrogen bonding with 
CF,COOH in CCl, solution. Ketones for which the higher basicity 
could be assumed were characterized by greater shifts to the lower 
frequencies (see Table 5). 

TABLE 5. Shifts of the infrared bond 
frequencies of the carbonyl group by 
the interaction between ketones and 

CF3COOH in CC1488. 

A V c , O  
Ketone (crn-l)O 

(CH2CI)&0 6 
CHzCICOCH3 15 
(CH3)2C0 25 
Cyclopen tanone 29 
Camphor 33 

The difference between the obscrvcd frequencies 
before and after addition of CF,COOH. 
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The other method employing infrared spectroscopy for the study 
of acid-base interactions in nonaqueous media is based on bond- 
intensity measurements. This method is analogous to the indicator 
method described in section I1 of this chapter and the relevant 
equilibrium constants can be calculated. This method was applied 
by Widom, Philippe, and Hobbs 8o for determining the dissociation 
constants of complexes between phenol (A) and bases (B) in CC1, 
solutions (equation 42). The values obtained are listed in Table 6. 

'rABLE 6. Dissociation constants K of complexes 
between phenol and various ketones in CC14 at 
24.6 & O*1°80  and the respective OH bond 

frequency shifts. 

Ketone 

(CH3)2CO 0.1 18 266 
CH3COCzHS 0.125 230 
(C2H5)ZCO 0.136 209 
(C3H7)2C0 0.139 197 
CsHSCOCH3 0-146 243 

Although the variations in the K values are rather small, there seems 
to be a correlation between the values of K and AvOH. The deviation 
of acetophenone was explained by the authors as a result of the 
influence of steric factors. 

By the application of ultraviolet spectroscopy 89.90, nuclear 
magnetic resonance spectroscopy, and measurements of the heats of 
mixing 14e70 only qualitative or semiquantitative information can be 
obtained in the field under consideration. 

X. OXONIUM SALTS AND T H E  INTERACTION O F  
CARBONYL COMPOUNDS WITH APROTONIC ACIDS 

According to the conception developed by Lewis all acids (electro- 
philes) can be divided into two sharply different groups : the protonic 
and aprotonic acids. In  the previous sections only the interaction of 
carbonyl compounds with protonic acids was considered. In  this 
section some facts of the basic behavior of carbonyl compounds in 
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the reactions with aprotonic acids will be presented. Since there is 
almost a complete lack of quantitative data in this field, we present 
the available information which can be used to indicate that such an 
interaction exists. 

Examples of ketones capable of forming stable crystallinc salts 
with protonic acids are restricted to highly resonance-stabilized 
systems, such as pyrone, chromone, flavone, and xanthone deriva- 
tives. For cxamplc, dimethylpyrone forms a crystalline compound 91 
with I-ICl having the structure 7. These compounds can bc classified 

(7) 

as salts of carbonyl compounds only by convention, because only a 
minor part of the positive charge is located on the former carbonyl 
group. 

Stable complexes of carbonyl compounds with such aprotonic 
acids as MgBr,, MgI,, and BF, are, on the other hand, quitecommon. 
Many ketones and aldehydes form stable complexes, having defir,ite 
melting points, with MgBr,, MgI, 92, and BF, 93. Tshelintsev 94 

investigated calorimetrically the interaction between C,H50MgI 
and carbonyl compounds. The values of the heats of addition of the 
first molecule of C,H,OMgI to some ketones are listed in Table 7 .  

TABLE 7. Heats of addition ( A H )  of the first 
molecule of C2H50MgI to some ketones"". 

Compound 
A H  

(kcal/molc) 

CH3COCH3 17-26 
CHSCOC2HS 14.36 
1,4-Benzoquinone 11-32 
2,6-Dimethyl- lY4-pyrone 10.69 

An interesting reaction where ketones are involved as bases is 
reported by Meerwein 95 (equation 43). The analogous oxonium 
compound with [SbCl,] instead of [BF,] - can also be obtained 95. 

RZCzO + [(C2H&O]+[BF4]- 4 [R2C-O-C,HS]+[BF4]- + (CZH5)20 (43) 
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Different complexes of carbonyl compounds with aprotonic acids 
are assumed to be reactive intermediates in reactions, catalyzed by 
aprotonic acids; e.g. complexes with SO, in the sulfonation of 
aldehydes and ketonesg6, with metal cations in the Cannizzaro 
reactiong7, with Cu2+, A3+, or Ni2+ in the decarbonylation of 
ketodicarboxylic acid anions -02CCOC(CH,)2C02-98, and with 
(RO)3AI in the Tishtschenko ”, Meerwein-Ponndorf-Oppenauer100, 
and hleerwein-Ponndorf-Verley reactions. The formation of an  
acceptor-donor bond between the carbonyl oxygen and the metal 
atoms is assumed in the activated state, in the course of the reduction 
of carbonyl compounds by Grignard reagents102J03 and by 
LiAlH, lo4. 

Even this short and incomplete review indicates that the inter- 
action between carbonyl compounds and aprotonic acids is very 
important. Therefore an extensive and quantitative systematic 
study in this field is urgently needed. 
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1. INTRODUCTION 

Of the many oxidation reactions of carbonyl compounds, the oxida- 
tion of aldehydes with transition metals seems to be at  present in the 
greatest need of a detailed discussion: enough work has been done 
in the field to reveal, on the one hand, some of the basic features and 
to show, on the other hand, how much more has to be done. 
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With the intention of giving a detailed discussion of the experi- 
menta2 findings and of the possible interpretations as well as of open 
questions and unresolved problems, this chapter is restricted to 
several oxidants only; namely to the compounds derived from 
chromium, manganese, vanadium, cerium, and cobalt. 

I I .  CHROMIC ACID 

A. Aromatic Aldehydes 
The chromic acid oxidation of aldehydes has been studied most 

intensely in the aromatic series. Lucchi measured the oxidation 
rates, activation energies, and frequency factors for the oxidation of 
benzaldehyde and the ortho-, meta-, and para-monosubstituted benz- 
aldehydes with CH,, C1, Br, NO,, OH, and OCH, as the sub- 
stituent. With the exception of the phenolic aldehydes, all reactions 
were of second order. In  the case of the hydroxybenzaldehydes the 
facile attack on the phenolic ring complicates the picture3. Lucchi 
showed clearly that electron-attracting substituents increase the rate 
of oxidation and electron-donating groups retard the reaction*. 
Graham and Westheimer' later used Lucchi's data to calculate the 
Hammett reaction constant8 and obtained the value p = +1.06. 
This value is in excellent agreement with the value p = + 1-02 
which Wiberg and Mill9 obtained from their measurements of the 
oxidation in 91% acetic acid in the presence of perchloric acid. 

Another interesting observation which Lucchi made is that most 
electron-attracting groups seem to be more effective in the para than 
in the ortho position (Table 1). Since the polar effect of substituents in 

TABLE 1. Relative rates for the chromic acid oxidation of 
ortho- and para-substituted benzaldehydes1-5 in aqueous 

acetic acid at 20". 

Substituent n-olx-, 

3.2 
0.93 
0.85 
0.74 
0.36 

* This is probably true only up to a certain point. Jayaraman6 has recently 
observed that 2,4-dinitrobenzaldehyde is extremely unreactive towards chromic 
acid, despite the fact that both ortho- and para-nitrobenzaldehyde react faster 
(1.4 and 4.1 times, respectively) than benzaldehyde itself. 
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the ortho and para position is usually very similar lo, the results given 
in Table 1 indicate that the reaction is hindered by bulky ortho 
substituents. In  this respect the oxidation of aldehydes differs drama- 
tically from other oxidations involving chromic acid : the well- 
investigated oxidation of alcohols and hydrocarbons is subject to 
steric hindrance only in the most extreme cases I1-l3. On the other 
hand, the decrease in the k J k P  ratio does not exactly parallel the 
steric requirements of the substituents as these have been determined 
from other reactions. For example, Taft’s steric substituent con- 
s tmtslO,  E,, for the metkyi group and a bromine atom are of the 
same magnitude, whereas Table 1 shows that in the oxidation of 
substituted benzaldehydes a bromine atom in the ortho position will 
decrease the reaction rate more effectively than does a methyl group. 
Also, the effect of the methoxy group is anomalous and indicates the 
operation of special factors, e.g. hydrogen bonding, in the reaction 
intermediate or transition state. 

The amount of experimental data available at the present time, 
therefore, do not demonstrate unambiguously the operation of 
steric hindrance in the oxidation of aldehydes, and the observed 
change in relative reactivities of ortho- and para-substituted benz- 
aldehydes could also be interpreted partially or wholly in terms of 
dipolar interactions between the carbonyl group and the substituent. 
There are, however, some qualitative observations available which 
further support the view that the oxidation of an aldehyde group is 
sensitive to steric hindrance. If the oxidation of aldehydes is sterically 
hindered and that of alcohols is not, then one should expect good 
yield of aldehydes in the oxidation of sterically hindered alcohols. 
Such a conclusion appears to be justified in the oxidation of certain 
aliphatic aldehydes. For example, Tanabe and coworkers l4 observed 
that although 3/3,19-dihydroxyandrost-5-en- 17-one 3-acetate (1) can 
be easily oxidized to the aldehyde, the latter is resistant to further 



464 J. RoEek 

oxidation by chromic acid; only a very small amount of the corre- 
sponding acid was obtained even under relatively drastic conditions. 
Similarly, A5-cholestene-3/3, 19-diol 3-acetate (2) is easily oxidized to 
the corresponding aldehyde in very good yield, but less than 1% of 
the acid cmld be obtained even under much more forceful con- 
d i t i o n ~ ~ ~ .  Even though no kinetic data on the oxidation of the C1, 
steroid aldehydes are available and other interpretations for their 
surprisingly low reactivity cannot be excluded, steric hindrance 
suggests itself as a very plausible explanation considering that the 
aldehyde group in the two above examples is axial and flanked by 
four coaxial hydrogen atoms. 

The chromic acid oxidation of aldehydes, like all other oxidations 
by chromic acid, is an acid-catalyzed reaction. Graham and 
Westheimer7 carried out a detailed study of the kinetics of the 
chromic acid oxidation of benzaldehyde in aqueous solution a t  80". 
Their results were consistent with the rate equation ( I ) ,  which is 
very similar to that previously derived for the oxidation of isopropyl 

-d[CrO,]/dt = k[HCrO~][C,H,CHO](k3[H+] + k4[HfI2) (1) 

where 

and 

alcohol16. One point of interest is that only that part of the total 
hexavalent chromium which is present in the monomeric form (as 
HCrO;) is involved in the oxidation whereas the chromic acid 
present as dichromate (Cr20:-) is not. Although this phenomenon 
has been known in the chromic a i d  oxidation of alcohol% for more 
than twenty years 17, no satisfactory explanation has been offered. 

The rate of oxidation depends both on the first and sccond power 
of the hydrogen ion concentration. Because chromic acid is a very 
strong acid and the monochromate anion is a rather weak one1*, 
in moderately acidic solutions practically all monomeric chromium 
will be in the form of the anion HCrO; (equations '2 and 3) .  

H2Cr0, H+ + HCrO; Kl = 10 (2) 

HCrO; & H+ + CrOq- K2 = 3.2 x lo-' (3) 

The first- and second-order term in hydrogen ion concentration in 
the rate expression therefore corresponds to H2Cr0, and H,CrO,C, 
respectively. Both chromic acid and its conjugate acid or their 
derivatives can therefore be regarded as the active oxidizing species. 

k3 = 0.147 (mole/l)-2 min-' 

k ,  = 0.95 (mole/l) -3 min- 



lo. Oxidation of Aldehydes by Transition Metah 

In  acetic acid the rate of oxidation is approximately proportional 
to the first power of the Hammett acidity function19.20, h,, and no 
second-order term has been detected g. 

In  order to obtain information on the role of the aldehydic 
hydrogen in the oxidation reaction, the effect of isotope substitution 
was investigated. Wiberg 21 observed a primary kinetic isotope effect 
when replacing the aldehydic hydrogen by deuterium; C,H,CDO 
reacts 4.3 times slower than benzaldehyde. Hodnett 22 determined 
the isotope effect for the tritated compound; at 80°, k,/k, is 7-9. 
Both these results strongly indicate that the aldehydic C-H bond 
is broken in the rate-limiting step of the reaction. 

Because only very few solvents resist the oxidizing action of chromic 
acid, the choice of solvent is restricted. Pyridine 23, t-butyl alcohol 24, 

acetic anhydride 25, acetone 26, and dimethylformamide 27 are some- 
times used instead of water, but acetic acid is certainly the solvent 
most widely used for water-insoluble substrates. Acetic acid has not 
only the advantage of being fairly, though not completely2*, 
resistant to the oxidation by chromic acid, but also increases the 
oxidative power of chromic acid considerably. Isopropyl alcohol is 
oxidized 250 times faster in 86.5% acetic acid of the same acidity 
(as measured by the acidity function H,) than in The rate 
of oxidation of methylcyclohexane is increased by a factor of 10 by 
increasing the acetic acid concentration from 90 to 99% and by 
another power of 10 by changing from 99 to 1 0 0 ~ o  acetic acid as 
solvent30 (always keeping the H, acidity constant). 

Aromatic aldehydes exhibit an cxceptional behavior in this 
respect. Even though they are oxidized faster in acetic acid than in 
aqueous solution, the increase is relatively small. The increase in the 
oxidation rate of benzaldehyde from 75 to 95% acetic acid parallels 
the change in acidity function, though at lower acetic acid con- 
centrations the change in rate is steeper than that of the acidity'. 
From the measurements of Westheimer' and Wiberg9 one can 
roughly estimate the difference in reaction rate in water and 91% 
acetic acid. Because of the presence of the quadratic term in hydrogen 
ion concentration in aqueous solution and its absence in acetic acid, 
the rate ratio depends on acidity. At H, = 1 the oxidation of 
benzaldehyde will proceed about 3 times faster in 91% acetic acid 
(at 80") than in water; at a higher acidity (H, = 0) the rate increase 
will be only by a factor of about 1.5. 

The effect of solvent composition on the oxidation rate of aromatic 
aldehydes is also the subject of a recent study by Jayaraman3'. 

465 
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Unfortunately, his data are not corrected for changes in acidity and 
are therefore difficult to interpret. 

6. Aliphatic Aldehydes 

The pattern observed in the oxidation of benzaldehyde was also 
found in a study of the oxidation of formaldehyde in aqueous solution 
by Chatterji and M ~ k h e r j e e ~ ~  and by Kemp and Waters33. The 
second group of investigators also determined the primary isotope 
cffect to be 6-8 at 2Y in 0.314 M perchloric acid. The isotope effect 
was found to decrease not only with temperature, as would be 
expected 34, but also with increasing perchloric acid concentration. 
Also, a large solvent isotope effect has been found. The reaction is 
5.37 k 0-2 times faster in D,O than in water, a value in good 
agreement with that expected for a reaction involving two protona- 
tion equilibria. Even in this respect the oxidation of aldehydes 
resembles that of alcohols35. Rate data for the oxidation of some 
other aliphatic aldehydes have been obtained by Chatterji and 
A n t ~ n y ~ ~ .  Qualitatively, a ‘considerable ’ primary isotope effect in 
the oxidation of 1-deuteroacetaldehyde has been reported 37 as early 
as 1949. 

No detailed study of any higher aliphatic alcohol is available. 
However, Barnard and Karayanis 37a investigated the chromic acid 
oxidation of propionaldehyde and n-butyraldehyde from the 
analytical point of view and made some interesting observations. 
The above authors found that propionaldehydes reduced 170% of 
the expected amount of chromic acid and that acetic acid was 
produced beside propionic acid. In the oxidation of n-butyraldehyde 
about 190% of the theoretical amount of the oxidant was consumed 
and both propionic and, to a lesscr extent, acetic acid were formed. 
As carboxylic acids are very resistant to oxidation, the obvious con- 
clusion is that about 25 to 30% of the aldehyde undergoes oxidation 
on the alkyl group rather than on the carbonyl function. Barnard and 
Karayannis interpret their observation in terms of an oxidation of 
an enol intermediate (equation 4). This interpretation is very 

Oxidation 
RCH,-CH=O - RCH2-C02H 

I 

OH 
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attractive, particularly in the light of the recent finding that chromic 
acid oxidation of ketones proceed through an enol intermediate 37b. 

Also, we shall see later that other reagents oxidize aldehydes via 
enol intermediates. 

C. Reaction Mechanism 

1. The role of aldehyde hydrates 
R 0 8 e k ~ ~  measured the rate of chromic acid oxidztion Ccr 2 series 

of negatively substituted aliphatic aldehydes, namely mono-, di-, and 
trichloroacetaldehyde. All of these aldehydes are practically com- 
pletely hydrated in aqueous solution. I t  was found that electro- 
negative substituents in this case decrease rather than increase the 
rate of reaction. Including the oxidation rate for acetaldehyde 
hydrate, he obtained a fairly good linear log k us. (J* dependence 
giving a value of p* = - 1.2, which is very similar to that obtained 
for the oxidation of primary alcohols40. This finding shows that the 
positive p value is not typical of aldehyde oxidation but is rather 
restricted to aldehydes existing predominantly in the form of a free 
carbonyl compound. The clear inference is that electronegative 
substituents increase the oxidation rates indirectly by increasing the 
equilibrium concentration of the chromic acid ester of the aldehyde 
hydrate. 

At this point it is of considerable interest to compare the oxidation 
rates of aldehydes with those of the corresponding alcohols. Form- 
aldehyde can be estimated from Waters's33 and RoEek's'O data to 
react more than 100 times faster than methanol. A ~ e t a l d e h y d e ~ ~  and 
other simple aliphatic aldehydes react very roughly 5 times faster 
than the corresponding primary alcohols. On the other hand, 
benzaldehyde reacts about 100 times slower than benzyl alcohol 40 

in aqueous solution; from our previous discussion of the effect of 
solvent composition on the oxidation rates of alcohols and aldehydes 
it is evident that the relative rate of benzaldehyde should decrease at 
least by another order of magnitude in moderately concentrated 
acetic acid. 

Inspection of these relative rates leads directly to one important 
conclusion about the reaction mechanism. Considering the high 
reactivity of formaldehyde in conjunction with the fact that it is 
practically fully hydrated in aqueous solution 41 with only about 
0.1% of the free aldehyde present, makes any mechanism which 
would directly involve the free aldehyde seem very improbable. For 
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this reason the recently proposed 42 ‘ SN2-like ’ mechanism in which 
a water molecule ‘displaces’ a hydride ion from an aldehyde mole- 
cule can be ruled out. Either the aldehyde hydrate or its simple 
derivative is the most likely intermediate. 

Because the aldehyde hydrates so closely resemble alcohols both in 
structure as well as in practically every facet of the oxidation, it is 
reasonable to expect a similarity in the reaction intermediate and 
transition state of the two oxidation reactions as well. 

Strong support has recently been offered12 for the mechanism of 
the chromic acid oxidation of alcohols shown in equation (5). The 

R2 R2 

Slow I 
R d - O - ? r 0 3 H 2  + Rl-C==O 

I 
H 

rate-limiting* step of the reaction is the decomposition of the 
protonated acid chromate ester. 

Analogously, the oxidation of aldehydes can best be interpreted by 
assuming the reversible formation of a similar intermediate, an ester 
of the aldehyde hydrate, which then will decompose in the rate- 
limiting step (equation 6). In solutions of very low acidity, most of 

OH 

L (6) 
Rate-limiting 

fd>-cb3Hz P R- -0 
I 
H 

the product will be formed by decomposition of the unprotonated 
ester. In  the presence of acetic acid the situation is complicated by 
the possibility of formation of acetochromic acid, CH,COOCr03H, 

* The usual terms, ‘rate-determining’, ‘ rate-controlling’, ‘slow’ and ‘fast’ 
steps are sometimes loosely used, and may lead to ambiguity. The author of this 
chapter therefore prefers to use the term ‘rate-limiting step’ which has been 
recently defined by RoEek, Westheimer, Eschenmoser, Moldovaniy, and 
Schreiber la as follows : 

The kinetic equation for a complex reaction will contain rate coefficients of 
some or all of the successive steps. The  last step in the series for which the rate 
coefficients appears in the kinetic equation is ‘rate-limiting’ ; variations in the 
magnitude of rate coefficients of subsequent steps have no effect on the overall 
reaction rate. 
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which is assumed to be a stronger acid and a much more powerful 
oxidizing agent30. As long as the chromic acid ester is in rapid 
equilibrium with the aldehyde and the aldehyde hydrate, it is 
immaterial whether it is formed by esterification of the hydrate 
(equation 7) or by a carbonyl addition reaction to the free aldehyde 

OH OH 

(7) 
I 
I 

R- L -OH + H,CrO, R-C-0-Cr0,H + H,O 

H 
1 
H 

(equation 8). Defining the equilibrium constants for the threc 

(8) 

O H  
I 

I 
R-C=O + H,Cr04 + R-C-O-Cr0,H 

H 
I 
H 

reactions involved by equations (9), (1 0), and (1 1) , we can easily see 

[hydrate] 
[aldehyde] [H,O] 

[hydrate] [H,CrO,] 

[ester ] 
[aldehyde] [H2Cr04] 

Khvdfatlon = 

rester1 CH2OI Kcsterincation = 

Kaddition = 

(9) 

that Kaddition = Kesteriacation x Khydration. The concentration of the 
ester intermediate, to which the reaction rate will be proportional, 
can therefore be expressed in two equivalent ways: (1 2) and (13). 

[ester] = Kaddit~on[a1dehyde] [H,Cr04] (12) 

[ester] = KestoriacatlonKhydratfonCaldehyde] [H,Cr04] ( 131, 

Kadditlon refers to a carbonyl addition reaction which is, at least at 
present, inaccessible to direct measurement and certainly very 
sensitive to structural changes. The hydration of aldehydes, on the 
other hand, has been studied fairly extensively at least in the aliphatic 
~ e r i e s ~ l - ~ ~  and the change of the degree of hydration with changing 
solvent composition could be easily determined. Esterification 
reactions depend much less than carbonyl addition processes upon 
structural changes 39 and, as a very crude approximation, Kesteriflcntion 

can be regarded as structure independent. Moreover, the esterifica- 
tion equilibria of alcohols and the related gem-diols can be expected 
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to vary in the same way. We can therefore see that it is vefy useful 
to keep the role of the ester hydration in mind in the discussion of the 
oxidation of aldehydes. All the apparent differences between the 
chromic acid oxidation of alcohols and aldehydes then disappear and 
we are fully justified to make use in this discussion of the results of 
the much more extensively studied oxidations of alcohols*. 

The question whether the ester intermediate is indeed formed by 
esterification of the hydrate or by a direct carbonyl addition of 
chromic acid cannot be decided as long as no example of an aldehyde 
can be found which will be suficiently hindered to make the forma- 
tion rather than the decomposition of the gem-hydroxy ester rate- 
limiting. 

Although the formation of the ester intermediate, suggested first 
by Mriberg21, is now almost generally accepted, its exact mode of 
decomposition is still very much a matter for discussion and, 
particularly, for further research. 

2. The  valency change of chromium 

The first point of interest in the detailed discussion of the reaction 
mechanism is the valence change which chromium undergoes (a) in 
the rate-limiting step and ( b )  on the way from the first product to 
the final stable species. 

I n  an oxidation reaction chromium undergoes a valency change 
from VI to III, i.e. a three-electron change. On the other hand, the 
aldehyde which is oxidized to an acid undergoes a two-electron 
change only. It is tlierefore obvious that intermediate chromium 
valence states will have to appear and take part in the oxidation 
reaction; these intermediate compounds must be unstable and much 
more reactive than chromic acid. 

Obviously, it is of considerable interest for the understanding of 
the oxidation process to determine whether the chromium inter- 
mediate is a compound of penta- or tetravalent chromium. Or, to 

* I t  is of interest to recall in this connection Oppenauer’s observation that 
aliphatic primary alcohols can be oxidized in practically quantitative yields to the 
corresponding aldehydes in f-butanol solutionz4. The evidently greatly reduced 
reactivity of thc aldehydes as compared with the alcohols can easily be interpreted 
in terms of a probably very low concentration of the t-butyl hemiacetal 
RCH(OH)OC(CH,),. In  alcoholic solutions the role of the hemiacetal will be 
expected to be analogous to that of the hydrate in aqueous solution. The pro- 
nounced steric effect in the formation of hemiacetals is demonstrated, for example, 
by finding that chloral, which forms a very stable hydrate and hemiacetals with 
primary and secondary alcohols, fails to react with t-butanol 44. 
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rephrase the question, whether the oxidation is a one-electron process, 
leading to a free-radical intermediate, or whether it is a two-electron 
reaction. Unfortunately, this question cannot be answered by kinetic 
studies alone. The domain of kinetics ends at the transition state of 
the rate-limiting step. Whatevcr happens beyond this point is without 
influence on the reaction rate and therefore also inaccessible to 
exploration by rate measurements. 

An ingenious approach to the solution of this complex problem 
has been opened by Watanabe and W e ~ t h e i m e r ~ ~  whc exploitzd the 
effect of induced oxidation46. This term refers to a situation where a 
compound would not undergo direct oxidation under certain con- 
ditions, but can be oxidized in the presence of another reducing 
agent, the inductor. For example, manganous sulfate or ceric sulfate 
are stable towards chromic acid, but will be attacked and oxidized 
in the presence of isopropyl alcohol. 

Watanabe and Westheimer investigated the induced oxidation of 
inanganous salts in the presence of isopropyl alcohol. They found 
that even if the ratio of manganous salts to the alcohol is very high, 
a maximum of one molecule of MnOz will be formed for two mole- 
cules of acetone. Hence, two thirds of the oxidizing capacity of 
chromic acid is used up in the reaction with the alcohol before the 
intermediate chromium compound is released to react with the 
manganese ion. This result leads to the conclusion that chromium 
undergoes a VI to IV valence change during the oxidation of the 
alcohol (equations 14-16). In  the absence of manganous ions or 

(14) 
CrIV + Mn2+ - Cr"' t Mn3+ (15) 

(16) 

another compound capable of reacting directly with CrIV, reactions 
(1 7) and (18) can take place45. I n  the absence of manganous ions, 

(17 )  
CrV + (CH,),CHOH --+ CrlI1 + (CH&CO (18) 

for each molecule of chromic acid reduced in a rate-limiting step by 
the alcohol (or aldehyde) another chromic acid molecule will be 
reduccd by an unstable, highly reactive intermediate. Hence, twice as 
many molecules of chromic acid than beforc will be reduced for each 
initial slow reaction between the alcohol and chromic acid. In  agree- 
ment with this conc!,usion it was found that thc addition of manganous 
salts reduced the rate of chromic acid oxidation of an alcohol to 
about ~ n e - h a l f ~ ~ .  

(CH3)&HOH + Crvl ---+ (CH3)2C0 + CrxV 

2 Mn3+ + 2 H 2 0  --+ MnO, -t- Mn2+ + 4 H+ 

Cr'V + CrV1 __j 2 CrV 
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In the oxidation of aldehydes no detailed study of induced oxida- 
tion is available. I t  has, however, been found that manganous or 
ceric ions decrease the rate of oxidation of aldehydes and alcohols in 
about the same rnanner7m9. There is therefore very little reason to 
doubt that the two reactions are analogous even in this respect and 
that the oxidation of aldehydes leads to carboxylic acids and a 
tetravalent chromium species as the first detectable products. 

Even though the fate of the CrIV intermediate formed in the 
oxidation process cannot be directly studied by kinetic methods, it is 
of considerable interest, particularly if one keeps in mind (cf. equa- 
tions 14, 17, and 18) that only one-third of the aldehyde is actually 
oxidized by the kinetically investigated reaction with hexavalent 
chromium, whereas two-thirds of it are oxidized by chromium 
compounds of intermediate valence states. 

The first insight into the behavior of the lower chromium valences 
as oxidants in the oxidation of aldehydes was made available through 
the elegant investigations of Wiberg and Richardson 47. Their 
approach can be explained as follows. The acid which is produced in 
the oxidation of an aldehyde is formed by (at least) two reactions. 
One part of the acid originates from the oxidation of the aldehyde 
with CrV1, whereas a second part results from an oxidation by Crv. 
The first reaction yields one-third and the second two-thirds of the 
total amount of acid formed. Using a mixture of two aldehydes the 
reactions taking place can be expressed by reactions (19) to (22). 

(19) RICH0 + CrVx __j R1C02H 

(20) RTHO + CrV1 __t R2COaH 

RlCHO f CrV __f RICO,H (21) 

(22) RTHO -I- Crv --+ R2C02H 

Of the four rate coefficients, k, and k, are the only two that can be 
measured directly. The ratio and amounts of the acids formed in 
reaction (19) and (20) can be calculated from the value of the rate 
coefficients kl and k2 and the concentrations of the two aldehydes. 
(As long as the concentrations of the two aldehydes can be considered 
equal, the ratio R1COOH/R2COOH formed by CrV1 will be equal 
to kl/k2.) Subtracting now the calculated yield of reaction (19) and 
(20) , respectively, from the actually determined yields of the. two 
acids leaves a new ratio of products which will be related to the ratio 

k ,  

k, 

k, 

k* 
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k3/k4. Even though the actual values of k3 and k, still remain in- 
accessible, their ratio can thus be obtained by a combination of rate 
measurements and product analysis. 

Using the principle which we have just outlined, Wiberg and 
Richardson 47 studied the oxidation of a mixture of benzaldehyde 
and 1 -deuterobenzaldehyde and found that the deuterium isotope 
effect for CrV (kH/k,  = 4-1) is practically identical with that for 
CrV1 (k,/t, .=. 4-3), indicating that breaking of the C-H bond is 
the rate-limiting step in both reactions. This result is somewhat 
surprising when coiiipared with the big difference in the tritium 
isotope effect which Kaplan, using basically the same method, 
found earlier for the oxidation of isopropyl alcohol**: CrV1, 
kH/kT = 25; Crv, kEIlkT = 3.6. 

The study of the competitive oxidation of pairs of substituted 
bcnzaldehydes lead to the determination of the Hammett reaction 
constants. Assuming as before that the aldehydes are oxidized only 
by CrV1 and CrV, the value of p for the latter is +0.45 which is 
somewhat lower than the value +0.77 for Crvr. 

This decrease in the value of the reaction constant is contrary to 
expectation. Wiberg and Richardson therefore proposed to consider 
the more complicated reaction sequence (23) to (26 )  which includes 
three different oxidation states of chromium as oxidants. In this 

RCHO + CrYx + RCO,H + CrTV (23) 

RCHO + CrxV ---+ R-C=O + CrxrT (24) 

(25) 

RCHO + CrV ---+ RCOzH + CrTX1 (26) 

scheme each of the three oxidation stages of chromium consumes 
one-third of the aldehyde used up in the reaction. Two of the 
reactions include two-electron transfer reaction, whereas the 
oxidation by CrlV consists of a single-electron transfer and leads to a 
free-radical intermediate. Using this mechanistic scheme and 
assuming a reaction constant p = -0.5 to - 1.0 for the radical- 
forming step, Wiberg and Richardson derived a more satisfying 
value of p = + 1.6 to +2.2 for CrV. The selection of the above 
value for p of reaction (24) is based on the analogy with autoxidation 
of aromatic aldehydes. 

Though this schcme has becn suggested only tentatively it seems to 
be supported by the remarkable finding that oxidation of triphenyl- 
acetaldehyde is accompanied by decarbonylation of about one-third 

RC=O + CrV1 --+ RCO,H + CrV 
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of the substrate (equation 27), while two-thirds is oxidized to 

Cr03 
(CeH5)3CCHO - > (C6H&COH + CO (27) 

triphenylacetic acid. O n  the other hand, ceric ion, which can be 
regarded as a typical onc-electron oxidant, leads to decarbonylation 
(presumably via the free radical) as the only observable reaction. 

The role of CrIV in the oxidation of aldehydes has recently been 
tested48a. Assuming that benzyl alchohol reacts with chromic acid 
by the same mechaiiisin as isopropyl aicohoi, then the first step of 
the oxidation will produce a molecule of benzaldehyde and of Cr'V 
(equation 27a). 

C,H5CH,0H + CrV1 + C,H,CHO + CrIV (2 7 4  

According to equation (24) these two species can react further in a 
reaction which is very fast even at low concentrations of chromium 
(IV). In  the case where the two molecules are actually in direct 
contact when formed, they should interact immediately. The overall 
reaction would then be a three-electron oxidation of benzyl alcohol 
(equation 27b) 

C6H5CH20H + CrVx C6H5C=0 + CrIIl (27b) 

followed by reactions (25) and (27c) 

C,H,CH,OH + Crv --+ C,H,CHO + Crlll (274 

Therefore only a 50% yield of benzaldehyde could be expected, the 
other part of benzyl alcohol being oxydized directly to benzoic acid. 
The results have shown, however, that almost quantitative yields of 
benzaldehyde can be obtained in the oxidation of benzyl alcohol, 
thus making the direct reaction of CrIV with aromatic aldehydes 
according to equation (24) seem very unlikely. 

3. The nature of the carbon-hydrogen bond cleavage 
Let us now discuss the fate of the aldehydic hydrogen which is lost 

during the oxidation reaction. From the primary isotope effect it is 
clear that the C-H bond is broken during the rate-limiting 
step. I t  is, however, far less clear whether it leaves as a proton, an 
atom, or an anion. In the original scheme2' and in the later work by 
Westheimer' and Wiberg9 it was assumed that the decomposition of 
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the ester intermediate is a base-induced reaction in which the 
hydrogen atom is abstracted as a proton by a solvent molecule (3). 

OH 
I + 

9 
R-CxO CrO3H2 

r 3  
HzO’ 

(3) 

This assumptior, was based primarily on the accelerating influence 
which electronegative groups have on the oxidation of aromatic 
aldehydes (positive p value) and on the oxidation of alcohols where 
base catalysis by pyridine had been claimedI6. I t  was, however, 
demonstrated that the rate-accelerating effect of electronegative 
substituents in aromatic aldehydes can be easily interpreted in terms 
of greatly increased hydration. Aliphatic aldehyde hydrates also 
show the normal negative p value. The pyridine catalysis observed in 
the oxidation of isopropyl alcohol was shown to be a rather corn- 
plicatcd artifact and not to represent real base c a t a l y s i ~ ~ ~ . ~ ~ .  

 ROE^^^^ argued in favor of a hydride transfer. He claimed that 
the p value of the oxidation step is actually negative and that the 
positive value observed experimentally for aromatic aldehydes is 
only apparent and is due to a superimposed effect of ring substituents 
on the hydration equilibrium. He concluded that an oxidation 
reaction having a negative p value is much better interpreted in 
terms of a hydride than in terms of a proton transfer. Also, the 
reaction is strongly acid-catalyzed with the rate depending upon the 
Ifo acidity function in strongly acid solutions33. In order to bring a 
hydride transfer in accord with the ester intermediate, a cyclic 
mechanism (4) has to be assumed. However, once we accept the 

?H 

H 

cyclic model for the decomposition of the ester intermediate, the 
differences between various modes of breaking of the carbon- 
hydrogen bond become much less clearly defined. Basically, the 
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mechanism has to indicate the migration of the hydrogen atom and 
the transfer of electrons, both towards chromium. Whether now the 
electrons migrate entirely with the hydrogen atom (hydride anion 
transfer), partially or completely through the oxygen bridge (proton 
and hydrogen atom transfer, respectively), is a secondary and rather 
subtle question. Indeed, it might well be argued that all these modes 
participate to some extent, thus leading to a resonance-stabilized 
transition state and that it is this very multitude of mechanistic 
pathways which leads to a particularly advantageous low energy 
transiticm state with extensive electron delocalization. 

The transition state can then be represented as 5 or 6 depending 
upoil whether one assumes a synchronous or consecutive breaking 
of the oxygen-chromium bond. This, incidentally, is another point 
of the mechanism which is not clearly understood, even though the 
absence of an l8O isotope effect makes the second alternative more 
attractive. 

In the author's opinion only a certain resonance contribution of 
proton transfer in the transition state seems acceptable along with 
contributions from hydride and hydrogen atom transfer. O n  the 
other hand, a pure cyclic proton transfer mechanisms seem unlikely 
on several accounts: water has a basicity comparable to the acid 
chromate anion (H,O+ and H2Cr0, are acids of comparable 
strengths) and can therefore be expected to be some 1O1O times 
more basic than H,CrO,+ or ROCrO,H,+. Even though there can be 
an expected entropy factor in favor of the intramolecular proton 
transfer, it is very unlikely to overcome this disparity. Another 
pronounced difficulty with any strictly proton-transfer mechanism 
for the chromic acid oxidation of aldehydes and alcohols is that it 
would set it completely apart from the oxidation of compounds 
where a mechanism of this type is unthinkable, e.g. the oxidation of 
hydrocarbons, and this in spite of the many similarities among these 
oxidation processes which have been demonstrated. Finally, as has 
been stressed before, any proton-transfer mechanism makes the 
negative sign of the p constant for the oxidation of aldehyde hydrates 
hard to interpret. 
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Assuming the second of the two representations of the transition 
state to be the correct one, the decomposition of the ester inter- 
mediate could lead to an intermediate (7) which itself would be 
resonance stabilized. 

t 

The concept of a resonance stabilized intermediate with contri- 
buting penta- and tetravalent chromium structures has earlier been 
applied in the interpretatiorr of the oxidation of hydrocarbonssz. Its 
justification lies in the observation that tctravalent chromium 
compounds have two unpaired electrons53. 

111. CHROMYL ACETATE 

Wiberg and Lepse54 recently published a study of the oxidation of 
benzaldehyde with chromyl acetate, ( CH3C02) 2Cr02, in acetic 
anhydride solution. The reaction under these conditions differs 
drastically from the oxidation in aqueous acetic acid. First, CrvI is 
reduced even in the presence of an excess of benzaldehyde only to 
CrxV which is fairly stable in acetic anhydride and undergoes only a 
very slow further reduction to CP1. Second, the rcduction of chromyl 
acetate clearly proceeds in two steps and the presence of inter- 
mediary CrV can be demonstrated both by ultraviolet and by electron 
spin resonance spectroscopy. Third, electronegative substituents in 
substituted benzaldehydes decrease the rate of oxidation, whereas the 
opposite is true in aqueous acetic acid. Fourth, benzaldehyde and 
toluene react at about the same rate with chromyl acetate, whereas 
the oxidation of benzaldehyde in 95% acetic acid is about 630 times 
faster 55 than that of toluene. Fifth, the oxidation of triphenylacet- 
aldehyde leads almost only to carbon monoxide and triphenyl 
carbinol. No triphenylacetic acid could be isolated. This cleakage is 
typical for one-electron oxidants leading to the triphenylacetyl 
radical. 

All these differences lead to the conclusion that the oxidation of 
aldehydes by chromic acid and by chromyl acetatc must have very 
different mechanisms. For the latter, a simple hydrogen atom 
abstraction leading to an aroyl radical (equation 28) seems to be 

(28) ArCHO + (CH3CO&Cr02 --+ ArC=O + (CH3CO2),CrO2H 



478 J. RoEek 

most likely. This mechanism is also in agreement with the deuterium 
isotope effect observed in the oxidation of benzaldehyde-d, which 
supports a mechanism with a rate-limiting C-H bond cleavage. 
The exact fate of the intermediates in the further process of the 
reaction is not quite clear. I t  is, however, of interest to note that 
Wiberg and Lepse found that the oxygen added to a molecule of 
benzaldehyde in its oxidation to benzoic acid comes from the chromyl 
acetate and not from the solvent. 

IV. PERMANGANIC ACID 

A. Aromatic Aldehydes 

1. Acid and neutral oxidation 

The oxidation of aromatic aldehydes can be measured conveniently 
only in approximately neutral solutions, where good second-order 
rate behavior has been observed. In  acid solutions the reaction 
becomes autocatalytic, probably because of the intervention of lower 
oxidation states of manganese which act as more powerful oxidants 
than the permanganate ion itself. Nevertheless, Tompkins 56 was able 
to study at least the initial rates of the permanganate oxidation of 
benzaldehyde in the range from pH 4.1 to p H  0.40 and could 
observe only a very moderate increase of the initial rate of oxidation. 
Even though the concentration of hydrogen ions in the range studied 
increases about 5000 times, the oxidation rate of benzaldehyde 
increased less than 5 times. Taking into account the experimental 
uncertainty of determining initial rates in autocatalyzed reactions, it 
seems justified to state that the oxidation rate of benzaldehyde by the 
permanganate ion is, in the region which has been investigated, 
independent of the hydrogen ion concentration. We shall see later 
that a similar situation is found in the oxidation of fluoral hydrate. 

O n  the basis of this result and in analogy with the previously 
investigated oxidation of formic acid, Tompkins proposed the 
mechanism (29) to (32). He considered as rate-limiting the unimole- 

0- 
I 

I I 
Ar-C-0 + MnO, 6 Ar-C-OMnO,, (29) 

H 

0- 
I 

k 

Ar-k-OMn03 ---+ ArC02H + MnO; (30) 
I 
A 
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2MnO; + HzO - t MnOz + HMnO; + OH- (31) 

ArC=O + HMnO; --+- ArCO; -t MnOz + HzO (32) 
I 

cular decomposition of the permanganate ester of the aldehyde 
hydrate monoanion (equation 30). Based on the amount of informa- 
tion Tompkins had available, this mechanism could hardly be 
regarded as anything more than an inspired guess. However, it 
predicted two facts, which could be verified using isotopically labeled 
compounds. The breaking of the carbon-hydrogen bond in the 
rate-limiting step should lead to a kinetic isotope effect if the 
aldehydic hydrogen is replaced by deuterium. Use of "XI should 
determine whether the oxygen atom in the product came from the 
oxidant or from the solvent. Both these experiments have been 
carried out in a very elegant study by Wiberg and Stewart5? and 
their finding agreed fully with the prediction based on the mechanism 
proposed by Tompkins. Wiberg and Stewart found that benz- 
aldehyde-d, is oxidized up to 7.5 times slower than the protio 
compound, and that up to 75.8% of the oxygen in the benzoate ion 
formed in the oxidation of benzaldehyde with 180-labeled per- 
manganate stems from the oxidant rather than from the solvent. 
Besides that, Wiberg and Stewart studied a number of substituted 
benzaldehydes and found a very moderate decrease of oxidation rate 
with increasing electronegativity of the substituent ; in a Hammett 
plot a value p = -0.248 was obtained. 

Wiberg and Stewart also investigated the oxidation of the aromatic 
aldehydes over a wide range of acidities using buffered solutions. 
They found that in more alkaline media (pH 9 to 13) the reaction 
rate did not depend upon the nature of the buffer system used. On  
the other hand, in the region between pH 5 to 8, they observed a 
clear, albeit not very dramatic, dependence upon the nature of the 
ions present in the buffer system. For two of the buffers, namely 
phosphate and pyrophosphate, they could demonstrate a rate increase 
roughly proportional to the concentration of the buffer. Both the 
dependence on the nature of a buffer solution as well as the increase 
in the rate coefficient with increasing buffer concentration are 
suggestive of a general acid-catalyzed reaction. Wiberg and Stewart 
therefore proposed the mechanism (33) to (35). The rate-limiting 

H 

OH 

RCHO + H+ + MnO; R-k-H 
I 

OMnO, 

(33) 
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OH 

(34) 
I 

R-C HFB ---+ RCOzH + HB'T MnO; 
IJ 

0-MnO, 

3 Mn03 + H 2 0  ---+ 2 MnOz + MnO; + 2OH- (351 

step in this mechanism is the second step (34), the base-catalyzed 
decomposition of the permanganate ester of the aldehyde hydrate. 

The rate equaticn derived from this mechanism is equation (36), 

u = k[ester][B] 

u = kK,[RCHO] [MnO;] [H +I [B] (36) 

u = kK,K,,+ [RCHO] [MnO;] [HB '3 
where KE denotes the equilibrium constant for the formation of the 
permanganate ester (reaction 33) and KHB+ is the acid dissociation 
constant of any acid present. 

The rate equation (36)  correctly predicts general acid catalysis. 
O n  the other hand, it is hard to understand why an oxidation 
process which, after all, consists in the transfer of electrons from the 
substrate to the oxidant should proceed faster in the neutral molecule 
as proposed by Wiberg and Stewart than in  the anion as suggested 
by Tompkins. This assumption stands in sharp contrast with the 
oxidation of fluoral hydrate, which we will discuss later, and also with 
the oxidation of formic acid58-59 where the formate anion, but not 
formic acid, undergo oxidation by the permanganate anion; this is 
so in spite of the fact that the latter reaction requires the interaction 
of two anions, a definite handicap which is absent in the oxidation of 
aldehydes. Also, the mechanism of Wiberg and Stewart consists of 
two reactions: a reversible carbonyl addition of permanganic acid 
to the aldehyde and the irreversible proton transfer to the base. 
Both of these reactions would be expected to exhibit a positive sign 
of the p constant and the overall p for the reaction should be large 
and positive; in contrast a small negative value has been found. 

Moreover, the general acid catalysis which constitutes the only 
experimental support and justification of the above mechanism 
(33-35) has not been demonstrated conclusively. I n  general acid- 
catalyzed reactions the catalytic effects of individual acids are by 
Brernsted's law required to parallel the respective acid dissociation 
constants. This rule is violated in the permanganate oxidation of 
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benzaldehyde where the effectiveness of pyrophosphate and carbonate 
buffers (calculated for p H  8) is in the wrong order. Further, the 
increase in rate with the increase in buffer concentration indicative 
of general acid catalysis has been observed only for the two buffers, 
but is absent for the carbonate buffer. Most importantly, hydrogen 
ions, which in a general acid-catalyzed reaction should play a very 
important role and strongly accelerate the reaction at higher 
acidities, are either completely without effect on the reaction of the 
aldehyde with permanganate ion or have only a very moderate 
accelerating influence even in rather strongly acid solutions (up to 
p H  0.4). 

One is therefore inclined to ascribe the effect observed with 
phosphate and pyrophosphate buffers to specific interactions of these 
anions with some form of manganese rather than to ger,eral acid 
catalysis. Pyrophosphate, for example, is known to form strong com- 
plexes with trivalent manganese (section IV) and could therefore 
easily affect the overall reaction rate by upsetting the complex 
interplay of reactions between the unstable manganese intermediates. 

The present author therefore prefers to retain Tompkins’s mechan- 
ism and to interpret the decomposition of the intermediate as a 
cyclic transfer of either a hydride anion or of a hydrogen atom. I t  is 
also possible that a resonance-stabilized intermediate (equation 37) 

0- 0- 0 

Mn H I \ / - [  Mn Mn H-0 ’ ‘ 0  

can best explain the particular reactivity of the permanganate ion in 
the aldehyde oxidation. 

I t  is, however, clear that the question of general acid catalysis in 
the permanganate oxidation of aromatic aldehydes is of crucial 
importance and has to be reexamined before one of two mechanisms 
can be accepted or rejected. 

R- -0 0 R-C-0 I t 
0 R-c-0 I t  \ . . / O j  (37) - \ - /  - 

0 / ‘ 0  H-0 ’ ‘ 0  

2. Alkaline oxidation 

I n  alkaline solution the oxidation of aromatic aldehydes is more 
complicated. A definite hydroxide ion catalysis has been observed, 
even though conflicting reports about its nature have been published. 
Tompkins56 found the oxidation of benzaldehyde to be first-order in 
hydroxide ions up to a sodium hydroxide concentration of 0.15 M. 
I6 + C.C.G. 
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Wiberg and Stewart2, on the other hand, found the oxidation of 
benzaldehyde and some other aromatic aldehydes to depend on the 
square root of the concentration of hydroxide ions. They also 
observed that in alkaline solution the mechanism of the reaction 
undergoes a drastic change as evidenced by these additional facts : 
( u )  The deuterium isotope effect is small or negligible; (b )  most, or 
possibly all, oxygen introduced into the aldehyde arises from the 
solvent; (c) the reaction has a large positive p value ( + 1-83) ; and 
( d )  no prominent salt effect has been observed. 

Two difl'erent mechanisms have been proposed for the alkaline 
oxidation of aldehydes. Tompkins suggested a mechanism consisting 
of the oxidation of the hydrate anion. The rate-limiting step in his 
mechanism consisted of a hydride transfer from the substrate to the 
permanganate anion (39). This mechanism is well suited to explain 

0- 
I 
I 

Ar-C-H + O H -  Ar-C-H 

OH 
I I  
0 

0- 

(381 

I 

I 
Ar-C-H + MnO; ---+ ArCO, + MnO; + H20  (39) 

the observed large positive constant for the oxidation of substituted 
benzaldehydes as well as the absence of oxygen transfer. Neverthe- 
less, it is unacceptable on several grounds. First, it predicts a first- 
order dependence of the oxidation rate on the hydroxide ion 
concentration. Second, there is little reason to doubt that the hydride 
transfer according to equation (39) should exhibit a deuterium 
isotope effect. Third, the reaction is one between two anions and 
should therefore be subject to an appreciable positive salt effect. As 
pointed out above none of these requirements is fulfilled. 

Wiberg and Stewart assume that the oxidation is a free-radical 
chain process and tentatively formulate the individual steps as in 
(40) to (44). Even though this mechanism predicts corrcctly the 
half-power dependence on hydroxide ions, it has several drawbacks. 
I n  the opinion of the present author thc least acceptable step is 
represented in equation (42). In  this reaction the radical intermediate 
simply looses a hydrogen atom. The most logical way in which this 
could be done would be a simple transfer to the permanganate ion to 
yield a manganate anion HMnO;. However, in order to regenerate 
a hydroxyl radical the reaction is actually formulated as producing a 

OH 
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initiation 

Pro pagat io n 

0. 
k2 I 

HO-+ RCHO + R-C-OH (41) 
I 
H 

0. 
I k3 

R-C-OH + MnO; ---+ RC02H + MnO,+ HO. (42) 

k4 

i? 
2 HO. * HZOz (43) 

H20z + MnO; + O2 + H+ + HMnOZ- (44) 
Fast 

Termination 

much less stable hypomanganate anion, MnO;, together with the 
required hydroxyl radical. Besides that, as Wiberg and Stewart 
themselves have pointed out, the rate equation derived for the above 
scheme predicts a square-root dependence upon the permanganate 
ion concentration, a conclusion which is in disagreement with the 
observed kinetics. 

Obviously, the oxidation of aldehydes in alkaline solution also 
presents a complex and challenging problem and stands in need of 
further investigation. 

B. Aliphatic Aldehydes 

Only a few kinetic measurements of permanganate oxidation of 
simple aliphatic aldehydes have been published 60-62 .  None of them 
contain enough information to allow drawing any conclusions about 
the reaction mechanism. 

Holluta and Mutshin 62 found that the permanganate oxidation of 
formaldehyde displayed complicated kinetic behavior due to the 
further oxidation of formic acid and the intervention of lower 
oxidation states of manganese. They established that the reaction is 
base-catalyzed. 

O n  the other hand, a very detailed elegant study of the perman- 
ganate oxidation of fluoral hydrate recently became available and 
deserves detailed discussion. 

Stewart and MocekG3 determined the pH profile of the perman- 
ganate oxidation of fluoral hydrate over a range of almost 20 p H  
units. The study revealed the existence of four distinctly different 
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oxidation routes, differing from each other by the total number of 
negative charges of the transition state (Table 2). Stewart and 
Mocek’s results represent probably the best example available in the 
literature to demonstrate what seems to be a general rule in the 
chemistry of oxidation reactions. Namely, that the oxidation process 
is facilitated by (a)  an increase in the number of positive charges on th 
oxidant and (b)  by an increase in the number of negative charges on the 
substrate. The oxidizing power of an oxidant is therefore increased by 
protonation, whereas the reactivity of a substrate is increased by 
pi-otcii~ removal. This rule is an obvious consequence of the fact that 
an oxidation reaction is, in principle, a transfer of electron from the 
substrate to the oxidant. 

TABLE 2. Principal reacting species in the oxidation 
of fluoral hydrate by potassium permanganate. 

Substrate Oxidant pH range 

CF,CH(OH) 2 HMnO., -4-0 ( H - )  

CF,CH(OH)O - Mno; 6-1 1 
CF3CH(OH)B MnO; 0-6 

CF,CH(O-)2 MnO; 11-14 

As a consequence of the rule discussed in the previous paragraph, 
it is obvious that the permanganate ion will be the poorest oxidant 
and fluoral hydrate the least reactive substrate available in the system. 
The slowest reaction is therefore observed in solutions of medium 
acidity where these two species are prevalent. At high acidities enough 
of free permanganic acid, HMnO,, will be present to participate 
noticeably in the oxidation and the oxidation rate will therefore 
increase with increasing acidity. In  alkaline solution fluoral hydrate 
will loose a proton to form the much more reactive anion. As a 
consequence the reaction is both acid- and base-catalyzed (Figure 1). 

In strongly basic solutions all the fluoral hydrate is converted into 
its monoanion; one should therefore expect the rate to become 
independent of further changes in basicity of the solution. A small 
plateau around pH 11 is indeed observed, but as the base concentra- 
tion is increased further the second ionization sets in to form the 
highly reactive dianion. I t  is satisfying to note that this latter change 
in mechanism is reflected in a predictable change in the activation 
parameters. The activation enthalpy for the hydrogen transfer of the 
dianion is considerably smaller than for the monoanion; on the other 
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H- 

FIGURE 1. (a) Rate of permanganate oxidation of fluoral hydrate as a function of 
the acidity of the medium. (b) The logarithm of the rate of permanganate 
oxidation of fluoral hydrate as a function of the acidity of the medium. 

[Reproduced, by permission, from Can. J .  Chm., 42, 1164 (1963).] 

hand, the activation entropy is markedly decreased by the intro- 
duction of the second negative charge (Table 3). 

TABLE 3. Activation parameters for the 
reaction of fluoral hydrate with the 

permanganate anion. 

A H +  A s: 
Substrate (kcal/mole) (C'U.) 

0- 

12.4 - 18.4 
I 
I 

I 

CF,--G-H 

OH 
0- 

6.6 -31.4 CF G - H  
3 - ~  

0-  

The permanganate oxidation of fluoral hydrate exhibits a clear 
primary kinetic deuterium isotope effect at all acidities (Table 4). 
One can therefcre conclude that the aldehyde C-H bond is broken 
in the rate-limiting step under all investigated conditions. The actual 
magnitude of the isotope effect varies considerably, however, with 
the acidity of the solution. A particularly high value is observed at 
pH 7.6; it is about twice as high as that predicted from the difference 
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TABLE 4. Kinetic isotope effect in the permanganate 
oxidation of fluoral hydrate at 25". 

Acidity Principal reactants k E / k D  

0.12 hi NaOH MnO; , CF3CHO:- 5.1 

pH 7.6 MnO,, CF,CH(OH)O- 13.6 
44.1% H2S04 HMnO,, CF,CH(OH), 6-3 

pH 10.2 MnO,, CF,CH(OH)O- 10.1 

in the zero-point energies of the stretching mode of vibration. No 
clear explanation of this effect is available, but the observation does 
not stand isolated: unusually high isotope effects are frequently 
observed in oxidations of highly fluorinated compounds. 

In  strongly basic solution the isotope effect is much smaller. This 
decrease in the isotope effect can well be understood if one remembers 
that the reacting species under these conditions is the dianion. The 
dianion is clearly a very reactive intermediate which requires only a 
small amount of energy to reach the transition state (cf. low value of 
AH: in Table 3). In  a situation such as this only a moderate degree 
of bond breaking will be required to reach the transition state, 
according to Hammond's 64 postulate. The transition state will then 
resemble the ground state and the C - H  bond will be stretched only 
to a small extent. As a consequence, only a part of the zero-point 
energy will be lost. The most puzzling feature of Table 4 is, however, 
the change in the magnitude of the isotope cffect from pH 7.6 to 
pH 10.2 without any evident change in mechanism. No satisfactory 
explanation has been advanced for this behavior. 

The mechanism of the reaction can best be described in terms of a 
direct hydrogen transfer between the substrate-oxidant pair as 
represented in Table 2. Several questions, however, remain un- 
decided. One of them is whether the aldehyde hydrate and the 
oxidant form an intermediate in a way similar to that envisioned for 
aromatic aldehydes. Unfortunately, no studies with 180-labeled 
permanganate have been published. Also, no attempt has been made 
to give a detailed account of the fate of the intermediate manganese 
species formed in the initial process. And most importantly, the mode 
in which the hydrogen is transferred is open to discussion, as we have 
seen in all previous instances. Even though the hydride anion transfer 
would seem by far the simplest and most satisfying solution, there are 
certain factors which argue against it 63. The most serious of these is 
the strange insensitivity of the oxidation rates of the related aryl 
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trifluoromethyl carbinolate anions, ArCH(0 -) CF,, towards changes 
in the structure of the aryl group. For example, the m-nitro and the 
p-methoxyphenyl alcoholate are equally reactive towards the 
permanganate anion 65. However, the edge of this argument is some- 
what blunted if we recall that the relative rates of oxidation of 
CF,CH(OH),,CF3CH(OH)O-,andCF,CHO~- are 1 : 6  x 103:107. 

Recently, an extremely interesting approach to the problem of 
the nature of the hydrogen transfer has been taken by Kurz, who 
demonstrated 66 that, as a direct consequence of the transition state 
theory, the apparent acid dissociation constant of the transition state 
of a given reaction can be calculated from a pair of rate coefficients 
for the uncatalyzed and catalyzed reaction. For example, in 
moderately acid solutions, where the oxidation proceeds through 
fluoral hydrate and both permanganic acid and the permanganate 
ion (cf. Table 2), the rate of the oxidation can be expressed by the 
rate equation (45). Assuming that the reaction proceeds by the same 

u = X-,[CF,CH(OH),] [MnO,] + k,[CF,CH(OH),] [HMnO,] 

= [CF3CH(OH),][Mn0,](k, + k,[H+]) (45) 

mechanism in both cases, the structures of the two transition states 
will differ only in the absence or presence of one proton on the 
permanganate moiety (8 and 9). Even though the two transition 

OH OH 
I I 

CF,-C-H--OMnO,H CF,-C-.H--OMnO~ 
I I 
O H  

(8) 

OH 

(9) 

states are not in direct equilibrium, they are in an indirect equilib- 
rium through their components (permanganic acid and the perman- 
ganate ion), and an acid dissociation constant for the transition state 
can therefore be defined (equation 46), where T- and TH represent 

the two activated complexes 8 and 9, respectively. The activated 
complexes are assumed to be in equilibrium with the reactants, e.g. 
equation (47). 

c 
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The absolute rate theory postulates that a reaction rate depends 
only* upon the concentration of the activated complex and upon a 
factor k: = k T / h  which, at  any given temperature, is independent 
of the nature of the reaction. For the reaction under discussion which 
proceeds through two different activated complexes, the rate will be 

From equation (46), (47), and (48) it follows that 

= [MnO,][CF,CH(OH),](k:K: i- k:K:[H+] /Ki  (49) 

Comparison of equations (45) and (49) will reveal that both of them 
express the rate of oxidation of fluoral hydrate as a function of the 
concentrations of the substrate, of the permanganate ions, and of 
hydrogen ions. Moreover, the form of the two equations is the same, 
the only difference being in the factors of the variables. A relationship 
of mathematical identity therefore exists between the two expressions 
and, as a consequence, the coefficients of the concentration terms 
must be equal. .Hence 

ko = k:K:, k ,  = /i:K:/KH (50) 

Equation (5 1) makes the acid dissociation constant of the activated 
complex easily accessible. Kurz's procedure of estimating the acidity 
of the activated complex opens a completely new source of informa- 
tion about the structure of the transition state. As we generally assume 
the structure and all the properties of the transition state to lie in 
between that of the starting materials (i.e. substrate plus reagent) 
and of the products, we will anticipate that also the acidity of the 
transition state must lie within the limits defined by the respective 
acidities of the reactants and products. We assume further that the 
acidity of the transition state will be close to that of the reactants if 
only very little bond breaking and bond making took place before 
the transition state has been reached. On the other hand, the acidity 
of the activated complcx should resemble that of the products if the 
bond-breaking and bond-making proccss is virtually completed. 
The acidity of the activated complex allows us therefore to estimate 

* Assuming the transmission coefficient to be unity. 
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quantitatively how far the reaction has progressed along the reaction 
coordinate. However, should we find that the acidity determined for 
the transition state is outside the predicted range, we have to conclude 
that the mechanism on the basis of which the range has been predicted 
was incorrect. 

Let us now apply this approach, as Kurz67 did, to the perman- 
ganate oxidation of fluoral, discussing the two possible modes of 
hydrogen transfer. The transition state of the acid-catalyzed reaction, 
TH, differs from that of the uncatalyzed process, T-, by the presence 
of a proton on one of the oxygens of an Mn-0 bond in TH. I t  is 
therefore the acidity of this particular 0-H bond which we have to 
discuss. At the outset of the reaction, before the hydrogen transfer 
began, the acidity of this hydrogen will be identical with the acidity 
of permanganic acid. For permanganic acid two widely differing 
values are available, - 2-3 and - 5-1 63, the latter being determined 
under conditions more closely corresponding to the conditions of the 
fluoral hydrate oxidation. If the transfer of hydrogen were complete 
(100% hydrogen transfer), the acidity of the transition state should 
correspond either to that of H2MnV10, or of H2MnV04, depending 
upon whether the reaction proceeds by way of a hydrogen atom or 
hydride anion transfer. Unfortunately, the pK, values of neither 
manganic acid nor of the hypomanganous monoanion are known 
and one has therefore to resort to estimated values. Assuming that 
the two species will have similar acidities as chromic acid, H2Cr04, 
and the vanadate monoanion, H,VO;, which they resemble, the 
pK, values can be estimated to be - 1.0 for H2MnV104 and +9-0 
for H2MnV0,. 

The pKi value for the transition state calculated from the rate 
coefficients for the neutral and acid-catalyzed reaction by Kurz’s 
method is +0.4. This value fits neatly into the acidity range of - 5 
to +9 predicted for the hydride anion transfer and corresponds to 
about 40% bond breaking in the transition state. I t  lies, however, 
outside of the -5 to - 1 range predicted for the hydrogen atom 
transfer and is thus incompatible with the latter mechanism. 

An approach similar to the one outlined above has been used also 
to compute the second and third dissociation constant of the transition 
state, using rate coefficients derived from hydroxide ion catalysis. 
All these calculations agreed in so far as they are suggestive of a 
mechanism consisting of a hydride anion transfer which is about 30 
to 40% completed in the transition state. 

Even though this original approach taken b y  Kurz clearly favors 
16* 
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the hydride transfer mechanism, it must be emphasized that the 
validity of the conclusion depends upon the correctness of the 
estimated acidities of the primary products and that the method has, 
until now, been applied to only a very limited number of reactions. 

The conclusion that the permanganate oxidation of aliphatic 
aldehydes consists of hydride anion rather than hydrogen atom 
transfer is also supported by Wiberg and Richardson's 47 study of the 
oxidation of triphenylacetaldehyde. The radical which is formed 
from this aldehyde by hydrogen atom abstraction is known to be 
unstable and to lose carbon monoxide readily (equation 52). The 

(C,H&C-C=O __j (c6H,)3C-?=o __3 (C~HS)~C '  4- C O  (52) 
I 
H 

formation of carbon monoxide and of triphenyl carbinol as the only 
products has also been observed when a typical one-electron oxidant 
like CeW was employed. On  the other hand, permanganate oxidation 
yielded only triphenylacetic acid without any detectable formation 
of triphenyl carbinol. 

V. MANGANIC SALTS 

Because the oxidation by permanganate necessarily proceeds through 
several intermediates containing manganese in different oxidation 
stages, the role of the latter as oxidizing agents is of considerable 
interest. Drummond and Waters 69 initiated the investigation of this 
problem by a study using MnlI1 in the form of its pyrophosphate as 
the oxidant. Unlike other forms of trivalent manganese, the pyro- 
phosphate is stable enough to allow a kinetic investigation of the 
oxidation reactions. 

Drummond and Waters 69 found that the manganic pyrophosphate 
oxidations of both propionaldehyde and n-butyraldehyde are fairly 
rapid reactions and follow the rate law (53). The rate of oxidation is 

u = k[aldehyde][H+] (53) 

thus proportional to the concentration of both the aldehyde and the 
hydrogen ion, but does not depend upon the concentration of the 
oxidant as long as enough of it is present. The finding that the 
oxidation of the aldehydes is of zero order in manganic pyrophosphate 
clearly indicates that the rate-limiting step is not the Oxidation itself 
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but another reaction which precedes it. On this basis Drummond 
and Waters suggested the mechanism (54) to (56) in which the rate- 

RCH2-CH=O + H +  & RCH,CH=~H (54) 
+ Rate-limiting 

RCH,-CH=OH RCH=CHOH (55) 
RCH=CHOH + Mn(H3P,0,), - > Products (56) 

limiting step is the enolization of the aldehyde. The reaction products 
have not been investigated, but the formation of a-hydroxy aldehydes 
is assumed. 

Manganic pyrophosphate reacts also with a,P-unsaturated alde- 
hydes 70.  Both acrolein and methacrylaldehyde undergo a fairly 
rapid oxidation. The reaction is again zero order in the oxidant and 
the rate-limiting step of the oxidation must therefore be a slow 
reaction of the aldehyde itself, without participation of the oxidant. 

This situation is precisely analogous to that found in the oxidation 
of saturated aldehydes, where cnolization constitutes the rate- 
limiting step. However, to assume that a simple enolization would 
play the same role in the oxidation of unsaturated alcohols would 
appear untenable. First, acrolein would, by enolization, yield hydroxy- 
allene (equation 57), the formation of which is rather improbable. 

CH,=CH-CH=O CH,=C=CH-OH (57) 

Moreover, methacrylaldehyde reacts readily although it has no 
enolizable hydrogen atom at all. 

Another reaction which an unsaturated aldehyde could undergo 
prior to oxidation is the hydration of the double bond to form a 
p-hydroxy aldehyde (equation 58). This possibility is ruled out by 

(58) 
H2O 

CH,=CH-CH=O j HO-CH2-CH2-CH=O 

the finding that the rate of hydration7' is much slower than that of 
oxidation. To solve this dilemma, Land and Waters suggested that 
the rate-limiting step is the formation of the enol of the hydroxy 
aldehydc, which is an intermediate in the acid-catalyzed hydration 
of acrolein (equations 59, 60). 

H +  
CH,=CH-CH=O + CH,=CH-CH=OH t--3 <H,-CH=CH-OH (59) 

& H2O Mn"' 
CH,-CH=CH-OH --+ HO-CH,-CH=CH-OH + Products (60) 

This very plausible interpretation requires,, however, that the 

- H+ 
Rate-determining 
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mechanism71 of the hydration of acrolein be modified. The rate- 
limiting step for the hydration, which is much slower than the 
oxidation, then evidently must come later and must therefore consist 
in the addition of a proton to the hydroxy enol. This means that the 
ketonization of the enol and not the addition of the water molecule, 
as has been assumed previously, governs the overall rate of hydration. 
As an interesting consequence of the principle of microscopic 
reversibility, it follows that the enolization should be the rate- 
liniting step in the dehydration of a /?-hydroxy aldehyde (equation 
61). 

Slow Fast 
HO--CH2--CH2--CH=O HO-CH,-CH=CH-OH 4 

CHZ=CH-CH=O (61) 

The oxidation of c r ~ t o n a l d e h y d e ~ ~  is faster than that of acrolein 
and becomes zero order in manganic pyrophosphate only a t  higher 
concentrations of the oxidant. The implication is that the mechanism 
of the reaction is the same, but the relative rate of oxidation to other 
reactions of the hydroxy enol intermediate is less favorable. 

It follows from the above discussion that the manganic pyro- 
phosphate oxidations of both saturated and unsaturated aldehydes 
proceed basically by the same mechanism-by a rapid oxidation of 
an enol which is formed in a slow step. The correctness of this 
mechanism is strongly supported by the unreactivity of nonenolizable 
aldehydes, formaldehyde and chloral, towards manganic pyro- 
phosphate oxidation. 

The exact fate of the enol intermediate in  the oxidation is not 
known. Drummond and Waters72 have expressed the opinion that 
the oxidation of aldehydes proceeds by the mechanism (62). Here a 

\ %\ 

C-C=O + C=C-OH -> 

'A I4 
/ I  

H 

hydrogen atom is lost from the hydroxy group of the enol to give a 
mesomeric radical. The free radical subsequently undergoes further 
oxidation. Supporting this interpretation is the fact that the oxidation 
of aldehydes via enol intermediates is found frequently with typical 
one-elec tron oxidants. 

There is, on the other hand, a very serious objection to the above 
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mechanism. The free radical formed in the reaction is certainly a 
very reactive, unstable species despite its resonance stabilization. I t  
is therefore to be expected that the transition state of the reaction will 
resemble this free radical very closely. Now, the very same mesomeric 
radical can be formed directly from the aldehyde by breaking 

Reoclion coordinote 

FIGURE 2. Different types of energy profiles for the oxidation of aldehyde 
RzCHCHO to radical R&CHO. 

oxidation via enol with rate-limiting enolization to give radical of low 
energy as required by Drummond and Waters 

- - - - -  and direct oxidation to forin the same radical 
and -.-.- formation of radical of high energy via enol 

exactly the same C-H bond which has to be broken in the enoliza- 
tion step. If the energy of the free radical (and hence the energy of 
the transition states leading to it) is indeed lower than the energy of 
the enol (Figure 2, curve A)-and this is exactly the situation required 
for a rate-limiting enolization-then a direct hydrogen atom 
abstraction from the aldehyde should have a lower activation energy 
than the enolization and represent therefore the preferred route. If, 
on the other hand, the energy of the free radical is higher than that 
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of the enol (curve B) ,  then the reaction might well proceed via the 
enol, but the actual oxidation step would be rate-limiting. The 
argument remains unchanged if the oxidation of the enol is assumed 
to proceed not directly but through an enolate anion with which the 
enol is in rapid eq~i l ibr ium'~*~*.  

In the light of this analysis it seems much more likely to the 
present author that the oxidation of aldehydes takes place by an 
(probably electrophilic) attack at the double bond of the enol. It 
seems probable that this reaction consists of an addition of an oxygen 
atom in some for=. Uilfortunately the data which are available at  
present are insufficient for a detailed discussion. 

Formaldehyde, which cannot form an enol, is unreactive towards 
manganic pyrophosphate. Kemp and Waters 75 showed, however, 
that the oxidation of formaldehyde can be achieved with manganic 
sulfate, a much more powerful oxidant which is stable only in rather 
acidic solutions. Measurements carried out in 0.3 to 3-5 molar 
sulfuric acid showed that the reaction rate is first-order in form- 
aldehyde, slightly more than first-order in manganic sulfate, and 
does not depend upon the acidity of the solution. The oxidation of 
formaldehyde is slow and resembles that of alcohols. No details 
about the reaction mechanism are known. 

No studies of oxidation of enolizable aldehydes with manganic 
sulfates have been published. I t  has been demonstrated, however, that 
manganic sulfate is able to oxidize ketones much faster than they 
undergo enolization 76. I t  is therefore only natural to assume that the 
same should hold for the oxidation of aliphatic aldehydes. This leads 
to an interesting conclusion. It seems that the mechanism of oxidation 
may depend more on other properties of the oxidant than on its 
tendency to act as a one-electron or two-electron acceptor. In the 
case of aldehydes (and ketones) the less effective oxidant (e.g. 
manganic pyrophosphate) is able to react only with the enol, whereas 
the more powerful oxidant can react directly with the aldehyde. 
The important difference between the two species may be either 
their oxidative power (oxidation potential) or their availability for 
complex formation with the aldehyde. 

VI. VANADIUM(v) 

Vanadium(v) as an oxidant has been widely investigated by 
 water^^^.^* and his school. He and his coworkers have shown that 
the oxidation generally proceeds to the tetravalent vanadium stage 
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and generates free radicals which are able to initiate polymerization 
reactions or reduce mercuric ions. From all the amassed evidence it 
seems very likely that the oxidations proceed as one-electron transfer 
reactions. 

The reactivity of aldehydes depends greatly upon their structure. 
The simplest situation was found for isobutyraldehyde, which under- 
goes a rapid oxidation which is zero-order in the oxidant 79. The rate 
of oxidation is identical to the rate of enolization as determined, for 
example, by bromination. This situation is analogous to the previously 
discussed oxidation of aliphatic aldehydes by manganic pyro- 
phosphate. 

495 

Slow 
(CH3)2CH-CH0 __j (CH3),C=CHOH 

vo2+ 
(CH3)&==CHOH w Products 

For the straight-chain aldehydes 79, propionaldehyde and n-butyr- 
aldehyde, the oxidation is approximately first order in the pervanadyl 
ion, VO;. The oxidation is slower than the rate of enolization and 
the available kinetic data do not permit one to decide whether the 
oxidation proceeds by way of the enol or by direct oxidation of the 
aldehyde. I t  seems, however, reasonable to assume that the mechan- 
ism of oxidation of all enolizable aliphatic aldehydes is the same. This 
is probably true also for acetaldehyde, which exhibits a much lower 
reactivity than its homologs. 

The oxidation through the enol is, of course, impossible for chloral 
and formaldehyde. Consequently, both are very unreactive". 
Formaldehyde, however, can be oxidized under rather drastic 
conditions. Bobtelsky and Glasner 8 o  studied its oxidation in sulfuric 
acid (1.8 to 9.0 M) and in hydrochloric acid (5.1 to 6.9 M) ; Kemp 
and Waters33 investigated the range between 0.9 to 4-9 M perchloric 
acid. 

In 4.9 M perchloric acid the oxidation of formaldehyde has a 
primary kinetic isotope effect of about 4.6, indicating that the C-H 
bond is broken in the rate-limiting step. The reaction is clearly 
acid-catalyzed, but the nature of acid catalysis is complicated and 
no simple rate equation properly describing the whole investigated 
area has been suggested. The order in vanadium seems to rise from 
one to two. The oxidation is first-order in formaldehyde at lower 
acid concentrations, but at  very high acidities the rate becomes 
independent of the formaldehyde concentration. 
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The very complex chemistry of vanadium makes a definite inter- 
pretation of the data difficult. I t  seems, however, clear that VO,+ 
itself is not a sufficiently strong oxidant to bring about the oxidation 
of formaldehyde and that the formation of a more reactive species 
like V(OH)z + is required. Moreover, the second-order dependence 
upon vanadium concentration indicates either the combination of two 
vanadium atoms with the two hydroxyl groups of formaldehyde 
hydrate or, more likely, the oxidation by a more active dimer. 
Finally, the zero-order dependence upon substrate concentration at 
high acidities indicates intervention of stiil another oxidizing species 
which is formed in a rate-limiting step. 

VII. CERIUM(rv) 

Cerium(rv) is a one-electron oxidant. Its oxidative power depends 
very largely upon its state in solution. In  perchloric acid the Ce4+ 
ion is present more or less free *l, associated only with water to some 
extent. On the other hand cerium(rv) sulfate isvery highly complexed 
with the sulfate anion. The equilibrium constant for reaction (65) 82 

(65) 

is 3500; free Ce4+ is therefore practically absent in the presence of 
sulfate anions. Moreover, even the complex formed from the Ce4+ 
ion and one sulfate anion undergoes further complexations with 
sulfuric acid according to the equations (66) and (67): the equilibrium 
constants of which are 200 and 20, respectively. 

CeSOz+ + HSO; & Ce(SO& f H +  (66) 

Ce(SO.& f HSO, + Ce(S0,);- f H +  (67) 

In  agreement with the different nature of the cerium ions in 
solutions of different acids the oxidative properties of cerium vary 
greatly. In  the oxidation of f~r rna ldehyde~~,  the only aldehyde for 
which the oxidation has been investigated in some detail, the 
reaction proceeds about lo4 to lo5 times faster in perchloric acid 
than in sulfuric acid. Moreover, even the nature of the rate equation 
for the two systems varies considerably: the reaction is almost 
independent of acid concentration if cerium perchlorate is used, but 
increases very rapidly with the concentration of sulfuric acid if ceric 
sulfate has been employed as the oxidant. Actually, the acidity 
dependence is so strong that a third-order dependence on sulfuric 

Ce4+ +- HSO, & CeSO,Z+ + H +  
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acid concentration has been postulated. I t  is well possible that acid 
catalysis is only apparent and does not indicate a transition state 
containing SL proton, but reflects only changes in the concentration 
of the various cerium species present in the solution. 

Only a few isolated data are available concerning the oxidation of 
higher aldehydes. Conant, Aston, and Tongsberg8* observed that 
isobutyraldehyde is oxidized at the a-position to the carbonyl rather 
than at the carbonyl group itself (equation 68). This seems to 

(CH&CH-CHO + (CH3)aC-CHO 

A H  

indicate that the reaction proceeds through an enol intermediate. 
This finding is in agreement with the work of ShorterB5 who investi- 
gated the oxidation rates of acetaldehyde and of several ketones with 
ceric sulfate. The oxidation rate of acetaldehyde is only slightly 
faster than that of simple aliphatic ketones, making the assumption 
that both groups of carbonyl compounds are oxidized by the same 
mechanism well acceptable. 

Wiberg and Richardson47 used cerium sulfate in the oxidation of 
triphenylacetaldehyde, an aldehyde which cannot undergo enoliza- 
tion. They found that the only reaction products were triphenyl- 
carbinol and carbon monoxide, a reaction which indicates a free- 
radical mechanism. 

Coba 

VIII. COBALTIC SALTS 

:ic salts are very strong oxidizing agents (cf. Table 5 ) .  The 

TABLE 5. Oxidation-reduction 
potentials in acid solutionse6. 

Couple EO 

V'V/VV - 1.00 
Mnrx/Mnllx - 1.51 
Cellx/Celv - 1-61 
CO~'/CO"' - 1.82 
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hexaaquo ion Co(H,O)g+, which is the predominant form of Con' 
in solutions of strong noncomplexing acids, is unstable and oxidizes 
not only a large variety of organic compounds 87 but even water88. 
The instability of aqueous solutions increases with an increase in the 
pH of the solution. Studies of oxidations by cobaltic salts have 
therefore generally been carried out in very strongly acidic solutions. 

Cobaltic ions are prone to complex formation and will form a 
complex wen with sulfate ions 89. Oxidation rates are therefore 
generally lower in sulfuric acid than in perchloric acidg0, but the 
effect is not very large and by far not as dramatic as in the previously 
discussed oxidations with ceric salts. 

The oxidation of formaldehyde has been studied by several groups 
of investigators. The reaction product 91 is formic acid; the oxidation 
of formic acid is about 100 times slowerg2 than that of the aldehyde. 
Bawn and White 93, who studied the oxidation in sulfuric acid, found 
the reaction to be of complex order in the oxidant and suggested the 
rate equation (71). 

kl[Co3+l2 [CH20] 
A + k[C03+] 

v =  (7') 

Hargreaves and Sutcliffegl found that in perchloric acid the 
reaction is first-order in both the substrate and the oxidant, but that 
the reaction rate decreased markedly with increasing acidity of the 
solution even though constant ionic strength was maintained. 

The decrease in the rate of oxidation with increasing acidity makes 
the oxidation with cobaltic salts different from all the other oxidation 
reactions discussed in this chaptn until now. It is, however, a 
phenomenon very typical for this oxidant. We have mentioned before 
that the rate of oxidation of water by cobaltic ions is diminished if 
the acidity is decreased. The rate of decomposition of cobaltic 
perchlorate in aqueous solutions is actually about 30 times higher 88 

at pH 1.0 than at pH 0.1. The well-investigated oxidation of alcohols 
shows a similar effect. Cyclohexanol 94 reacts with cobaltic perchlo- 
rate 14 times faster in 0.325 than in 3.4 M HClO, (at constant 
ionic strength). A similar effect is observed in the oxidation of diethyl 
ketoneg5 which is oxidized 13 times faster in 0-325 than in 5.3 M 

HCIO,. Very much the same pattern is repeated in the oxidation of 
formic acidg2 and even in the oxidation of inorganic ions such asg6 
Cr2 +. Actually, a decrease in reaction rate with increasing acidity is 
typical for many inorganic redox reactions 97. 

In  the cobaltic perchlorate oxidation of formaldehyde the reaction 
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rate decreases by a factor of less than threeQ1 when the acid con- 
centration is raised from 1.0 to 6.0 M. I t  is well to keep in mind that 
this actually represents an increase of acidity by a factor of more 
than 30 if expressed in ho 

Even though there is little doubt that a decrease in the rate of 
oxidation with increasing acid concentration exists, its exact nature 
is less clear. Hargreaves and Sutcliffegl propose the relationship (72) 

(72) 

for describing the variations of rate with acidity. Hoare and Waters 
express their results in the closely related oxidation of alcohols 94 in 
two different forms, (73) and (74), whereas the same group of 

(73) 

(74) 

authors uses the relation (75) for the cobaltic perchlorate oxidation 

(75) 

of diethyl ketone 95. Bawn and White 88 use for the oxidation of water 
the expression (76 ) .  

l / k  = u + b[H+] 

k = a/[H+] + b/[HfI2 

k = a + b/ho 

k = u + b/[H+J 

k = a/[H+]" (76) 

The very carefully investigated inorganic oxidation reactions by 
cobaltic ions seem to obey uniformly the expression (77). A similar 

(77) 

type of acidity dependence is also observed for many other oxidations 
by transition metal cations and is, indeed, typical and probably 
diagnostic for a group of reactions which proceed by way of a bridged 
activated complexg7; e.g. the oxidation of chromous salts by 
(NH3)5Co(OH2)3+ follows the rate law (78), the two terms of 

Rate = k1[S][Co3+] + k2[S][Co3+]/[H+] 

Rate = [Cr2+][(NH3)5Co(OH2)3+] 

which represent the two bridged intermediates 10 and 11. I n  a 2 M 

solution of perchloric acid the two terms of the rate equation are of 

(NH3)5C~111-O-Cr1x(OHz)s * + 

H I 1 
(11) 

H 

(N H3),Co111-O-Cr11(OH2)5 

H 

I 

I 

(10) 
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about the same magnitudeg9. Because the cobaltic ion is a very weak 
acid the concentration of the intermediate 11 will be very small and 
its reactivity therefore must be extremely high to be observable; it is 
estimated that the oxidation process through intermediate 11 is 
about lo8 times faster than through its conjugated acid 10. It is 
significant to realize at this point that the oxygen of the bridge stays 
with the chromium ion; hence the Co-0 bond is broken in the 
transition state 96. 

I t  seems most unlikely that oxidation reaction involving one 
oxidant in the same or in closely related forms could be governed by 
as many rate laws as indicated above. I t  is much more probable that 
all of them represent different approaches and approximations to 
describe the same basic type of behavior, namely that of a reaction 
where the rate decreases in a not-quite-straightforward way with 
increasing acidity. In the present author’s opinion it seems likely 
that the expression derived for the carefully studied oxidations of 
inorganic salts represents most probably the best description of the 
acidity dependence. I t  can be shown, for example, that Hargreaves 
and Sutcliffe’s data for formaldehyde give a fairly good straight line 
if replotted to fit equation (75), which has the same form as (78). 

The observed decrease in rate with increasing acidity was inter- 
preted by Hargreaves and Sutcliffegl as due to the protonation of 
formaldehyde to give an unreactive cation, whereas Hoare and 
Watersg0 prefer to assume that (H,O),CO(OH)~+ is a stronger 
oxidant than Co(OH,)i +. The first explanation would require 
formaldehyde to be a rather strong base which would be extensively 
protonated in 1 M perchloric acid. Even though the basicity of 
formaldehyde is not known, it seems unlikely that it should be a 
much stronger base than simple aliphatic alcohols which under 
comparable conditions are protonated only to a very small extent loo. 

The second explanation, even though formally in full agreement 
with the rate equation, seems to contradict, at least formally, the 
general experience that of two similar species the one having the 
higher positive charge is the stronger oxidant. I t  can, however, be 
reformulated to represent the reaction as proceeding through two 
bridged intermediates analogous to those proposed for oxidation of 
inorganic ions (12 and 13). 

3+ [( H~O)~CO~**-O-C HZOH l2 + 

I 
H 
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I t  is fully justified to assume that the Co-0 bond rather than the 
0-C bond is broken in the transition state of the reaction. The two 
transition states will therefore differ by a proton in the substrate part. 
Visualized in this way the reaction then follows the usual pattern in 
which the substrate with the lower positive or higher negative charge 
is the more reactive one. 

The first reaction product formed in the rate-limiting decom- 
position of the bridged intermediate then should be a free radical 
HOCH20- or its conjugate acid (equation 80). This radical will 
then undergo a rapid reaction and reduce another cobaltic ion 
(equation 81). This mechanism would not involve the breaking of a 

(79) C0(0H2)38+ + CHZ(0H)S + [(HnO),C+O-CH20H)3+ 

+ 
CO" + .O-CHzOH 

H 

Cox' + .O-CHzOH 
I 

.LCH,OH T_ H+ + -0-CH,OH 
I 

H 

CO"' + .O-CH,OH - > Coxl + HC02H + H +  (81) 

C-H bond in the rate-limiting step and only a small secondary 
kinetic isotope efFect should be expected in the oxidation of deutero- 
formaldehyde. This was actually confirmed by Kemp and Waters33 
who found k,/k, to be only 1.54 for dideuteroformaldehyde. The 
isotope effect corresponding to the replacement of only one C-H 
bond by a C-D bond then is (1-54)t or 1-24 which is in the range 
of values observed for secondary isotope effects Io1. 

There is, however, one fact which indicates that the mechanism 
must be more complicated than outlined. Formaldehyde is oxidized 
about 17 times faster than ethanollo2. This is hard to interpret in 
terms of changes in stability of the R-0- radical and other effects 
have therefore to be taken into consideration. One reason for the 
high reactivity of formaldehyde could be that a C-H bond is 
partially broken despite the sfiidl isotope effect. Another explanation 
could be sought in a change in the equilibrium constant of reaction 
(82). Because the overall oxidation rate depends upon both the 

Co(OH&+ + ROH (H20),Co(ROH)3+ + H20 (82) 
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equilibrium concentration as well as on the rate of decomposition of 
the substrate-oxidant complex, a shift to the right in equilibrium 
(82) would lead to an increase in rate of oxidation. A higher degree 
of complex formation is a fair possibility for formaldehyde hydrate 
which, owing to its two hydroxy groups, could actually replace two 
water molecules in the solvation shell and form thus a tighter complex 
with the cobaltic cation. 

The oxidation of several aromatic aldehydes was investigated 
recently by Cooper and Waters103. The oxidation is considerably 
h t e r  than the oxidation of formaldehyde and probably involves the 
formation of a ArC=O radical. In  accordance with that, an isotope 
effect. k,/k, = 2.3 has been found for the oxidation of m-nitro- 
benzaldehyde. The rather surprising feature in this reaction is that 
aldehydes with electronegative substituents, such as nitro groups, 
are more reactive than benzaldehyde itself. To accommodate these 
results Cooper and Waters suggested several possible structures of 
the transition state, one of which (14), being derived from a hydrated 

i.r HO I 
r/O\ 
t-. :-p -C co"' 

Hk vOH 

(14) 

form of the aldehyde, seems particularly attractive. This transition 
state not only is able to explain the greater rates for those aldehydes 
which form more stable hydrates, but retains also the type of the 
oxygen-bridged intermediate which allows one to understand the 
increase of reaction rate with decreasing acidity of the same type as 
has been discussed in detail for formaldehyde. 
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1. INTRODUCTION 

The reduction of the carbonyl group in an aldehyde or ketone by a 
process involving two electrons (and two protons) per molecule 
results in the formation of a primary or secondary alcohol. These 
unimolecular reductions can be carried out by catalytic reduction 
(section 11) or reduction accompanying the dissolution of a metal 
(section 111), in either acid or basic solution. 

R l  R1 
2e- .2H+ 

C=O-----t ‘CHOH 
2 e-, 2 H+ \ 

RCHO - RCHzOH 

Fd R d  
The addition of one electron (and one proton) per molecule of 

carbonyl compound, accompanied or followed by dimerization 
(6imoZecuZar reduction), leads to a pinacol. This occurs under certain 

507 

The Chemistry of the Carbonyl Group 
Edited by Saul Patai 

Copyright 0 1966 by John Wiley & Sons Ltd. All rights reserved. 



508 0. H. Wheeler 

conditions in dissolving metal reductions (section 111) or in electro- 
chemical reduction (section IV) . 

R' R1 R' 

R C H o H  R f Rg'A H OH \'R2 

2 e-, 2 H- R C H O H  \ 2 e - . 2 ~ +  \ / 
2 R C H O  ___f 2 c=o- c-c 

A saturated hydrocarbon is formed by the addition of four electrons 
(and protons) per molecule with elimination of the carbonyl cxygen 
atom. Such areaction can be brought about by dissolving metals 
(Clemmnsen reduction, section 111) or in electrochemical reduction at 
high overvoltage (section IV). 

R' R' 
4 e - , 4 ~ +  \ 

/ 
CEO - CH2 + H20 

4 e-. 4 H+ \ 
/ 

The oxygen atom of the carbonyl group can also be replaced by 
nitrogen in a unimolecular reaction forming primary amines (section 

R C H O  - RCH3 -t H,O 

R2 R2 

R' R' 
\ 
/ 

C=O+ CHNH2 
\ 
/ 

R C H O  - z RCHzNH2 

R2 R1 

V). The reaction can be carried out by catalytic reduction in the 
presence of ammonia, or chemically in the Leuckart reaction, includbg 
the Eschweiler-CZarke modification. 

A number of reactions are known in which a carbonyl group is 
reduced by an organic compound, the latter being itself oxidized 
(section VI). The organic reagent can be a second molecule of the 
carbonyl compound, as in the Cannizzaro reaction, which results in 
the formation of an aldehyde and acid. In the related Tishhenko 

2 R C H O  __f R C H z O H  + R C 0 2 H  

2 R C H O  --+- RCHzOCOR 

reaction the product is an ester. More commonly, the reducing 
reagent is an organometallic compound, such as aluminum iso- 
propoxide (1) used in Ponndorf-Meenerein-Verley reductions. The 

R' R' H3C 

c-0 \ '\ 

/ / 
C=O f (CH&CHOA1/3 CHOAli3 + \ 

H3C R:' R2 
(1) 
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reaction of a sterically hindered Grignard reagent (e.g. 2) with a 
carbonyl group can also lead to reduction of this group, accompanied 
by the formation of an olefin from the Grignard reagent. The 

R1 R' 
\ 

C=O + (CH3)SCMgX CHOMgX -+ (CH3)2C=CH, 
\ 

Rd R d 
( 2 )  

Willgercdt reaction is also treated in this section, since it formally 
involves the reduction of a carbonyl to a methylene group with 
simultaneous oxidation of a terminal methyl group to an amide (3). 

(NH.J2SI 
PhCOCH3 -> PhCHzCONHz 

(3) 

Within the last twenty years, a number of metal hydrides have been 
introduced (section VII) for the reduction of a carbonyl group to a 
carbinol, and in certain cases to a hydrocarbon. The last section 
(VIII) covers miscellaneous methods for reducing carbonyl groups 
by biochemical or photochemical means, or under the cffect of ionizing 
radiation (x- or y-rays) ; also included are a number of reductions of 
simple derivatives of a carbonyl group, such as the demlfun'zation of 
thioacetals and thioketals, the Wolf-Kishner reduction of hydrazones 
and similar compounds, and the Bamford-Stevens reaction of hydrazine 
tosylates. 

During the reduction of a carbonyl group, other adjacent groups 
may suffer reaction. Thus a,p-unsaturated carbonyl compounds are 
often reduced at the carbon-carbon double bond in addition to, or 
instead of, reduction of the carbonyl group. A labile group, such as 
bromo or acetoxy, a to the carbonyl group, may also be eliminated. 
These various possibilities are considered in relation to each of the 
general methods of reduction. 

The recent advances in the field of carbonyl reductions have been 
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in connection with the development of new and often selective 
methods of reduction, and the study of the stereochemistry (section VII) 
and mechanism of these reactions. Many of these studies have been 
carried out with steroid ketones. The lettering of the steroid rings and 
the numbering of the carbon atoms are given in 4 for reference, as 
partial formulas are often used in this chapter. The literature has 
been covered, as far as possible, up to May 1964. 

!!. CATALYTlC REDUCTION 

The simplest method of reducing a carbonyl group is with gaseous 
hydrogen in the presence of a metal catalyst. Reduction occurs by 
means of the hydrogen chemisorbed on the metal surface. 

Active catalysts such as Adams' platinum oxide may result in the 
reduction of an aromatic ring conjugated to a carbonyl group, 
acetophenone giving ethylbenzene (30%) as well as phenyl methyl 
carbinol. Rhenium black, however, is less reactive and more 
selective, affording only the carbinol even at high pressure ( >  150 
atm) and temperature ( looa) l. Dimerization does not usually occur 
in catalytic hydrogenation, although benzaldehyde is reduced by a 
tungsten sulfide (WS,) catalyst (at 320" and 100 atm) to dibenzyl 
(PhCH,CH,Ph) (58%) as well as to toluene (25%) 2. 

A comparative study of the reduction of a,P-unsaturated ketones 
using the platinum-group metals supported on a carbon surface has 
shown that a palladium catalyst is ineffective, that platinum is 
effective in acid but not in basic solution, while ruthenium and 
rhodium catalysts give rapid reduction in neutral or basic solution 
and slow reduction in the presence of acid; in all cases the carbon- 
carbon double bond is preferentially reduced. For aromatic ketones, 
palladium is more selective in reducing the carbonyl group of 
acetophenone, whereas rhodium is most effective in also reducing 
the ring to give cyclohexyl methyl carbinol. Palladium is ineffective 
in reducing saturated ketones, probably due to their strong adsorp- 
tion on the catalyst. Such ketones are readily reduced with platinum 
in aqueous acid, although this catalyst is easily poisoned in basic or 
neutral solution. 

The nature of the catalyst support can affect its ability for reduction. 
Palladium on strontium carbonate reduces benzylideneacetone 
(PhCH=CHCOCH,) to 4-phenyl-2-butanone (Ph( CH,),COCH,), 
whereas palladium on charcoal gives styryl methyl carbinol 
(PhCH=CHCHOHCH,)4. A recent study5 has shown that sub- 
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stances present in the solvent can modify a palladium-charcoal 
catalyst. The rate of reduction of the carbon-carbon double bond of 
mesityl oxide in ethanol is decreased to 70% by small amounts of 
potassium hydroxide. Triphenylphosphine and its oxide inhibit 
reduction, whereas amines decrease the rate to one-third. Chloride 
ion produces no change in rate, but bromide and iodide ion reduce 
the rate to two-thirds and one-fiftieth, respectively. The effectiveness 
of inhibition of reduction is in the order of the relative affinities of the 
additives as ligands for palladium. 

In  the steroid field palladium in a neutral solvent, such as ethanol 
or dioxane, reduces isolated double or triple bonds before the double 
bond6 of a conjugate A4-3-keto system. However, a kinetic study' of 
the reduction of 4,6,22-ergostatrien-3-one (5 )  in methanol showed 

that the reaction is zero order at constant hydrogen pressure and 
appears to be controlled by the diffusion of the steroid to the catalyst 
surface. The 6,7-double bond is reduced first followed by the 4,5- 
double bond, and the addition of alkali favored the formation of the 
4,22-dienone. Although conjugated ketones are less readily reduced, 
carbonyl groups can generally be protected from catalytic reduction 
in neutral solution by converting them into their ketals a. 

I n  the case of a cyclic kctone, the addition of hydrogen can occur 
from either side of the ring to give two isomeric alcohols g. Generally, 
catalytic reduction in neutral (or alkaline) solution affords largely 
the more stable (equatorial) carbinol, whereas in acid solution the 
less stable (axial) carbinol predominates g.  This difference has been 
rationalized by BrewsterIO as due to 'direct' reduction in neutral 
solution by the transfer of electrons directly from the metal surface 
accompanied by protonation. Thus a 2-alkylcyclohexanone (6) is 
reduced to a trans-2-alkylcyclohexanol (7) (hydroxyl equatorial), the 
bulky metal surface being coordinated in an equatorial conformation 
with the oxygen atom in the intermediate. I n  acid solution the 
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(M-) H’iO j-J-H** 
H 

( 6 )  (7) 

ketone group is protonated (8)  and the metal surface with its 
chemisorbed hydrogen can now only coordinate with the carbon 
atom of the carbonyl group giving the cis-2-alkylcyclohexanol 
(hydroxyl axial) (9). I n  accord with this, 3-cholestanone (10) is 

reduced in alkaline or neutral solution mainly to 3~-cholestanol (11) 
whereas epi-(3a)-cholestanol (12) is predominately formed in acid 
solution g. Also, 3a-hydroxypregnan-20-one (13) with a nickel 
catalyst in alkzline or neutral solution affords 3ay20a- (14) and 3a,208- 
(15) pregnanediols in the proportion of 2 : 1 and the same diols with 
platinum in acetic acid, but in the proportion of 1 : 2 ll. 

The hydrogenation of cyclopentylidenecyclopentanone (IS) in the 
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presence of Raney nickel gives a 71% yield of cis-2-cyclopentyl- 
cyclopentanol (17), while reduction with a platinum catalyst in 
acetic and hydrochloi-k acid gives a larger proportion of trans- 
carbinol (60% cis) 12. With a calcium carbonate-supported palladium 
catalyst, only the carbon-carbon double bond is reduced to give 
2-cyclopentylcyclopentanone. 

The relative amounts of 5/3 (19) and 5a (20) derivatives formed on 
reducing the A4-double bond in cholest-4-en-3-one and testosterone 
(18) have been studied in detail”. I n  methanol the ratios are 8 and 
1-7 for the two ketones, increasing to 10 and 3-1 on addition of 1% 
potassium hydroxide and decreasing to 3.8 and 1-5 with 1% sulfuric 
acid. In  acetic acid the ratios are 5.7 and 1-2, respectively, 2-9 and 
1.0 in dioxane, and 2-4 and 0.7 in hexane. A basic catalyst such as 

17 + C.C.G. 
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palladium on Dowex- 1 (a quaternary ammonium hydroxide resin) 
gives ratios of 3-8 and 1.5, whereas an acidic catalyst such as pallad- 
ium on Dowex-50 (a sulfonated resin) gives ratios .of the saturated 
ketones of 0.8 and 0.6. The fact that a 5p compound is formed 
preferentially in basic hydroxylic media whereas the 501 isomer is 
formed in increasing amounts in acid or less polar media was 
explained as being due to effects in the polarization of the conjugated 
carbonyl system. In  less polar solvents or in acid solution the 

OH 

n4 n4 
‘decoupling’ of the double bond (C=C-C=O) reduces the 
rigidity of the molecule and allows it to assume the more stable 
tram configuration on the catalyst surface, resulting in the formation 
of the more stable 5/l compound. This decoupling is not possible in 
basic or polar solvents so that absorption and subsequent reduction 
can occur from either side of the molecule. 

The transfer of hydrogen from cyclohexene catalyzed by palladium 
does not normally reduce a carbonyl group13, and the carbon- 
carbon double bond of an a,P-unsaturated carbonyl compound, 
unlike that of an aY/3-unsaturated acid, is not reduced. However, 
benzil (PhCOCOPh) is slowly reduced to benzoin (PhCOCHOHPh). 

Catalytic reductive methylation has been reported 14. Cholestanone 
on hydrogenation in methanol with platinum oxide in the presence 
of hydrobromic acid forms cholestanyl methyl ether (/3-configura- 
tion). However, reduction in ether with hydrogen bromide gives 
epi- (a)-cholestanol. This reaction has recently been shown to apply 
generally for ketones in alcoholic solution 15. Acetone is reduced to 
diisopropyl ether in isopropanol, and cyclohexanone to cyclohexyl 
methyl ether in methanol solution, in yields of 95 and 46%, respec- 
tively. Alcohols and alkanes are formed as by-products. The reaction 
may proceed through a hemiketal or ketal, since ketals are known to 
be reduced to ethers and alcohols. 
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111. R E D U C T I O N  BY D I S S O L V I N G  METALS 

The electrons released when a metal dissolves in acid, neutral, or 
basic solution can reduce a carbonyl group to a variety of products. 

The dissolution of zinc in acetic acid does not generally reduce a 
ketone group, but will cause reductive elimination of an a-acetoxy 
or bromo group. 3/3,17/3-Diacetoxyallopregnan-20-one (21) gives 
3~-acetoxyalIopregnanone (22), and this same compound is formed 
from the isomeric 313,17a-diacetoxylallopregnan-20-one (23) 16. Both 

reactions must proceed through a common intermediate and it has 
been suggested that the acetyl group, after elimination of the acetoxyl 
group, exists in both cases in solution as a zinc enolate (28) which is 
then protonated from the more accessible axial direction to form 22. 

A4-3-Keto steroids are reduced by a large excess of zinc dust in 
acetic acid at room temperature17 to the A3-unsaturated steroids. 
Thus androst-4-ene-3,17-dione (25) affords 5a-androst-3-en- 17-one 
(26), the addition of hydrogen at position 5 occurring from the 
' underside' of the molecule. The 17-ketone remains intact. 
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Fluorenone (27, R = H) is easily reduced by zinc dust and 
calcium chloride in ethanol l8 to fluorenol. Phosphorus and hydro- 
iodic acid has been recommended l9 for the reduction of fluorenone- 
2-carboxylic acid (27, R = C02H) to fluorene-2-carboxylic acid. 

Acyloins (cyclic -CHOHCO) are reduced by zinc dust and 
hydrochloric acid to cyclic ketones (--CH,CO-) 20. 

An interesting reductive coupling has been reported2I. A mixture 
of 4,4-dimethylcyclohexenone (28) and methyl vinyl ketone is 
reduced by magnesium in acetic acid or by sodium amalgam to 1,4,4- 
trirnethy-Ll,8-perhydroinden-7-one (29). Reduction with Raney 
nickel affords the saturated bicyclic ketone. 

The Clemmensen reduction of carbonyl groups with zinc and hydro- 
chloric acid is usually carried out using amalgamated granulated 
zinc22, and results in the formation of a hydrocarbon. An alternative 
general method is to use the Wolff-Kishner reaction (see section 
VIII). The Clemmensen reaction is general for ketones, but of 
limited use with aliphatic and aromatic aldehydes since polymeric 
products are also formed. Toluene or xylene is usually added, but 
ketones of high molecular weight require the addition of a more 
polar solvent, such as dioxane or acetic acid, to render them more 
miscible. 

a,p-Unsaturated ketones can suffer reduction of the carbon-carbon 
double bond. An a-halo group is often eliminated to form a double 
bond. a-Diketones react normally, benzil (PhCOCOPh) giving 
dibenzyl (PhCH,CH,Ph), although stilbene (PhCH=CHPh) is 
formed in the presence of ethanol. However, dimedone (30) affords 
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2,4,4-trimethylcyclopentanone (31). The reduction of aliphatic 
a-diketones can proceed at either carbonyl group 23. 2,3-Pentane- 
&one (MeCOCOEt) gives both diethyl ketone (EtCOEt) and methyl 
n-propyl ketone (MeCOPr-n) , while camphorquinone (32) forms 
the two possible ketols (3-hydroxycamphor and 2-hydroxyepi- 
camphor). 

A kinetic study2* of the rate of reduction of the solublep-hydroxy- 
acetophenone with liquid zinc amalgam at 60" has shown that the 
reaction is first-order in ketone with an energy of activation of 5.1 
kcal/mole. The rate also depends upon the concentration of chloride 
ion and of zinc in the amalgam. However, the effects of the con- 
centration of hydrogen ion and of the potential of the amalgam are 
small. This last fact suggests that electron transfer is not rate-deter- 
mining. Moreover, in the presence of sufficient hydrochloric acid, 
the rate is independent of the proton concentration. Thus hydrogen 
ions (or atoms) cannot be the effective reducing agent. A reasonable 
mechanism involves a slow, reversible addition of zinc to the carbonyl 
group followed by a rapid (reversible) protonation. The protonated 

species can then either eliminate a hydroxyl group giving a zinc- 
coordinated carbonium ion (33), which can lead to olefins or re- 
arranged products, or it can form a carbinol. Such by-products are 

H30+ 

v 

-I 

R1 

\ +  

/ 
C-Zn-CI 

R= 

R' 

'CHOH 
/ 

R2 

(33) 

often found, but their formation will be slow at low acid concentra- 
tion. Consistent with this mechanism is the fact that alcohols, chlorides, 
and olefins are not reduced to saturated hydrocarbons under the 
conditions of Clemmensen reduction 25.26. They therefore cannot be 
intermediates in this reaction, but are rather by-products. The 
principal reaction must involve the coordinated carbonium ion and 



518 0. H. Wheeler 

a second equivalent of zinc, with subsequent protonation and 
elimination of zinc followed by a further protonation to generate the 

R1 R' R1 
\ +  H30+ 

C-zn- + Zn --+ \~-zn+ __j ' ~ H - z n +  
/ 
Ra 

/ 
R-2 

/ 
Ra 

R' R1 
H,O+ \ 

\CH-  CH, 
/ 

Ra R:' 

methylene group. This mechanism differs from a previous, but 
similar, scheme which postulated a bond between carbon and 
the massive metal surface, with electron transfer accompanying the 
dissolution of the metal. I n  the present mechanism the reaction is 
with zinc atoms and the electrons are transferred in pairs. The 
observation that cyclohexanone is reduced faster than cyclopentan- 
one25 is consistent with a slow step for the coordination of zinc with 

R' R' R' 
2e-  \ 

/ 
c==O - 2e-t \ C H +  --+ 

R2 

CH, 
\ 

/ 
R= 

/ 
R2 

the carbonyl group, due to I strain. This coordination also explains 
the slow rate of reduction of sterically hindered ketones z7. 

In  the Clemmensen reduction of acetophenone, while the major 
product is ethylbenzene, small amounts of styrene and phenyl 
methyl carbinol are formed by the alternate reaction paths of the 
protonated zinc coordinated compounds. However, minor quantities 
of pinacol are also formed28. The amount of pinacol increases with 
decreasing potential of the zinc amalgam. Since electrolytic reduction 
of acetophenone affords the pinacol (section IV), this must be 
formed during Clemmensen reduction by a separate one-electron 
reduction process. 

Sterically hindered ketones often rearrange on reduction. 
Thus, pivalophenone (PhCOC( CH,) 3) gives neopentylbenzene 
(PhCH,C(CH,),) and 2-methyl-3-phenyl-2-butene (CH,CH(Ph)= 
C( CH3),) ; elimination and rearrangement 27. No 2-methyl-3- 
phenylbutane is formed in this reaction. 

Reductions are usually not effected by the dissolution of metals in 
aqueous base. However, it has been recently reportedz9 that the 
solution of Raney nickel alloy (Ni-Al) in aqueous alkali at  10-20" 
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reduces aliphatic aldehydes and ketones and aryl alkyl ketones 
(ArCOR) to the corresponding carbinols. Aryi alkyl ketones are also 
reduced at 80-90" to the corresponding hydrocarbons (ArCH,R). 

Simple aldehydes and ketones undergo reduction to pinacols with 
aluminum amalgam and wet ether. These can arise lo either through 
dimerization of the intermediate carbanion (34) or by its reaction 
with another molecule of ketone. The reduction of a-diketones, such 
as benzil (PhCOCOPh), with this and similar reagents 30 terminates 
at the stage of the ketol (cg.  benzoin, PhCOCHOHPh). The 
reaction probably involves 1,4-addition, the ketol remaining in 
solution as the salt of its enol (35). 

P hC=-=CP h 
I 

. (35) 

OH d H  

The reduction of organic compounds accompanying the dissolution 
of sodium in liquid ammonia has been widely used 31*32. The addition of 
one electron to a carbonyl group results in an anion radical, whereas 
the addition of two electrons either in one or in two separate stages 
affords a dianion (36). An aromatic or nonenolizable aliphatic 
ketone reacts with sodium in liquid ammonia (and in ether or other 

c=o ___f c-0 c=o + c-0 

inert solvent) to give a ketyl (R2CO-), which is a radical ion. The 
solution is paramagnetic (i.e. contains unpaired electrons). The 
electrical conductivity of a solution of benzophenoneketyl (37) shows 

e- . - 2 e -  - - 

(36) 

Ph,COH 

PhzCOH 
Ph,C=O - Ph2C-6 - > I  

(37) (38) 

that a series of complex equilibria exists between the ketyl and sodium 
cations. Possible reactions with benzophenone are as follows 

Ph&ONa & Ph,C6 + Na+ 

2 Ph,tONa T Ph&(ONa)C(ONa)Ph, & Ph,C(ONa)C(O-)Ph, 4- Na+ 

PhzCONa + PhzCO Ph,C(ONa)C(O-)Ph2 

The anion radical appears to be about 85% monomeric, and on the 
addition of acid forms benzopinacol (38) through either of the last 
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two equilibria. The equilibrium below docs not occur in liquid 
ammonia, since no benzyl alcohol (PhCH,OH) is formed. However, 

2 Ph2cONa zp=? Ph,C(Na)ONa + Ph,C=O 
(39) 

the dianion of 39 is formed with a second equivalent of sodium and 
can react with more benzophenone to give the ketyl in the reverse of 
this last reaction. Benzophenonekctyl (37) can also exchange with 
another ketone forming its ketyl (40). 

Ph,CONa + R,C=O Ph2C-0 + R 2 6 0 N a  
(37) (40) 

The addition of two protons to a dianion (36) results in the 
formation of a carbinol. Cyclic ketones are usually reduced to the 
more stable (equatorial) carbinol by an alkali metal and liquid 
ammonia followed by a proton donor. However, a recent communica- 
t i ~ n ~ ~  reports that the metal used affects the course of reduction. 
Camphor in ether was reduced with a series of .metals in liquid 
ammonia and ethanol then added. The percentages of isoborneol 
(the e m ,  less-stable isomer) formed were: with lithium, 20; with 
sodium, 40; with potassium, 70; and with calcium 28. 

Saturated ketones are also reduced to the corresponding carbinols 
by sodium in a n  alcohol, such as ethanol or n-amyl alcohol, or by 
sodium (or lithium) in liquid ammonia in the presence of a proton 
source, such as n-propanol. The more stable carbinol is also formed 
predominately. However, a 20-ketone gives a 20a-alcohol with 
sodium in ethanol3*. I t  has been shown recently35 that the direction 
of reduction of a 12-ketone is influenced by the nature of the side- 
chain substituent, and by the fusion of rings A and B. Thus, 12- 
cholanone (41; R1 = H, R2 = C5Hll) or 12-ketocholanic acid 
(41; 12' = FI, R2 = C,H,CO,H) give predominantly the 1% 
carbinol with either sodium and n-propanol or lithium, liquid 
ammonia and n-propanol; on the other hand, hecogenin (42) gives 

0 
00 

H 
R' & H HO 

(41) (42) 
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the 12p-01 with lithium in liquid ammonia and 80% of this isomer 
with sodium in ethanol. 3a-Hydroxy-12-ketoetianic acid (41 ; 
R1 = OH, R2 = C02H) gives, respectively, 60% and 64% 12p-01 
with lithium and ammonia, and with sodium in n-propanol. Thus the 
cis configuration of rings A-B and the shielding of the 21-methyl 
group in 12-ketocholanic acid and 12-cholanone result in non- 
thermodynamically controlled reduction, while hecogenin (42) 
which possesses rings A and B in the trans configuration and the side- 
chain held in a rigid conformation undergoes normal reduction. 

An +unsaturated ketone adds two electrons to form a dianion 
(43) by 1,4-additi0n~~. The addition of a proton donor such as 
ammonium ion (NHZ) or t-butanol yields a saturated ketone, 

H 
\ I 1  2e-  \- I I 

/ ,/ / 
(43) 

although the use of methanol often affords the saturated carbinol. 
The dianion is stable in solution and can be alkylated in the 
a-position 36. 

Proton addition usually results in the formation of the more stable 
product37. Thus a A8-1 I-kctone (45) leads to a 8/3,9a-dihydro-l1- 
ketone (46) 38, and a A7-6-ketone (47) forms the 8p-derivative (48) 37. 

c=c-c=o __j c-c=c-o- + ‘c!-L=L-o- 

&7 >@I 

AcO AcO 
0 0 

; 47’ (48) 
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The lithium, liquid ammonia, and ethanol reduction of the 
decalone derivative 49 gave, after Wolff-Kishner reduction of the 
ketone group, two trans-decalins (50) differing only in configuration 
at  the methoxy 

Jy3rH3 / Zsteps+ m O C H 3  

0 
H 

(49) (50) 

The /3-carbon atom will have considerable tetrahedral character 
in the eransition state for protonation. However, the developing p 
orbital at  this carbon atom must overlap continual!y with the T 

orbitals of the enol system and must remain perpendicular (51). 
The proton then enters from the axial direction to ring A. As a general 
rule the ‘product will be the more stable of the two isomers (cis or 
trans) having the newly introduced hydrogen axial to the ketone 

ring’ 39*39a. The addition of the a-hydrogen atom, which occurs 
during ketonization of the enol anion, does not necessarily give the 
more stable ketone. Thus the reduction 40 of 2-methyl-3-phenylindone 
(52) with lithium in ammonia, with subsequent addition of am- 
monium chloride, results in the formation of cis-2-methyl-3-plienyl- 

*CH3 @;3 J$- 0 
H3C 

Ph H 
(52) (53) (54) 

indanone (53). The proton addition to the ‘top-side’ of the anion 
(54) is hindered by the phenyl group and occurs from the underside. 

The addition of a strong proton donor such as ammonium sulfate 
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to the liquid ammonia solution can lead to the reduction of other 
groups. Thus, acetophenone is reduced to cyclohexenyl methyl 
carbinol (55) by lithium in liquid ammonia, and sodium reduction 

CHCH, n-C,H7CHCH3 
I 0 - 1  OH OH 

of cyclopropyl methyl ketone gives both n-propyl methyl ketone and 
its corresponding carbinol (56) 31. Calcium in liquid ammonia 
appears to be a weaker reducing system. a-Acetoxy groups are 
eliminated with this reagent and a 12-acetoxy-l l-ketone (57) is 
converted into the 1 1-ketone (59) 41. This reaction probably involves 

CH3COZ 

(59) 

o Q q l o *  
(57) (a) 

the enolate anion 58, thus protecting the ketone from further re- 
duction in solution. However, in the case of a 5-hydroxy-6-ketone 
(60), reduction of the carbonyl group occurs as well as elimination 
of the tertiary hydroxyl 42. 

OH 

(60 ) 

iV. E L E C T R O C H E M I C A L  R E D U C T I O N  

Cathodic reduction of a carbonyl group can proceed by either a 
unimolecular or bimolecular process. The particular reaction occur- 
ring depends on the nature of the solution surrounding the cathode 
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(catholyte) and the voltage applied (the overvoltage of the cathode 
material) 43-44. 

The mechanism of electrochemical reduction may involve active 
hydrogen discharged at  the cathode. However, organometallic com- 

pounds are often formed, particularly at mercury electrodes 45, 

suggesting that reduction occurs directly at the cathode surface. 
Moreover, the product formed depends upon the hydrogen over- 
vcltzge of thc clectrode. Tungsten and platinum have low over- 
voltages, followed by carbon and copper and then by mercury and 
lead. Preparatively, electrolytic reductions are slow, and although 
increasing the current density increases the rate of reduction it also 
decreases the overvoltage. Since oxidation can occur at the anode, 
accompanying the dissolution of the anode material, the anode and 
cathode compartments should be separated by a semipermeable 
membrane such as a porous pot. However, use of a graphite anode 
avoids this. 

Aliphatic aldehydes undergo unimolecular reduction in acid 
solution and generally form alcohols a t  lead or mercury cathodes 
and hydrocarbons with cadmium at high overvoltage. Acrolein is 

H+ + e -  w Ha R + 2 H. + RH2 

2e- .ZH+ 
RCH,OH 

RCHO - 3e-,4H+ i RCH, + H20 

reduced to ally1 alcohol without effecting the carbon-carbon doublc 
bond. D-Glucose (61) affords D-mannitol (62) in alkaline solution, 
presumably due to inversion at Cc2) to give D-mannose. Fructose (63) 
forms bothsorbitol (64) and mannitol (62). The catalytic and sodium- 
amalgam reduction of D-glucose (61) affords only sorbitol (64). 

CHO CHzOH CH20H CH20H 

H:$EH __j z!:T: t-- H!fE + H$’ zH 
H OH OH OH OH 

H OH OH OH OH 

CH20H CHzOH CHzOH CH20H 

(61) (62) (63) (64) 

Aromatic aldehydes can be reduced to a variety of products; 
benzaldehyde, for example, can form benzyl alcohol, toluene, 
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benzopinacol (PhCHOHCHOHPh), and stilbene (PhCH=CHPh) . 
The highest yields of the latter are obtained with an acid catholyte at 
high overvoltage, whereas reduction at  lower overvoltage with a 
copper cathode affords predominately benzopinacol. Aliphatic 
ketones also give a variety of products, although pinacols are 
principally formed. Aromatic ketones give secondary alcohols in high 
yields at lead cathodes in basic solution, whereas the use of an acid 
catholytc results in the formation of a mixture of pinacol and mono- 
meric alcohol46. I n  strongly acid solution the pinacol can sub- 
scqucntly rearrange to the corresponding pinacolone. o-Nitrobenzo- 
phenone (65) undergoes an interesting reduction with a lead cathode 
in alkaline medium yielding 1,Z-dihydroanthranil (67), formed by 

additional reduction of the nitro group and subsequent cyclization 
of the intermediate hydroxyliminobenzhydrol (66). p-Hydroxyace- 
tophenone affords the carbinol 68 at - 1-1 v and the hydrobenzoin 
69 pinacol at -1.5 v, both with a mercury cathode and in acid 
solution. 

p-HOCeH4CHCHa p-HOC,H4CHCHC,H,OH-p 

AH H k  AH 
(68) (69) 

The stereochemistry of reduction also depends upon the over- 
voltage. Thus 2-methylcyclohexanone forms trans-2-methylcyclo- 
hexanol at  lead and mercury cathodes, the cis-carbinol at  copper, 
and a mixture of cis and tram with a nickel electrode. No reduction 
occurs at a platinum electrode. 

a,/3-Unsaturatcd ketones are more readily reduced. Androst-4-ene- 
3,17-dione (70) and progesterone both give the 3-pinacol (71) at a 
mercury cathode, whereas testosterone (72) and pregn-4-en-ZOa-ol-3- 
one are formed at lead, nickel, copper, platinum or graphite elec- 
trodes. Similarly, cholest-4-en-3-one forms its pinacol 47 with mercury 
cathode and graphite anode. I n  the case of saturated steroid ketones 
the more stable equatorial alcohol results, androstan-l7/?-ol-%one 
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forming androstane-3/3,1 7/3-diolY and androstane-3/3- 1 GCY-diol- 17-one 
diacetate giving androstane-3/3,17/3-diol with elimination of the 16a- 
acetoxy group 48. a-Methyldesoxybenzoin (73) is also reduced to the 
more stable erythro-l,2-diphenylpropan-l-ol (74) 49. 

Ph 

H--C-c H 
PhCOCH(CH3)Ph + 1 

H-C-OH 
I 
Ph 

(73) (74) 

In polarographic reduction 50 at a dropping mercury electrode 
pinacols are generally formed. At low pH the protonated ketone (or 
aldehyde) is most 1ikeIy to be the species reduced, and the half-wave 

R~C=O +- H +  e R ~ ~ O H  R&OH + e-  c R ~ ~ O H  

reduction potential (Et) becomes more negative with increasing pH, 
since the protonated ion will be more easily reduced at  lower pH. 
In  neutral or alkaline medium the carbonyl group is probably 
reduced directly. Saturated aldehydes are reduced at  about - 1.9 v. 
The reduction of formaldehyde is abnormal, since the E, depends 

RL=O + e-  - R,CO -__j R&OH + OH- 

upon the pH, temperature, and solvent. Moreover, the height of the 

. - H,O 
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reduction wave is kinetically and not diffusion controlled. This 
appears to be due to solvation of the aldehyde 75. Saturated ketones 

OH 

‘OH 
(75) 

/ 
HCHO + HzO C HzC 

are only reduced at -2.2 v. They are better determined polaro- 
graphically as their Girard-T (trimethylammonium acethydrazine) 
derivatives (76) which are reduced unimolecularly to the corre- 
sponding hydrazines (77) 51. 

2 e-. 2 H+ 
RzC=NNHCOCH,fiMe3 -- R,CHNHNHCOCH2dMe3 

(76) (77) 

Unsaturated aliphatic ketones undergo polarographic 1,4-re- 
duction to give a dimzric product (78) in acid solution and the 

e- R1CHCH2COR2 
R1CHCH2COR2 (78) 

R’CH2CHZCOR’ (79) 
1 2 e - ,  

2 H+ 

R1CH=CHCOR2 - 

saturated monomeric ketone (79) in base. Similarly benzophenone 
gives benzopinacol in acidic and benzhydrol in basic media. The 
reduction of benzil affords benzoin, and presumably proceeds via 
the dienolate anion 80. I n  the case of acetylacetone (81) two 

2 e- 
Ph-C-C-Ph Ph-C=C-Ph 

0 0  ll l l  A- A- 
(80)  

reduction waves are given (EI = -1.07 and - 1.37 v in 0.1 N 

hydrochloric acid). The first reduction wave seems to involve the 
reduction of the en01 82, whereas the second wave results in the 

MeC=eHCMe 2 e- MeCHCH,CMe 
I II - I I I  I’ OH 0 2H+ OH 0 

I 
MeCOCH,COMe -1 

I 

Me c CH,COMe 

2 H+ MeCCH,COMe 
1 
OH 

(83) 
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formation of a pinacol (83). The polarographic reduction of benz- 
aldehydes shows two one-electron waves 52. The first wave corre- 
sponds to a reversible electron addition to the carbonyl carbon atom, 
followed by irreversible dimerization to a pinacol (84). At pH below 

ArCHOH 

ArCHOH 
ArCHO + e- + H +  & ArCHOH I 

(84) 
5 a second wave, independent of the pH, is shown. Here the electron 
probably enters first, followed by protonation to give a bcnzyl 
alcohol. At pH above 5, only one irreversible wave is shown and 
this is approximately twice the height of the two waves formed below 
this pH. Here the reduction involves a two-electron and two-proton 
reaction and produces benzyl alcohol directly. 

ArCHO + 2 e- + 2 H+ --+ ArCHzOH 

Reduction with magnesium anodes in nonaqueous solution involves 
unipositive magnesium cations (Mg ---f M g +  + e-) 53, since the same 
products are formed using magnesium and iodine or bromine 
(Mg + X, j .  MgX,( + Mg) + 2 MgX). Aromatic ketones in ether 
or benzene afford pinacols (via 85).  The solutions are highly colored 
due to the radical salt 85. I n  the case of benzaldehyde the pinacol 

PhzCOMgX 

(85) Phz OMgX L PhzCO + MgX Ph&OMgX + 
derivative (86) can react further to form a radical (87), which 
dimerizes to tetraphenylerythritol (88). The reduction of aromatic 
CGH~CHOM~I  C6H&=0 

C,H,CHOMgl 
+ C6HsCHO __f I (+ CsHsCHzOMgl) 

C6HSCHOMgI 
I 

(86) (87) 

C~H6CHOHCCsH4OHCC6H4OHCHC~H~OH 
(88) 

diketones (89) a t  magnesium electrodes with sodium iodide in 
pyridine leads to the formation of a cyclic pinacol by the 

PhCO(CH,),COPh - Phk(CH,),CPh d PhC 'CPh I_f 
FH 2)n 

I 
0- 

Mg2+ 
(89) A- A- A- 

(CH2)Il 
\ 

CPh 
/ 

I I 
OH OH 

(90) 

PhC 
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H 
PhCO(CH&COPh __j 

mechanism indicated. 1,5-Diphenylpentane- 1,5-dione (91) forms 
cis-l,2-diphenylcyclopentane-1,2-diol (92). The ease of reduction 
and cyclization depends on the number of methylene groups in the 
diketone 89. A relation exists between the 'initial mean valence 
number' of the magnesium ions entering solution (i.e. the ratio of 
electrochemical equivalents consumed to equivalents of magnesium 
dissolved) and the stability of the ring 1,2-diol, the valence being 
lowest for the formation of the more stable 5- and 6-ring diols. 

V. REDUCTIVE AMlNATlON 

The catalytic hydrogenation of a carbonyl compound in the presence 
of ammonia results in the formation of amines 55. The initial product 
is the primary amine which is probably formed via the imine, since 
this can be separately prepared and reduced, although the equilib- 

OH 

R'R2C=NH A R'R'CHNHZ 
/ 
\ 

R1R2C0 + NH3 T R1R2C 

N H2 
R'RaCHNH;: + R'R2CHN=CR1R2 _j (R'R2CH)2NH (R1R2CH)3N 

rium for formation of the ketone-ammonia adduct is unfavorable. 
The primary amine, however, can condense with a second molecule 
of carbonyl compound to form a secondary amine, which can react 
further to a tertiary amine. This method of prepariilg a primary 
amine from the aldehyde or ketone is an alternative to reduction of 
the oxime, either catalytically, or with sodium and alcohol, or 
lithium aluminum hydride. These other methods do not lead to the 
formation of a secondary and tertiary amines. 

The lower aldehydes are very reactive in the amination reaction 
and often react further to afford heterocyclic amines. Thus n-butyr- 
aldehyde gives the expected products, n-butylamine and di-n- 
butylamine, as well as 2-n-propyl-3,5-diethylpyridine (93). Acetonyl- 
acetone (CH,COCH2CH,COCH,) similarly gives 2,5-dimethyl- 
pyrrole (94) with hydrogen, ammonia and Rancy nickel catalyst, 
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(93) (94) 

although acetylacetone ( CH3COCH2COCH3) suffers hydrogenolysis 
to acetamide ( CH3CONH2). Carbon-carbon double bonds are 
naturally reduced under these conditions and nesityl oxide yields a 
saturated amine. 

A more general method of converting an aldehyde or ketone into 
an  amine is by the Leuckart reaction56, which involves the reductive 
alkylation of ammonia or of an amine by the carbonyl compound 
and formic acid or its derivative. Thus, a ketone reacts with ammo- 
nium formate to give the formyl derivative of an amine (95), which 
can be hydrolyzed to the amine itself (96). 
R1R2C0 +- HCO,NH, + R1R2CHNHCH0 ( + 2  HzO + NH, + COz) __f 

(95) R1R2CHNH, 
(96) 

The use of nickel and cobalt salts as catalysts in this reaction has 
been recommended 57, and a statistical analysis presented 58 of the 
yields of t-butylmethylamine and t-butyldimethylamine formed in 
the reductive methylation of t-butylamine with formic acid. 

The Leuckart reaction is generally considered to involve the 
reduction of the carbinolamine (97) or imine (98) with formic acid. 

R1R2C0 + NH2R3 --+ R1R2CNHR3 ____j R1RzCHNHR3 
I 
OH 

(97) \ 
(98) 

I n  the case of secondary amines (R2NH) only the carbinol amine 
(R1R2C(OH)NR3) can be involved. The carbimine 98 probably 
forms an active complex (99) with formic acid which decomposes 

\ + /  \+ -/ \+ / \ / 
C=N f - - ~  C-N + C-N __j CH-N +CO, 

/ \  / \  /H \ / \ 
\ c=o 
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to the amine and carbon dioxide59. I n  support of this, enamines are 

reduced by deuterium-labeled formic acid (DC0,H) to an 
a-deuterated amine 60. 

The resulting amine can also be decomposed to an aldehyde and 
the N-formyl derivative (101) of the amine, probably though the 

R1CHNHR2 __f R1CHNR2 __f R I C H 0  + R 2 N H C H 0  

(101) 

I 

H 
(99) 

N-formyl-a-amino alcohol (100). A related reaction is the reductive 
cleavage of benzylidenebispiperidine (102) with formic acid to 
benzylpiperidine (103), piperidine and carbon dioxide. Recently it 

PhCH-N 
I 3 

has been shown that the reaction involves a chain mechanism6I 
which depends upon the nature of the solvent. The rate is decreased by 
the addition of hydroquinone and accelerated by diphenylamine, 
indicating a radical mechanism is involved. Because of the similarity 
to the Leuckart reaction, it is suggested that the decarboxylation of 
the intermediate formate (99) of the a-amino alcohol also involves 
a radical. 

The EshweiZer-CZarke modification 56 represents a general method 
of methylating primary and secondary amines with formaldehyde 
and formic acid. Although the amine exists as the formic acid salt, 
the reaction must proceed via the carbinol amine, which is reduced 
by formic acid to the amine as in the Leuckart method. The reaction 
of a primary amine may also involve the imine, and benzalaniline 
(PhCH=NPh) is reduced by triethylamine formate to benzylaniline 
(PhCH,NHPh). I n  this reaction primary amines are converted into 



532 0. H. Wheeler 

the tertiary dimethylamines (RNMe,) and secondary amines to the 
tertiary methylamines (R,NMc). 

VI. REDUCTION BY ORGANlC REAGENTS 

In this category are classed a number of different reactions in which 
the hydrogen atom transferred is originally attached to a carbon 
atom. 

The most general reaction of this c!ass is the AIlleemein-Pondo?f- 
Verley reduction 62. Vcrley and Meerwein originally discovered that 
aldehydes are reduced to primary alcohols by aluminum ethoxide 
(Al(0Et) 3) in ethanol. However, Pondorf introduced the more 
general use of aluminum derivatives of secondary alcohols, and in 
particular aluminum isopropoxide in isopropanol. Magnesium and 
sodium alkoxides can be used but are inferior. An equilibrium 
(a1 = M / 3 )  is reached between the ketone and isopropoxide (104) 
and the aluminum derivative (105) of the carbinol and acetone. 

H H 

CMe, 5 R1R2C + OCMe, 
/ \ 
\ / 

(104) (105) 

Distillation of the acetone displaces the equilibrium in favor of the 
carbinol. One equivalent of aluminum isopropoxide is sufficient, 
since it is regencratcd by reaction of the aluminum derivative of the 
product with isopropanol. However, an excess is usually employed 
to increase the rate of reaction, and to reduce side-reactions. The 
reverse reaction, the Oppenauer oxidation, is affected by treating the 
carbinol with an excess of ketone, such as acetone or cyclohexanone, 
in the presence of aluminum t-butoxide. 

Cyclohexanone is reduced rapidly in the Meerwein-Pondorf- 
Verlcy reaction, but sterically hindered ketones such as camphor 
require 12-24 hours; the reaction produces no pinacol and does not 
reduce double bonds. Enolizable /3-diketones and /3-keto esters do not 
react, since they form the aluminum salts of their enols. Phenolic 
ketones and keto acids are also not reduced. Keto esters often undergo 
transesterification to give their isopropyl esters. Sensitive alcohols 
may also suffer dehydration under the conditions of the reaction. 
Thus d-pulegone (106) yields 10% d-neoisopulegol (108) and 
40% menthene (109). The unreacted ketone contains isopulegone 

R1R2C0 + 
Oal a10 



1 1. Reduction of Carbonyl Groups 533 

(107) and the double-bond isomerization may occur before reduction. 
Ergosta-4,7,20-trien-3-one (110) similarly gives the normal product, 

ergosta-4,7,20-trien-3~-01 (111) (80%), and the isomerized carbinol, 
ergosta-5,7,2O-trien-3~-01 (112) (20%). The originally employed 

aluminum ethoxide seems a more powerful reducing agent, since 
benzophenone yields 7% diphenylmethane with this reagent, and 
the presumably intermediate benzhydrol gives 28% of the same 
hydrocarbon. 

A rearrangement has been observed in the reduction of cortisone 
(113) with aluminum isopropoxide in cyclohexanone 63, when the 
product is a D-homosteroid (114). 

The mechanism of the Meenvein-Pondorf-Verley reduction has 
been the subject of numerous studies. The use of deuterium-labeled 
isopropanol has shown 64 that the hydrogen atom transferred is that 
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CH~OAC 

co 0 
I 

(113) (114) 

attached to the carbinol carbon atom. The reduction of a series of 
substituted benzophenones 65 with diethyl carbinol gave a Hammett 
reaction constant ( p )  of 1.296, indicating that the increased positive 
character of the group greatly facilitates hydrogen ion transfer. The 
mechanism was interpreted as involving two molecules of alkoxide 
(115), one complexing with the carbonyl oxygen while the other 
transfers hydrogen to the carbonyl carbon atom. The energy and 

0.. . . . . . . . . . . a10 
/ 

Ph2C CEt, 
I 

\ 

H Oal 14 
'C' 

Et2 

(115) 

entropy of activation varied over the temperature range studied, 
being 17 kcal/mole and - 20 e.u., respectively, at 25". This variation 
suggests that more than one reaction may be involved, with the 
proportion of each reaction varying with the temperature. A more 
detailed kinetic study66 showed that the rate of reduction of benzo- 
phenone by aluminum isopropoxide in isopropanol is first order in 
the ketone, but has an order of about 1.5 in the alkoxide. Two 
mechanisms were suggested, the classic reduction by one mole of 
alkoxide via a cyclic transition states2 and a noncyclic process 

I 
.*.. / 

'H 

CMe2 PhzCHOal -+ O=CMe, 
II 

PhzCO + alOCHMe, Ph2C 

Ph,CO + alOCHMe, + Ph,CO--a10CHMe2 (+ alOCHMe,) 
0-alOCHMe, 

-> Ph2CH-0-alOCHMe, f Q=CMe, 
// 

PhZC 

'H Oal  
\ /  

C 
Me, 
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involving two moles of alkoxide as outlined above. A recent study6' 
has shown that the tetramer of aluminum isopropoxide reduces 
acetophenone at a slower rate than its trimer. Moreover, the rate of 
formation of a-phenylethanol is lower than that of the formation of 
acetone, and the rate-determining step is probably the alcoholysis of 
the mixcd alkoxide and not hydrogen transfer. The reacting ketone 
must first coordinate with the alkoxide trimer or tetramer. The 
reaction sequence is thus66 the coordination of the ketone with 
alkoxide (as in 115), hydride transfer, separation of acetone from the 
complex and alcoholysis of the mixed alkoxide. 

Reduction with optically active alkoxide has been reported to lead 
to asymmetric reduction 68*69. Thus the reduction of 6-methyl-2- 
heptanone (Me,CH( CH,) ,COMe) with dl-aluminum-s-amyloxide 
in ( -)-s-amyl alcohol (EtCHOHMe) gave ( + )-6-methy1-2-heptanol 
with 5.9% activity. However, in view of the complexity of the 
reaction, the interpretation of these results is uncertain. 

An allied reduction of 3,3,5-trimethylcyclohexanone with tri- 
isobutylaluminum (( Me,CHCH,j,Al) in benzene70 gives the trans- 
carbinol, the product of kinetic control (see section VII). However, 
in the presence of excess ketone the product epimerizes to the more 
stable cis- (equatorial) carbinol. The reaction probably involves a 
cyclic intermediate (116). If cyclohexanone is added at  the end of 
the reaction, the 3,3,5-trim'ethylcyclohexanol (as its aluminum salt) 
is oxidized back to the ketone, in what must be essentially an 
Oppenauer oxidation. The cyclohexanone, however, is converted 
into side-products. 

H H 

CMe, __f R1R2C 
Me2 

+ C  
I I  
CH2 

/ 

!1 it l 
0 CH2 0 

.... / \ 

/ \  / \  
(116) 

. .  . .  . .  . .  
R1R2C0 + Al(i-Bu), 5 R1R2C' 

A1 At 

The aluminum isopropoxide reduction of a-bromoisobutyro- 
phenone (1117)62 produced only a small amount of l-phenyl-2- 
bromo-2-methylpropanol (118). The main product was l-phenyl-2- 
methylpropanol (119) formed by reductive elimination of the 
bromine atom, although this product may have also arisen from 

PhCCBrMe, - PhCHCBrMe, + PhCHCHMe, 
I 
OH 

I 
OH 

I I  
0 
(117) (118) (119) 
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reductive cleavage of 1-phenyl-2-methylpropylene oxide (120), itself 
formed by elimination of hydrogen bromide from the bromohydrin 

PhCH-CMe2 PhCMe,CH,OH PhCHMeCHMeOH 

(121) (122) 
'0' 
(120) 

118. Two other products were 2-phenyl-2-methylpropanol (121) and 
'2-phenyl- 1-methylpropano1 (122). These compounds can also be 
derived from the oxide (120), by rearrangement and subsequent 
reduction. The first (121) via phcnyl migration through 2-phenyl-2- 
methylpropanal (123) and the other (122) via 3-phenyl-2-butanone 
(124) formed by methyl migration. 

Ph 

HC- L Me, 

li 
(123) 

M e  

The use of aluminum chloroisopropoxide has been recommended 
for the reduction of a-bromo ketones71 to bromohydrins, since the 
reaction proceeds at  a lower temperature with fewer side-reactions. 

Alkyl borates have been employed72 to reduce aldehydes to 
primary alcohols at  150-1 75". Aromatic aldehydcs give good yields, 
but only poor results are obtained with aliphatic aldehydes. Ketones 
are not reduced with isopropyl borate at 160", although cyclohexa- 
none underwent 6% rcduction with ally1 borate. No esters (the 
Tischtschenko reaction, see below) were formed in these reactions. 

The Grignard reagent 73 from a bulkly aliphatic halide, possessing a 
hydrogen atom on its @carbon atom (125), reduces a carbonyl group 
rather than adding to it. In the reaction of benzophenone with 

(125) 

isobutylmagnesium bromides (Me,CHCH,MgBr) labeled with 
deuterium individually on the a-, p-, and y-carbon atoms, only the 
/3-hydrogen (or deuterium) is transferred 74. The kinetic isotope cffect 
is about 2, indicating that the p-hydrogen atom is involved in the 
transition state, which is usually considered to be cyclic (126). 
However, in the reaction of methyl t-butyl ketone with the Grignard 
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R1R2C;;;K) . .  . .  

53 7 

H 'Mg-X 
I 
\ /  

CH2 

Me& 

(126) 

reagent from ( + )-1-chloro-2-methylbutane and the dialkylmag- 
nesium derivative (R2Mg) of the same halide, the same product is 
formed with either reagent and there is no difference between the 
product formed at the beginning and end of the reaction75. The 
same reducing species must be present in all cases76, and must be 
the dialkyl magnesium (RiMg) (2 RIMg -> RiMg + MgX,), which 
is regenerated by the reaction 

2 R'MgOR' RiMg + (R20)2Mg 

At the beginning of the reduction the reducing species is RiMgMgX, 
and at the end R1MgOR2MgX,. 

The stereospecificity of reduction of a series of alkyl phenyl 
ketones with the Grignard reagent from ( + )-1-chloro-2-methyl- 
butane (127) increases with the increasing length of the alkyl chain77. 

E t  R O....Mg/Z R 
\ i "  \ \ 

/ / ..... \ / 
CHCH,Mg/Z - > C E t  CHZ----tH-C-OH 

\ 

/ 
PhCOR + 

Ph Ph H..*.C Me 
/ 

M e  
(127) (128) 

Similar results are obtained with alkyl cyclohexyl ketones 78. This has 
been attributed to increased steric hindrance in the cyclic reaction 
intermediate (128), favoring attack from one side. The use of 
( + )-1-chloro-2-phenylbutane gave similar, although more stereo- 
specific, results 79. 

Two molecules of an aldehyde can undergo self-oxidation and 
reduction in the Cunirizzuro reactione0, giving an alcohol and acid. 

ZRCHO --+ RCH,OH + RCOzH 

The reaction is usually carried out in strong aqueous or alcoholic 
alkali, but can also be effected with sodium ethoxide in ethanol or 
sodamide in liquid ammonia. Ketones cannot undergo this reaction, 
since they do not possess a hydrogen atom on the carbonyl carbon 
atom. a,,k?-Unsaturated ald'ehydes do not react, although aromatic 
aldehydes give good yields of product. Benzaldehydes are reduced in 
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good yield to benzyl alcohols by carrying out a mixed Cannizzaro 
reaction with formaldehyde. An a-keto aldehyde (129) can also under- 

RCOCHO - RCHCOzH 

AH 
(129) (130) 

go an internal Cannizzaro reaction giving an a-hydroxy acid (130). 
Electron-attracting groups in an  aldehyde increase the rate of 
reaction, while electron-repelling groups decrease the rate. The 
reaction is characteristic of aldehydes not possessing hydrogen atoms 
on the a-carbon atom. Those having free a-hydrogens undergo aldol 
condensation. The carbinol resulting from a Cannizzaro reaction in 
heavy water contains no deuterium on the first carbon atoma1, and 
the hydrogen must arise from a second molecule of aldehyde and not 
from the solvent. The reaction is second order in aldehyde, but can 
be from first to second order in hydroxide ion. These results are 
consistent (for the first-order reaction in base) with a slow transfer 
of hydride ion (H : -) from an aldehyde-hydroxide ion adduct (131) 

OH H 
I 

PhCHO f OH- 

to a second aldehyde molecule, followed by a fast transfer of protons 
giving benzoate ion and benzyl alcohol a2. 

Recently it has been shown that the Cannizzaro reaction of benz- 
aldehyde with sodium hydroxide in 50% ethanol can be catalyzed by 
silver metal 83. The reaction is initially first order in benzaldehyde 
but becomes zero order in this reactant at later stages of the reaction. 
The rate also depends directly upon the amount of silver-metal 
catalyst, but is zero order in sodium hydroxide. The reaction must 
thus take place on the catalyst surface. No benzyl benzoate was 
detected in the products, and it cannot be an intermediate in the 
reaction since it is hydrolyzed in  the medium slower than the 
formation of benzyl alcohol. o-Hydroxy- and p-hydroxybenzaldehyde, 
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which do not undergo the usual Cannizzaro reaction, react in the 
presence of silver. The kinetic hydrogen isotope effect (kII/k,,) in the 
silver-catalyzed reaction is 6-8, and this high value indicates that the 
carbonyl carbon-hydrogen bond is broken in the rate-determining 
step. The k,/k, ratio for the uncatalyzed reaction is 1-884. The 
proposed mechanism involves the adsorption of the hydroxylated 
aldehyde (132) on the silver surface (133), where it reacts with 
another equivalent of benzaldehyde. The rate of desorption of the 

0- 0- 
I Ag PhCHO 

k, 
c PhCHO + OH- T PhCH-OH & (Ph- H-0H)Ag 

k2 k 
(PhC02H -t- PhCH,O-)Ag v (PhC02- + PhCH,OH)Ag 2 

PhCOz- + PhCHZOH + Ag 

products (k3) must be lower than that of the rate of reaction (k,) on 
the silver, since little catalyst is available at the end of the reaction, 
which becomes first order in the catalyst and independent of the 
concentration of benzaldehyde (i.e. depends upon the rate of libera- 
tion, k,, of the catalyst). 

Aliphatic aldehydes, while not undergoing the Cannizzaro re- 
action, undergo an  allied reaction-the Tishchenko reaction-with 
aluminum alkoxides in a nonpolar solvent. The mixed reaction of 
n-butyraldehyde with aliphatic and aromatic aldehydes has been 
studied in detaile5. The mixed ester formed is that of the acid 
resulting from the more reactive aldehyde. The highest yields are 
formed by adding n-butyraldehyde to a solution of the other aldehyde 
and aluminum isopropoxide in carbon tetrachloride. Benzaldehyde 
and n-butyraldehyde give benzyl butyrate and butyl benzoate in the 
ratio of 1 to 0.07, and cinnamaldehyde gives only cinnamyl butyrate. 
Benzaldehyde and acetaldehyde react to give benzyl acetate and 
methyl benzoate (1 : 0.02). Although kctones cannot react, reactive 
ketones such as a,a-dichloroacetone are reduced by n-butyraldehyde. 
Acetone, cyclohexanone, and dibenzyl ketone, however, are not 
reduced. 

Tishchenko-type reactions can be achieved under other reaction 
conditions. Hydroxypivaldehyde (134) on heating with water without 
a catalyst gives 3-hydroxy-2,2-dimethylpropanyl 3-hydroxy-2,Z- 



540 0. H. Wheeler 

dimethylpropionate (135). Heating a ketone in ethanol with Raney 

2 Me,CCH-CHO + Me,CCHCH,OCOCHCMe, 

b H  
(135) 

AH AH 
(134) 

nickel produces the corresponding carbinol and ethyl acetatea6. I t  
has been suggested that the reaction involves nickel ethoxide. 
Similarly, a ketone and primary alcohol heated with aqueous base 
to 240" yielde7*" a secondary alcohol and aldehyde. Diisopropyl 
ketone is reduced by sodiuril hydroxide in ethanol in 52% yield. 
cx,/?-Unsaturated aldehydes and ketones are also selectively reduced 
at  the carbonyl group by passing their vapor over magnesiaa9 with a 
saturated primary or secondary alcohol. The mechanism also involves 
direct transfer of the hydrogen atom attached to the carbon of the 
carbinol to the carbonyl group, since 2-deuteroisopropanol (136) 
reduced cyclohexanone to the deuteratcd carbinol (137). 

0 1- MezCD - 
OH 

4- Me2C0 

(137) 

01 
(136) 

The Willgerodt reaction involves heating an aryl methyl ketone 
with ammonium polysulfide, and results in the formation of an 
amide (138) with the same number of carbon atoms. A small amoilnt 

ArCOCH, - t ArCH,CONH, + ArCH2C0,NH4 

of ammonium salt of the corresponding acid (139) is also formed. 
The reaction is best carried out in dioxane and the net result is the 
reduction of the carbonyl group to a methylene group, with the 
oxidation of the terminal methyl to an amide. A terminal methyl is 
always oxidized, and phenyl n-butyl ketone (140) gives 4-phenyl- 
butyramide (141). Moreover, no rearrangement of the carbon 
skeleton occurs since acetophenone labeled with carbon- 14 on the 

(140) (141) 

carbonyl group (142) forms phenylacctamide (143) and phenyl- 
acetic acid (144) labeled on the methylene groupsg2. The Kindler 

Ph14COCH3 + Ph1.*CH,CONH2 + Phl4CH2CO2H 
(142) (143) (144) 

(138) (139) 

PhCO(CH2)3CH3 + Ph(CH&CONHZ 
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modijcation of this reaction involves heating the ketone with 
equimolar amounts of sulfur and an anhydrous amine, and results in 
the formation of a thioamide (145) which can be hydrolyzed to the 

ArCOCH3 ArCH,CSNMe, --+ ArCH,C02H 
(145) 

acid. Secondary amines, particularly morphiline, give the best 
results. Aliphatic ketones often react well, and pinacolone (146) 

Me,COMe - Me3CCHzCONH2 

yields t-butylacetamide (147). However, aliphatic aldehydes give 
only poor yields. Phenyl ethyl ketone (PhCOCH,CH,), benzyl 
methyl ketone (PhCH,COCH,) and also dihydrocinnamaldehyde 
(PhCH,CH,CHO) all form 3-phenylpropionamide (Ph(CH,) 
CONH,). 

The reaction of benzophenone with morpholine and sulfur gives 
diphenylmethane and some bisdiphenylmethyl disulfide (150) 93. The 
reaction may proceed via thiobenzophenone (148). This compound 
could be partially reduced to 149 which dimerizes to the disulfide 
(150). The disulfide on heating decomposes to diphenylmethane, 
thiobenzophenones and sulfur. 

Me2NH/S 

(146) (147) 

Ph2CO PhzCS + (PhzCHS) + (Ph2CH)zSz Ph2CHZ 

(148) (149) (150) 

VII. METAL HYDRIDE REDUCTION 

During the last fifteen years, a number of metal have 
been introduced for the reduction of carbonyl compounds to the 
corresponding carbinols. The reactions involve the transfer of 
hydrogen originally attached to a metal atom, as a hydride ion. The 
carbinol is generally present in the form of a metal alkoxide and is 
liberated on acidifying the solution. 

R’ R’ OM R’ OH 
H + ;  \=/ 

C=O + MH + ‘c/ \ 

R2 / R:’ \I4 R d \H 

The first of this class of reagents to be introduced was lithium 
aluminum hydride (LiAIH,). The reductions with this reagent are 
carried out in diethyl ether or other higher boiling ether, and are 
usually very rapid and free from side-reactions. The use of deuterated 
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(LiAlD,) or tritiated (LiAlTH,) lithium aluminum hydride results 
in the formation of primary or secondary carbinols with deuterium 
or tritium attached to the carbon atom of the original carbonyl 
g r o ~ p ~ ' * ~ ~ .  

Although no kinetic measurements have been carried out on the 
reduction with lithium aluminum hydride, the four atoms of hydrogen 
in the hydride probably reduce four molecules of carbonyl compound 
in what must be four consecutive stages. The intermediate hydride 
species has usually been assumed to be aluminum alkoxyhydrides 
(e.g. [Al(OR)H,] -). However, it has recently been showng9 that the 
reduction of 3,3,5-trimethylcyclohexanone affords 55% axial (trans) 
carbinol and that the percentage of isomer is independent of the 
proportion of the reagents or the order of mixing them. Moreover, 
reduction with an alkoxyhydride such as lithium aluminum tri-t- 
butoxyhydride (LiAl(1-BuO),H) gives a higher proportion (70%) of 
trans isomer (see below). Thus the intermediate alkoxyhydride must 
disproportionate in solution to liberate the original hydride and 
precipitate the tetraalkoxyaluminum ion, in reactions which involve 
steps such as 

2 R O A I H g  - AIH; + (R0)2AIH; 

2 ( R O ) 2 A I H ~  --+ AlHd + (RO),AI- 

Quaternary ammonium borohydrides, such as cetyltrimethyl- 
ammonium and tricaprylmethylammonium borohydrides are avail- 
able [ ' Hydriquats'), and are soluble in nonpolar solvents. However, 
they do not appear to have been used in synthetic reductions. 

Sodium borohydride (NaBH,) is stable in polar solvents in the 
presence of small amounts of base. The rate of reduction of simple 
aldehydes and ketones in isopropanolloO is first order in the con- 
centration of borohydride and first order in the carbonyl compound, 
although one borohydride ion reduces four molecules of carbonyl 
compound. This is consistent with an initial slow reaction between 
the borohydride ion and carbonyl group, followed by three con- 

R l R T O  + BHz & R1R2CHOBH,- 

R1R2C0 + RIRaCHOBH; (R1R2CH0)2BH, 

R'R2C0 + (R1R2CH0)2BHF. __f (R1R2CH0)3BH- 

R1R2C0 + (R1R2CHO),BH- __j (R1R2CHO),B- 

secutive rapid reactions involving the other three equivalents of 
hydride ion. The intermediate ions (e.g. (R1R2CHO)2BH;) can 
exchange their alkoxy substituents with the solvent. The reduction of 
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benzaldehyde is about 400 times more rapid than that of aceto- 
phenone and benzophenone, reflecting the greater reactivity of an 
aldehydic carbonyl group to attack by a nucleophilic reagent (BH,). 

The rate of reduction of acetone by sodium borohydride at  Oolo1 
is 93, 97, and 15.1 ( lo4 I/mole sec) in water, ethanol and isopropanol, 
respectively. The addition of lithium chloride does not affect the rate 
of reduction in water, but the rate in isopropanol is increased to 
50.3 x I/mole sec (0.05 M LiCl), and the rate coefficient 
increases proportionally with the concentration of lithium chloride. 
The reduction in aqueous solution must involve the borohydride ion 
(BH;). I n  isopropanol it is probably due to an ion pair (M+BH;) 
and the lithium ion pair (Li+BH;) is more reactive than that with 
sodium. Of interest in this connection is the fact that acetone is not 
reduced by sodium borohydride at 0" in solvents of low ionizing 
power, such as acetonitrile, pyridine and dimethylformamide. 

The rates of reduction of a series of cyclanones with sodium boro- 
hydride in isopropanol lo2 established an order of dependence on 
ring size of 4 > 6 >> 5 > 7 > 17 > 15 > 12 - 13 > 8 =- 9 > 10. 
This is as anticipated on the basis of the I (internal) strain in these 
rings and is in agreement with the values of the dissociation constants 
of their cyanohydrins. The order of the rates of reduction of a 
number of steroid ketones, also in isopropanol, has been shown103*104 
to be A5-3 > ~ ( A / B  cis) > ~ ( A / B  trans) > 6 > 7 > A4-3 > 12 > 17 
> 20 > 1 1, with an overall difference in rate of 1000. The differences 
between 3- and 17-, and 3- and 20-ketones are 100:6 and 100:1-5, 
respectively, explaining the fact that 3-ketones can be reduced 
selectively in the presence of 17- and 20-keto groups. Although the 
difference between the rates of reduction of A4-3- and 20-keto groups 
is not sufficicntly large to reduce the former selectively, a 20-ketone 
can be selectively protectedlo5 as its Girard-T derivative. These 
results are in agreement with the observations lo6 that cortisone 
acetate is reduced with 1.4 equivalents of hydride undergoing 80% 
reduction a t  C,,,, and 8% reduction at C,,,. 

Sodium borohydride in dimethylformamide seems to be more 
selective since a 20-carbonyl (170~) compound is reducedlo7 in the 
presence of a A*-3- and 1 1-keto groups and a 21-acetate. In  the case 
of 3/3-methoxy-l6a-bromoandrost-l 7-one (151) reduction with 
sodium borohydride occurs with inversion of configuration of the 
bromide giving the 16/3-bromo-17/3-~1 (152), whereas lithium alumi- 
num hydride reduction affords the uninverted 16a-bromo- 17p-01. 

Some differences have been noted between the courses of reaction 
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with various hydrides. Thus 2 1-benzylidenepl-egnan-3a-01- 1 1,20- 
dione is reduced by potassium borohydride at the 20-carbonyl Io8, 

lithium borohydride reduces both the 11- and 20-keto groups, 
whereas lithium aluminum hydride reduces the 11- and 20-carbonyls 
and the benzylidine side-chain double bond (to PhCH,CH,). How- 
ever, in the case of dehydrorotenone (153) log sodium borohydride 
reduces both the carbonyl group and its adjacent double bond 
forming rotenol (154), whereas lithium aluminum hydride only 
reduces the carbonyl group. 

Aceiylacetone is reduced by iithium aluminum hydride to pent-3- 
en-2-01 ( CH3CH=CHCHOHCH3) (70.5 yo), with some pentane- 
2,4-diol (2.5%) and unchanged diketone (19%) IIO. Benzoin affords 
mesohydrobenzoin at 0" in ether and mixtures of mesohydrobenzoin 
and isohydrobenzoin in the ratios of 3 : 1 and 1-5 : 1 in tetrahydrofuran 
and dioxan, respectively l l O .  

An 1 I-keto-12a-bromo steroid (the 3,20-disemicarbazone of 12a- 
bromocortisone) can be reduced with lithium aluminum hydridc in 
tetrahydrofuran at  0" with little loss of brorninel'l. This reagent 
often causes reduction of the conjugate double bond in a,p-un- 
saturated carbonyl compounds, and a complex between cinnamalde- 
hyde and lithium aluminum hydi.ide1I2 has been isolated. Sodium 
borohydride also reduces aliphatic nitroketones to nitrocarbinols l13. 
The problem of the formation of borate complexes in the reduction of 
sugars by sodium borohydride is best overcome 114 by acetylating the 
crude reduction product. 

Sodium borohydride and lithium borohydride both reduce 4,4'- 
dichlorobenzophenone faster than cyclohexanone (ratios 4: 1 and 3 : 1, 
respectively) in pyridine l15. However, although sodium borohydride 
in diglyme reduces the benzophenone faster (ratio 1-3 :l), lithium 
borohydride in this solvent reduces cyclohexanone at a faster rate 
(1:3). This difference was attributed to the coordination of the 
ketone with lithium cations in diglyme and electrophilic reduction of 
t-his complex. I t  has been shown recently116 that the reduction of 
ketones with lithium borohydride in pyridine occurs nearly instan- 
taneously on adding water to the mixture during working-up, and 
neither cyclohexanone or 3,3,5-trimethylcyclohexanone are reduced 
in pyridine even on the addition of water. The reaction with lithium 
borohydride apparently produces pyridine-boranc ( C5H5N : B,H,) 
via the reaction below. The reaction of both ketones is first order in 

C,H,,O + LiBH, + C5H5N ---+ C6Hl10Li + C5H5 i iHJ  
18+c.c.c. 
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both the ketone and hydride and the differences in rates of reduction 
are of the same order as the differences in their cyanohydrin dis- 
sociation constants, suggesting that the slower rate of reduction of 
the methyl-substituted ketone is due to steric hindrance. 

Lithium aluminum hydride in pyridine has been shown to cleave 
carbon bonds in benzopinacolone (155) giving triphenylmethane 
and benzyl alcohol117. The four hydride ions seem to be available 
and the suggestion is that p,rridine acts as a Lewis base coordinating 
the aluminohydride ion and allows the participation of undissociated 

PhsCCOPh Ph3CH + PhCHZOH 

(155) 

alkoxide ion. Diaryl ketones are also more reactive to this reagent118 

PhsCCOPh AIH - 
Ph / Ph (f Q) Ph3C-C-O- 
I 
I 

Ph3C-C 

“0 Al H3- H H 

-A1 

than dialkyl or aryl alkyl ketones. Thus 4-p-benzoylphenyl-2- 
butanone (156) is reduced by lithium aluminum hydride in pyridine 

PhCOPhCH2CH2COCHS - > Ph C H 0 H P h C H2C HzCOCH3 

(156) 

at the aroyl keto group, whereas use of ether as solvent causes 
reduction at both ketone groups. Sodium borohydride, however, only 
reduces the acetyl carbonyl group. 

The addition of aluminum chloride to an ether solution of lithium 
aluminum hydride modifies its reducing power. Diaryl and alkyl 
aryl ketones are readily reduced by these reagents in equal molecular 
ratios to hydrocarbons 119, although dialkyl ketones are reduced 
normally to carbinols. These reagents in the proportion of 4: 1 reduce 
4-t-butylcyclohexanone to 80% trans-carbinol However, if more 
ketone is added a t  the end of the reduction, the carbinol product is 
99% trans, formed in less than 15 minutes. I t  appears that a bulky 
aluminum complex (e.g. ROAICI,) is formed and any cis-carbinol is 
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t r a m  C I S  

R 

b OAlClz 
cis 

isomerized via the indicated equilibria in the presence of the ketone. 
In  fact acetone will accomplish the same transformation. Lithium 
aluminum hydride and aluminum chloride in the ratio of 1 : 3 also 
effect this equilibration (probably via AlHCI;, e.g. LiAlH, + 
3 AlC1, --f Li + + 4 AlHC1; ) , but not in the ratio of 3 : 1 (when AlH, 
may be formed). 

The use of three parts of aluminuni chloride to one part of lithium 
aluminum hydride reduces benzalacetone (PhCH=CHCOCH,) 
to 64% of hydrocarbon, of which 76% is trans-1-phenyl-1-butene 
and 33% is trans-1-phenyl-2-butene. No 1-phenylbutane was 
detected. ( +)-Cawone (157) is reduced to nearly racemic dipentene 

(158), and I-acetylcyclohexene (159) is converted into l-ethyl- 
cyclohexene (160) (49%) and ethylidenecyclohexane (161) (34%). 

Lithium cyanoborohydride (LiBH,(CN)) reduces aromatic and 
aliphatic aldehydes in aqueous dioxan 122. Ketones are not reduced, 
although a-ketols are. Calcium borohydride, prepared by mixing 
sodium borohydride and calcium chloride in ethanol, reduces 
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pregnane-3,20-dione to 77 yo pregnan-3oc-01-2O-one and is more 
specific than the sodium derivative. 

Lithium aluminum alkoxyhydrides (LiAlH,(OR) - ,J prepared 
with optically active carbinols, such as (-)-menthol or with quinine, 
appear 124 to reduce ketones to slightly optically active carbinols. 

A complex hydride synthesized by reacting calcium hydride with 
methyl borate 125 also reduces carbonyl compounds to carbinols, and 
sodium aluminum triethoxy hydride (NaAl (OEt),H), formed from 
sodium hydride and aluminum ethoxide, reduces simple carbonyl 
compounds 126. 

A number of organotin hydrides have been investigated 127 as 
reducing agents for carbonyl compounds. The hydrides were pre- 
pared by reducing the corresponding organotin chlorides with 
lithium aluminum hydride, and are unique in that the carbinols are 
formed directly without the necessity of hydrolyzing an alkoxide, 
since no tin-oxygen bonds are formed. Thus diphenyltin dihydride 
(Ph,SnH,) reduces methyl vinyl ketone directly to methyl vinyl 
carbinol, forming diphenyltin with the direct transfer of two atoms of 

hydrogen. This hydride readily reduces simple aldehydes and ketones, 
as does the related butyl derivative (Bu,SnHz). However, camphor 
is only reduced slowly, forming similar proportions of cis- and trans- 
carbinols as does lithium aluminum hydride. This reagent also 
reduces a nitro group in preference to the carbonyl group in nitro- 
benzaldehydes. Triphenyltin hydride (Ph,SnH) reduces benzalde- 
hyde to benzyl alcohol, but does not reduce cyclohexanone. Phenyltin 
trihydride (PhSnH,) is unstable and gives slow reduction, while 
butyltin trihydride (BuSnH,) is more stable and causes reductions 
when used in large excess. 

Diisobutylaluminum hydride ( (i-Bu) &H) and diethylaluminum 
hydride (Et,AlH) are reported1,* to reduce cyclohexanone to cyclo- 
hexanol in 83% yield. The former hydride reacts withsodium hydride 
in  benzenc or toluene to form a complex hydride (probably 
NaAl(i-Bu) ,H) which reduces acetophenone and cyclohexanone to 
their carbinols, and cinnamaldehyde to cinnamyl alcohol. 

Diphenylsilane (Ph,SiH2) reduces certain ketones 129 at high tem- 
peratures, and siloxane (H6Si603) reduces aldehydes and ketones 130 

via colored alkoxy- or aryloxysiloxanes. Cobalt hydrocarbonyl 
(HCo(CO),) has also been shown l3I to reduce +?-unsaturated 
aldehydes and ketones to the saturated carbonyl compound through 
rr-oxapropenyltricarbonyl complexes. 

PhzSnHz + CH,=CHCOCH3 __j PhzSn + CHz=CHCHOHCH3 
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One of the simplest hydrides, diborane (B,H,), has recently been 
shown132 to reduce aldehydes and ketones to carbinols in tetra- 
hydrofuran or diglyme, although double bonds and carboxylic acids 
are also reduced133. The hydride is either generated externally or 
in situ by reaction of sodium borohydride with boron trifluoride (as 
its etherate). Diborane behaves as a Lewis acid and preferentially 
reduces groups of high electron density. Chloral is not reduced by 

this reagent (CI,C+CH=O), although it is readily reduced by 
sodium borohydride (BH, is a nucleophile) . 3~-Acetoxycholest-5- 
en-7-one (162) is reduced by diborane to 6-cholestene (163) 134. 

6f 

Pyridineborane, prepared from pyridine hydrochloride and sodium 
borohydride, reduces carbonyl compounds to alcohols 135, although 
its reducing power is less than that of other hydrides. Ethylene-1,Z- 
diamineborane ( ( CH2NH,BH3) ,) reduces acetone to isopropanol 
and acrolein to ally1 alcohol136. The reduction of 4-t-butylcyclo- 
hexanone with trimethylaminediborane (Me3N* B,H,) and diborane 
both give 16% cis-carbinol 137 suggesting that they are formed through 
a similar intermediate. However, trimethylaminediborane in the 
presence of boron trifluoride gives 50% cis-alcohol, whereas boron 
trifluoride has no effect on the stereochemistry of reduction by 
diborane. I n  the first case boron trifluoride undoubtedly adds to the 
carbonyl group. The borane complexes with ethylamine, t-butylamine, 
and dimethylamine (EtNH, =BH3, t-BuNH, .BH3, and Me,NH-BH,) 
have also been shown138 to reduce aldehydes and ketones. 

Diisoamylborane (bis-(3-methyl-Z-butyl) borane) is formed by the 
addition of borane to i s ~ b u t e n e l ~ ~  and reduces carbonyl compounds 
to carbinols. n-Heptaldehyde and benzaldehyde are reduced very 
rapidly at  OD, cyclohexanone rapidly, and acetophenone and 2- 
heptanone at a slower rate; the reduction of benzophenone is very 
slow. The relative rate of reduction of 2-heptanone and pinacolone 
in dioxane is 12.9 : 1, while this ratio is 1-7 : 1 for diborane. Oximes are 
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not reduced by this reagent and therefore offer the possibility of 
protecting a carbonyl group. 

The stereochemistry of the reduction of carbonyl compounds by metal 
hydrides and other reducing reagents has been the subject of 
numerous studies 140, particularly in the case of cyclic ketones 141-143. 
For acyclic compounds Cram140 has enunciated a rule that in non- 
catalytic reductions ‘ the diastereomer will predominate which would 
be formed by the approach of the entering group from the least 
hindered side of the double bond when the rotational conformation 
of the carbon-carbon bond is such that the double bond is flanked by 
the two least bulky groups attached to the adjacent asymmetric 
center’. Thus the reduction of compound (164) should proceed as 
indicated, if the order of size of the substituents is R1 > R2 > H. 

R2 H 0 R2 H H OH 
\i // \ ;  ;) 

c-c __* c-c 

(164) 

I n  support of this140 3-phenylbutan-2-one (165) is reduced by 
lithium aluminum hydride to threo- (166) and erythro-(167) 3-phenyl- 

H3C H 0 HBC H H OH H3C H OHH 
\i, // \ i  i p  \ ;  

/ \  
c-c __j c-c + c-c 

CH3 Ph CH3 P h  
(165) (166) (167) 

butan-2-01 in the ratio of 3: l .  With a larger alkyl (e.g. ethyl) sub- 
stituent on the a-carbon atom the ratio is reduced to 2 : 1. However, 
for a bulkier substituent on the other side of the carbonyl group, as 
in 2,5-dimethyl-4-phenylhexan-3-one (168) 144 the reaction is more 
stereospecific (90% threo-carbinol, 169), the hydride approaching 
from the less-hindered side. 

CH3 
/ \  / \  

Ph 

(CH3)gCHH 0 (CHj)zCH H H OH 
\ ;  

c-c \ ;  / c-c d 

A cyclic ketone can be reduced to two stereoisomeric alcohols, of 
which the equatorial isomer is the more stable. However, steric 
effects may often lead to the formation of more of the less stable 
(axial) isomer. These two factors are embodied in the effects141 of 
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‘ product-development control’ leading to the product of greater 
thermodynamic stability, and ‘ steric-approach control’, in which 
the transition state for the formation of one of the products may be 
less favorable due to steric hindrance to approach of the attacking 
reagent from one side. Lithium aluminum hydride generally affords 
the carbinol resulting from ‘ product-development control’, and 
3-cholestanone is reduced to 90% 3P-cho le~ tano l~~~ .  However, 
reductions with sodium borohydride begin to show the effect of 
‘steric-approach control’ since 3-cholestanone forms 85% 3P- 
cholestznol with this reagent Io3. 

In  the case of a bulkier hydride, such as lithium tri-t-butoxy- 
aluminum hydride (Li(t-BuO) ,AlH), the bulky transition state will 
be more stable when occupying the equatorial position, if there is no 
large steric hindrance in the ketone. Accordingly, unhindered ketones- 
such as 3-cholestanone and cholest-4-en-3-one afford essentially the 
equatorial alcohol 146. However, although camphor (170) is hindered 
to attack from the ex0 direction, reduction with this complex hydride 
gives predominately borneol (171, 75y0), the product of the less- 

hindered transition state. Lithium aluminum hydride forms 90% 
iso-(em-) borneol. 

Other factors besides the hydride may also effect the proportion 
of isomer formed 147. Varying the hydride from lithium aluminum 
hydride to sodium borohydride, lithium borohydride, and sodium 
trimethoxyborohydride (NaB(0Me) 3H), or changing the solvent 
and increasing the temperature produces little variation in the 
proportion of isomers formed in the reduction of 3-cholestanone. 
With sodium borohydride a small increase in axial product is noted 
on varying the solvent from isopropanol to ethanol and methanol 
(6.8 to 12.3 to 13.7%) and this probably results from reaction of the 
hydride with the solvent in the last two cases, or to a difference in 
ionization. Sodium borohydride appears to be more selective than 
lithium borohydride due to the increased ionic character and the 
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increased importance of hydrogcn transfer in the transition state. 
The maximum amount of equatorial alcohol is formed with sodium 
borohydride in pyridine (94.4y0), or with lithium borohydride in 
either tetrahydrofuran (91 -5%) or diglyme (diethylene glycol 
dimethyl ether, 93.8%). The effect of temperature on the stereo- 
chemistry of reduction of 3,3,5-trimethylcyclohexanone and of 
4-t-butylcyclohexanone has also been studied 148. The effect is small 
in the second case, but in the case of the hindered trimethyl ketone 
the amount of axial product is favored by using solvents of good 
solvating power a t  low temperatures. Lithium aluminum hydride in 
ether gives 55% axial at  30" and 61.5y0 axial at  -40", whereas in 
pyridine and tetrahydrofuran 83 and 87.5% axial are formed at the 
same temperaturcs. Sodium borohydride rcduction gives 80.5y0 
axial at  27" and 98% Lt -40" in methanol and 57-5 and 62% in 
isopropanol at  27" and 0", respectively. 

The reduction of 4-methylcyclohcxanone with lithium aluminum 
hydride in ether and potassium borohydride in ethanol gives 75 and 
65% trans-4-methylcyclohexanol 149. However, the reduction of 4- 
cyclohexylcyclohexanone with these reagents affords only 43 and 
47y0, respectively, of the trans-carbinol. The reduction of dihydro- 
isophorone (3,3,5-trimethylcyclohexanone) also forms nearly equal 
amounts (50 and 47%) of the more stable (in this case cis) alcohol. 
The rcduction of 2-methylcyclopentanone with lithium aluminum 
hydride and sodium borohydride forms, respectively, 75 and 73% of 
trans-2-methylcyclopentanol 150. Sodium and ethanol reduction gives 
87% trans-carbinol, although the equilibrium proportion is 58%. 
5-Methylcyclohex-2-enonc (172) is reduced by lithium aluminum 

OEt 

hydride to 93% of the cis unsaturated carbinol151. The electronic 
effect of a substituent in a cyclohexanone ring can effect the course of 
reduction of the keto group 152. While 4-methoxycyclohexanone 
yields 41-4y0 cis (axial) carbinol, the 4-carbethoxy and 4-chloro 
derivatives give 73-8 and 66-0%, respectively, of this carbinol. This 
increased proportion of G ~ S  product induced by electronegative sub- 
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stituents was attributed to electrostatic interaction over the shorter 
distance possible for the cis transition state (173). 

The stereochemistry of reduction of metal hydrides has often been 
compared to that of the Ponndorf-Meerwein-Verley reaction or of 
the Grignard reduction (see scction VI). However, since these 
reactions are complex and their mechanism is still uncertain, no 
definite conclusions should be drawn. Reduction with aluminum 
alkoxides generally yields a larger proportion of the less-stable 
epimer 143 and this increases with the incrcasing size of the alkoxide. 
Thus 2-methylcyclohexanone gives 78% tram-2-methylcyclohexanol 
with aluminum isopropoxide lS3 (82% is formed with lithium 
aluminum hydride142), and 99 and 98%, respectively, of this isomer 
with aluminum isobutoxide and aluminum s-butoxide. 

Whereas diborane forms 69% trans-2-methylcyclopentanol and 
65 yo trans-2-methylcyclohexanol on reduction of the corresponding 
ketones I 4 O ,  diisoamylborane affords 22 and 23 %, respectively, of 
these carbinols. The  related diisopinocainphenylborane, prepared 
from a-pinene and diborane, gives even less trans-carbinols (6 and 
8%, respectively). This  same reagent reduces methyl alkyl ketones 
(RCOCH,) to optically active carbinols. The optical purities are 
11% for ethyl, 17% for isopropyl, 30% for t-butyl, and 14% for 
phenyl. 

VIII. MISCELLANEOUS REDUCTIONS 

An alternate method to the Clemmensen reduction for converting a 
carbonyl compound into the corresponding hydrocarbon is through 
the Wolf-Kishner reductionlS4 of the hydrazone or semicarbazone. 
The carbonyl derivative is heated to a high temperature (about 200") 
with a base, usually sodium ethoxide. The reaction is conveniently 
carried out in a high boiling solvent, such as ethylene or diethylene 
glycol, and the hydrazone may be prepared in sitzc from the carbonyl 
compound and hydrazine hydrate. Sterically hindered ketones can 
be reduced by using completely anhydrous conditions155. I t  has 
recently been shown that the reaction can be carried out at lower 
temperatures 156 by using potassium t-butoxide in boiling toluene or 
in dimethylsulfoxide a t  room temperature. Wolff-Kishner reduction 
can be used in cases where Clemmensen reduction would destroy a 
ring system, as in pyrroles and furans, and also gives higher yields 
with insoluble high molecular weight ketones. 

ol,@-Unsaturated carbonyl compounds undergo rearrangement in 
18* 
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the normal Wolff-Kishner reaction 15?, cinnamaldehyde (174) yield- 
ing I-phenylpropene (175), and cholest-4-en-3-one (1'76) forming 

PhCH=CHCHO + PhCH=CHCHs 

(174) ( 175 

0 a3-03 (176) (177) 

cholest-3-ene (177). However, with potassium t-butoxide in toluene 
176 forms cholest-4-ene in 65% yield 156. 

The reaction apparently proceeds via a diazo intermediate which 

eliminates nitrogen. A kinetic study of the reduction of diary1 ketone 
hydrazones 1s8*159 has shown that the reaction is first order in ketone 
and base. The reaction is thought to involve the formation of the 
diazo anion >CHN=N- , with the rate-determining step being the 
transfer of hydrogen in this anion. However, the values of energy and 
entropy of activation covered a large range and the hydrogen shift 
may occur in several ways. 

Tertiary or-amino ketones suffer a Hofmann-type elimination on 

RNHCH,COR + RNH2 + CH2=CHR 

Wolff-Kishner reduction, affording an olefin and an amine. For 
cyclic a-amino ketones the extent of elimination varies with ring size 
(8 > 7 >> 6 )  lS9. 1,2-Dimethyl- 1 -azacycloheptan-3-me (178) gives 
the normal product, 1,2-dimethylazacycloheptane (179) in 45% 
yield, and N-methylhept-6-enylamine (180) in 37% yield. The eight- 
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membered ring compound gives 65 yo octenylamine, but the /3-pyr- 
rolidone does not undergo ring opening. 1 -Phenyl-3-N-piperidyl-Z- 
propanone (181) forms 14% propenylbenzene (182) as well as 75% 
N- (-y-phenylpropyl) piperidine (183). The reductive elimination 

PhCH2COCH2NCsH,, _I, PhCH,CH=CH, + Ph(CH2)3NCsH,,, 

(181) (182) (183) 

seems general for a-substituted pinacolones (184) I6O. If the substitu- 
ent (X) is a saturated cyclic amine, the amount of olefin increases 

+ Me3CCH,CH2X i -+ Me,CCH=CH, 
Me3CCOCH2X - 

(184) 

with ring size, and also with the anionic character in the order 
Me,CCO, < PhCO, < PhS < PhO. A trans elimination (185) seems 
the most probable. 

HO-+ H 

H f X H  
Me3C 

M e3C 

Recently Bamford and Stevens I6l have found that benzene- 
sulfonylhydrazones (e.g. 186) react with sodium in ethylene glycol to 
give olefins, if the ketone possesses an a-methylene group, and a 

CH3 
I 

PhCH,C=NNHS02Ph ___j PhCH=CHCHS + PhSO2H + NZ 
(186) 

CH, 
I 

CH3 
I 

PhbNNHS02Ph + Ph--C=N2 + PhSOzH 

(187) 

diazo compound in other cases (e.g. 187). Cyclohexanone gives a 
quantitative yield of cyclohexene, and dibenzil (PhCOCOPh) forms 
tolane (PhCECPh). The diazo compound cannot be the primary 
product in olefin formation, since camphor benzenesulfonylhydra- 
zone gives camphene, whereas diazocamphane rearranges on treat- 
ment with base to tricyclene. The suggested mechanism involves the 
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removal of a proton, followed by release of the sulfinate anion, either 
with loss of nitrogen and migration of a proton to yield an olefin 

\ /  

/ \  
(188) 

\ I  
/ 

(189) 

+ C=C + Nz+ S&R 

/ 
C-C=NNHSO,R - > ‘ L -  C- =NNSOZR 1 \ I  
/ 

- 
+ C-C=NZ f SOZR 

(188), or retcntion of nitrogen giving the diazo compound 189. The 
formation of the olefin follows the Saytzeff rule, affording pre- 
dominantly the most highly substituted olefin 163. Thus the hydrazinyl 
derivative of ethyl methyl ketone (190) gives 28% 1-butene (191), 
37% tTans-Z-butene, 30% cis-2-butene, and 5% n-butane. The 

CHaCHZCCH3 + CH3CHzCH=CHZ + CH3CH=CHCHs 
II 
N NHS02C,H,CH,-p 

(1901 (191) 

direction of elimination and the low trawlcis ratio indicate an El 
mechanism (unimolccular elimination) via a carbonium ion (192). 
The carbonium ion can then either eliminate a /3-proton to form the 

H H 
\ H  \ I  \ I  
/ / / 

C=NNS02Ar C-N=NSO,At + C+ + N, + S&Ar 

(192) 

olefin, or rearrange and subsequently eliminate a proton, or react 
with the solvent (ethylene glycol) to yield an ether. Aryldiazoalkanes 
(ArCHN,) are predominantly formed with exactly one equivalent of 
powdered sodium methoxide in pyridine in yields of 65-70%163. 
a,p-Unsaturated ketones undergo an interesting reaction 164 giving 
cyclopropcnes (194) which must arise by internal addition to the 
double bond in the intermediate alkenyl carbene (193). Thc yields 
are good, except in the cases with one hydrogen atom in the @-position 
(R2 = H). 

Simple tosylhydrazones are reduced165 by sodium borohydride in 
methanol or dioxan to saturated hydrocarbons, and cyclohexanone 
and cholestan-3-one afford only cyclohexane and cholestane, 
respectively, in 80% yield. 

Another indirect method of converting a ketone into the saturated 
hydrocarbon is by desitlfurization of a thioketaZ166 with Raney nickel. 
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R1 

_3 c=c - \ /R3 

A4 A4 

R' R3 

c=c \ /  

/ \  
C=NN+ 

/ \  
C=NNHTs R2 R1 

R' R3 R' 
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\ /  \ 

C: 
/ \  

I 
R' 

C=C c_f C-C-R3 
R \/ 

R2 
1 
R' 

(193) (194) 

The reaction is probably a free-radical one, and whereas benz- 
aldehyde diethyl dithioketal (PhCH(SEt),) forms toluene with 
Raney nickel, the use of degassed Raney nickel gives stilbene 

R1 R1 S-R3 R' H 

C=O + 2 R3SH ---+ 'C/ ___, '/ \ 
/ 

RJ 'H 
/ \  

R2 S-R3 Ra 

(PhCH=CHPh) 16'. If the Raney nickel is deuterized, a deuterated 
compound is formed and the ethylene dithioketal of 3-acetoxy- 
cholest-5-en-7-one (195) yields 7,7-dideuterocholesteryl acetate 
(196) 16*. 

AcO j& 
( 195 1 (196) 

The product of reduction can also depend upon the amount and 
type of Raney nickel used169. Androsta-3,ll-dione 3-ethylene 
dithioketal (197) is reduced with fourteen times its weight of W-7 
Raney nickel to 3,3-dideuteroandrostan-ll-one (198). Using only an 
eight-fold amount of this catalyst, one-third of the product is 5a- 
androst-2-en-l l-one (199). Cholestan-3-one ethylene dithioketal 
with fresh W-7 Raney nickel gives cholestane, whereas an aged 
sample of nickel catalyst gave cholest-2-ene, with some 3-ethylthio- 
cholest-2-ene. The suggested mechanism involves the reduction of 
the diradical 200 to the saturated hydrocarbon via the thioethyl 
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H 

E t S  a --a 
radical 201 at high concentration of hydrogen radicals, and via the 
thioenol ether 202 at low concentration to the olefin. The benzylthio 
derivative (204) of the enol of andro~t-4-ene-3~20-dione (203) (which 
is formed selectively at position 3) is desulfurized to androsta-3,5- 
&en-20-one (205) 170. Ethylene monothioketals (206) regenerate the 
ketone on treatment with Raney nickel in acetone171, although the 
ketone may be subsequently reduced to the carbinol. Desulfurization 
can also be effected with hydrazine, with or without alkali in 
diethylene or triethylene glycol 172. 

The irradiation of carbonyl compounds with ultraviolet light (see 
Chapter 16) can cause reduction173. The products in alcoholic 
solution are pinacols, as well as the monohydric carbinols17*. The 
spectroscopic triplet state seems to be involved17'. In  nonpolar 
solvents hydrogen abstraction can take place within the same mole- 
cule from a y-carbon atom, giving a cyclobutanol. The reaction 
probably involves the diradical, and optically active cyclic ketones 
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are converted into cyclobutanols with partial retention of configura- 
tion 176. The intermediate diradical 17' is probably short-lived with 
comparable rates of racemization and cyclization. 

o-Benzylbenzophenone (207, R = Ph) does not undergo photolysis 
in methanol solution178, and appears to exist as its enol (208, 
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R = Ph). Irradiation in deuteromethanol results in the uptake of 
one atom of deuterium and the enolic form (208, R = H) of o-methyl- 
benzophenone can be trapped as its diene adduct (209) with 
dimethyl acctylenecarboxylate (MeO,CC=CCO,Me) . 

In  the case of aY/3-unsaturated ketones, photodimerization can 
occur, and androsta-4,6-dien-3-on- 17/3-01 propionate (210) gives only 
one product, probably 211 179. 

?COEt 

An interesting photochemical reduction of Senzoylformatesi has., 
been reported recently 180. Cyclohexyl benzoyl formate (212) yields 
ethyl phenylglycollate (214) and cyclohexanone (as well as 16% 

dimer) in ethanol. The reaction probably involves the transference 
of a hydrogen atom in the &radical, which splits off cyclohexanone 
giving 213. Ethyl benzoylformate (215) in isobutanol affords only 
the dimer, diethyl a&-diphenyltartarate (216) and 2-butanone. 

PhC(OH)C02Et 
PhCOC0,Et __f I 

PhC(0H)COaEt 
(215) (216) 

The action of ionizing radiation (x- or y-rays) in aqueous solution 
usually results in oxidation or hydroxylation by hydroxyl radicals 181. 
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However, in the absence of oxygen, reduction can occur (probably 
by H'), and the x-ray irradiation of an air-free aqueous solution of 
cortisone gave dihydrocortisone lE2. 

A free-radical reduction of aromatic ketones in 2-butanol at 130°, 
initiated by di-t-butyl peroxide, has been reported lE3. Benzophenone 
is reduced to benzhydrol, whereas acetophenone (217) gives neso- 
and racemic-2,3-diphenyl-2,3-butanediol (218) (2-butanone is also 

Ph Ph 
I 

PhCOCH3 d CH3L-CCH3 

(217) OH AH 
formed). The Hammett reaction constant ( p )  for the reduction of 
n- and $-substituted acetophenones is fl.59, and ;he reaction 
probably involves reaction of the 1-hydroxyalkyl radical with the 
ketone group. 

Ketones can also undergo biochemical reduction (see Chapter 7 ) ,  
although an equilibrium is usually reached with the ~ a r b i n o l l ~ ~ .  
1-Benzyl- 1,4-dihydronicotinamide (219) , a model for a coenzyme, 
reduces hesachloroacetone in formamide to the corresponding 
alcohol rapidly and nearly quantitatively at  room temperature 185. 
I n  cyclohexene in the presence of peroxide or ultraviolet light, 
pentachloroacetone and 1-benzyl-3-carbamoylpyridinium chloride 

(218) 

i- CI,CCOCHCI, q:NH2 + CI,CCOCC1~ - 
I 

(220) 

CH2 Ph I 

(219) 

CHzPh 

P O N H 2  

(220) are formed, whereas in nitromethane a mixture of sym- and 
umym-tetrachloroacetone results. The C,,, hydrogen atom is trans- 
ferred in reduction, and 40% of the deuterium is available in the 
4-deuterated compound. 
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1. INTRODUCTION 

The reactions to be considered in this chapter are those leading to 
formation of carbon-carbon double bonds such as the aldol, 
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Knoevenagel, and Wittig reactions, and those leading to compounds 
containing carbon-nitrogen double bonds such as imincs, oximes, 
hydrazoncs, and semicarbazides. Much of the descriptive organic 
chemistry of these reactions is found in textbooks and reference books. 
The cmphasis here will be on principles arising from more recent 
studies of the mechanisms of the reactions. With these principles in 
mind, the vast number of reported applications can be generalized, 
and factors of interest to the synthetic chemist such as yields, reaction 
conditions, side-reactions, and ratcs can be better appreciated. The 
discussion of the sccpe of the various reactions will serve to give the 
reader a feeling for the breadth of application but will not be 
comprehensive. 

All the condensations to be covcrcd have certain featurcs in 

common. These can be discussed in gencral tcrms initially so that 
when the rcactions are considercd individually later on, apparent 
diflerences may be seen to be special cases of a gcneral scheme. 

The condensations involve at  least two steps. A nucleophilic 
reagent first adds to the carbonyl group to form an intermediate 1. 
I n  most cases X is hydrogen, but in the Wittig reaction it is a 
phosphine moiety. The nucleophilic atom B is carbon or nitrogen. 
The second step is an elimination in which XO or XOH is split out. 
In  those cases where B is carbon the addition step must be preceded 
by an ionization reaction in order to convert an inert reactant into a 
reactive nuclcophile. I n  almost all cases the overall reaction is 
reversible. Because of this, the reaction mechanisms may be studied 
from either direction and the conclusions will be valid for the 
opposite direction since, by the principle of microscopic reversibility, 
each step procecds in either direction through the same transition 
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state. I n  practice the chemist can often control the position of the 
overall equilibrium to suit his needs by changing solvent, acidity, or 
other reaction conditions, or by removing one of the products. Often 
the water is removed by azeotropic distillation, in other cases the 
condensation product will precipitate (phenylhydrazones, ctc.). 
With some condensations, k--2 is negligibly small under most con- 
ditions so the overall condensation may be considered as irreversible. 
In general the product that is obtained, the ease of its formation, 
and the yield will depend upon the relative magnitudes of the four 
rate cocfficicnts involved in the overall reaction. Since different types 
of bonds are formed and broken in the separate steps, the rates of 
these steps may be affected in different ways by changes in structure 
of the reactants or in reaction conditions. This differential response 
can modify the course of the reaction as well as the overall rate. 
Several important cases can be considered in a general way. 

If the elimination is SIOW compared to the rate at which the 
addition equilibrium is attained, the addition compound 1' will be 
the isolated product under a given reaction condition. As will be shown 
later in this chapter, the rate of the elimination step can be more re- 
sponsive to a c.'.cange in reaction conditions than the rate of the addition 
step so that under one set of conditions the intermediate is the isolated 
product while under other conditions the dehydration product is 
isolated. If the addition and elimination proceed at  comparable 
rates, the intermediate 1 will accumulate to a measurable extent, 
reach a maximum concentration, and then diminish to zero or to an 
equilibrium concentration. The products that are isolated and their 
yields will depend upon whether overall equilibrium has been 
achieved or whether the products were isolated before complete 
equilibration. In  both of these cases kinetic studies permit the 
evaluation of the rate coefficients in the general scheme, and the 
effect of changing structure or conditions on the individual constants 
can be determined. 

A second important case exhibited by many of the reactions to be 
discussed is that in which the intermediate 1 never accumulates to a 
measurable extent. Under these conditions the measured rate 
coefficient for condensation may not be identifiable with any of the 
individual rate coefficients of equation (1) but may be a composite 
of several of the individual k values. In these cases interpretation of 
reactivity data can be difficult. 

The condensations are almost invariably catalyzed by acids and/or 
bases. The nature of the catalysis may vary with different reactions 
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and is not completely understood in  many instances. The difficulty 
arises from the fact that in most cases one or both of the reactants are 
weak acids or bases and often of quite different acidity or basicity. 
The carbonyl compound is rendered reactive by conversion into its 

conjugate acid (R2C=OH t-> R2C-OH) or by hydrogen bonding 
with an undissociated acid. Carbonyl compounds are very weak 
bases, so the rate coefficients for addition to the conjugate acids must 
be much greater than those for the unprotonated carbonyls, since 
acid catalysis is observed at  acidities where extremely low concentra- 
tions of the conjugate acids are present. I n  addition to rendering the 
carbonyl more electrophilic, acid catalysis can also operate in cases 
where the nucleophile is also a carbonyl compound (aldol condensa- 
tion, etc.) by converting it into the more nucleophilic enol, as in (2). 
A third mechanism for acid catalysis arises from the fact that the 

+ -I- 

II 
+OH 

I 
OH 

dehydration step is subject to acid catalysis. I n  those condensations 
in which the nucleophilic atom B is nitrogen, an additional difficulty 
arises. Here the nucleophile is a base that loses its efficacy by con- 
version into its conjugate acid. I n  these cases an optimum acidity is 
often found for greatest reactivity where opposing effects of the acid 
are most favorably balanced. 

Base catalysis is usually found In those cxdecsations where the 
nucleophile is an ‘active methylene’ compound. The base serves to 
convert the reactant into a reactive anion, as in (3). In  some cases 

R ~ C H C O R ~  +-+ R~CH=CR~ (3) 
I 
0- 

the dehydration may be base-catalyzed. The nature of the catalysis 
mechanisms will be discussed in more detail for the individual 
condensations. 

II. FORMATION O F  CARBON-CARBON DOUBLE BONDS 
A. The Wittig Reaction 

The formation of an ethylenic bond by condensation of an 
alkylidene- or aralkylidenephosphorane (3) with a carbonyl group 
is known as the Wittig olefin synthesis or simply the Wittig reaction. 
The good yields of olefin and the unambiguous position of the double 
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bond has made the reaction increasingly attractive as a synthetic 
tool. I n  practice the quaternary phosphonium salts (2) are first 

+ Base R ~ R ~ C = O  
RjPCHR2R3 X- __f RjP=CR2R3 - RjPO + R2R3C=CR4R5 

(2) (3) (4) (5 )  

formed by reaction of the phosphine RiP with a suitable alkyl halide 
R2R3CHX. As with other nucleophilic displacements, the order of 
reactivity1 of the alkyl halides is I > Br > C1. The lower alkyl 
halides and allylic halides form phosphonium salts readily at room 
temperature or by gentle warming in a solvent such as benzene. With 
larger alkyl groups, the reactants are heated without solvent or in a 
polar solvent such as nitromethane2. The salts are usually hygroscopic 
crystalline solids; they must be pure and dry before use. 

The phosphoranes are resonance hybrids with contributions from 
ylene (3a) and ylide (3b) structures. Although the reagents are 

RjP=CR2R3 t----f R$-ER2R3 

Pa) (3b) 

frequently referred to as ylides, we will refer to the class of compounds 
as phosphoranes (phosphorane = PH,) and reserve the term ‘ylide’ 
for a particular contributing structure of the resonance hybrid. The 
phosphoranes are formed by removal of a proton from the corre- 
sponding phosphonium salt with a suitable base. Phenyllithium in an 
ether suspension was used originally ; other bases include n-butyl- 
lithium, sodium hydride, sodium triphenylmethide, sodium and 
potassium metal, sodamide, and alkoxidcs. Alkosides are finding 
increasing favor despite the fact that they are similar in base strength 
to the phosphoranes so that an equilibrium mixture results (reaction 
4). Since the overall condensation of the phosphoranc with the 

(4) 

carbonyl compound is irreversible, the existence of this cquilibrium 
has no adverse effect on the olefin synthesis. The phosphoranes can 
be isolated as stable compounds, but it is just as convenient to carry 
out the condensation by treatment of the phosphonium salt with 
base in the presence of the carbonyl compound. Thc acidity of the 
phosphonium salts is attributed both to the inductive effect of the 
positively charged phosphorus atom in the salt and to stabilization 
of the conjugate base by the mesomerism 3a +-> 3b. This mesomerism 
arises from the ability of the phosphorus atom to expand its valence 

R$CHR2R3 + OEt- zp=? RjP=CR2R3 + EtOH 
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shell to a decet by &orbital resonance1. If R2 or R3 also possess 
electronegative groups such as -CN or -COR, the conjugate base 
is further stabilized by additional resonance, and good yields of 
phosphorane can be obtained with relatively weak bases. Thus, 

treatment of Ph,PCH,CN C1- with 5% aqueous sodium hydroxide 
for an hour gives4 an 85% yield of Ph,P=CHCN. 

+ 

1. Mechanism 

A A ~  -4th other double-bond forming condensations, the Wittig 
reaction involves nucleophilic addition to the carbonyl (equation 5 ,  
step A) followed by elimination (step B) to give the olefin. The 

R j  P=CR2R3 RQ R.$-CR2R3 RjP-CR2R3 

> - 0 C R 4 R "  - > [ &-LR4Rs] 5 / A  1' +o=c, - 
RjP-CRZR3 A 4- 'R5 (7) 

RjPO + R2R3C=CR4RS (5) 

phosphorane derives its nucleophilic character from the ylide con- 
tribution 3b. The existence of 7 as a true intermediate has not been 
demonstrated. I t  is more likely a representation of the configuration 
of the transition state for the elimination step. The important aspect 
of the elimination step is a four-centered transition state by which 
the olefinic bond arises in a fixed and unambiguous position. The 
existence of such a transition state is inferred from the fact that 
optically active phosphonium salts undergo Wittig reactions to give 
active phosphinc oxides with overall retention of configuration 5*6. 
Since the elimination step is the only one involving displacement at 
the optically active phosphorus, it must proceed with retention. The 
intermediacy of the betaine 6 has been demonstrated in at  least one 
case. Condensation of Ph,P=CH, with benzaldehyde in ether gives 
the stable betaine as a precipitate. Warming the betaine in ether 
gives phosphine oxide and styrene in 91% and 67% yields, respec- 
tively. Decomposition of the betaine in the presence of benzophenone, 
which forms olefin more readily than benzaldehyde, gives only a 
trace of 1, I-diphenylethylene. The benzophenone is recovered 
quantitatively 7. Thus the addition step is almost completely irrever- 
sible, and the betaine must be a true intermediate and not just an 
inert side-product. 

Direct evidence for reversible betaine formation has been obtained 
in at  least one case. The phosphorane arising from dissociation of the 
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betaine 8 has been trapped by reaction with m-chlorobenzaldehyde 
(equation 6). 

+ 
BUaP-CHC02Et BujPO + PhCH=CHCO,Et 

-0- c HPh 

11 rn-CICoH,CHO 
Bu,P=CHC02Et - m-CIC,H,CH=CHCO,Et 

Few kinetic studies of this reaction have been made. I t  has been 
shown that the condensation of Ph,P=CHCOOR with benzaldehyde 
is subject to acid catalysis9. Traces of benzoic acid in the aldehyde 
give very poorly reproducible results. Many of the conclusions 
regarding the effect of structure on reactivity have been drawn from 
studies of product yields under standardized conditions. The inter- 
pretation of the results depends upon whether addition (step A) or 
elimination (step B) is rate-determining. I n  most cases the nature of 
the rate-determining step has been deduced intuitively from the 
effect of systematic structural changes in the carbonyl compound and 
phosphorane on the yield of products, and from whether betaine 
accumulates during the reaction. By analogy with other carbonyl 
condensations, the addition step should occur most readily with 
those carbonyl compounds in which the carbonyl carbon is rendered 
more electrophilic by a high degree of polarization. Electron-with- 
drawing substituents should facilitate addition and clectron-donating 
groups should retard it. This has been confirmed in a study of the 
kinetics of reaction of carbomethoxymethylenetriphenylphosphoranc 
with a series of m- and p-substituted benzaldehydes8. The addition 
step is rate-determining, and a linear Hammett correlation is 
obtained with p = +2.7. In the reaction of fluorenylidenetri- 
phenylphosphorane (9, R = Ph) with a series of p-substituted 
benzaldehydes, no betaine intermediates could be detected; the 
addition step is probably rate-determining. Under a standard set of 
conditions, the yields of olefin varied from 96% with P-nitrobenz- 
aldehyde to 0% with the p-dimethylamino derivative lo. 

The nucleophilic character of the phosphorane also influences the 
ease of addition to a given carbonyl compound. Electron-with- 
drawing R2 and R3 groups decrease the reactivity of the phosphorane 
in the addition step by delocalizing the negative charge and lowering 
the carbanion character of the ylide carbon. Methylenetriphenyl- 
phosphorane (R2 = R3 = H) reacts with almost all aldehydes and 
ketones l1 while cyclopentadienylidenetriphenylphosphorane is 
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unreactive12. The stability of the latter is attributed to a large con- 
tribution of 1Oc to the resonance hybrid. This same type of chargr: 
delocalization is responsible for the low nucleophilicity of 9, R = Ph 
or alkyl, and explains why the addition step with these reagents is 
slow and rate-determining. 

T h e  nucleophilic character of the phosphorane is also 
altered by phosphorus substituents that can change the relative 
contributions of the ylide and ylene to the resonance hybrid. 
Increased d-orbital resonance (ylene form) lowers the nucleo- 
phiiic reactivity. The extent of d-orbital resonance between 
the partially negative carbon and partially positive phosphorus 
atom increases with the degree of positive charge on the latter13. 
Phosphorus substituents that withdraw electrons by an  induc- 
tive effect increase the contribution of the ylene form and 
decrease the ease of addition to the carbonyl. Thus, ylidenetrialkyl- 
phosphoranes are more reactive than similar triphenyl analogs 
because the latter derivatives decrease the ylide contribution to the 

PR, 

19) !loaj (lob) , (10c) 

hybrid. In  a series of reactions where addition is rate-determining, 9, 
R = butyl, gives 94% yields of olefin with p-methoxy- and p-di- 
methylaminobenzaldehyde under the same conditions that the 
triphenyl analog gives 37% and 0% yieldslO. 

111 those cases where decomposition of the betaine is rate-deter- 
mining intuitive prediction of the effect of substituents is less straight- 
forward. If  addition is rapid and irreversible, betaine will accumulate 
and the effect of structural variations will be to alter the specific rate 
coefficient for elimination. If, on the other hand, addition is rapid 
and reversible, the overall rate will depend upon the product of the 
specific rate coefficient for elimination and the equilibrium con- 
centration of betaine, which could be immeasurably small. Phos- 
phorus substituents that decrease the formal positive charge in the 
betaine decrease the electrostatic attraction for the negative oxygen 
and decrease the ease of elimination. This same type of substitution 
facilitates addition, as pointed out above, so that in certain cases 
opposing R1 substituent effects result. The net effect might be small 
and of unpredictable direction. The rate of elimination should be 
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accelerated by R2-R5 groups that can conjugate with the incipient 
double bond in the transition state. 

Few structure-reactivity studies have been made of cases where 
decomposition of the betaine to olefin is clearly the rate-determining 
step. The reactions of benzaldehyde and of benzophenone with 
methylenetriarylphosphoranes appears to fall into this case, since the 
rapid accumulation of betaine followcd by a slow elimination to 
products has been demonstrated7. The rates of elimination are slower 
when R1 = p-tolyl or p-anisyl than when R1 = phenyl. This has 
Scex aiiributed to a reduction of the formal positive charge on the 
phosphorus atom of the betaine through a significant contribution 
from 

There is a question, however, whether resonance interactions between 
phenyl rings and tetracovalent phosphorus occur 13-16. 

2. Stereochemistry 
The ratio of geometric isomers in the olefinic product appears to 

be controlled by a combination of steric factors in the reactants and 
by environmental factors. I n  nonpolar solvents, such as ether and 
benzene, the thermodynamically more stable tram isomer pre- 
dominates ; increasing the polarity of the solvent increases the 
proportion of cis olefin. Benzylidenetriphenylphosphorane (11) reacts 
with benzaldehyde to give 30% cis-stilbene in ether and b e n ~ e n e ~ . ~ ~ ,  
53% in ethanol17, and 75% in dimethylformamidel*. The addition 
of nucleophilic substances to nonpolar solvents also increases the 
proportion of cis olefin. Reaction of 11 with propionaldehyde in 
benzene containing the following additives gives the indicated 
fraction of cis olefin: none (0*26), piperidine (Q.33), n-butylamine 
(0.36), aniline (0.40) , lithium bromide (0.9 1), and lithium iodide 
(0.93). Lithium iodide in dimethylformamide gives nearly pure cis 

The stereochemical course of the reaction is determined during 
the addition step, since once the point represented by 6 is reached, 
the configuration of the R groups is fixed. The phosphorane can 
approach the carbonyl to give betaine having either the threo or the 
erytizro configuration. The threo-betaine will decompose to trans olefin 

olefin 19. 
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while the erythro will give cis product (equations 7). The stereo- 
selectivity of the overall reaction will depend in part upon whether 
the addition is reversible. If it is not, the diastereomeric betaine that 
forms fastest will predominate. If addition is completely reversible, 
the isomer ratio in the olefinic product will be determined by the 
equilibrium ratio of diastereomers and/or the ratio klhreo/keruthro. I n  
nonpolar solvents the reactants probably approach as in a to give 
the threo form with maximum electrostatic attractivn snd rnicimum 
nonbonded interaction between the eclipsed substituents. If addition 
is essentially irreversible, trans olefin will predominate. In nucleo- 
philic solvents or in nonpolar solvents containing added nucleophiles 
solvation or interaction with the ylide phosphorus would decrease 

R i p * +  k 

threo 

Rhy+ 0- R2 R 3 

H' l- 

(b) erythro 

the positive charge on phosphorus so that electrostatic attraction 
between ylide phosphorus and carbonyl oxygen would become less 
important in the addition transition state. I n  these media the 
approach via configuration b might become more probable. The 
decreased electrostatic attraction is compensated in part by going 
from an eclipsed conformation to a more favored staggered con- 
formation. Support for this interpretation comes from the fact that 
the yield of cis olefin increases with the concentration and basicity of 
the added nucleophile, suggesting a preequilibrium between the 
reagent and nucleophile 19. The nucleophilic addenda decrease the 
rate of the overall reaction which also supports the idea of a decreased 
charge on phosphorus through prereaction complex formation. 

The ability to control the stereochemical course of the olefin 
synthesis by choice of solvent or environmental factors has led to the 
preparation of natural products not readily accessible by other means. 
cis Ethylenic fatty acids from C,, to C,, have been prepared by the 
Wittig reaction in overall yields of 54-73% in dimcthylformamide20. 
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Condensation with ketones in this solvent leads to stereoselective 
synthesis of branched-chain unsaturated fatty acids 21. 

3. Scope 
Several excellent reviews have covered the applications of the 

Wittig reaction1*2J1.22. For the sake of completencss some of these 
applications will be summarized in order that the reader may gain a 
feeling for the breadth of the reaction. It was pointed out in section 
1I.A. 1 that the phenyl groups of fluorenylidenetrip'nenylphosphorane 
(9, R = Ph) could be replaced with alkyl groups (9, R = Me or 
n-Bu) to give increased reactivity. I t  has been shown that the 
phosphorus substituents can be phenyl or methyl or any combination 
and the resulting phosphorane will give satisfactory yields of olefins 
with several aldehydes and ketones 23. 

In  general the condensations proceed more readily with aldehydes 
than with ketones. Sterically hindered ketones show very low 

.- - /  
-I- Ph,PCH2 

+ Vitamin A 

reactivity. The phosphorane Ph,P=CHCO,R (12, R = Et) con- 
denses with a variety of aldehydes in bcnzcne to give 80-100% yields 
of unsaturated esters 24 while reaction with cyclohexanone in the 
same solvent gives cyclohexylideneethyl acetate in only 25% yield 25. 

It does not condense with 2-methylcyclohexanone, 3-pentanone, 
acetophenone, or benzophenone. A 30% yield of unsaturated ester 
can be obtained when 12, R = Me, is condensed with Z-methyl- 
cyclohexanone at 150" in the absence of solvent 26. The condensation 
with aldehydes, a$-unsaturated aldehydes, and polyene aldehydes 
occurs without complication and with good yields. No instances of 
conjugate addition have been reported for unsaturated aldehydes ; 
addition is always at the carbonyl group, giving olefins in which the 
position of the new double bond is unambiguous. The synthesis of 
vitamin A is but one of a large number of examples (equation 8)27. 

1 9 f C . C . G .  
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Cases of conjugate addition have been reported with sterically 
hindered cr,p-unsaturated ketones (equation 9 28, 10 20). 

(9) 

H 
i- P h 3 P = C H C H C ) - - +  a C-CHCH 1 

0- 'PPh:, 

Me 
/ 

Me 
/ 

The carbonyl compound may contain other functional groups 
including halogen, dimethylamino, ester, ether, and hydroxyl. Since 
phosphoranes react reversibly with alcohols to give phosphonium 
alkoxides, an OH group in the carbonyl compound may convcniently 
be protected as the tetrahydropyranyl ether 30. Phosphoranes con- 
taining an OH group are condensed successfully (equation 11) 2. 

BuLi 

PhCHO 
Ph,fkH,CH2CH20H Br - --+ PhCH=CHCH,CH,OH 

(65%) 

Methylenetriphenylphosphorane adds to the carbonyl function of 
esters to give a stable adduct that does not give olefin on heating. 
Instead, ROH is eliminated and the p-oxoalkylidenephosphorane is 
formed (equation 12) 3. 

Bifunctional phosphoranes and carbonyl compounds have been 
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employed in the Wittig reaction to give bisalylpolyenes (equations 
13a 31, 13b 32). Condensation of bifunctional phosphoranes with 

LiOR 

PhCHO 
Ph3kHpCH=CHCHz+Ph3  20r- - PhCH=CHCH=CHCH=CHPh (13a) 

+ LiOEt 
Ph,PCH,CH=CHPh CI- + OHC-C,H,-CHO + 

PhCH=CHCH=CH-C,H,-CH=CHCH=CHPh (13b) 

bifunctional aldehydes has given fused-ring hydrocarbons (equation 
14) 33. 

CHO 

7 
CHO 

2-Bromo- 1,l -diphenylethylene reacts with triphenylphosphine to 
form a phosphonium salt which condenses with benzophenone in the 
presence of phenyllithium to give a 54% yield of tetraphenylallene 
(equation 15) 34. 

(15) 

Halomethylenephosphonium salts react with phenyllithium to 
form two phosphoranes (equation 16) 35. With cyclocitral, the salt 

PhLi 
Ph2C---CH6Ph3 Br-  + PhzCO __f Ph,C=C=CPh, 

O C H 2 .  i- O = C H X  (16) 

(18%, X = Br :  (46%, X = Br ;  
300/,,x = I )  26%, X = I )  

with X = Br gives the corresponding ethylene and vinyl bromide in 
the ratio 3 : 2 when the base is phenyllithium. When butyllithium is 
used, only the ethylene is found36. 

Phosphoranes can be condensed with a. single carbonyl group of 
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a-diketones to give the corresponding cc$-unsaturated ketone 
(equation 17) 37. 

Reflux 

6h 
Ph,P=CHPh + PhCOCOPh d PhCCOPh 

{HPh 
2 moles I mole (32%) 

4. Modifications of the Wittig reaction 
The Horner modification involves the addition of the anions of 

phosphine oxides (13, R1 = alkyl, Ph) or of phosphonates (13, 
R1 = OEt) to carbonyl corn pound^^^*^^. The intermediates eliminate 
phosphinate or phosphate anions to form olefins. Strong bases such 

R:POeRaR3 + R&R5C=0 - R:POCR2R3CR4RB - RiPOO- + R2R3C-CR4RS 

(13) 6- 
as sodamide or potassium t-butoxide are needed to form the anions. 
Only those phosphonates in which R2 and R3 are capable of 
stabilizing the carbanion (Ph, RCO, CN) are suitable. The modified 
reaction has the advantages that the alkylphosphonates are obtained 
more cheaply than the alkylphosphonium salts, the separation of 
products is easier because of the water solubility of the phosphate 
salt, and the phosphonate anions are stronger nucleophiles than the 
corresponding ylidenephosphoranes and condense with ketones that 
react with difficulty with the standard Wittig reagents. 

Triethyl phosphonoacetate (14) has been condensed with benz- 
aldehyde in a reaction that is analagous to a Knoevenagel reaction 40. 

EtO,CCH,PO(OEt), + PhCHO --+ PhCH=C 

COzEt 
/ 

__f 

'\ 

PO(OEt), 
PhCH=CHC02Et + HOPO(OEt), 

When piperidine is used as catalyst, 22-40% yields are obtained; 
addition of one-half equivalent of acetic acid increases the yield to 
70%. 

B. Aldol Condensations 
A separate discussion of aldol and Knoevenagel condensations is 

based on differences in reactants and reaction conditions rather than 
any fundamental difference in mechanism. Because it is more con- 
venient to discuss certain aspects of these condensations separately, 
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the classical approach will be followed. The aldol condensations 
treated in this section will involve only aldehydes and ketones as 
reactants ; condensations of all other ' active methylene' compounds 
with carbonyl compounds will be classed as Knoevenagel con- 
densations. 

I .  Conditions 
Aldehydes and ketones do not condense readily without catalysts 

because they are not in themselves sufficiently strong electrophiles or 
nucleophiles. The acids and bases used to catalyze the condensations 
serve to convert the inherently unreactive compounds into reactive 
nucleophilic anions or enols or to electrophilic cations. Thus, while 
the general addition-elimination mechanism still applies to the aldol 
condensation, the addition step is preceded by a reversible acid-base 
reaction (equations 18, 19). Writing these acid-base reactions as 

(18) R ~ C H ~ C O R ~  + B: + R ~ C H C O R ~  + B : H +  

reversible reactions is not to imply that equilibrium is always rapidly 
established. Removal of a proton from a carbon atom is often a 
relatively slow process, and may even become the rate-determining 
step in the overall condensation reaction. I n  this case the equilibrium 
is not established, and neither the base strength of the catalyst nor the 
acidity of the methyl or methylene group (in the thermodynamic 
sense) may be as important as the rate at which enolization is 
accomplished. 

With 'certain carbonyl compounds, the rate of addition to form 
the aldol or ketol is much more rapid than the rate at which the aldol 
or ketol dehydrates, so that the intermediate can be isolated as a 
reaction product. This is true of the acid- and base-catalyzed con- 
densation of acetaldehyde (equation 20) and the base-catalyzed 
condensation of acetone (equation 2 1). The self-condensation of 
acetone illustrates two practical examples of how control of the over- 
all course of the condensation can be exerted by manipulation of the 
various rates. (a) The addition equilibrium does not favor the 
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diacetone alcohol; equilibration is avoided and the alcohol is formed 
in 71% yield by plzcing the catalyst in a Soxhlet extractor and 
removing the alcohol from contact with the catalyst as it forms. 
( b )  The dehydration of the aldol is promoted by acids. When acetone 
is condensed in the presence of hydrochloric acid, the diacetone 
alcohol dehydrates as rapidly as it forms. Thus, k,/k, is greater in 

2 MeCHO MeCHOHCH,CHO z- MeCH=CHCHO (20) 
Heat 

WOW, H+ 
2 MeCOMe Me,COHCH,COMe Me,C=CHCOMe (21) 

Reflux 
diacetone alcohol rnesityl oxide 

acid than in basic solutions, and the course of the condensation is 
controlled by taking advantage of this differential response of the 
rates of the two steps to the acidity of the medium. 

I n  most preparations the cr,p-unsaturated carbonyl compound is 
the desired product. The dehydration either occurs rapidly under the 
conditions of the preparation, as in the formation of benzylidene- 
acetophenone (equation 22) 41, or is effected by altering reaction 

PhCHO + PhCOMe - PhCH=CHCOPh (22) 

conditions prior to isolating the final products, as in the preparation 
of benzylideneacetone (equation 23) 42. 

NaOH 

15-30' 
(97%) 

I. NaOH 2. HCI 

25-3 I distil 
PhCHO + Me,CO ___j PhCH=CHCOMe (23) 

Aldol condensations are carried out under as mild conditions as 
possible-usually at  or near room temperature with as weak a base 
as will promote the reaction. More drastic conditions favor further 
condensation of products. As the intermediates are subject to air 
oxidation, the reactions are usually carried out in an inert 
atmosphere. 

Most acid-catalyzed condensations involve use of strong mineral 
acids. Amine salts have been used in the condensation of aldehydes 43 

and a number of condensations are successfully catalyzed by ion- 
exchange resins 44-48. These include strongly acidic sulfonic acid 
cation-exchange resins and strongly basic quaternary ammonium 
and weakly basic amine anion-exchange resins. In  the condensation 
of aldehydes with @-diketones the reactions are more complete with 

(65-78%) 
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the weakly basic resins than when the quaternary ammonium type is 
used 48. Use of resins facilitates isolation of the condensation product 
since the catalyst can be removed simply by decanting. 

2. Scope 
Aliphatic aldehydes and simple aliphatic ketones will usually 

undergo self-condensation. Condensations between two different 
aldehydes or two different ketones give the two products from self- 
condensation as well as the two crossed products. When a mixture of 
an aliphatic aldehyde and ketone is condensed under basic conditions 
the major product is the one in which the carbanion of the ketone 
appears to add to the carbonyl of the aldehyde. This could be due 
either to the fact that the aldehyde carbonyl is less hindered, or that 
the ketone is more acidic, or merely that both aldols are formed 
easily but one undergoes dehydration more rapidly than the other. 
Wittig and coworkers have recently reported a novel method for 
reversing this normal course of condensation 49. The aldehyde is first 
converted into an imine and the lithium salt of the latter is condensed 
with the ketone (equation 24). Either the addition product or the 
unsaturated aldehyde may be isolated. 

H’ 
[CH,CH=NR]Li+ f Ph,CO __f Ph2CCH2CH=NR ---+ 

I 
OLi 

Ph2C=CHCH0 + HaNR (24) 
(8 I %) 

Aromatic aldehydes condense readily with alkyl and aralkyl 
ketones, including acetyl metallocenes (equation 25) 50. 

-,,Me 4$=p-cOtH=cHPh 

i- PhCHO F e  (25) 
OH - F e  

I I 

The  a-methylene groups of simple esters will not usually undergo 
aldol condensation with carbonyl compounds. The condensation of 
aromatic aldehydes with y-butyrolactone does take place, how- 
ever 51*52. Succinic esters also react with aliphatic and aromatic 
aldehydes and ketones under catalysis by strong bases in the Stobbe 
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condensation (equation 26). The specificity of succinic esters in this 
condensation is attribu tcd to a second carbalkoxyl group suitably 
situated for formation of the intermediate paraconic ester 53. 

RIR~CO + CH,CH,COJV + ~ 4 0 -  

C02R3 C02R3 
I I 

R~RT-CHCH,C=O -> 
! I 

co2 ~3 
I 

o---I 

R1R2C=CCH2CO2Na + R"OH + R40H (26)  

Vinylogous aldol condensations occur but usually in lower yields 
(e.g. equation 27). 

(27) 
NaOH 

MeCH=CHCHO + PhCHO ---+ PhCH=CHCH=CHCHO 
( 10-20y0) 

Diketones undergo aldol condensation, the nature of the product 
depending upon the number of carbon atoms separating the car- 
bonyls. p-Diketones are condensed easily with aldehydes to give a 
normal product (equation 28). Relatively weak bases such as pyridine 

MeCOCH,COMe + ArCHO _j MeCOCCOMe (28) 
I I  
CHAr 

and ion-exchange resins will promote the condensation 54. a-Diketones 
will condense normally with two moles of aldehyde if both adjacent 
methylene groups are free (equation 29) 55. 

C t i  C H2C H2 P h 

PhCH2CHzCHO ~ >@ 
C HC H;?C HZPh 

A ketone having two free a-methylene groups will condense with 
an a-diketone having no free methylenes to give intermolecular ring 
closure, as in the formation of' tetraphenylcyclopentadienone from 
b e n d  and dibenzyl ketone (equation 30) 56. Self-condensation of an 
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a-diketone having an unsubstituted methyl group can give ring 
closure to a substituted bcn~oquinone~', as in equation (31). 

Ph 

2 PhCOCOCH3 ___) 

0 

Intramolecular aldol condensations of 1,5-diketones to six- 
membered rings constitute one of the more important synthetic uses 
of the reaction. A simple case (equation 32) is the formation of 
I-methyl- I-cyclohexen-3-one 58.  

H Z  

The greatest use of this ring closure in recent years has been in the 
synthesis of natural products. The successive formation of rings B, A, 

and D of a steroid by Woodward and coworkers illustrates the useful- 
ness of the condensation (equations 33-35) 59.  

19* 
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Intramolecular aldol condensations can also form rings containing 
heteroatoms, as in the synthesis of indole (equation 36) 60 .  

a > H o  - CJ-7 (361 

H H 

(79 %) 

When simple aliphatic ketones are condensed in the presence of 
acids, the initial product can condense further to give either poly- 
meric materials or cyclic products. The most familiar example is the 
formation of mesitylene from acetone in the presence of HCI. 
Alicyclic ketones such as cyclopentanone and cyclohexanone 62 

form similar cyclic trimers (equation 3 7).  

(3 7) 

Benzotropolones are formed by ring closure of phthalaldehyde 
with a-hydroxyacetone or its ether (equation 38) 63.64. 

NaOH 
,c=o 

CH3 

3. Limitations 
The aldol condensation is not as free from complications and side- 

reactions as the Wittig reaction. Mixtures of products can arise either 
through competitive paths in the addition or dehydration stage 
leading to primary product, or by way of consecutive reactions of the 
primary product with itself or with unused reactant. Among the 
reactions that occur during the primary condensation to give different 
products are the competitive self-condensation and crossed-condensa- 
tions between two different aliphatic aldehydes or ketones. The 
dehydration step can lead to a mixture of the and P,y-unsaturated 
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product by competitive loss of protons from either an a- or a'-position 
(equation 39)65. The ratio of isomers will be determined by their 

(39) 

relative stabilitics if the dehydration-hydration equilibrium is rapidly 
established relative to the rate of formation of the intermediate, or 
by the relative rates of dehydration in the two directions if this step is 
essentially irreversible. 

Unsymmetrical methyl ketones can undergo competitive con- 
densation at either the methyl or methylene carbon, depending upon 
whether the reaction is carried out in acid or base. Acid-catalyzed 
reactions give condensation a t  the methylene carbon, while base 
catalysis usually gives the product with the double bond at the 
original methyl carbon. Gettler and Hammett showed that the con- 
densation of benzaldehyde (15, X = H) with butanone (16) proceeds 
in a highly selective way under either condition66. In  the aliphatic 

CHO 4- CH3COCH2Me- 

X 

series 16 undergoes self-condensation in acid to give 80% methylene 
condensation and in base predominantly methyl condensation. 
Methyl ketones having alkyl groups larger than ethyl give both 
products regardless of the catalyst6'. I n  a systematic study it has 
been shown that under basic conditions aromatic aldehydes and 
aliphatic aldehydes possessing an a-mcthylene substituent react with 
16 to give methyl condensation while aliphatic aldehydes having two 
a-methylene hydrogens give methylene condensation. Under acid 
conditions, methylene condensation occurs in all cases 68. Methyl 
benzyl ketone reacts with 15, X = H or m-NO,, to give methylene 
condensation when the catalyst is piperidine-heptanoic acid. The 
nature of the condensation product is determined by the relative 
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rates of the two stages in the condensation and will be considered in 
more detail in section II.B.4. 

Examples of consecutive condensations involving the initial con- 
densation product and unreacted carbonyl compound are found in 
the acid-catalyzed condensation of acetone to mesityl oxide and then 
phorone (equation 40), and in the condensation of ethyl formyl- 
acetate to ethyl a-formylglutaconate and finally ethyl trimesatc 
(equation 41) 69. 

Me Me Me Me 
HCI I Me2C0 1 I 

Me c -CH2COMe __f MeC=CHCOMe MeC=CHCOCH=CMe (40) 
phorone 

AH 

COZEt 

Condensation of an aldehyde with a ketone gives one predominant 
product unless the ketone is particularly unreactive; in such a case 
self-condensation of the aldehyde will occur if it has two a-hydrogens. 
The a,P-unsaturated ketone formed by condensation of an aliphatic 
aldehyde with an aliphatic ketone has active a-, a'- and (by vinylogy) 
y-carbons (R16H2C06H=CH&H2R2). These products may dimer- 
ize via Michael reactions to form monoolefinic 1,5- or 1,7-diketones. 
The latter may react still further via intramolecular aldol or Michael 
reactions. Thus, the condensation product from benzaldehyde and 
cyclohexanone dimerizes via a Michael reaction (equation 42) 7 0 .  

1 -Acetyl- 1 -cyclohexene undergoes two consecutive Michael reactions 
to give a tricyclic diketone (equation 43) 71. Mesityl oxide can react 
with itself, first by a Michael reaction and then by an intramolecular 
aldol condensation (equation 44) 72. 
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(44) 
4. Kinetics and mechanism 

The general scheme for carbonyl condensations given in section I 
(equation 1) can be made specific and expanded into accepted 
mechanisms for the acid- and base-catalyzed aldol condensation. 

Acid catalysis 
Addition s : q  

+ 
R 1 R 2 C 0  + H +  T R1R2C=OH 

H+ 
R3CH2COR4 R3CH=CR4 (fast or slow) 

(fast, equilibrium) 

A H  

kl 
R 1 R 2 C = 6 H  + R3CH=CR* R1RZC-CH-CR4 (slow) 

I .k-, I I I1 
O H  O H R 3  +OH 

(17) 

17 R1R2C-CH-COR4 + H+ (fast, equilibrium) 
I I  
(18) 

O H  R3 

Dehydration step 
i. Carbonium ion mechanism 

18 + H + R1RZC-CH-COR4 (fast, equilibrium) 
I 1  

+OH2 R3 
(19) 

k ,  4. 

19 & R’R2C-CH-COR4 + HZO (Slow) 
k-2 I 

R3 
RlR2&CH-COR4 R1R2C=C-COR4 + H +  (fast) 

I I 
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il .  Enolization mechanism 

18 + H+ 17 (fast, equilibrium) 

17 T R1RaC-C=CR4 + H+ (fast or slow) 

AHA3 AH 

H+ 
R1R2C-C=CR4 j 20 + H,O + H+ (fast or slow) 

A H A ~  AH 

(48') 

(52) 

(53) 

Base catalysis 

Addition 

R3CH,COR4 + B & R3CHCOR4 + BH+ (fast or slow) 

R1R2C0 + R3cHCOR4 R*R2C-CHCOR4 (slow) (55) 

R1R2C-CHCOR4 + BH+ 18 + B (fast, equilibrium) (56) 

(54) 

k, 

k - l  A- A3 

A- A3 

Dehydration - 
18 + 0 :  R1R2C-CCOR4 + BH+ (fast or slow) (57) 

A H  A3 

(21) 

kz 

k -  2 

21 C 20 + OH- (slow) 

In  these mechanisms all equilibria involving proton addition or 
removal from oxygen are regarded as being very rapidly established. 
Proton removal from carbon may or may not be rapid compared to 
the rates of the other reactions. The reactions designated as 'slow' 
are possible rate-determining steps in a particular overall condensa- 
tion or in either of the two isolated steps. Evidence for two mechanisms 
for the acid-catalyzed dehydration step has been obtained. The two 
corresponding ketol conjugate acids, 17 and 19, would be present in 
a mobile equilibrium and the exact mechanism for dehydration in a 
specific case could depend on the position of this tautomeric equilib- 
rium as well as the magnitudes of the rate coefficients involved. 

The base-catalyzed condensation of acetaldehyde to aldol is more 
rapid than the dehydration to crotonaldehyde, so the kinetics of the 
addition can be studied with only minor complication from succeed- 
ing reactions. Bell and  coworker^^^.^" found that the order with 
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respect to acetaldehyde varies from approximately first to nearly 
second, depending upon the initial concentration of the aldehyde. 
The rate shows a nonlinear dependence on hydroxide ion concentra- 
tion, with a minimum between 0-5 and 1.0 M. The results indicate 
that proton removal (equation 54) and carbonyl addition (equation 
55)  proceed at  comparable rates. Further evidence for slow anion 
formation is that the reaction shows general base catalysis74 and 
condensation of concentrated solutions of acetaldehyde in deuterium 
oxide gives no incorporation of deuterium into the ald0175. 

In  acid solution the dehydration of aldol is greatly accelerated to 
where the carbonyl addition becomes the slowest step in the overall 
condensation. Since the dehydration-hydration equilibrium between 
aldol and crotonaldehyde is so rapidly established in acid solution 
relative to the rate at which aldol reverts to acetaldehyde, the 
approach to this equilibrium can be studied separately and from both 
directions 76. The equilibrium ratio of aldol to crotonaldehyde is 
nearly unity, and the rates of hydration and dehydration both show 
a firs t-order dependence upon acid concentration. 

A kinetic study of the acid-catalyzed condensation of substituted 
benzaldehydes (15) with acetone and butanone by Noyce and 
coworkers 77-80 has shed considerable light on the relative rates of 
the various steps and the way in which the corresponding rates 
respond to changes in structure. I n  acid the rates of dehydration of 
the intermediate ketols are relatively rapid so that the ketols do not 
accumulate. They could be prepared and studied independently. 
The structure of the aldehyde has but a small effect on the rate of 
addition ; p-methoxybenzaldehyde is three times as fast as the p-nitro 
derivative. This small rate difference is undoubtedly due to opposing 
substituent effects on the basicity of the aldehydes and on the 
stabilization of the transition state for addition since p-methoxy- 
benzaldehyde is a thousand times more basic than p-nitrobenzalde- 
hydeol. The rate of regression of the ketol to reactants (k-l in 
equation 47) is very sensitive to the nature of the substituent in the 
aromatic ring with p-OMe >> H >> p-NO,. The dehydration rate is 
rather insensitive to the substituent. In  aqueous sulfuric acid the 
dehydration rates of the three ketols formed from acetone and 15 
(X = p-OMe, H, and p-NO,) gave only a three-fold variation, 
tending to rule out a mechanism involving rate-determining forma- 
tion of a benzyl carbonium ion (equation 50) for the whole series. 
The fact that the rate of dehydration of the p-methoxy ketol shows a 
linear dependence on the Hammett acidity function, Ho, while the 
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other two ketols do not, suggests a carbonium ion mechanism for the 
former and the enolization mechanism for the others (equations 52 
and 53). 

The addition step is the rate-determining process in the acid- 
catalyzed condensation of p-substituted benzaldehydes with aceto- 
phenone 82. The addition is again quite insensitive to substituent 
(p = - 0 ~ 2 5 ) ~  reflecting a balancing of substituent effects on the 
equilibrium (equation 45) and on the rate (equation 47). 

The base-catalyzed condensation of p-substituted benzaldehydes 
with p-substituted acetophenones in 90% ethanol proceeds by a rate- 
determining addition step83. The rate law (rate = k[aldehyde] 
[ketone] [base]) indicates that the initial ionization equilibrium 
(equation 54) is rapidly established and that addition is the only slow 
step. In  contrast to the acid-catalyzed condensation the methoxy 
group in both the aldehyde and ketone decreases the rate. The rate 
decrease involves an increase in Arrhenius activation energy with 
little change in the PZ factor when the substitution is in the aldehyde 
ring, and a change in the PZ factor with little change in activation 
energy when substitution is in the ketone. 

The base-catalyzed condensation of benzaldehyde with butanone 
in 70% dioxane-water proceeds to completion with no accumulation 
of ketol intermediate66. I n  this medium the rate law is rate = 
k[aldehyde][ketone] [OH-]*, and the addition step appears to be 
rate-determining. I n  aqueous sodium hydroxide solution the rate of 
condensation of benzaldehyde with acetone shows a first-order 
dependence upon hydroxide ion concentration 84. The condensation 
proceeds to an equilibrium with no accumulation of ketol. Separate 
study of the decomposition of this ketol sl-iowed that it undergoes 
competitive dehydration and cleavage to reactants at nearly equal 
rates, the partitioning coefficient k -  l/k2 (equations 55 and 58) being 
equal to 1-5. The corresponding p-methoxy ketol behaves similarly 
with a value of k-,/k,  equal to 1.2. In  sharp contrast the ketol 
22, X = OMe, obtained by methylene condensation of butanone 
with p-methoxybenzaldehyde reverts rapidly to reactants with 
negligible dehydration to the unsaturated ketone. Noyce and Reed 

X-CBH4-CH-CHCOMe X-CoH4-CHCH2COCH2Ms 
I I  I 

conclude that the structure of the final product obtained from base- 
catalyzed condensation of unsymmetrical ketones is governed by the 
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fact that the ketol formed by methyl condensation (23) can dehydrate 
with case whilc the ketol from methylene condensation dehydrates 
with difficulty. I t  has been shown that both ketols (22 and 23, 
X = H) are formed in the condensation of benzaldehyde with 
butanone but while 23 undergoes simultaneous dehydration and 
regression to reactants, 22 gives only reactantsa5. The product of 
methyl condensation is the final product. These studies show that the 
product from base-catalyzed condensation of unsymmetrical ketones 
is governed by the ratio li- l/k2 for the intermediate, while the product 
from acid-catalyzed condensation is determined by the addition step, 
since dehydration in acid solution is very rapid. The acid-catalyzed 
rate of formation of 22 is greater than the rate of formation of 23 
because of the difference in stability (and hence equilibrium con- 
centration) of the reactants (enols) and of the transition states for 
formation of the two ketols. 

C. Knoevenagel Condensations 
1. Scope and limitations 

Condensations of ' active methylene ' nucleophiles other than 
aldehydes and ketones with carbonyl compounds are classed as 
Knoevenagel condensations. The nucleophilcs are usually compounds 
distinguished by the possession of relatively acidic methylene groups, 
this acidity being the result of stabilization of the anionic conjugate 
bases by rcscjnance. Many of the commonly used nucleophiles possess 
two activating groups as with the malonic acid derivatives, but 
compounds rendered acidic by single strongly electron-withdrawing 
groups such as -CN or -NO, are reactive. 

Because the methylene compounds are more acidic than aldehydes 
and ketones, the bases used as catalysts in the Knoevenagel condensa- 
tions are weaker than those needed to effect aldol condensations. 
Primary, secondary, and tertiary amines, as the free bases or their 
salts, and ion-cschange resins of the weakly basic amine types86*87 
are effective. Piperidine and diethylamine are particularly popular 
catalysts. The Doebner modification involves use of piperidine in 
pyridine as the reaction medium. Besides amine salts, Lewis acids 
such as BF30a, A1C13GQ, and KIH9 have been used as catalysts. The 
condensation is similar in principle to the aldol condensation, having 
the same two-step addition-elimination mechanism, with the acid 
and basic catalysts playing similar roles in both condensations. 

Aliphatic aldehydes condense readily with malonic acid or the 
half- or diester derivatives. The diester gives the alkylidenemalonate ; 
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the initial product from the acid or acid ester usually undergoes 
decarboxylation to give the unbranched +unsaturated acid or 
ester (equation 59). cxJj3-Unsaturated aldehydes condense in lower 

RCHO + CHZ(COaH)Z + RCH=CHCO,H + CO, + H,O (59) 

CsHsN 
MeCH=CHCHO + CH,(C02H), j MeCH=CHCH=CHCO,H (60) 

heat (28-32%) 

yields (equation 60). Use of acetic acid as solvent instead of pyridine 
in the crotonaldehyde condensation gives the alkylidenemalonic 
acid Pyridine has been found to promote decarbo~ylat ion~~.  

Alkyl, aralkyl, and aryl ketones condense with ethyl cyanoacetate 
in satisfactory yields when catalyzed by piperidine, piperidinium 
acetate, or zinc chloride in acetic anhydrideg2sS3. Ketones with un- 
branched carbon chains give 75-87% yields of alkylidene cyano- 
acetates with ammonium acetate in acetic acid ; branching gives 
lower yields until pinacolone and camphor fail to condense. Cyclo- 
hexanone condenses with cyanoacetic acid to give 65-76% yields of 
the expected exocyclic a,P-unsaturated acid ; heating to 165-1 75" 
results in isomerization 'to the endocyclic /3,y-isomer 94. 

Aromatic aldehydes containing both electron-withdrawing and 
electron-donating substituents condense with malonic acid deriva- 
tives. The initial product from reaction of salicylaldehyde and ethyl 
malonate undergoes ring closure to 3-carbethoxycoumarin (equation 
6 1) 95. Aldehydes with aromatic rings containing heteroatoms such 

f CHZ(CO2Et)p __f + EtOH f HZO 

OH 
(61) 

as the furan and thiophene system undergo satisfactory condensa- 
tions. Base-catalyzed condensation of aromatic aldehydes with nitro- 
methylene compounds gives a relatively rapid addition reaction. 
The subsequent dehydration is slower than the addition. Unless the 
intermediate nitro alcohol is desired as a product, the reaction 
mixture must usually be acidified to effect the dehydration to the 
jl-nitrostyrene 96. 

Cyclopentadiene is an effective nucleophile in Knoevenagel con- 
densations by virtue of the resonance stabilization of the cyclo- 
pentadienyl anion (equation 62)97. The -CN group of benzyl 
cyanide provides sufficient activation of the methylene group that 
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condensation of this class of nucleophile with aromatic aldehydes 
proceeds in good  yield^^**^^. The free or quaternized pyridine ring 
activates an  adjacent methyl or methylene so that condensation with 

63) loo. 

2- and 4- 

Q NaOEt 
PhCHO f a - PhCH 

aromatic aldehydes can be accomplished. Better yields are obtained 
when the aldehyde bears an  electron-donating substituent (equation 

CCO, E t  (63a) 

CHAr 

Piperidine 
CH2C02Et -4- A r C H O  

(63b) 2- and4- CH3 -I- PhCHO ZnC'z @CH=CHPh 

(63c) 

Piperidine 
CH3 f PhCHO 

I 

2- and 4- 

I 

The Knoevenagel condensation is less satisfactory with aryl alkyl 
or diary1 ketones than with aromatic aldehydes. If the ketone is first 
converted into the corresponding imine, satisfactory condensations 
can be effected (equation 64) lol. 

A r 2 C 0  - Ar,C=NH + CH,(CN)CONH, + Ar,C=C(CN)CONH2 (64) 

The limitations and side-reactions in Knoevenagel condensations 
are similar to those for aldol condensations. Isomeric mixtures can 
be produced in the initial reaction and further condensation of the 
initial product can occur. Use of triethanolamine as catalyst is 
reported to promote formation of the j3,y-unsaturated isomer lo2. 

Me CH(C02Et)2 

+ 0, 
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Condensation of an aY/3-unsaturated carbonyl compound can give 
rise to a mixture of products by virtue of competitive Knoevenagel 
and Michael reactions (equation 65). 

2. Kinetics znd mechanism 
The basic mcchanism for Knoevenagel condensations is similar to 

the mechanisms for aldol condensations detailed in section II.B.4. 
I n  general, condensation proceeds through addition of a carbanion 
to a carbonyl group followed by a dehydration step. The central 
problem in the study of the mechanism has been to establish which of 
the three reactions (ionization, addition, and dehydration) is rate- 
determining. 

The fact that the condensation may be acid- or base-catalyzed and 
that weak catalysts such as amines or their salts are effective has 
caused some confusion as to the particular species of the catalyst that 
is most effective. Sound evidence indicates that the amine free base 
is the effective catalyst in some cases while equally good evidence 
involves the conjugate acid in other cases. The uncatalyzed con- 
densation of malononitrile with aromatic aldehydes in water and 
alcohol is inhibited by addition of strong acids lo3-lo4. The reaction is 
strongly catalyzed by piperidine but to a lesser extent if benzoic acid 
is added to neutralize partially the piperidine. Similarly, the rate of 
condensation of ethyl malonate with benzaldehyde in benzene is 
proportional to the concentration of piperidine and is decreased by 
addition of acid105. Piperidine is also a more effective catalyst than 
its salt in the condensation of p-nitrobenzyl cyanide with aromatic 
a1dehydes1O6. On the other hand, numerous examples are reported 
in  which the amine salt is a slightly better catalyst than the free base. 
Under standardized conditions, better yields of product are obtained 
in the piperidinium acetate-catalyzed condensation of methyl cyano- 
acetate with butanone than with pip~ridinel~' .  In  contrast to the 
results obtained in benzene, piperidinium acetate is a slightly better 
catalyst than piperidine in the condensation of ethyl malonate with 
benzaldehyde in alcoholslo8. It has been suggested lo' that the 
presence of both an acid and a base is more favorable than when a 
single catalyzing species is present. Following this reasoning, it was 
found that a number of 'bifunctional' amino acids are good 
catalysts with some being superior to piperidinium acetate or 
piperidine llO. The effectiveness of alanine is greatest a t  pH values 
near the isoelectric point log. 

The seemingly anomalous observations might become more corn- 
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patible if more were known in each case regarding the rate-deter- 
mining step under the conditions of the particular condensation. If 
ionization or addition were the slow step, base catalysis might be of 
greatest importance, while the reverse would probably be true if the 
dehydration step were rate-controlling. Partial support for this view 
is found in kinetic studies where the rate-determining step is indicated. 
The uncatalyzed rates of condensation of cyanoacetamide withp-sub- 
stituted benzaldehydes are depressed by acids ; the apparent rate- 
determining step is either ionization of the nucleophile or addition 
to the aldehyde, depending upon the particular aldehyde114. The 
rate-determining step in the condensation of malononitrile with 
p-substituted benzaldehydes in alcohol is addition of the carbanion 
to the aldehyde; piperidine is the effective catalyst and the rates are 
decreased by addition of acidslo4. In the condensation of aromatic 
aldehydes with p-nitrobenzyl cyanide the rates are first-order with 
respect to piperidine free-base concentration and are depressed by 
acids; the kinetics indicate that both ionization and addition are 
rate-controlling lo6. No kinetic studies appear to have been made on 
condensations in which dehydration is a slow step. 

The exact role of the catalyzing amine is further clouded by the 
finding that some primary amines catalyze the condensation of 
nitromethane with aromatic aldehydes by first forming an imine 
with the aldehyde. The imine is more readily attacked by the 
nucleophile than the carbonyl compound 115J16. In  these cases the 
amine is acting as a nucleophilic catalyst rather than as a simple 
base. 

An interpretation of the effect of structure on reactivity again 
requires some knowledge of the rate-determining step in the con- 
densation. If ionization of the nucleophile is the only slow step, the 
overall rate will be independent of both the concentration and 
structure of the carbonyl compound. If, on the other hand, the 
ionization equilibrium is established and addition is the only slow 
step, the overall rate will depend upon the acidity of the nucleophile 
(equilibrium concentration of anion) and the specific rate coefficient 
for addition to the carbonyl group which should vary with the 
structure of the carbonyl compound. Both the rates of ionization and 
the acid dissociation constants for several malonic acid derivatives 
have been measured in water at 25" ll'. The ionization rates vary in 
the order 

CH,(CN), > CH,(CO,H), > CH(CN)CO,Et > CH,(CO,Et),. 
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No clear-cut case has been reported where ionization is the slowest 
step in the overall condensation. The rates of the uncatalyzed con- 
densation of malononitrile with a series of substituted benzaldehydes 
in water are independent of the aldehyde concentration, and a rate- 
controlling ionization step is suggested Io3, but the rates do depend 
upon the structure of the aldehydes (p-NO, > fl-Cl > H > p-OMe) 
and are considerably slower than the rates of ionization of malono- 
nitrile. In  the uncatalyzed condensation of cyanoacetamide with 
substituted benzaldehydes in water and alcohol the kinetic order with 
respect to aldehyde concentration varies from first to less than first 
depending upon the reactivity of the aldehyde. This reflects a change 
in rate-determining step from addition (unreactive aldehydes) to 
both ionization and addition (reactive aldehydes). Raising the tem- 
perature increases the ionization rates relative to the addition rates. 
The uncatalyzed condensation of malononitrile with substituted 
benzaldehydes in ethanol appears to be a clear-cut case of a rapidly 
established ionization followed by a slow addition step104. Here the 
rates vary with aldehyde substituent in the order fl-NO, > p-Cl > 
H > p-OMe > p-OH, which is the expected order of decreasing 
polarization of the carbonyl group. A good linear free-energy 
correlation with (T+ values is obtained (p' = 1.45). A similar order 
is observed in the condensation of malonic acid with aromatic 
aldehydes in pyridine, using piperidine as catalyst l18. The rates of 
the acid-catalyzed condensation of ethyl cyanoacetate with a series 
of benzaldehydes in acetic acid follow the reverse order, and show 
only a slight sensitivity to aldehyde structure. Qualitatively, the rates 
vary as the basicity of the aldehydes. The low sensitivity of the overall 
rates to structure probably reflects opposing effects of structure on the 
equilibrium constants and on the rate coefficients for addition to the 
aldehyde conjugate acids. 

3. The Perkin reaction 

The condensation of an aromatic aldehyde with an aliphatic acid 
anhydride in the presence of the salt of the fatty acid gives r i d  to a 
cinnamic acid (equation 66) '19. By our broad classification, this 

ArCHO + (RCH2CO)20 + RCH2CO; d ArCH=CCO,H (66) 

A 
reaction may be regarded as a type of Knoevenagel condensation, but 
because of the nature of the catalyst and the high temperatures 
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required to condense the aldehyde with the unreactive anhydride it 
has not usually been classed with other Knoevenagel-type condensa- 
tions. There is no difference in principle, however. The reaction 
represents another special case of the general carbonyl addition- 
elimination reactions that have been discussed. 

Because the nucleophiles in this condensation are so unreactive, 
the usefulness of the reaction is limited to the most reactive carbonyl 
compounds, e.g. the aromatic aldehydes. Aliphatic aldehydes usually 
undergo self-condensation at  greater rates than they react with the 
anhydride. 

When the anhydride and salt are derived from different aliphatic 
acids, a mixture of cinnamic acids can result under the conditions of 
the reaction. Thus a mixture of benzaldehyde, acetic anhydride, and 
sodium n-butyrate heated together at 150" gives a-ethylcinnamic 
acid and cinnamic acid in a 1 : 2 ratio. The ratio of products changes 
with the reaction temperature lZo.  The formation of cinnamic acids 
corresponding to both the anhydride and the salt caused considerable 
controversy over whether the anhydride or the salt yielded the active 
nucleophile. This is because the equilibrium (67) is set up between 
the two at the temperature of the condensation (100-180"). Breslow 

2 RTO; + (R2C0),0 T- 2 R2C0; + (R1C0)20 (67) 

and Hauser found that equilibrated mixtures of either acetic 
anhydride and sodium butyrate or butyric anhydride and sodium 
acetate gave the same ratio of cinnamic acid and a-ethylcinnamic 
acid with benzaldehyde. The proportion of acetic anhydride in the 
equilibrium mixture is greater at  180" than at 100"; there is a 
proportionate increase in the amount of cinnamic acid in the product 
mixture at the higher temperature. This fact was taken as evidence 
that the anhydride is ionized by the salt and is the active nucleophile. 
This rests on the unproved assumptions that the acidities of the 
a-hydrogens of the two anhydrides are similar at  the two tempera- 
tures and that the specific rate coefficients for addition of the car- 
banions are similar and have nearly equal temperature coefficients. 
Additional evidence for involvement of the anhydride carbanion as 
the active species rests on the fact that benzaldehyde and acetic 
anhydride condense in the presence of a number of inorganic and 
organic bases 122.123, including sodium formate, borate, sulfite and 
carbonate, triethylamine, pyridine, and acetamide. 

The conditions of the Perkin reaction (high temperature and the 
absence of an inert solvent) have made quantitative kinetic studies 
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impractical. I t  has been shown, however, that electron-withdrawing 
substituents in the aldehyde increase yiclds of cinnamic acids while 
yields are lower with electron-donating substituents lz4. This would 
indicate that the addition step is rate-controlling. 

The intermediate addition compound is rarely isolated in this 
condensation. I t  can be isolated as an acylated derivative in those 
cases where the elimination of water is prevented, as in the condensa- 
tion of benzaldehyde with isobutyric anhydride (equation 68) 125.126. 

PhCHO + (Me2CHCO),0 + Me2CHCO; 
PhCHC(Me),CO,H + PhCHC(Me),CO,COPr-iso (68) 

OCOPr-iso I ACOPr-iso 

Condensation with succinic anhydride at  100” permits the isolation 
of the intermediate as the lactone, y-phenylparaconic acid (equation 
69) lz7. 

H,C-C=O 

> PhCH-CHCOZH + PhCH-CHCOaH 
I I >.- A H  !H2C0,H A C H ~  

PhCtiO + 
H,C-C=O 

‘C’ 

The Oglialoro modification 128 of the Perkin reaction involves use 
of sodium phenylacetate and acetic anhydride. The resulting a-aryl- 
cinnamic acids correspond to the salt used rather than the anhydride 
(equation 70). The aryl groups in the a-phenylcinnamic acids have a 
cis configuration l a g .  

Ar Ph 
\ /  

/ \  
ArCHO + PhCH2C0,- + (CH,C0)20 ---+ c=c (70) 

C02H H 

111. FORMATION OF CARBON-NITROGEN DOUBLE B O N D S  

A. General Considerations 
The condensation reactions of carbonyl compounds with nitrogen 

bases such as amines, hydroxylamine, hydrazincs, and semicarbazide 
are familiar to organic chemists. Application of fairly standard 
methods usually gives successful condensation. I n  a great number of 
cases the primary practical interest in condensations with these so- 
called ‘carbonyl reagents y is in obtaining a derivative for character- 
izing the carbonyl compound. For this reason a discussion of reaction 
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conditions, scope and applications would seem to contribute little 
that is not already available in standard tests. In recent years, how- 
ever, new contributions have been made that lead to greater under- 
standing of the mechanisms of the condensations ; this understanding 
now leads to a better appreciation of the procedures and empirical 
observations. In this section the primary emphasis will be on the 
condensation mechanism. 

Similarities in the mechanisms of condensation of carbonyl com- 
pounds with all the nitrogen bases facilitate their discussion as a 
group. Apparent observed differences between reagents or different 
carbonyl compounds can usually be resolved into differences in the 
rates of the several steps in the condensation or in the position of 
equilibrium of one or all of the steps. From this frame of reference it 
will be seen that there are probably no fundamental differences in 
principle among the condensations with various nitrogen bases or 
indeed between the olefin-forming and imine-forming condensations. 

The basic mechanism is a two-step addition-elimination mechan- 
ism, as in the casc of condensation of carbanions. I n  the first step the 
nitrogen base adds to the carbonyl compound to give a carbinol- 
amine intermediate, followed by elimination of water to form the 
carbon-nitrogen double bond in the second step (equation 71). 

R1 R 2 C k H 2  R3 

R1R2C=0 + NH2R3 4 R1R2C=NR3 + H20 (71) 
R' R2CN H R3 

OH 

The similarities in the general mechanisms for carbon-carbon and 
carbon-nitrogen condensations are obvious. The important experi- 
mental differences that the chemist observes arise from the following 
facts, (a) The nitrogen bases are good nucleophiles in their own 
right; an ionization preceding the addition step is unnecessary. 
( b )  The intermediate addition product is almost never isolable, and 
in some cases never accumulates in the reaction medium to a 
measurable extent. (c )  The condensations are all acid-catalyzed. 
While oxime formation has also been shown to be catalyzed by 
hydroxide ion 130, this is not the customary experimental condition. 
Furthermore, the rates of condensation pass through a maximum 
with changing acidity, falling off on either side of an optimum pH. 
In  practice some sort of buffering is often desirable to approach this 
pH optimum. 
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The main effort that has been made in the study of the mechanism 
of these condensations has been directed toward establishing the 
rate-determining steps, understanding the nature of the acid catalysis, 
and elucidating the structure-reactivity relationships in detail. 

B. Oximes, Semicarbarones, and Hydrazones 
1. The nature of the condensation 

The condensations are usually carried out by warming the carbonyl 
compound and reagent together in a polar solvent. Reaction times 
seldom exceed an hour, and the reaction is often complete within 
minutes. The reagents are usually obtained as the salts since the free 
bases are subject to air oxidation. The salts are partially or com- 
pletely neutralized by addition of a base. A weak acid-weak base 
combination provides a buffering action near the optimum pH for 
condensation. 

Although all the reactions with ' carbonyl reagents ' are reversible, 
the equilibrium favors condensation under the usual experimental 
conditions. Removal of water from the reaction medium to force 
condensation is unnecessary. In  general, semicarbazone formation is 
less complete for a given carbonyl compound under similar conditions 
than oxime or phenylhydrazone formation. The equilibrium con- 
stants for condensation with d-carvone in aqueous alcohol are131: 
phenylhydrazine, - 6 x lo2; hydroxylamine, - 4 x 1 02; and semi- 
carbazide, - 3.6 x lo2. Under similar conditions of p H  and reagent 
concentration semicarbazone and thiosemicarbazone formation is 
reversible for a number of carbonyl compounds while oxime forma- 
tion shows no measurable reverse reaction132. Reversal of 2,4-dini- 
trophenylhydrazone formation is quite difficult to accomplish. The 
reversibility of the reaction is demonstrated by the fact that ketone 
exchange occurs when a given hydrazone is heated in acid solution 
in the presence of a second ketone133. 

Discrete geometrical isomers are distinguishable in the products of 
condensation with the carbonyl reagents. These are usually desig- 
nated as syn and anti according to the relative positions of the groups 

adjacent to the double bond, as shown for the aldoximes. With ketone 
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derivatives, the designation is ambiguous, and one of the R groups 
must be specified in labeling the isomers. I n  solutions of acetaldehyde 
oxime the anti isomer is thermodynamically more stable 13*. Nuclear 
magnetic resonance studies of solutions of semicarbazones, phenyl- 
hydrazones, and 2,4-dinitrophenylhydrazones of aliphatic aldehydes 
and ketones show that condensation gives rise exclusively to the 
isomer in which the bulky 2 group attached to the imino nitrogen 
bears a xyn relationship to the smaller R group 135-137 (equation 72). 

L L L L 2 
\ '. %\ 

/ 
C = O + N H , Z &  ~ C=N 'C=N + C=N/ (72) 

\ 
/ 

s s s 
sYn SY* onti 

On standing or on acidification, equilibration of the isomers occurs. 
At equilibrium, the xyn isomer predominates (bulkiest groups trans), 
the exact equilibrium mixture depending upon the solvent. The fact 
that the nature of the condensation product is kinetically controlled 
reflects the low rate of hydration of the product relative to the rate 
of dehydration of the carbinolamine. 

Besides the hydrazone form, tautomeric azo- and ene-hydrazine 
forms of phenylhydrazones are possible (equation 73). The hydrazone 

R' R2CH2C=N N H Ph e- R'RzCH,CH N=N Ph R'RZCH=CNH N H Ph (73) 

form is the most stable, and examination of solutions of a large 
number of phenylhydrazones from aliphatic aldehydes and ketones 
by nuclear magnetic resonance shows only the hydrazone form 13'. 
Azo coupling with certain naphthols and active methylene com- 
pounds is thought to give predominantly the hydrazone tautomer. 
The infrared spectra of acetone and butanone phenylhydrazones 
show only C=N absorption in nonpolar solvents. In  methanol a new 
band ascribed to a C=C bond is found 13*. 

2. Mechanism 
Direct and indirect evidence supports the intuitive conclusion that 

the condensations involve an intermediate addition compound. The 
addition compound from chloral and hydroxylamine can be isolated. 
Addition of hydroxylamine and semicarbazide to neutral solutions 
of a variety of carbonyl compounds gives a rapid decrease in the 
typical ultraviolet and infrared carbonyl absorption followed by a 
slow increase in the oxime or semicarbazone absorption 13'. An inter- 
pretation involving a rapid addition reaction to form an  intermediate 
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with a subsequent slow formation of product is required even though 
the structure of the intermediate is not established. The slow dehydra- 
tion is acid-catalyzed. The acid catalysis of hydroxylamine and semi- 
carbazide condensation in neutral solution involves catalysis of the 
dehydration step and not facilitation of the addition by conversion 
of the carbonyl compound into its conjugate acid. 

Since the addition equilibrium is rapidly established relative to the 
rate of dehydration in neutral and slightly basic solution, the overall 
rate of condensation at  constant pH depends upon the product of 
the equilibrium concentration of carbinolamine and the specific rate 
coefficient for dehydration. At low concentrations of carbonyl 
reagent, only a small fraction of the carbonyl compound is present 
as carbinolamine and the overall rate will be second-order at constant 
pH. At high reagent concentration, most of the carbonyl compound 
is present as carbinolamine and the overall rate approaches first- 
order at a given pH. From these considerations it is seen that a 
series of carbonyl compounds having very difFerent susceptibilities 
toward nucleophilic addition might show similar overall condensa- 
tion rates because of compensating effects on the dehydration rates. 

Hammett interpreted the maxima in the pH-rate profiles for 
oxime and semicarbazone formation as being due to opposing effects 
of general acid catalysis of the addition reaction and the decrease in 
the concentration of free nitrogen base by conversion to its conjugate 
acid 140. The dehydration was thought to be rapid. Jencks attributes 
the rate maximum to a change in rate-determining step from acid- 
catalyzed dehydration of the carbinolamine on the basic side of the 
maximum to rate-limiting addition of the free base on the acid side 
of the maximum. Since the maximum occurs at  a pH near the pK, 
of the base, the decrease in observed rate is due to the decrease in 
concentration of the reactive nucleophile with increasing acid con- 
centration. The change in rate-determining step corresponds to a 
change from a rate governed by the equilibrium concentration of 
intermediate (neutral solution) to a rate governed by a steady-state 
concentration of intermediate (acid solution). This change is brought 
about at  acidities near the pKa of the base through a simultaneous 
increase in dehydration rate by the acid-catalyzed reaction and a 
decrease in formation rate by conversion of the free base into its 
conjugate acid. At that pH where the carbinolamine is dehydrated as 
rapidly as it forms, a steady-state concentration of intermediate is 
established and the addition step becomes rate-determining. Jencks 
has shown that the observed pH-rate profile is reproduced fairly 
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well by the combination of calculated pH-rate profiles for the two 
proposed rate-determining steps 139. Additional evidence for this 
interpretation is found in the observation that different structure- 
reactivity relationships exist on either side of the pH-rate maximum 
for semicarbazone formation, suggesting different transition states in 
the two pH regions141. 

The dehydration of the carbinolamines and the addition of water 
to oximes and semicarbazones are subject to both specific and general 
acid catalysis. The following reactions can explain these phenomena. 

Specific acid catalysis 

14 H,CR; 

OH I [ RIN + H=Cpl] - H+ 

(fast) RlNHCR; (slow) R'NH-CR; (fast) 
R'NHCOHR; 1 It e. H20 + - 

I 
+ bH2  

RIN=CRZ + H+ 

General acid catalysis 

The addition of hydroxylamine to the carbonyl group shows slight 
specific acid catalysis; the addition of the weaker base, semicarbazide, 
is subject to both specific and general acid catalysis. The role of 
protonated carbonyl intermediates in the addition of semicarbazide 
to substituted b e n ~ a l d e h y d e s ~ ~ ~  has been ruled out on theoretical 
grounds. The preferred mechanism for the general acid catalysis 
involves concerted semicarbazide attack and transfer of a proton to 
the carbonyl group. 

(74) 

The formation of semicarbazones is also subject to nucleophilic 
catalysis by primary aromatic amines 143. The mechanism for this 
catalysis involves a rate-determining reaction between the amine and 
carbonyl compound to form a Schiff base (equation 75a), followed 
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by rapid attack of semicarbazide on the Schiff base to give the 
semicarbazone (equation 75b). Other similar cases of transimination 

\ \ 

/ / 

\ \ 

/ / 

6 0  + ArNH, & G N A r  + HZO (slow) (75a) 

C=NAr + NH,NHCONH2 + C=NNHCONHa (fast) (75b) 

of Schiff bases have been noted144. The rates of formation of osazones 
with phenylhydrazine is also accelerated by aniline but not by 
secondary or tertiary amines145, and a similar mechanism may be 
involved. 

The formation of phenylhydrazones from carbonyl compounds 
has not been studied as thoroughly as oxime and semicarbazone 
formation, but the existing data suggest similar mechanisms. 
Addition of phenylhydrazine to a solution of m-nitrobenzaldehyde 
gives a rapid decrease in phenylhydrazine concentration with a 
slower formation of the phenylhydrazone 146. This indicates that 
dehydration of the intermediate is rate-controlling under certain 
conditions. The change from second-order kinetics at low phenyl- 
hydrazine concentration to first-order kinetics at high reagent con- 
centration is also in accord with a rate-determining dehydration 
step. Evidence for a change in rate-determining step with changing 
acidity is lacking. Osazone formation from phenylhydrazine and 
several sugars is subject to general acid catalysis147. For a given 
buffer concentration, the rate increases with acidity to pH 5.4 and 
then is independent of pH at higher acidity. Extrapolation of the 
pH-rate profiles for a series of buffer concentrations to zero buffer 
concentration gives a very small catalysis by H,O + alone. By analogy 
with the case of hydroxylamine, absence of pronounced specific acid 
catalysis at low pH may indicate that in acid solutions addition of the 
base to the carbonyl group is rate-determining. 

3. Factors affecting reactivity 
Where comparable rate data exist for a given carbonyl compound, 

the relative rates of condensation decrease in the order oximes > 
semicarbazones > thiosemicarbazones 132. The temperature coeffi- 
cients of condensation rate decrease in the same order, suggesting 
that some temperature exists where the relative reactivities, if 
measurable, would become interchanged. Excellent free-energy 
relationships are found between rates of formation of oximes, semi- 
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carbazones and thiosemicarbazones, implying similar transition states 
for the three condensations. 

Rates of condensation of semicarbazide with a series of p-sub- 
stituted acetophenones at  a p H  near the pK, of semicarbazide are 
facilitated by electron-withdrawing substituents 14*. A linear correla- 
tion of log rate coefficient with the Hammett u constant is obtained 
( p  = +G.91). The more reactive ketones actually have higher 
activation energies, but a large positive preexponential term more 
than compensates for the unfavorable activation energy. Condensa- 
tion of a series of substituted benzaldehydes in 757” ethanol in 
neutral solution does not follow a simple p a  relationship149. The. 
rates are similar for aldehydes having substituents with as greatly 
different electronic effects as @-NO, and p-NEt,. The rate-deter- 
mining step under the conditions of the rate measurements is 
probably dehydration of the carbinolamine. 

A detailed study of the effect of structure on the rates and equilib- 
rium constants of the individual steps cf the overall condensation of 
$-substituted benzaldehydes with semicarbazide has been carried 
out by Anderson and Jencks141. At neutral pH, where the dehydra- 
tion step is rate-determining, the overall rate coefficient for 
condensation is the product of the equilibrium constant for carbinol- 
amine formation and the specific rate coefficient for dehydration. 
Carbinolamine formation is facilitated by electron-withdrawing sub- 
stituents in the aldehyde. The logarithms of the equilibrium con- 
stants give a linear correlation with Hammett uvalues, with p = 1.81. 
The rates of the acid-catalyzed dehydration of the carbinolamine, on 
the other hand, are promoted by electron-donation from the $-sub- 
stituent. A Hammett correlation of these specific rate coefficients has 
p = - 1.74. Since the electronic effects of the substituents have 
nearly equal and opposite effects on the two individual coefficients 
comprising the observed rate coefficient for condensation in neutral 
solution, the effects essentially cancel and changing the structure of 
the aldehyde has practically no effect on the overall rate. In acid 
solution, where the addition step is rate-determining, the observed 
rate is increased by electron-withdrawing substituents ( p  = 0.91). 
This is the direction expected for nucleophilic attack at  a polarized 
carbonyl group. The markedly different effects of structure on the 
reactivity in the two regions of acidity provide powerful support for 
a change in rate-determining step with increasing acidity. A similar 
change in structural effects with acidity was noted earlier for semi- 
carbazone formation in 60% methyl cellosolve-water I5O. 
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The ring size of a scries of alicyclic ketones has a pronounced effect 
on the condensation rates with semicarbazide. Cyclohexanone is 
more reactive than cyclopentanone or cycloheptanone at  pH 7 151. 
The difference is attributed to differences in internal strain of the 
ring in passing from the trigonal carbon of the reactants to the 
tetrahedral carbon of the intermediate. The entropies of activation 
for condensation of a series of aliphatic and alicyclic ketones with 
semicarbazide at pH 7-0 parallel presumed rigidities of the carbonyl 
compounds. The more rigid carbonyl compounds show the highest 
entropies of activation 152. A similar correlation with the same carbonyl 
compounds was not observed in the condensation of thiosemicar- 
b a z i d e ~ l ~ ~ .  Since the temperature coefficients of the overall rate at  
pH 7.0 involves both the free energy of carbinolamine formation and 
the free energy of activation for dehydration of the carbinolamine, 
the temperature coefficients of each rate must be separated before a 
complete interpretation is possible. 

Fewer studies have been made of the effect of structure on the 
rates of oxime formation. Strong electron-releasing substituents 
facilitate condensation of substituted benzophenones with hydroxyl- 
amine in acidic 70% methanol153. Dehydration of the carbinolamine 
would appear to be rate-determining under this condition. The rela- 
tive rates of a series of carbonyl compounds are parallel for oxime and 
semicarbazone formation and decrease in the order cyclohexanone > 
acetone > cyclopentanone > furfural > butanone > pinacolone > 
acetophenone 154. 

No detailed studies have been made of the mechanism of phenyl- 
hydrazone formation or of structure-reactivity relationships. Stroh 
has estimated the reactivities of a number of substituted phcnyl- 
hydrazines in osazone formation with a wide variety of sugars by 
noting the time elapsing before appearance of a precipitate 155-158. 
Since the results reflect the effect of structure on both chemical 
reactivity and the physical process of nucleation, they have more 
practical than theoretical value. The results show that a systematic 
variation of substituent in the phenylhydrazine does not give an 
ordered progression of reactivities, and the relative orders vary from 
sugar to sugar. 

C. Schiff Bases 
1. Scope and limitations 

The condensation of aldehydes and ketones with primary amines 
to give irnines was first discovered by Schiff in 1864 and the resulting 
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bases bear his name. The chemistry of these compounds has been 
reviewed 159*160. In  contrast to the condensations with semicarbazide, 
hydroxylamine, or phenylhydrazine the overall equilibrium in the 
reaction with amines greatly favors hydrolysis in aqueous or partially 
aqueous solvents. The condensations are usually carried out in 
solxnts in which the  .rArater can be removed as it forms by azeotropic 
distillation. This not only forces the condensation to completion but 
provides a means of following the progress of a condensation-on a 
preparative scale. 

Aliphatic aldehydes having unsubstituted a-positions generally do 
not give successful condensations with most amines because the 
imines formed initially undergo further condensation to dimeric or 
polymeric materials. The properties of the )C=NR bond and 
>C=O bond are similar, so it is not surprising that certain imines 
show chemical behavior similar to carbonyl compounds. The imines 
from primary aliphatic aldehydes can undergo aldol condensations 
just as the aldehydes themselves. These aldehydes can be successfully 
condensed with amines containing tertiary alkyl groups 161, pre- 
sumably because of steric inhibition of a subsequent aldol condensa- 
tion. Condensation a t  low temperature retards further reaction of 
the imine and gives acceptable yields of the Schiff base162J63. 

Aliphatic aldehydes that are branched at the a-position condense 
readily with amines to form the imine in good yield. Imines having 
single a-hydrogens apparently do not undergo further condensation. 
Tertiary aliphatic aldehydes give nearly quantitative yields of imines 
at room temperature. Aromatic aldehydes condense very readily so 
that removal ofthe water formed in the reaction is often unnecessary. 

Ketones are generally much less reactive than aldehydes in the 
formation of imines. By using acid catalysts, higher reaction tempera- 
tures, longer reaction times, and removing the water as it forms, 
respectable yields of Schiff bases are obtained. Sterically hindered 
ketones arc particularly unreactive. Aromatic ketones are generally 
less reactive than aliphatic ketones. Condensation of acetophenone 
and benzophenone with ammonia requires a four-hour reaction time 
at  180" with aluminum chloride as catalyst164. Strong acids should 
be avoided in the condensation of methyl ketones since they facilitate 
aldol condensation. Good results are obtained with weak acids. 
Methylene ketones can be condensed in the presence of strong acids 
since they do not undergo aldol condensations as easily as the methyl 
ketones. 

Any primary amine will condense with the carbonyl group, subject 
20+ C.C.G. 
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to the limitations outlined above. The reactivity of amines appears 
to parallel the base strengths15e or, probably more correctly, the 
nucleophilicities. Amino acids form imines 165J66, and imine forma- 
tion with free amino groups of proteins appears to be of importance 
in a number of biochemical mechanisms. 

The formation of Schiff bases is reported to be accelerated by 
ultraviolet irradiation 16". This phenomenon may involve light- 
promoted autoxidation of some of the aldehyde to the corresponding 
acid, which then catalyzes the condensation. A similar explanation 
was used to account for promotion of the Wittig reaction by light. 

Formation of two imine tautomers is possible in the condensation 
with aliphatic amines having a-hydrogens (equation 76). In addition, 

condensation with carbonyl compounds having active methylene 
groups can give isomeric enamine tautomers. Condensation of aceto- 
acetic ester with benzylamine (equation 77) 168.169 and a-phenyl- 
ethylamine (equation 78) is illustrative. The energy barrier 

MeCOCH2COzEt + PhCHSNHz 

Ph H2C' 
N,H...." 

(78) 

between g n  and anti isomers of Schiff bases is low so that isola- 
tion of the discrete isomers is not usually possible. Most reports of 
isolation of geometric isomers have been disputed. Recent evidence 
for the isolation of the geometric isomers of the imine from 2-amino- 
5-chlorobenzophenone and /3-morpholinoethylamine seems com- 
pelling (equation 79) 171. Infrared and nuclear magnetic resonance 
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spectra support the assignments. The ultraviolet spectra are different 
and are quite similar to the spectra of the known q n -  and anti-oximes. 

n 
W0 - aNH2 f HaNCH2CH2N 

CI c=o 
I 
Ph 

(79) 

2. Kinetics and mechanism 
The mechanism of imine formation is very similar in principle to 

the mechanism of formation of oximes, semicarbazones, and hydra- 
zones. Differences in detail arise mainly from differences in relative 
rate coefficients or equilibrium constants of the general addition- 
elimination mechanism. These differences have usually served to 
make kinetic study of imine formation more difficult to execute or the 
results more difficult to interpret. For instance, the carbinolamine 
intermediate in Schiff base formation is much less stable than the 
intermediate in oxime or semicarbazone formation ; it reverts rapidly 
to reactants or is converted rapidly into product in competing 
reactions. I t  is usually present in low steady-state concentrations so 
that experimental rate coefficients for imine formation or hydrolysis 
are often composites of several rate and/or equilibrium constants and 
are sometimes difficult to interpret unambiguously. Fortunately, 
imine formation is sufficiently similar to oxime formation that 
mechanistic analogies and interpolations can be made. 

Intermediates have been isolated when aromatic amines and 
aldehydes were condensed in the absence of solvent or in aqueous 
emulsions 172-176. These substances were isolated either as the free 
bases or their salts and were characterized as the carbinolamine on 
the basis of elemental analyses. They decomposed readily in moist 
air to the amine and aldehyde. The only evidence for a measurable 
accumulation of intermediate in dilute aqueous solution is from a 
polarographic study of the hydrolysis of benzylideneaniline in 30% 
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methanol 177. The absence of a measurable accumulation of inter- 
mediate has been demonstrated in the hydrolysis of a substituted 
benzylideneaniline in aqueous solution 178 and the formation of 
benzylideneanilines in nonpolar solvents 179. In most other cases a 
low steady-state concentration of intermediate has been assumed in 
the analysis of kinetic results in aqueous or partially aqueous solution. 

The only kinetic study made under the usual preparative con- 
ditions (refluxing benzene with removal of water) indicates that the 
rate-determining step in the condensation of aromatic amines with 
aromatic aldehydes is the addition of the 'amine to the carbonyl 
group 180. The evidence is based on the fact that electron-withdrawing 
substituents in the aldehyde increase the rate while the same sub- 
stitueiits in the aniline decrease the rate. 

Much of the information on the mechanism has been derived from 
interpretations of the effect of acidity on the rates of condensation 
and of hydrolysis of the imine. In general, condensation and hydroly- 
sis show a pH-independent (' uncatalyzed') reaction in mildly basic 
solution and an acid-catalyzed reaction in neutral and slightly acid 
solution. Both specific and general acid catalysis is observed. The 
hydrolysis of benzylideneaniline also shows specific base catalysis at 
very high In mildly basic solution the rate-determining step 
in the hydrolysis may be addition of water to the unprotonated 
imine 177~178~181 or the kinetically undistinguishable addition of 
hydroxide ion to the protonated imine182. In the reverse direction 
this would correspond to rate-determining elimination of water or 
hydroxide ion from the carbinolamine (equations 81 and 81', 
Scheme 1). In mildly acid solutions, where both the hydrolysis rates 
and condensation rates increase with increasing acidity, an important 
rate-determining step is probably addition of water to the protonated 
imine in the hydrolysis reaction, or acid-catalyzed dehydration of the 
carbinolamine in the condensation reaction. It has been shown, how- 
ever, that such a mechanism for acid catalysis does not completely fit 
the kinetic data for hydrolysis of imines 178~181-183 so that additional 
rate-determining steps must become important. A logical explanation 
involves a transition in rate-determining step at higher acidities to 
where addition of the amine to the carbonyl group becomes an impor- 
tant slow step in the condensation reaction and decomposition of the 
carbinolamine to amine and carbonyl compound becomes partially 
or wholly rate-determining in the hydrolysis reaction. The occurrence 
of a pH-rate maximum, a difference in structure-reactivity relation- 
ships on either side of the maximum, a difference in susceptibility 
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toward general acid catalysis on either side of the maximum183, and 
a differential cffect of solubilizing agents on the hydrolysis rates in 
the different pH regions18* point to a change in rate-determining 
step in going from mildly acid to more strongly acid solution. The 
reactions involved in the mechanism are summarized in Scheme 1. 
I t  thus appears that the mechanism of condensation of amines agrees 
in major detail with the more readily demonstrable mechanism of 
oxime and semicarbazone formation. 

Al kal i ne solution 

kl 

k- 1 

R1R2C=0 + NH2R3 R'R2COHNHR3 

k2 

k-2 
R1R2COHNHR3 R1R2C=NR3 + H20 

or 

R1R2COHNHR3 &- R1RZC=&HR3 + O H -  

Neutral and mildly acid solution 

R1R2C=0 + NHzR3 T R1R2COHNHR3 

R1R2COHNHR3 + H+ R1R2C(6H2)NHR3 

R1R2C!6H2)NHR3 5 R1R2C=&HR3 + H 2 0  

Acid solution 

R1R2C=0 + NH2R3 + R1R2COHNHR3 

and possibly 

R1R2C=6)H + NH2R3 R1R2COHhH2R3 

(fast) 

(slow) 

(slow) 

(fast) 

(fast) 

(slow) 

(slow) 

(slow) 

Scheme 1. Mechanism of formation of Schiff bases. 

Changing the structure of one or both of the reactants has rarely 
been found to change the rate in a simple manner. An exception is 
found in the condensation of substituted anilines with substituted 
benzaldehydes in refluxing benzene180. The rates of reaction of p- 
substituted anilines with benzaldehydes gives a good Hammett p-u 
correlation with p = - 2-00, while$-substituents in the benzaldehyde 
have the opposite effect on the rate of condensation with aniline 
( p  = 1.54). The uncatalyzed rates of condensation of substituted 
benzaldehydes with n-butylamine in methanol gives a nonlinear p-u 
plot, with a maximum at benzaldehydels5. Rates of condensation of 
piperonal with a series of aliphatic amines give poor correlations with 
the basicities of the amines measured in water or alcohol, but do 
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correlate well with the free energies of dissociation of the corre- 
sponding amine-trimethylboron complexes Nonlinear Hammett 
correlations are also obtained for the hydrolysis of benzylidene- 
anilines 187*186. 

Failure of the rates to follow a simple structure-reactivity relation- 
ship is the result of the fact that the rates of the individual steps in 
the reaction cannot be studied separately, so that the measured rate 
coefficients (kobs) are often composite. Consider the simplest case of 
the uncatalyzed condensation (equations 80 and 81) going to com- 
pletion (k- , can be neglected). Application of the steady-state 
approximation to the carbinolamine gives equation (87) for the 

(87) 

general case. If k-, << k,, kobs = kl and a linear correlation with u 
or a+ would be expected. If k - ,  >> k,, kobs. = k,k,/k-, and a linear 
Hammett correlation would still be expected, although the observed 
p could be quite small if changing substituents had opposing effects 
on the equilibrium constant, k,/k-,, and the rate coefficient, k,. 
If  k - ,  2: k,, then nonlinear effects of changing substituents 
could result. The small amount of data available indicates that 
k-, and k,  are of comparable magnitude so that neither becomes 
negligibly small compared to the other for an entire series of sub- 
stituted reactants. In neutral or mildly acid solution the interpreta- 
tion of changes in structure on kobs is further complicated by the fact 
that the rate coefficients for the individual steps have both un- 
catalyzed and acid-catalyzed components and the resulting composite 
constant is not a simple factorable product of constants that might 
give a linear Hammett correlation. 

kobs = k l k Z / ( k - l  + k2) 

IV. REFERENCES 

1. U. Schollkopf, Angew. Chem., 71, 260 (1959). 
2. S. Trippett in Advances in Organic Chemisfy,jVol. 1 (Ed. R. A. Raphael, E. C. 

Taylor, and H. Wynbcrg), Interscience Publishers, New York, 1960, p. 83. 
3. G. Wittig and U. Schollkopf, Chem. Ber., 87, 1318 (1954). 
4. S. S. Novikov and G. A. Shoekhgeimer, Izv. Akad. Nauk SSSR, Otd. Khim. 

5. A. BladC-Font, C. A. VanderWerf, and W. E. McEwen, J .  Am. Chem. Sac., 

6. L. Horner, H. Winkler, A. Rapp, A. Mentrup, H. Hoffmann, and P. Beck, 

7. G. Wittig, H. D. Weigmann, and M. Schlosser, Chem. Bet-., 94, 676 (1961). 
8. A. J. Speziale and D. E. Bissing, J.  A m .  Chem. SOC., 85, 3878 (1963). 
9. C. Ruchardt, S. Eichler, and P. Panse, Angew. Chem., 75, 85814 (1963). 

Nauk, 206 1 ( 1  960). 

82, 2396 ( 1  960). 

Tetrahedron Letters, 161 (1961). 



12. Condensations Leading to Double Bonds 615 

10. A. W. Johnson and R. B. LaCount, Tetrahedron, 9, 130 (1960). 
1 1. J. Levisalles, Bull. SOC. Chim. Frame, [5], 102 1 (1 958). 
12. F. Ramirez and S. Levy, J. Org. Chem., 21, 488 (1956). 
13. H. H. Jaffe, J .  Chem. Phys., 22, 1430 (1954). 
14. H. H. Jaffe and L. D. Freedman, J .  Am. Chem. Soc., 74, 1069 (1952). 
15. C. N. R. Rao, J. Ramachandran, M. S. C. Iah, S. Somasekhara, and T. V. 

16. F. G. Mann and E. J. Chaplin, J .  Chem. Soc., 527 (1937). 
17. G. Wittig and W. Haag, Chem. Ber., 88, 1654 (1955). 
18. L. D. Bergel’son, V. A. Vaver, and M. M. Shemyakin, Zzv. Akad. Nauk SSSR, 

19. L. D. Bergel’son, V. A. Vaver, L. I. Barsukov, and M. M. Shemyakin, Dokl. 

20. L. D. Bergel’son, V. A. Vaver, V. Yu.  Kovtun, L. 5. Senyavina, and M. M. 

21. L. D. Bergel’son, V. A. Vaver, A. A. Bezzubov, and M. M. Shemyakin, Zh. 

22. S. Trippett, Quart. Rev. (London),  17, 406 (1963). 
23. S. Trippett and D. M. Walker, Chem. Ind. (London), 933 (1960). 
24. V. F. Kucherov, B. G .  Kovalev, I. I. Nazarova, and L. A. Yanovskaya, Izv. 

25. S. Trippett and D. M. Walker, Chem. Ind. (London), 990 (1961). 
26. H. T. Openshaw and N. Whittaker, Proc. Chem. Soc., 454 (1961). 
27. G. Wittig and H. Pommer, Ger. Paf . ,  950,552 (1956). 
28. H. H. Inhoffen, K. Briickner, G. F. Domagk, and H. Erdmann, Chem. Bm., 

29. J. P. Freeman, Chem. Ind. (London), 1254 (1959). 
30. H. H. InhoRen, K. Bruckner, and H. Hess, Chem. BET., 88, 1850 (1955). 
31. H. Hcitman, J. H. Sperna Weiland, and H. 0. Huisman, Koninkl. Ned. Akad. 

Wetemchap., Proc., Ser. B, 64, 165 (1961); through Chm.  Abstr., 55, 17562 
(1961). 

Rajakumar, Nature, 183, I475 (1959). 

Old. Khim. Nauk, 729 (1961). 

Akad. Nuuk SSSR, 143, 1 1 1 (1962). 

Shemyakin, Zh. Obshch. Khim., 32, 1802 (1962). 

Obshch. Khim., 32, 1807 (1962). 

Akad. Nauk SSSR, Otd. Khim. Nauk, 1512 (1960). 

88, 1415 (1955). 

32. R. N. McDonald and T. W. Campbell, J .  Org. Chem., 24, 1969 (1959). 
33. G. Wittig, Angew. Chem., 68, 505 (1956). 
34. H. Gilman and R. A. Tomai, J .  Org. Chem., 27, 3647 (1962). 
35. D. Seyferth, J. K. Heercn, and S. 0. Grim, J.  Org. Chem., 26, 4783 (1962). 
36. G .  Koebrich, Angew. Chem., 74, 33 (1962). 
37. J. Parrick, Can. J .  Chem., 42, 190 (1 964). 
38. L. Homer. H. Hoffmann, and H. G. Wippel, Chem. Ber., 91, 61 (1958). 
39. L. Homer, H. Hoffmann, H. G. Wippel, and G. Klahre,Chem. Ber., 92,2499 

40. S. Patai and A. Schwartz, J. Org. Chem., 25, 1232 (1960). 
41. E. P. Kohler and H. M. Chadwcll, Org. Syn., Coll. Vol. I, John Wiley and 

42. N. L. Drake and P. Allen, Jr., Org. Syn., Coll. Vol. I, John Wiley and Sons, 

43. R. Kuhn, W. Badstubner, and C. Grundmann, Chern. Ber., 69B, 98 (1936). 
44. P. Mastagli and N. Andric, Bull. Soc. Chim. France, 792 (1957). 
45. G .  Durr, Ann. chim. (Paris), [13], I., 84 (1956). 
46. M. J. Astle and M. L. Pinns, J .  Org. Chem., 24, 56 (1959). 

(1 959). 

Sons, New York, 1941, p. 78. 

New York, 1941, p. 77. 



616 R. I,. Reeves 

47. N. B. Lorette, J .  Org. Chem., 22, 346 (1957). 
48. P. Delest and R. Pallaud, Cornpt. Rend., 245, 2056 (1957). 
49. G .  Wittig, H. D. Frommeld, and P. Suchanek, Angew. Chem., 75, 978 (1963). 
50. C .  R. Hauser and J. K. Lindsay, J .  Org. Chem., 22, 482 (1957). 
51. A. R. Pinder, J .  Chem. SOC., 2236 (1952). 
52. H. Zimmer and J. Rothc, J .  Org. Chem., 24, 28 (1959). 
53. W. S. Johnson and G. H. Daub in Org. Reactions, Vol. VI,  John Wiley and 

54. P. Delest and R. Pallaud, Comfit. Rend., 246, 1703 (1958). 
55, F. Mattu and M. R. Manca, Chimica (Milan), 33, 284 (1957) ; through Chem. 

56. J. R. Johnson and 0. Grummit, Org. Syn., Coll. Vol. 111, John Wiley and 

57. H. Muller and H. von Pechmann, Chem. Ber., 22, 2127 (1889). 
58. R. G. Fargher and W. H. Pcrkin, Jr., J .  Chem. SOC., 105, 1353 (1914). 
59. R. B. Woodward, F. Sondheimer, D. Taub, K. Heusler, and W. M. 

60. F. T. Tyson, Org. Syn., Vol. 23, John Wiley and Sons, New York, 1943, p. 42. 
61. 0. Wallach, Chem. Ber., 30, 1094 (1897). 
62. C. Mannich, Chem. Ber., 40, 153 (1  907). 
63. D. S .  Tarbell, G. P. Scott, and A. D. Kernp, J .  Am. Chem. SOC., 72, 379 (1950). 
64. D. S. Tarbell and J. C. Bill, J .  Am. Chem. SOC., 74, 1234 (1952). 
65. E. Bauer, Comfit. Rend., 155, 288 (1912). 
66. J. D. Gettler and L. P. Hammett, J .  Am. Chem. SOC., 65, 1824 (1943). 
67. J. Colonge, Bull. SOC. Chim. France, [4], 49, 441 (1931). 
68. H. Haeussler and C. Brugger, Chem. Ber., 77,  152 (1944-46). 
69. W. Wislicenus and W. Bindemann, Ann. chem., 316, 18 (1901). 
70. M. N. Tilichenko and V, G. Kharchenko, zh. Obshch. Khim., 29, 1909 (1959). 
71. E. R. H. Jones and H. P. Koch, J .  Chem. SOC., 393 (1942). 
72. E. A. Braude, B. F. Gofton, G. Lowe, and E. S. Waight, J. Chem. SOC., 4054 

73. R. P. Bell, J.  Chem. SOC., 1637 (1937). 
74. R. P. Bell and P. T. McTigue, J. Chem. Sac., 2983 (1960). 
75. K. F. Bonhoeffer and W. D. Waiters, 2. Phys. Chem., 181A, 441 (1938). 
76. S. Winstein and H. J. Lucas, J .  Am. Chem. SOC., 59, 1461 (1937). 
77. D. S. Noyce and L. R. Snyder, J. Am. Chem. SOC., 80, 4033 (1958). 
78. D. S. Noyce and L. R. Snyder, J. Am. Chem. SOC., 80, 4324 (1958). 
79. D. S. Noyce and W. L. Reed, J .  Am. Chem. SOC., 80, 5539 (1958). 
80. D. S. h’oyce and L. R. Snyder, J .  Am. Chem. Soc., 81, 620 (1959). 
81. K. Yates and R. Stewart, Can. J .  Chem., 37, 664 (1959). 
82. D. S. Noyce and W. A. Pryor, J .  Am. Chem. SOC., 81, 618 (1959). 
83. E. Combs and D. P. Evans, J .  Chem. Soc., 1295 (1940). 
84. D. S. Noyce and W. L. Reed, J .  Am. Chem. SOC., 81, 624 (1959). 
85. M. Stiles, D. Wolf, and G. V. Hudson, J .  Am. Chem. SOC., 81, 628 (1959). 
86. M. J. Astle and W. C .  Gergel, J .  Org. Chem., 21, 493 (1956). 
87. M. J. Astle and F. P. Abbott, J.  Org. Chem., 21, 1228 (1956). 
88. D. S. Breslow and C .  R. Hauser, J. Am. Chem. SOL, 62, 2385 (1940). 
89. A. Sakurai, Sci. Papers Inst. Phys. Chem. Res. TGkyC, 53, 250 (1  959) ; through 

Sons, New York, 1951, p. 1. 

Abstr., 52, 1934 (1958). 

Sons, New York, 1955, p. 806. 

McLamore, J .  Am. Chem. SOC., 74, 4223 (1952). 

(1956). 

Chem. Abstr., 54, 19478 (1960). 



12. Condensations Leading to Double Bonds 617 

90. c. F. H. Allen and .J. VanAllan, Org. Syn., Coll. Vol. 111, John WiIey and 

91. S. Patai, J. Edlitz-Pfeffermann, and Z .  Rosner, J. Am. Chem. SOL, 76, 3446 

92. A. C. Cope and E. M. Hancock, Org. Syn., Coll. Vol. 111, John Wiley and 

93. A. C. Cope, C. M. Hofrnann, C. Wyckoff, and E. Hardenbergh, J. Am. 

94. A. C .  Cope, A. A. D’Addieco, D. E. Whyte, and S. A. Glickman, Org. Syn., 

95. E. C. Horning, M. G .  Horning, and D. A. Dimmig, Org. Syn., Coll. Vol. 111, 

96. W. S. Emerson, Chem. Rev., 45, 347 (1949). 
97. J. S. Powell, K. C. Edson, and E. L. Fisher, Anal. Chem., 20, 213 (1948;. 
98. S. Wawzonek and E. M. Smolin, Org. Syn., Coll. Vol. 111, John Wiley and 

99. N. P. Buu-Hoi and N. D. Xuong, Bull. SOC. Chim. France, 650 (1957). 

Sons, New York, 1955, p. 783. 

( 1954). 

Sons, New York, 1955, p. 399. 

Chem. SOC., 63, 3452 (1 941). 

Coll. Vol. IV, John Wiley and Sons, New York, 1963, p. 234. 

John Wiley and Sons, New York, 1955, p. 165. 

Sons, New York, 1955, p. 715. 

100. D. R. Bragg and D. G. Wiberly, J .  Chem. Sac., 5074 (1961). 
101. G. Charles, Bull. SOC. Chim. France, 1573 (1963). 
102. R. P. Linstead, E. G. Noble, and E. J. Boorman, J. Chem. Sac., 557 (1933). 
103. S. Patai and Y. Israeli, J.  Chem. Sac., 2020 (1960). 
104. S. Patai and Y. Israeli, J .  Chem. Soc., 2025 (1960). 
105. E. F. Pratt and E. Wcrblc, J .  Am. Chem. SOC., 72, 4638 (1950). 
106. S. Patai and Y. Israeli, Bull. Res. Council Israel, 8A, 179 (1959). 
107. A. C .  Cope, J.  Am. Chem. SOC., 59, 2327 (1947). 
108. S. Patai, S. Salticl, and J. Zabicky, Bull. Res. Council Israel, 7A, 186 (1958). 
109. K. C .  Blanchard, D. L. Klein, and J. McDonald, f. Am. Chem. Soc., 53, 2809 

110. F. G. Fischcr and A. Marshall, C h m .  Ber., 64, 2825 (1931). 
11 1. F. S. Prout, J .  Org. Chem., 18, 928 (1953). 
112. F. S. Prout, A. A. Abdel-Latif, and M. R. Kamal, f. Chem. Eng. Dnta, 8,597 

113. J. B. Bastlis, Tetrahedron Lefters, 955 (1963). 
114. S. Patai,J. Zabicky, and Y .  Israeli, J .  Chem. SOL, 2038 (1960). 
115. T. I. Crowcll and F. A. Ramircz, f. Am. Chem. SOL, 73, 2268 (1951). 
116. T. I. Crowell and D. W. Peck, J .  Am. Chem. SOL, 75, 1075 (1953). 
117. R. G .  Pcarson and R.  L. Dillon, J .  Am. Chem. Soc., 75, 2439 (1953). 
118. S. Patai and T. Goldman-Rap,  Bull. Res. Council Israel, 7A, 59 (1958). 
119. J. R. Johnson in Org. Reactions, Vol. I, John Wiley and Sons, New York, 

120. R. Fittig and F. L. Slocurn, Ann. Chem., 227, 53 (1885). 
121. D. S. Breslow and C. R. Hauser, J. Am. Chem. Sac., 61, 786 (1939). 
122. P. Kalnin, Helv. Chim. Ada, 11, 977 (1928). 
123. J. F. J. Dippy and R. M. Evans, J .  Org. Chenz., 15, 451 (1950). 
124. G. Lock and E. Bayer, Chem. Ber., 72B, 1064 (1939). 
125. R. Fittig and H. W. Jayne, Ann. Chem., 216, 115 (1883). 
126. R. Fittig and P. Ott, Ann. Chem., 227, 61 (1885). 
127. R. Fittig and H. W. Jayne, Ann. Chem., 216, 97 (1883). 
128. A. Oglialoro, Gazz. Chim. It& 8,  429 (1878), and later papers. 

(1931). 

(1963). 

1942, p. 210. 

20* 



618 R. L. Reeves 

129. M. Crawford and G. W. Moore, J .  Chem. SOC., 3445 (1955). 
130. E. Barrett and A. Lapworth, J .  Chem. SOC., 93, 85 (1908). 
131. G. H. Sternpel, Jr. and G. S. Schafkl, J .  Am. Chem. SOC., 66, 1158 (1944). 
132. I. D. Fiarman and J. D. Gettler, J .  Am. Chem. SOC., 84, 961 (1962). 
133. A. Fish and M. Saeed, Chem. Ind. (London), 571 (1963). 
134. W. D. Phillips, Ann. N. Y. Acad. Sci., 70, 81 7 (1958). 
135. G. J. Karabatsos, J. D. Graham, and F. M. Vane, J. Am. Chem. SOC., 84, 753 

136. G. J. Karabatsos, B. L. Shapiro, F. M. Vane, J. S. Fleming, and J. S. Ratka, 

137. G. J. Karabatsos and R. A. Taller, J .  Am. Chem. SOC., 85, 3624 (1963). 
138. R. R. Shagidullin, F. K. Sattarova, T. V. Troepol’skaya, and Yu. P. Kitaev, 

Izv. Akad. Nauk SSSR, Otd. Khim. Nauk, 385 (1963) ; through Chem. Abstr., 
58, 13761 (1963). 

( 1962). 

J .  Am. Chem. SOC., 85, 2784 (1963). 

139. W. P. Jencks, J .  Am. Chem. SOC., 81, 475 (1959). 
140. L. P. Hammett, Physical Organic Chemistry, McGraw-Hill Book Co., New 

141. B. M. Anderson and W. P. Jencks, J .  Am. Chem. SOC., 82, 1773 (1960). 
142. E. H. Cordes and W. P. Jencks, J .  Am. Chem. SOC., 84,4319 (1962). 
143. E. H. Cordes and W. P. Jencks, J .  Am. Chem. SOC., 84, 826 (1962). 
144. B. A. Porai-Koshits and A. L. Remizov, Sb. Statei Obshch. Khim., 2, 1570 

145. F. Weygand and M. Reckhaus, Ghem. Ber., 82, 442 (1949). 
146. S. Badforss, 2. Physik. Chem. (Leipzig),  109, 223 (1924). 
147. E. G. R. Ardagh and F. C. Rutherford, J .  Am. Chem. SOC., 57, 1085 (1935). 
148. R. P. Cross and P. Fugassi, J .  Am. Chem. SOC., 71, 223 (1949). 
149. D. S. Noyce, A. T. Bottini, and S. G. Smith, J .  Org. Chem., 23, 752 (1958). 
150. F. €3. Westheimer, J. Am. Chem. SOC., 56, 1962 (1934). 
151. H. C. Brown, R. S. Fletcher, and R. B. Johannesen, J .  Am. Chem. SOC., 73, 212 

152. F. P. Price, Jr., and L. P. Hammett, J .  Am. Chem. Sot., 63, 2387 (1941). 
153. J. D. Dickinson and C. Eaborn, J .  Chem. SOC., 3036 (1959). 
154. F. W. Fitzpatrick and J. D. Gettler, J .  Am. Chem. SOC., 78, 530 (1956). 
155. H. H. Stroh, Chem. Ber., 91, 2645 (1958). 
156. H. H. Stroh, Chem. Ber., 91, 2657 (1958). 
157. H. H. Stroh and E. Ropte, Chem. Ber., 93, 1148 (1960). 
158. H. H. Stroh and H. E. Nikolajewski, Chem. Ber., 95, 562 (1962). 
159. R. W. Layer, Chem. Rev., 63, 489 (1963). 
160. M. M. Sprung, Chem. Rev., 26, 297 (1940). 
161. M. D. Hurwitz, U.S. Pat., 2,582,128 (1952); through Chem. Abstr., 46, 8146 

162. K. N. Campbell, A. H. Sornmers, and B. K. Campbell, J .  Am. Chem. SOC., 

163. R. Tiollais, Bull. SOC. Chim. France, 708 (1947). 
164. H. H. Strain, J .  Am. Chem. SOC., 52, 820 (1930). 
165. P. Zuman, Collection Czech. Chem. Commun., 15, 839 (1951). 
166. 0. Gerngross and A. Okay ,  Chem. Ber., 96, 2550 (1963). 
167. J. Klosa, Arch. Pharm., 287,62 (1954); through Chem. Abstr., 51, 14741 (1957). 
168. H. P. Schad, Helv. Chim. Ada, 38, 1 1 17 (1955). 

York, 1940, p. 333. 

(1953) ; through Chem. Abstr., 49, 5367 (1 955). 

(1951). 

(1952). 

66, 82 (1944). 



12. Condensations Leading to Double Bonds 619 

169. G. 0. Dudek and G .  P. Volpp, J .  Am.  Chem. SOC., 85, 2697 (1963). 
170. V. M. Potapov, F. A. Trofimov, and A. P. Terent'ev, Zh. Obshch. Khim., 31, 

171. S. C. Bell, G. L. Conklin, and S. J. Childress, J .  Am. Chem. SOC., 85, 2868 

172. W. von Miller, Chem. Ber., 25, 2053 (1892). 
173. A. Lowy and E. H. Balz, J .  Am. Chem. SOL, 43, 341 (1921). 
174. A. Hantzsch and 0. Schwab, Chern. Ber., 34, 832 (1901). 
175. 0. Dimroth and R. Zoeppritz, Chem. Ber., 35, 984 (1902). 
176. A. Hantzsch and F. Kraft, Chem. Ber., 24, 352 1 (1 891). 
177. B. Kastening, L. Holleck, and G. A. Melkonian, Z. Electrochem., 60, 130 

178. R. L. Reeves, J .  Am. Chem. SOC., 84, 3332 (1962). 
179. G. Kresze and H. Goetz, 2. Naturforsch., lob, 370 (1955). 
180. E. F. Pratt and M. J. Kamlet, J.  Org. Chem., 26, 4029 (1961). 
181. A. V. Willi, Helv. Chem. A d a ,  39, 1 193 (1956). 
182. E. H. Cordes and W. P. Jencks, J .  Am. Chem. SOC., 85, 2843 (1963). 
183. E. H. Cordes and W. P. Jencks, J .  Am. Chem. SOC., 84, 832 (1962). 
184. M. T. A. Behme and E. H. Cordes, J .  Am. Chem. SOC., 87, 260 (1965). 
185. G. M. Santerre, C. J. Hansrote, and T. I. Crowell, J .  Am. Chem. SOC., 80,1254 

186. R. L. Hill and T. I. Crowell, J .  Am. Chem. SOC., 78, 2284 (1956). 
187. 0. Bloch-ChaudC, Comfit. Rend., 239, 804 (1954). 
188. A. V. Willi and R. E. Robertson, Can. J. Chem., 31, 361 (1953). 

3344 (1961). 

(1963). 

(1956). 

( 1958). 



CHAPTER 93 

THEOPHIL EICHER 
University of Wurzburg, Germany 

I. INTRODUCTION . . 622 
11. GROUPIELEMENTS . . 622 

A. General. . 622 
B. 1,2-Addition . . 622 
C. Conjugate Addition. . 624 
D. Reduction . . 631 
E. Ion-Radical Transfer; Ketyl Formation . . 632 
F. Mechanism . . 634 

111. GROUP 11 ELEhlENTS . . 638 
A. Organomagnesium Compounds . . 638 

1. General . . 638 
2. Reduction and enolization . . 639 
3. Structure of the Grignard reagent . 645 
4. The mechanism of 1,2-addition . . 648 
5. Conjugate addition . . 662 

a. 1,4-Addition . . 662 
b. Reaction of sterically hindered aryl ketones with Grig- 

nard reagents . 665 
B. Beryllium, Zinc, and Cadmium . . 669 

1. Compounds of the type RMX and R2M . . 669 
2. Reactivity in 1,2- versus 1,4-addition; comparison with 

other organometallic compounds . . 671 
3. Reactions of ‘at-complexes’ of Group I1 elements . . 675 

IV. GROUP I11 ELEMENTS . . 677 
A. 1,2- and 1,4-Addition . . 677 
B. Reduction . . 678 
C. Mechanism . . 680 

v. ACKNOWLEDGMENTS . . 687 

VI. REFERENCES . 687 

62 1 

The Chemistry of the Carbonyl Group 
Edited by Saul Patai 

Copyright 0 1966 by John Wiley & Sons Ltd. All rights reserved. 



622 T. Eicher 

I. INTRODUCTION 

The reaction of organometallic reagents with carbonyl compounds 
has been the subject of a considerable number of reviews1-4 which 
mainly cover the preparative utility of reactions of carbonyl com- 
pounds with organoalkali reagents, Grignard reagents, and other 
organometallic derivatives of Group I1 elements, and also of alu- 
minum. 

Since within the last decade apparently no novel preparative 
reaction has appeared5, this chapter will emphasize the mechanistic 
aspects developed during the past years; preparative aspects will be 
discussed only to a minor extent. A brief discussion of the present 
knowledge on the structure of the organometallic species will be 
added where necessary for the understanding of mechanisms under 
discussion, as is particularly necessary in the case of Grignard 
reagents. 

Only reactions which imply the reaction of carbon-metal bonds 
with a carbonyl group will be discussed. Condensation reactions of 
the Claisen, Michael or aldol type, however, are not treated, and the 
choice of carbonyl compounds is restricted to aldehydes and ketones. 
As far as possible, the literature has been covered up to March 

1965. 

II. GROUP I ELEMENTS 

A. General 
The use of organoalkali reagents in organic syntheses and their 

reactions with carbonyl compounds have been the subject of several 
comprehensive articles. Besides the detailed discussion by Rungel, 
extensive reviews have been made by Witfigs (reactions of organo- 
lithium compounds), Braude (reactions of lithium compounds with 
particular emphasis on the reactivity of alkenyllithiums), and by 
Schlosser * (reactivity of organosodium and -potassium compounds). 

The different types of reaction occurring with aldehydes and ke- 
tones will be discussed by means of selected typical examples. 

B. /,2=Addition 
Saturated aldehydes and ketones react with organoalkali com- 

pounds in the normal 1,2-addition mode to give, respectively, 
secondary and tertiary carbinols (equation 1). The order of relative 
reactivity of alkali metal compounds in metalation reactionsB seems 
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also to be observed in additions to the carbonyl group8, i.e. 
K > Na > Li > e.g. Mg. This difference in reactivity may be 

R' 

(1) 
\ 

R'-M + RaRSC=O Ra-C-OH 

R3 / 
(M = Li, Na, K) (R l ,  Ra = alkyl, aryl: 

R3 = alkyl, aryl, or H) 

illustrated by the formation of tri-(t-butyl) carbinol (1) from the 
sterically hindered hexamethylacetone (2) and t-butylsodium, 
whereas t-butyllithium fails to undergo addition lo. A similar 
difference occurs in the relative reactivities of lithium compoupds 
toward Grignard reagents ; for example, isopropylmagnesium halide 
does not add to diisopropyl ketone, but isopropyllithium does to a 
considerable extent ll. 

Steric factors often affect the course of the reaction between 
organometallic compounds and enolizable aldehydes and ketones. 
With sterically hindered organometallic compounds 12, especially 
tritylsodium 13, enolate formation dominates over addition. The 
ratio of addition to enolization strongly depends upon the nature of 
the metal in the attacking species, as shown by Hauser and co- 
worker~'~, who investigated the reaction of acetophenone with several 
arylmetais (equation 2). Their results, shown in the Table 1, were 

rationalized on the basis of the polarity of the phenyl-metal bond, 
which decreases in the order K > Na > Li > MgX. Thus potas- 
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TABLE 1. 

Metal 

K 10: 1 
Na 2: 1 
Li 1 :23 
MgX 1 :oo 

Ratio of enolization to addition 
-___- _- 

sium and sodium favor the arylmetal reacting like a base in a depro- 
tonation reaction, as shown in 5, to give 8, while lithium and mag- 
nesium facilitate attack at the carbonyl group, leading to 4, pro- 
bably through a four-centered transition state like 6. 

C. Conjugate Addition 
With a$-unsaturated ketones, organoalkali reagents generally 

tend to give 1,2-addition rather than 1,4- (or conjugate) addition. A 
comparative study by Gilman15 on the reaction of benzalaceto- 
phenone with arylmetals (equation 3))  which was later confirmed by 

OM 
I .2-Addition I 

C6H&H=CHC(C6&,)2 

O M  (3) c' I .4-Addition I 
C6H5CH=CHCOC& -t C6H5M 

(CEH~)~CHCH=CCF~H~ 

Hauser14, again showed that the direction of addition depended 
upon the metal involved, as shown in Table 24. 

for 
the exclusive formation of lY4-adduct with RMgX may need some 
reevaluation in  the light of recent findings discussed later (sections 
III.A.5 and B.2). Table 2 also indicates the superiority of organo- 
lithium compounds over Grignard reagents, when using lY2-addition 
for preparative purposes. However, in some cases 17.18 the reactivity of 

The mechanistic interpretations discussed in the literature 



13. Reactions with Organometallic Compounds 

TABLE 2. 

625 

~~ 

Cation 1,2-Addition (%) 1,4-Addition (yo) 

K 
N a  
Li 
MgX 

67 
60 
75 
- 

- 
14 
14 
94 

organolithiums and -magnesium is reversed, and organoalkali com- 
pounds add preferentially in the 1,4-manner to conjugated systems. 
For example, fluorenyllithium, -sodium, and -potassium combine 
with mesityl oxide to form the product of conjugate addition (7), 

Flu 0 
I .4-Addition I I 1  

(C H3)ZC C H, CC H3 

(7 ) 

OH 
I .2-Addition I 

I 
Flu 

(C H 3)2C=C HC C H3 

(8) 

-I__: 
0 

(CH3),C=CHCCH, + Flu-M 
I 1  

(Flu = E H - )  

0 
whereas fluorenylmagnesium bromide yields the allylic carbinol (8) 
by lY2-addition. Similarly, tritylmagnesium chloride undergoes 
1,2-addition in the reaction with cinnamic aldehydelg, but with 
tritylsodium the 1,Ppattern is observed20. If in 9 a @-hydrogen is 
replaced by a phenyl group, the reaction with tritylsodium changes 

C(C6H5)3 0 
M = N a  I I I  

CtjHsCHCH,-CH 

(10) 

OH 
I Oxidation M = MRCI 

C&5CH=CHCHC(C&l5)3 ____f 

(11, not isolated) 
0 

-I 0 
I 1  

(9) 

C&,CH=CHCH + (C6Hs)sCM 

I I  
C&jCH=CHCC(C6H& 
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to 1,Z-addition, probably for steric reasons20 (equation 4) and 12, an 
allylic alcohol analogous to 11 is obtained. Interestingly, benzalace- 
tophenone fails to react with tritylsodium alone, but in the presence 
of triphenylboron 1 ’4-addition occurs quantitatively20. Activation of 

0 OH 

(C,H&,C=CH(!!H + (CeH&CNa - (C,H,)C=CH&.HC(C,H& (4) 

the a,/hnsaturated system via ‘at-complex’ formation2’ at the 
carbonyl group seems probable, thus leading to the proposed 

(1%) 

mechanism (5). (The advantage of applying the concept of ‘at- 
complex’ formation, developed by Wittig21 *, to mechanisms of 
organometallic reactions will be discussed later.) Nucleophilic attack 
on a primarily formed ‘at-complex’ (14) by a trityl anion is ana- 
logous to a mechanism postulated by Wittig and coworkers for the 

* An ‘at-complex’ is formed when a Lewis acid combines with a nucleophilic 
center. 
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reaction of unsaturated hydrocarbons with tritylsodium in the pre- 
sence of complex-forming reagents 22. 

Sterically hindered aromatic ketones of the benzophenone type, 
which undergo almost exclusively conjugate addition with Grignard 
 reagent^^^.^^, may still give 1,2-addition with the more reactive 
organolithium compounds. For example, mesityl phenyl ketone (15) 
is o-phenylated by phenylmagnesium bromide 25 (equation 6 )  while 

(15) 

the mesityl phenyl ketones 16 and 1’7 give the corresponding triaryl 
carbinols resulting from 192-addition with phenyllithium 26. But 

Mes-C WCH3 0 

Mes-C “q;- (16) CHSO (17) 

even the slight steric change caused in the environment of the 
carbonyl group on going from 15 to duryl phenyl ketone (18) makes 
1,2-addition impossible even for phenyllithium ; thus conjugate addi- 
tion (equation 7) is observed. 

H3c@a H3C H3 ArLi FH3c&fb H3C CH3 (7) 

(18) 

(19. A r  = C,H,; 20, Ar  = duryl) 

Sterically hindered duryllithium (21) and 2,6-dimethylphenyl- 
lithium (22) provide further examples of the influence of steric 
hindrance on the course of interaction with ketones. Duryllithium 
(Zl), which is capable of 1,Z-addition to benzophenone, effects 
o-phenylation of 18, yielding 20. I n  the reaction of 22 with 2,2‘,6,6’- 
tetramethylbenzophenone (23) the extreme steric hindrance at 
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(21'1 

the carbonyl group as well as at the ring positions ortho to the 
carbonyl group is responsible for the rarely observed type of reaction 
which occurs (equation 8)27.  24 is only obtained in the cold; a t  

(24) 

higher temperatures a different product is obtained, for which the 
structure 25 was proposed since chromic acid gave 24, and Bachmann- 
Gomberg reduction28 of 24 gave 25. The structure of 24 was proved 

H3C QcH2-cH2-QcH3 0 
HO-C C-OH 

(25) 

by independent synthesis. Using phenyllithium instead of 22 also led 
to the same products, 24 and 25, and carboxylation at an early 
stage of the reaction yielded a carboxylic acid derived from metala- 
tion of one of the methyl groups of 23. Hence the mechanism (9) 
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2 23a ---+ 

- 

H3C JQ- c H2-c H QC H3 

-0--c. *c-0- 
H 3 C , ( y C H 3  H 3 C , ( y C H 3  

- 0 0 
2Li' i:>: I .  Ring closure 
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seems most likely. Whether the oxidation step takes place after 
dimerization or by an alternative route (10) of oxidative dimeri- 
zation of the primarily formed carbanion (23a) cannot be decided 
from the data available. 

Other examples of conjugate addition of organolithium compounds 
to aromatic ketones have been provided by Koelsch29*30 who found 
that the phenylperinaphthindanedione derivatives 26 and 27 are 
phenylated in the naphthalene nucleus by phenyllithium. 

Besides 1,4-conjugate addition to sterically hindered diary1 
ketones, 1,6-addition is also observedz3. The reaction of n-butyl- 
lithium with duryl o-tolyl ketone leads to the product of 1,6-addition 
across the aromatic system (reaction 11) 31 along with metalation of 

the o-methyl group. The preferential 1,6-attack of n-butyllithium 
parallels the reactivity of certain secondary and tertiary Grignard 
reagents towards duryl phenyl ketones 31. 
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D. Reduction 
Another advantage of organolithium compounds over Grignard 

reagents is that with sterically hindered ketones (e.g. diisopropyl 
ketone), the latter give reduction to a large extent, while the former 
tend rather to addition than to reduction. Similarly, 17-0x0 steroids 
are reported to undergo mainly reduction with alkylmagnesium 
halides, whereas tertiary carbinols are obtained with alkyllithiums, 
although some reduction also seems to occur33. Only very few 
carbonyl compounds are known which give reduction exclusively 
with organolithiums. Thus, anthanthrone is reduced by phenyl- 
lithium34 forming 28 and biphenyl (reaction 12). 

(28) 

I n  analogy to the mechanism of reduction performed by organo- 
metallics of Group I1 elements a mechanism of direct reduction 

OLi 

‘C’ + C H p C H 2  ’ ‘H 
(13) 

(without preceding elimination of lithium hydride) may occur 
(equation 13). A related mechanism (14) is very+likely for the direct 
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reduction of alkyl halides with alkyllithiums 34a fxilitated by non- 
polar solvents. 

E. Ion-Radical Transfer; Ketyl Formation 

The reaction of an aromatic ketone with a sterically hindered 
organoalkali compound unable to act as a nucleophile is generally 
accepted as involving a one-electron transfer from the anion to the 
carbonyl group leading to  the corresponding radical and a ketyl, 
according to the reaction scheme (15) developed by S ~ h l e n k ~ ~ .  For 

(15) 
\ I \  

I /  I /  

example, with tritylsodium and benzophenone in ether solution, the 
observed green color was attributed to the equilibrium (16) being 
shifted to the right at room temperature36. A similar behavior was 

(16) 

found in the reactivity of stilbenedialkali adducts3? (29) and the 
corresponding dianion derived from tetraphenylethylene (30) 38 

- L-+  c=o+-c.+ .c-0- 

(C,H5)3CNa + (C,H&C=O + (COH&C* -f (C6H,)&0Na 
yellow + blue = green 

C H CH-CHC,H, 
-1 I 

Na  N a  

(29) 

towards benzophenone, which resenerated the olefin and gave two 
moles of ketyl, e.g. equation (17), via an  intermolecular redox 

C H CH-CHCOH5 + 2 (CBHS)ZC=O + 
-1 I 

Na N a  
C,H&H=CHCGH, + 2 (C,H,).&Na (17) 

process ; formaldehyde and acetone, however, exhibited normal 
bifunctional 1,2-addition to the dicarbanions 29 and 30. 

Issleib 39 recently found another type -of ion-radical transfer in 
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the interaction of aromatic ketones with alkali phosphorus com- 
pounds, e.g. reaction (18). This reaction only occurred with the 

2 Ar2C=0 + 2 MPRp - 2 Ar,tOM + R2PPR2 (18) 

alkali diphenylphosphine 31 ; the aliphatic 32 prevented ketyl for- 
mation by giving a stable 1 : 1 adduct (33). I t  is assumed that with 

(31, R = C6H.5; 32, R = C,ki,; M = Li, Na) 

2 [Ar2C=O-MPR2] 2 AreOM + R,PPR, 

(33) 

aromatic residues at  the phosphorus atom the equilibrium lies 
preferentially on the right, whereas with aliphatic residues it is 
shifted to the left owing to the stability of 33. The 1 : 1 complex 33 
provides an analogy to the 1 : 1 adducts discussed for ketones and 
other organometallic Lewis acids (see section 111.A.4 below). Some 
results of Wittig and coworkers, in particular those from the re- 
action of benzophenone 40 and fluorenone 41 with tritylsodium, do 
not support the formulation of the equilibrium in the form given by 
Schlenk. Under certain conditions, tritylsodium and benzophenone 
formed a colored 1: l  adduct, which hydrolyzed to triphenyl- 
methane and benzophenone in equal amounts. Products indicating 
the presence of a trityl radical in the complex or in solution were not 

\ -  

,’ .C-O + (CsH5)aB 35 

235 --+ 358 
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obtained here, nor in the reaction with fluorenone. The hypothesis 
of a charge-transfer complex for the 1 : 1 adduct seems reasonable. 
In the presence of triphenylboron, however, tritylsodium reduced 
ketones to the corresponding pinacols ; in addition one equivalent 
of trityl radical was formed. Two reaction patterns (19 and 20) 
seem possible. With fluorenone, the bisboranate complex (35a) was 
isolated and characterized by further reactions. Probably triphenyl- 
boron activates the ketyl, present in low equilibrium concentration 
(a possibility not excluded by the results obtained) by formation of 
an  ' at-complex ' (35) , which then undergoes the dimerizing reduc- 
tion not observed without triphenylboron. A similar complexing of 
an intermediate ketyl may be responsible for the exclusive pinacol 
reduction of aromatic ketones by tritylmagnesium bromide (in 
contrast to tritylsodium) (equation 21) 42. This might be due to the 
Lewis-acid activity exhibited by RMgX, but not by RNa. 

(21) 
\ \ /  

/ 
2 6 0  + 2 (CeH,),CMgBr C-C + 2 (CeH6)C. 

'i L:Br BrMg 

F. Mechanism 
I n  contrast to the metalation reaction43 and the halogen-metal 

interconversion4* there are few reports in the literature on the 
detailed mechanism of lJ2-additions and other reactions of organo- 
alkali compounds with carbonyl groups, probably because the addi- 
tion is extremely fast. The reaction of phenyllithium with carbonyl 
groups was compared to a titration process by Wittig6 who stated 
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that ‘the extraordinary reactivity leads to instantaneous and com- 
plete reaction in the majority of cases investigated’. 

I n  the kinetic investigation of the reaction of Michler’s ketone 
(4,4’-bis-(p-dimethylamino) benzophenone) with phenyllithium by 
Swain and Kent45, reaction (22) was followed by means of a flow 
technique and was found to be homogeneous and first-order in 
each reactant, with a rate coefficient of approximately 5 x lo3 
(l/mole sec), i.e. a half-life of 0.002 sec (0.1 M at  25”). 

In  competition experiments the relative reactivity of several 
organolithium compounds was found to fall in the sequence 46 

p-CH,C,H4Li > C,H,Li =- C2H,Li > (CH3),CHLi 

On  the other hand, the relative reactivity of diary1 ketones decreased 
in the series 

4,4‘-dichlorobenzophenone > benzophenone > Michler’s ketone. 

The usual order of reactivity of aliphatic and aromatic organo- 
lithium compounds is reversed (as a rule, only aliphatic RLi com- 
pounds cleave ethers and metalate benzenes readily) and, more- 
over, the least basic, i.e. the poorest complex-forming ketone, 
reacted most rapidly. Therefore, the mechanism (23) was proposed, 
the key part of which was believed to be a 1 : 3 coordination complex 
(36) between the ketone and the lithiurn reagent. The combination 

(36) i37j 

of the ketone and R3Li in the first step of (23) was assumed to be fast 
and reversible, and the rearrangement of the 1 : 1 adduct 36 to 37 to 
be the rate-determining step. Indeed, the order of reactivity of the 
R3Li compounds tested corresponds characteristically to the order 
of migration aptitudes of the R3 groups in ionic Wagner-Meerwein- 
like rearrangements (Le.  aryl =- alkyl)*’. The stability of 36 as a 
function of the complexing power of the ketones involved might also 
explain their relative reactivity. 

An important assumption for the above mechanism is the ability 
of organolithium compounds to act as complexing agents. This 
was established by Wittig4*, who prepared stable complexes (38) of 

[C,H, Li C,H,]M 
(88, M = Na, K, Cs) 
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phenyllithium with organosodium, -potassium, and -cesium re- 
agents. Phenyllithium itself, reported to be dimeric in diethyl ether 49, 

can similarly be formulated as an autocomplexing ion pair (38, 
M = Li), in which one lithium atom functions as center of coordi- 
nation and the other is attached as a cation to the complex anion. 
However, the attack of a monomeric R3Li species in equation (23) 
seems most probable, since the monomer should be more reactive 
than the higher associated entities present in equilibrium50. It has 
been demonstrated that deassociation processes often complicate the 
kinetic picture of metalation and polymerization reactions investi- 
gated in nonpolar solvents 51. 

The formulation of a coordination complex (36) involves another 
important principle, which Wittigal recognized to be of general 
value for the understanding of organometallic reactivity. By com- 
bination of a nucleophilic center with a Lewis acid an ‘at-complex’ 
is formed, e.g. equation (24), which shows increased anionic mobility 

of the ligands R as well as enhanced aptitude for hydride ion 
abstraction, if R is a hydrocarbon residue with a- or P-C-H bonds : 

1 A 1 
I I I  

R ~ M ~ C ~ H  or R ~ M - C - C ~  

Thus an organometallic reagent can, by ‘ at-complex ’ formation, 
provide 2, carbanion for attack by a nucleophilic center. When 
organometallic compounds add to multiple bonds containing a 
heteroatom (e.g. >C=O, >C=N-, -C=N) coordination of the 
metal with the nucleophilic heteroatom assists the subsequent 
anionic attack on the neighboring positively charged carbon, leading 
to formation of a new carbon-carbon bond (reaction 25, 2 = 
heteroatom). According to Dessy and P a ~ l i k ~ ~ ,  the addition of 

7 

organometallic compounds to multiple bonds containing a hetero- 
atom takes place through an  ‘assisted four-center mechanism’. 
These authors stated that in a large number of reactions electrophilic 
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or nucleophilic assistance occurs, which is due to the coordination of 
one of the reactants with the second one at  a site neighboring to the 
reaction center, resulting in an increase of reactivity. This termi- 
nology resembles very closely the concept of ‘at-complex’ for- 
rnation2l. Coordinative assistance of reactivity may also be due to 
the solvent, as shown by the different behavior of n-butyllithium in 
ether and in benzene. In  benzene the organometallic compound is 
added as a polarized covalent species, whereas in ether the solvation 
of the lithium cation causes some mobility of the butyl anion within 
the ion pair and thus preferentially brings about metalation (i.e. 
deprotonation) of the nitrile 39 (reaction 26) 14*52. 

Ether , 

FH3 

CH-CSN + LiS(Et20). + BuH 
CH3Q 

(39) I Benzene 
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111. GROUP II ELEMENTS 

A. Organomagnesium Compounds 

1. General 

The various reactions of Grignard compounds with aldehydes and 
ketones have been reviewed up to 1954 by Kharasch and Reinmutha. 

Apart from the development of the chemistry of the alkenyl- 
magnesium halides, reviewed by N ~ r m a n t ~ ~ ,  no completely new 
aspects or types of reaction seem to have appeared in the literature of 
the last decade. On the other hand, the mechanistic understanding of 
the reactivity of Grignard compounds towards the carbonyl group 
and the establishment of their structure have been the subject of 
vivid controversies in the last decade with a remarkably large 
number of questions still remaining open. Thus a brief discussion of 
the problems connected with the structure of Grignard reagents 
seems to be justified in this chapter. 

The following types of reaction can occur between Grignard com- 
pounds and aldehydes or ketones: 

a. Normal or 1,Z-addition. 
R R 

/ 
C=O + RMgX 4 

\ 
/ / 

b. Conjugate (or 1,4) addition to unsaturated systems. 

t. Two-electron reduction of the carbonyl group. 

H H 
H30+ 

\ G O  + RCH,CH,MgX RCH=CH2'C/ + d \ C '  

OMgX ' \OH 
/ / \  

d. One-electron reduction of the carbonyl group leading to 
pinacol formation. 

dMgX OMgX 
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e. Enolization (deprotonation) of the carbonyl compound. 

RaCHa-CR3 + R'MgX R2CH=CR3 + R'H 
0 I1 dHgX 

Reduction and enolization will be treated before addition since 
their mechanisms are easier to survey and are often used in the dis- 
cussion of addition mechanisms. RMgX and R,Mg compounds are 
generally treated together because of the development of the struc- 
ture problem discussed later. 

2. Reduction and enolization 
Reduction of a ketone by a Grignard reagent results in a carbinol, 

as shown above under (c). With aliphatic Grignard reagents, the 
hydrocarbon residue is dehydrogenated to an olefin, whereas with 
aromatic Grignard compounds a rather complicated sequence not 
yet completely elucidated (formally the oxidation of the aryl anion 
to the radical) leads finally to biphenyl derivatives (equation 27) s4. 

In the aliphatic series reduction and enolization are always 
observed if the Grignard reagent is branched in the +position to the 
metal or generally if it is sterically crowded. Qualitative relation- 
ships between the structure of the Grignard reagent and the ratio of 
addition uersus reduction and enolization were discussed by Whit- 
mores5. Table 3 contains results obtained in the reaction of diiso- 
propyl ketone and several Grignard reagents. As expected, increas- 
ing the bulk of the alkyl group results in an increase of reduction 
and enolization, and a decrease of addition. The complete absence 
of reduction in the case of the neopentyl Grignard reagent led to the 
conclusion that /?-hydrogen atoms were necessary for reduction. 
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TABLE 3. 

R in RMgBr Enolization Reduction Addition 
(%I (%I  (%) 

Methyl 
Ethyl 
n-Propy 1 
Isopropyl 
Isobutyl 
Neopentyl 

0 
2 
2 

29 
11 
90 

0 95 
21 77 
60 36 
65 0 ( 9  
78 8 
0 ( 9  4 

R< ,OMgX 

+ CH2=CH-R3 /c\ 
CH2 H 

R2 
I 

Thus, a mechanism involving the transfer of a hydride ion in a 
cyclic six-membered transition state (40) was proposed (reaction 

(41) 
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28)56. A similar mechanism had been suggested earlier by Lutz and 
Kibler 57 for the enolization process (29). The possibility of a cyclic 
transition state like 41 was indicated by later results on the com- 
petition of enolization with reduction and addition (see below). 

Dunn and Warkentin 58  investigated the reduction of benzophe- 
none by isobutyl Grignard reagents (42) labeled with deuterium 
alternatively at the u-, /3-, and y-carbon atoms. Only in the case of 
,B-deuterated 42 did the deuterium appear in the product of reduction 

'\ 

/ 
C=CH2 

/OH H3C. 
HYC 

\ s  

/ 
(CoH&C=O + CH-CH2MgBr -t (CflH&C + 

(42) 
'H H3C H3C 

benzhydrol, at the carbon bearing the hydroxyl group. This was 
clear proof that p-hydrogen atoms participated in the transition state 
of the reduction, in support of the mechanism postulated above. 
Furthcrrnore, if a cyclic transition state like 40 is involved, onc would 
expect stereospecificity for the reduction of a sterically suitablc 
ketone resulting, at least to a certain extent, in asymmetric induction 
if a center of optical activity is introduced at  the /3-position of the 
Grignard reagent. Indeed, Mosher 50*G0 was able to show that the 
reaction of t-butyl methyl ketone with optically active ( + )-2-methyl- 
butylmagnesium chloride resulted in the formation of a partially 
optically active carbinol (reaction 30). The partial asymmetric 

0 H OH 
I *  15 

I 
CH3 

I 
H 

(CH&C- ! -CH3 + CH,CH2--C--CH,MgCI + (CH&C--C--CH3 (30) 

(43) (44) (45) 

reduction ' furnishes conclusive evidence for some closely associated 
complex in which the reduction of the ketone takes place simul- 
taneously with the destruction of asymmetry of the Grignard reament 
in a stereospecific mannery59. The preponderance of one of the optical 
isomers 45 is accounted for by the fact that one (46) of the two pos- 
sible transition states is energetically favored : the greater sterical 
interference of two bulky groups on the same side of the ring desta- 
bilizes 47 compared to 46. The importance of thc p-position of the 
Grignard reagent participating in the transition state is further 
indicated by the reduction of 43 with ( + )-3-methylpentylmagne- 
sium bromide possessing its center of optical activity in the y-position, 

? 

21 4-C.C.C. 
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( 4 1  (47) 

which gave an amount of asymmetricinduction smaller than0.01 
The corresponding dialkylmagnesium compound (di- ( ( + ) -2-methyl- 
buty1)magnesium) 62 gave an amount of asymmetric reduction (as 
well as addition and enolization) very similar to the Grignard 
compound 44. The same species was thought responsible for the re- 
action observed in both cases, namely the dialkylmagnesium com- 
pound 48. 

The energetically determined preference of one of two possible 
transition states caused by less steric crowding was confirmed by 
further investigations. Thus, asymmetric reduction of substituted 
benzophenones 49 with 44 was observed with o-substitution in 49, 
while $-substituted 49 did not give optically active benzhydrol 
(equation 31) 63. The amount of asymmetric reduction was found to 

9 (31) 

H 
I*  
I 

CH3 

C=O + CH3CH,--CCH,MgCI - H-C-OH 
9 
&R (491 

decrease with increasing chain-length and branching a t  the a- 
carbon of R in the series of alkyl t-butyl ketones (CH3),CCOR 
undergoing reaction (30) 64, since increasing steric requirements by 
R will lead to smaller differences in the transition states 50 and 51. 
In the series of phenyl ketones C,H,COR, however, the effect of 
varying R was opposite to that in the t-butyl series: asymmetric 
induction increased with increasing bulk of R65. Since in cyclohexyl 
ketones (C6Hl,COR) the change of asymmetric induction observed 
on change of R66 did not obey any simple relation connected to the 
bulk of the substituents, it was assumed that the transition state of the 
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CH3 
I CH3 

I 

643 

reduction is also influenced by inductive and electronic factors not 
yet completely known. 

A small measure of optical activity may also be induced by a 
Grignard reaction carried out in an optically active solvent. Cohen 
and Wright " obtained optically active carbinols from 2-butyl- 
magnesium chloride and several carbonyl compounds in optically 
active dimethoxybutane. Similarly, the reaction of certain optically 
active amino ketones with Grignard reagents '* led to the preferential 
formation of one of the enantiomers, indicating the possibility of 
asymmetric induction in Grignard reactions by an optically active 
carbonyl substrate. 

Addition r-- 

One- electron 
transfer I (CGH 5)zC--C(CgH5h 

I 1  
OH 01-1 
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The pinacone reduction, which takes place nearly quantitatively 
with triphenylmethylmagnesium halides and aromatic ketones 42, 

sometimes also occurs with aliphatic Grignard reagents. For example, 
cyclohexylmagnesium bromide reacts with benzophenone to yield 
not only the ' normal' products of addition and reduction, but also a 
considerable amount of benzopinacol (equation 32) G9. Interestingly, 
diketones also undergo one-electron transfer reaction with triphenyl- 
magnesium bromide : benzil 42 gives s tilbene dienolate with consump- 
tion of two moles of Grignard reagent (reaction 33) which was further 
characterized by reaction with water or with benzoyl chloride. 

H C  
6\ 

I 
CH-OH 

,c=o 
H5C6 

H5C6,C,oCoc6H5 

I I  
C,H,COCI 

C 

145c; '0COC6H5 

(33) 

No conclusive studies have been reported on the precise mechanism 
of the Bachmann reaction. Since triphenylmethylsodium alone does 
not give pinacone reduction 40*41, but does in the presence of triphenyl- 
boron might mean that complex formation has to be an attribute of 
the organometallic reagent. As this is true for triphenylmethyl- 
magnesium bromide but not for triphenylmethylsodium, (34) 
probably depicts the mechanism of pinacone reduction. 

-I H5Cy H5c6\ ,!!MgBr 
c=o C 
[ +(C6H5)3CMgBr - t I1 c=o c 
/ / \. 

H5C6 H5Cs OMgBr 

-t 2(C6H5)3C' 
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3. Structure of t h e  Grignard reagent 

The large amount of diverse and partially conflicting data re- 
ported in the literature on the structure of Grignard reagents and 
on the mechanism of Grignard reactions represents a classical case 
of the principal problems of structure-reactivity relation: physical 
methods may well reveal the composition of a given substrate, but 
may contribute little or no compelling information about the species 
responsible for the observed reactivity, if these are involved in equili- 
bria systems. 

The investigation of the composition of Grignard solutions by 
physical methods has been reviewed by Kharasch and Reinmuth 2, 

Ashby and Smith70, and Salinger71. Some aspccts of the structural 
problems studied very recently will be introduced, since they are of 
importance for the discussion of mechanism presented in the subse- 
quent section. 

The first suggestion made by Grignard72 (52) and later supported 
by Meisenheimer 73 (53) was that Grignard compounds are best 
represented by RMgX cool dinated with the solvent ether. These 

(52) (53) 

proposals were questioned by J o l i b o i ~ ~ ~  and by T e r e n t i e ~ ~ ~  who 
interpreted their findings from chemical behavior 74 and ebullio- 
 copy^^ by means of the dimeric formulations 54 and 55. The di- 

[ ygEq 
OEt, X 

(54) (55) 

meric species 54 was conceived in order to explain the phenomena 
observed in physical measurements of Grignard solutions, for example 
measurements of specific conductance 76, transference studies 7 7 ,  and 
behavior on electrolysis 78.  Convincing evidence permitting a clear-cut 
choice between monomeric and dimeric formulations was presented 
by Dessy and coworkers 79. When 28MgBr, and diethylmagnesium 
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were equilibrated in diethyl ether, essentially no exchange of radio- 
active magnesium was obtained. If an equilibrium of the type (35) 

2 RMgX RzMg + MgXz (35) 
occurred in Grignard soluticns, as proposed by Schlenk and 
SchlenkeO, statistical exchange of radioactivity should take place. 
Although Dessy had reported one experiment with “5Mg as a tracer 
leading to statistical exchange, his negative exchange experiments 
with 28Mg proved to be decisive for the conclusions soon accepted 
generally, namely that exchange of residues R does not take place in 
Grignard reagents, and that these are best represented by the 
R,Mg-MgX, structure (56), as first suggested by Jolibois (54), or by 

(56) 

an equilibrium (36). Comparison of data obtained from measure- 

R2Mg.MgXa T RpMg f MgXz (36) 

ments of conductivitya1 and dielectric constants 82 of equimolar 
mixtures of RzMg and MgX, as well as the Grignard reagent from 
R X  and Mg seemed to indicate the presence of the same entity in 
both cases, namely R,Mg- MgX,. 

However, in a reinvestigation of his former experiments Dessye3 
found statistical exchange of radioactivity also with zaMg when 
another commercial sample was used as carrier. Since an exchange 
of magnesium, i.e. an exchange of R groups, necessarily implies the 
(at least intermediate) formation of RMgX entities, a system of 
equilibria (37) seems to be an appropriate description of the situa- 
tion in Grignard solutions. 

RZMgeMgX, RzMg + Mg X ,  

11 x ,it (37) 
2RMgX - 

(RMgX), - 
Recently, findings based on molecular weight determina- 

tions 70.84 - 8 6 ,  x-ray analyses of crystalline Grignard compounds 87*88, 

and infrared spectroscopy 89 gave further evidence that the existence 
of monomeric RMgX has to be taken into consideration. Ebullio- 
scopic measurements by Ashby ? O s S 4  showed a marked dependence 
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of association upon the concentration, upon the nature of the R 
group, upon the halogen, and upon the solvent, as earlier resultsa6 
had already indicated. I n  diethyl ether'O bromides and iodides 
between 0-05 and 0.1 M were monomeric, between 0-3 and 1 M 

increasing association to dimers took place, while chlorides proved 
to be dimeric over the whole range of concentrations investigated. 
In tetrahydrofuran 8 4  only molecular weights corresponding to 
monomers were found, regardless of the nature of halogen involved. 

A somewhat modified-array of equilibria (38) was stated by 

+ MgX2 f 

Ashby7' to represent the composition of Grignard solutions ; ampli- 
fication of the system by ionic species had been supposed ear lie^-^^*^^. 
Additionally, Vreugdenhil 85  had reported that dilute solutions of 
ethylmagnesium in diethyl ether or tetrahydrofuran (0.01 M) con- 
tained only monomeric species. Stucky and Rundle 87*88  isolated the 
well-defined dietherates C6H5MgBr 2 (C,H,) zO and C2H5MgBr - 2- 
(C,H5),O 88.  X-ray analysis of these showed monomeric entities 
with the unit cell consisting of Mg tetrahedrally surrounded by 
phenyl (ethyl), bromine, and two molecules of ether. Although 
structures proved to exist in the solid state do not necessarily describe 
the situation in solution, they a t  least show the necessity of taking into 
account the existence of monomeric RMgX coordinated with the 
solvent, as Meisenheimer 73 (53) already had postulated. 

Infrared investigation of Grignard reagents were undertaken by 
several authors 89 - 92, but the reported band assignments were not 
always accepted, since coordination effects of the solvent (ether) had 
not been taken into accountg2. I n  a comparative study of dialkyl- and 
diarylmagnesiums and the corresponding Grignard compounds 
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Salinger and Mosher 8o accumulated evidence that in tetrahydro- 
furan the Grignard solutions were best represented as mixtures of 
RMgX, R,Mg, and MgX,, perhaps with some contribution of 
ionic counterparts according to the modified Schlenk equilibrium 
(39). In  ether all the Grignard reagents studied, except phenyl- 

2 RMgX RZMg f M g X i  4 RMg+ + RMgX2- (39) 

magnesium iodide, showed small differences in spectra from those 
of the corresponding R2Mg compounds so that no definite conclusion 
could be drawn. Only for phenylmagnesium iodide did it appear 
likely that the equilibrium (39) lies far to the left. I t  should be noted 
that nuclear magnetic resonance studies 93-96 have not been defini- 
tive so far concerning differentiation between RMgX verms R2Mg. 
MgX, and R,Mg, respectively. Little if any difference is reported on 
n.m.r. spectral properties of organometallic derivatives of different 
metals, e.g. CH,MgI and CH,Lig6, indicating the inability of 
n.m.r. in certain cases to differentiate between two different chemical 
species. 

4. The mechanism of 1,Zaddition 
The development of mechanistic ideas about 1,2-addition of 

organomagnesium reagents to saturated ketones very closely parallels 
the controversy over Grignard reagents discussed in the previous 
section. The mechanistic interpretations of 1,2-addition, which 
more or less tacitly assumed that the Grignard reagent is exclusively 
dimeric, probably need to be reinterpreted or at least handled only 
cum grano salis. 

Two proposals for the mechanism of such addition have received 
serious consideration in the earlier literature. The first of these, 
advanced by Meisenheimer 97, considered the addition as occurring 
by rearrangement of an association complex 59 between the Grignard 
reagent and the carbony! compound (reaction 40). A mechanism of 

(57) (58) (59) 

this kind would now be considered a four-center process, as discussed 
later. The second proposal, advanced by Swain”, involves attack ofa  
second Grignard entity upon the complex primarily formed between 
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57 and 58 (reaction 41). The nature of attack was pictured (60) via 
a six-membered cyclic transition state. As written, mechanism (40) 
requires second-order overall kinetics, whereas according to (41) the 

R3 - 

R' 

R3' 

\ 
Rz-r-OMgX /- + RlMgX 

(41) 

addition reaction should be second-order in RMgX and third-order 
overall. 

A kinetic investigation of the reaction of benzophenone and pina- 
colone with CH,MgX (X = Br, I) by Anteunisgg showed that the 
reaction apparently followed, on the basis of the steady-state treat- 
ment, a third-order kinetic expression v = k,[ketone] [RMgX], thus 
supporting mechanism (41). Another investigation by AnteunislOO 
seemed to support an observation made by Swaing8. I n  the reaction 
of diisopropyl kctone with n-propylmagncsium bromide lol, the ratio 
of addition to reduction was found to change considerably in favor 
of addition when MgBr, was added ; it was concluded that, in agree- 
ment with mechanism (41) and the mechanism (42) suggested for 

reduction 56,  the complex with MgBr,, which is a stronger Lewis 
acid than RMgX, seems to be more susceptible to addition than to 
reduction. Indeed, the reaction of pinacolone with methylmagnesium 
bromide, which had been of third-order without MgBr, 99, followed 

Ketone + MgBrz (ketone*MgBr,) complex ___?.. Product + MgBr, (43) 
k1 (fast) CH3MgBr 

21" 
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second-order kinetics in the presence of magnesium bromide loo, 

supporting the above conclusions (reaction 43). 
I t  should be added here that a large number of observations and 

speculations lo2 on 1 : 1 addition complexes of ketones and aldehydes 
with organomagnesium compounds (as well as magnesium halides) 
is found in the earlier literature. Mechanism (41) was based on the 
findings of Pfeiffer and Blanklo3, who reported on a 1 : 1 complex 
between benzophenone and ethylmagnesium bromide (equation 44). 

(44) 

Although they could not isolate a defined product, they attributed 
the fact that only unchanged benzophenone (and no addition 
product!) was found after quenching the reaction mixture to the 
existence of a stable 1 : 1 adduct. Later, N e ~ m e y a n o v ~ ~ ~  found that 
the results of Pfeiffer were not reproducible; instead, he obtained a 
79% yield of the carbinol resulting from normal addition under the 
given conditions103. Despite the fact that other 1 : 1 complexes 
reported by Pfeiffer and Blank could be confirmed, e.g. the adduct of 
Michler’s ketone and ethylmagnesium bromide lo5, later authors did 
not give credit to the concept of a stable 1 : 1 complex preceding the 
addition step109J10. 

Recently, Smith106 offered convincing evidence for the existence 
of 1 : 1 adducts from an ultraviolet spectroscopic study of the inter- 
change of sterically hindered ketones 61 and 62 and organomagne- 

CZH, 
/ 

\ 
(CpH5),C=0 + C2H,MgBr + (CBH6)&=O--Mg 

B r  

I -Pr  

\CH3 (61) 

sium compounds (RMgX, R,Mg) as well as MgBr,. From the change 
of the ultraviolet spectrum compared to that of the uncomplexed 
ketone, the constants for the equilibrium (45a) were estimated 
(e.g. 25% of 62 was complexed with ethylmagnesium bromide in 
0.1 M solution). 

RMgX + Ketone & (KetoneaRMgX) (454 

The subsequent interpretations of other authors differed markedly 
from the implications of mechanisms (40) and (41). First, Swain’s 
experiments with added MgBr,, considered to support mechanism 
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(40), were given a different in te rpre ta t i~n '~~.  No detectable amount 
of a complex bctween MgBr, and fluorinated carbonyl compounds 
was found, yet the presence of MgBr, in ethylmagnesium iodide 
favored addition, an effect which Swain had ascribed to preferential 
complexing of MgBr, at the carbonyl group. Addition was favored 
also in the absence of MgBr, when pyridine was used as solvent, 
indicating that changes in the polarity of the reaction medium may 
be an important factor for the effects observedlo7. A suggestion by 
Cram Io8 pointed out that the Schlenk equilibrium (45b) on addi- 

R,Mg + MgBr, 2 RMgX (45W 

tion of MgBr, would be shifted toward RMgX and that the 
results 98.107 might be rationalized by assuming that R,Mg is a better 
reducing agent than RMgX. Beckcr observed spectral evidence 
for a complex of MgBr, with benzophenone, but the addition of 
methylmagncsium bromide regenerated the ketone spectrum. The 
assumption that no complexing of the ketone should occur in the 
presence of methylmagnesium bromide is not fully understood in the 
light of the findings of Smith106, and Becker's observations are not in 
agreement with the spectroscopical results of other authors 89. 

Kinetic results differing from prior investigation 99 were obtained by 
Becker and Bikales109*110 in the reaction of benzophenone with 
methylmagnesium bromide in tetrahydrofuran. The overall reaction 
(giving 96% addition) was found to be complex, but the initial 
period (about the first 40% of reaction) obeyed second-order kine- 
tics, firs t-order in benzophenone and first-order in methylmagnesium 
bromide. There was a well-marked decrease of rate after consumption 
of 50% of the alkyl grcups in the Grignard reagent. 

I t  was recognizedlll that regardless of whether the 'normal' 
(ketone to Grignard) or the 'inverse' addition technique was used, 
about 86% addition product was obtained from the reaction of 

kl k2 

k -  1 
( CBH,),C=O + (CH,),Mg.MgBr, complex I --+ 

(63) 
CH3 

I 
(C6H6)2C-O-Mg2Br2CH3 

(64) 

k 3  k4 [ ;"3] 

64 + (C,H,),C=O & complex I1 - f (C,H,),C-0 -Mg*MgBr, (46) 
k - 3  2 

(65) 
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benzophenone and methylmagnesium bromide. According to Swain’s 
mechanism only the complex should have been primarily formed if 
the inverse addition was employed. Thus, the mechanism (46) was 
suggestedlog. If 63 and 64 are assumed to be of different reactivity 
toward the ketone, this accounts for the decrease of the rate after 
50% conversion. The transition states for the rate-determining steps 
with k ,  and k ,  were visualized as 66 and 67 using D e s ~ y ’ s ~ ~  structure. 

(66) x ( 67) 

It is worth noting the opinion expressed by Beckerlo9 that ‘from 
a kinetic point of view the order in Grignard reagent does not 
depend upon the fzct that the Grignard reagent is R2Mg.MgX, 
rather than RMgX ’) since AshbyE4 demonstrated that methyl- 
magnesium bromide is essentially monomeric in tetrahydrofuran 
under the conditions employed in the kinetic investigation log, 
Deviations from simple second-order kinetics were also found in the 
reaction of Grignard reagents with alkyncs 112 and with benzoni- 
trile113, and in both cases competitive, consecutive second-order 
reactions were assumed responsible. Utilization of only 50% of- 
alkyl groups present was similarly observed in the reaction of 
phenyl cyanide with R2Mg and RMgX113, of RMgX with Schiff 

of RMgX with I-hexyne ‘12, and of dimethylmagnesium 
with benzophenone loo. 

Similar results were obtained by iMosher and coworkers 115 who 
studied the relative rates of addition to reduction and the relation- 
ship between product distribution and the ratio of the concentration 
of reactants in the system diisopropyl ketone/ethylmagnesium 
bromide. The ratio of addition to reduction was found to be in- 
variant with concentration and ratio of reactants when kctonc was in 
excess (case A) ; when Grignard was in excess (case B) the addition to 
reduction ratio was found to be a function of the ratio of reactants, 
but not of their concentration. Mechanisms (40) and (41) do not 
explain these data: with (4.0) the ratio should be invariant in (A) 
and (B), while with (41) one would expect a decrease of the addition 
to reduction ratio with concentration. 

The explanation of these data seems to require an  associated 
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(dimenc) Grignard entity, involved in a sequence of consecutive 
competitive reactions. The mechanism (47) appears to be reasonable. 
Complexes 68 and 70 differ only in the site of the Mg coordination 
and are essentially identical. The assumption of the complex may 
account for addition or reduction via a six-membered transition state 

X 
/ 

C X-Mg-Et 
\ ,O--Mg... 

/ \  
E t  

(69) 

\ 
/ 

C=O f Et,Mg. 

X-Mg-X 

(47) 

in a concerted mechanism under the conditions of (B). For case (A) 
a second reaction stage (48) is required in amplification of (47), in 
order to explain why the addition: reduction ratio is not the same as 
in (B). 

A mechanism in principle identical to (47) and (48) was proposed 
independently by Hamelin l1'3, who investigated the reaction of 
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several ketones with ethylmagnesium bromide and diethylmagne- 
sium. He also reached the conclusion that the reactive behavior of 

69 (48) 

(72)  

Grignard compounds could be satisfactorily understood only if 
R,Mg.MgX, was the reactive species in ether. These inter- 
pretations117 tried to substantiate chemically the dimeric structure 
earlier believed to be established by physical From the 
transition states 68 and 70 and the transition state 73 proposed for 
e n ~ l i z a t i o n ~ ' . ' ~ ~  (reaction 49), it was expected that changing the 

Mg 

x. . .  x 
/ \  
. .  

(49) -C r e M g -  + RH 
\\ 
/=\ 

(73) 

halogen of the Grignard reagent would affect the course of addition 
to a much larger extent than that of reduction and enolization. 
Shine119 demonstrated that the amount of 'normal' addition and 
the decrease of 'anomalous ' reactions (i.e. reduction and eno- 
lization) with a series of Grignard reagents differing only in halogen 
(Cl, Br, I) was directly dependent on the size of the halogen involved. 
Cowan and Mosher118 found that the ratio of addition to reduction 
and enolization in Grignard reactions of diisopropyl ketone was con- 
siderably affected by the halogen, and that addition was altered much 
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more than the other reactions; when a Grignard reagent not capable 
of addition (isopropylmagnesium halide) was employed, the ratio of 
reduction to enolization was invariant with the halogen involved. 
These effects reflect the participation of the halogen bridges in the 
transition state 68 for addition, where the steric requirements and 
the inductive effect of the halogen will be crucial in determining the 
rate of reaction, while in 70 and 73 the nature of the halogen should 
display no significant influence. 

Further evidence for the reaction scheme proposed by Mosher and 
by Hamelin was afforded by the use of dialkylmagnesium compounds 
instead of Grignard reagents. The reaction of two moles of diiso- 
propyl ketone with an equivalent quantity (one mole) of diethyl- 
magnesium resulted in an increase of reduction and enolization at 
the expense of addition118, compared to the reaction of ethyl- 
magnesium bromide. However, when a 100% excess of diethyl- 
magnesium (i.e. 1 : 1 ratio of R,Mg/ketone) was used, the product 
distribution resembled very closely the reaction with the Grignard 
reagent itself. A possible explanation for these results was given by 
Sali~~ger '~.  A modification of 70 should account for the reduction 
process, namely 74, which would be favored by an excess of ketone. 

(74) 

Increasing amounts of R,Mg should favor the formation of a tran- 
sition state (75) for addition in which an additional molecule of 

(75) 

R2Mg takes the place of the MgX2 in 68. Several other authors100*120 
observed utilization of only 50% of the alkyl groups in R,Mg com- 
pounds on reaction with equimolecular amounts of ketones. This 
behavior is analogous to that of the R,AI series, where Grignard-like 
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additions often take place only with the first R group, and the result- 
ing R:A10R2 compounds are nearly inert to further addition 12'. 

investigated the product composition and 
the rate of reaction of diethyl kctone and diisopropyl ketone with 
diethylmagnesium, ethylmagnesium bromide, and ethylmagnesium 
alkoxides. Alkylmagnesium alkoxidcs are the products of addition of 
R,Mg to ketones (reaction 50). Their influence on the addition 

House and Traficante 

R' 
I 

RiMg + R$C=O -> R$-OMgR' 
(76) 

reaction of Grignard and R,Mg compounds and their reactivity 
toward ketones was also investigated by Hamelin lI6. The tendency of 
76 towards reduction and enolization was recognized by several 
other authors100*109.113 and was ascribed to a markedly retarded rate 
of addition through the presence of the -MgOR grouping as well as 
to steric factors 116*122n. I n  the investigation of House special atten- 
tion was paid to thc influence of MgBr,, which has been reported to 
affect the course or the rate of a variety of reactions. For instance, 
compared to Grignard reactions a rate enhancement is observed in 
the absence of MgBr, for the reaction of diethylmagnesium with 1- 
h e ~ y n e l , ~  and of dimethylmagnesium with acetone120 and with 
benzophenone 100*109*120a; while the rate of addition of R,Mg com- 
pounds to nitriles in thc absence of MgBr, or MgI, is d e c r e a ~ e d l l ~ . ~ ~ ~ .  
The amount of enolization and reduction as side-reactions in the 
addition of n-propylmagnesium bromide to diisopropyl ketone is 
decreased by an excess of M ~ B I - , ~ ~ ,  and an increased amount of 
enolization was observed in the reaction of acetomesit;:\llene with 
dimethylmagnesium in the absence of MgBr, 125 and a decreased 
amount of enolization and reduction in the presence of MgBr,115*118. 
In accord with other studies100*109J20 it was shown by House and 
TraficantelZ2 that MgBr, markedly retards the interaction of ketones 
with dialkylmagnesium compounds. Furthermore, the effect of 
MgBr, in favoring addition rather than reduction and enolization 
was established as resulting not from catalyzing the addition of 
R,Mg to the carbonyl group (as suggested earlierg8) but from 
suppressing the tendency of the intermediately formed alkylmagne- 
sium alkoxides to give enolization and reduction rather than 
addition. I n  the opinion of the authors122 these results remove the 
needg8**07 for including MgBr, in the transition state of the addition 
mechanism. Consequently, and since the reaction rate depends 
upon ketone concentration for ketones of 10w9g9.109 and moderate 
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reactivity but becomes independent from ketone concentration for 
very reactive ketones, e.g. acetone126, the reaction scheme (51) 
depicting R2Mg as the reactive species is suggested for the Grignard 
reaction. The observed kinetic dependence on both ketone and 

k 
RiMgzBrz 

k' 
RiMg + R2COR2 

or 

RiMg + RzCOR2 + 
k" 

R2Mg2Br2 or R2Mg concentration would be expected for relatively 
unreactive ketones with k > k" ;  inversion of reactivity order (k" > k) 
would result in dependence only on Grignard concentration, as 
observed for acetonelZ6. Evidence for the possible intervention of a 
complex 77-which could be termed an ' at-complex' 21-was 
indicated by a transient yellow color in the reaction of diethyl- 
magnesium and diisopropyl ketone, but spectroscopic measurements 
of the colored species were unsuccessful. Although there was no 
compelling evidence, the authors122 felt that their data were com- 
patible with a four-center transition state (79). A four-centered trans- 

- 6 .  =o 

R-Mg-R 

(79) 

sition was also suggested for the addition of Grignard reagents to 
ketones and esters by Tuulmets127 and for the addition of ethyl- 
magnesium bromide to Schiff bases by Dessy and Salinger114. 

The results of Dessy 'O presented striking evidence that monomeric 
RMgX is not present in Grignard solutions; this was generally 
accepted, and was supported by the opinions that dimers are needed 
directly (Becker, Mosher) or as precursors (House) for describing the 
reactive entity in Grignard reactions. 

According to recent developments 'OeB3 -89 alternative mechanistic 
interpretations using RMgX or a symmetrical dimer (80) derived 
from it deserve serious consideration. Smith and Su investigated 
the kinetics of the addition of methylmagnesium bromide to 2,4- 
dimethyl-4'-methylmercaptobenzophenone (81) by an ultraviolet 



658 T. Eicher 

spectroscopic method. The rate of disappearance of both the ketone 
band and the longer wavelength absorption ascribed to a 1 : l  
ketone/CH,MgBr complex Io6 obeyed good first-order kinetics in 
the range of 0.01 to 0.4 M. Ketone and complex disappeared at  the 

X 

same rate and below 0.1 M the reaction was approximately first-order 
in methylmagnesium bromide. The results fit the scheme (52) or 
(53), where K is the equilibrium constant and k is the observed first- 
order rate coefficient. The reaction was believed to imply a mono- 
meric Grignard species a t  the concentration range employed on the 

( 81) 

basis of earlier physical data 85J7. However, a differentiation between 
schemes (52) and (53) is not possible on the basis of the data pre- 

Ketone + Grignard Complex d Product (52) 
K k 

K k 
f Product (53) Complex Ketone -I- Grignard - 

sented ; the same basic difficulty was already mentioned by House lZ2. 
Finally, the ebullioscopic molecular-weight measurements of 

Ashby and Smith70 showed that even in cases where the authors 
were sure of an attacking dimeric specieslog- 115*118, the Grignard 
reagents used were in fact essentially monomeric at the concentra- 
tions employed in these studies. As already indicated by Beckerlog, 
but doubted by o t h e r ~ l l ~ J ~ ~ ,  the published kinetic data do not 
exclude the possibility that monomer is the attacking entity. 

According to Ashby70, a mechanism involving RMgX as the 
reactive entity would be consistent with all data available for Grignard 
addition in diethyl ether (reaction 54 to 56). I n  this mechanism the 

(RIMgX)a + 2 RIMgX (54) 
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R2 OEt, R' 
J- Slow 

t 
OEta 

L O  + RI-Mg-X v 
\ 

/ 
R3 

Fast 
82 + RlMgX - f 

x 

. .  
\ 

R3' 
-> R2-C-O-Mg-R1+ MgX, 

(83) 

(56) 

rate-determining process consists of the displacement by the ketone 
of one of the solvent molecules attached to magnesium. 

The  basicity of solvent, 3.e. association processes at the Mg center, 
may exhibit significant effects on the course and the rate of Grignard 
reactions, as earlier findingslZ9 -131 already indicated. Generally, 
the rate of reaction between Grignard reagent and ketone decreases 
as the basicity of the solvent increases132. The retardation of Grig- 
nard reactions in p y ~ - i d i n e ~ ~ ~ J ~ ~  was explainedlZ9 by a mechanism 
which differed only slightly from equations (55) and (56). Thus, 
in a more basic solvent the displacement of the associated solvent 
molecule by a ketone will become more difficult. This mechanism 
explains several facts not fully understood in earlier interpretations. 
Firstly, the enhancement of reaction rate of R,Mg compared to 
RMgX may simply be due to the fact that the solvating ether mole- 
cules will be displaced at a slower rate from the stronger Lewis acid, 
RMgX, according to equation (55). Secondly, an explanation for 
the large difference in reactivity after utilization of the first 50% of 
R groups in Grignard reagents might be well explained by the inter- 
mediate 83 which is expected to react with a second ketone molecule 
at a considerably lower rate than RMgX (as already indicated by 
earlier findings122*11e) and through different mechanisms owing to 
the differences in its steric and electronic environment compared 

R' 

R" 0-C -R" 
/ 
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to RMgX (or R2Mg). Thus, 83 may react with another ketone 
giving 84 or slowly disproportionate to a more reactive species, 
probably R2Mg and 85 equation (57). Thirdly, if the monomer 

formation in the equilibrium (54) becomes rate-determining, the 
reaction rate would become dependent only on the concentration 
of the Grignard reagent as in the case of acetone126. According to 
Xshby attack by RMgX or R,Mg on a ketone through a ‘four-center’ 
transition state 122 

c=o \ c=o \ 
/; f or / i i  

R3 R1-Mg-X R3 R’-Mg-R’ 

is not likely, since these do not account for the substantial decrease 
of reaction rate after 50% reaction and would probably imply that 

R2 R2 
Slow \ 

/ 
C=O + R’-Mg+ - > C+-0-Mg-R’ ( 5 W  

\ 
/ 

R3 R3 
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RMgX and R2Mg addition should proceed at  similar rates, which is 
not the case100J20*122. Finally, the interference of ionic species has 
to be considered (reaction 58). Attack by a cationic species has to 
be taken into account, since, even if present at low concentration in 
the solution, its reactivity might be assumed to be high. The arguments 
justifying the addition of monomeric RMgX are believed to hold 
also for an attack by an ionic entity. 

Interesting stereochemical results were obtained by Cram and 
Wilson133 in the interaction of various Grignard reagents with a- 
hydroxy ketones, e.g. phenylmagnesium halides and dz-3-hydroxy- 
3-phenyl-2-butanone. Using the chloride or bromide instead of the 
iodide resulted in a reversal in stereoselectivity (i.e. preponderance of 
one diastereomer in the ratio meso/dZ). The stereoselectivity of this 
reaction was interpreted in terms of relative energies of cyclic and 
dipolar models for the transition states 86 and 87 involved. It was 

(86, cyclic model) (87, dipolar model) 

postulated that the cyclic transition state was favored (as in the case 
of organolithium compounds 133) with the less-hindered attacking 
reagent. Since phenylmagnesium iodide might be regarded as being 
monomeric in etherB9, it should favor the cyclic transition state 
86, whereas reaction via dipolar transition states less subject to steric 
effects is preferred by the chloride and the bromide which are 
supposed to be represented to a considerable extent by ~ y m m e t r i c a l ~ ~  
or unsymmetrical B9 dimeric structures, and are therefore certainly 
more stericaliy hindered. 

Stocker and coworkers 134, studying Grignard addition to b e n d ,  
diacetyl, methylbenzoin, and phenylacetoin, also found that the 
stereochemical outcome of the reaction of phenylmagnesium iodide 
in ether was different from that of the bromide and the chloride as 
well as from ethylmagnesium halides, as was established by other 
authors136. The results point to a difference in the nature of the 
reactive species between phenylmagnesium iodide and the other 
Grignard reagents in ether, as indicated above. 



662 T. Eicher 

5. Conjugate addition 
a. 1,l-dddition. A mechanism for the conjugate addition of 

Grignard reagents to a,,%unsaturated ketones was first suggested by 
Lutz and Revely136, which involved the formation of a six-membered 
cyclic transition state 88. This mechanism seemed to account for the 

’ ‘R 

initial formation of an enol, which had been observed in some in- 
s t a n c e ~ ~ ~ ’ ,  and furthermore seemed to provide an explanation for the 
fact that Grignard reagents favor 1,4-addition, unlike organolithium 
compound~1~8, for which another type of mechanism is assumed45. 

(92) (93) 

From the point of view of the above cyclic process, it was surprising 
that 2-cyclohexenone (89) underwent conjugate addition with 
Grignard reagents139. Likewise, a comparison of the reactivity of 89 
and some of its open-chain analogs (e.g. 3-penten-2-one (go), 3-hexen- 
2-one (91)) toward Grignard reagents140 showed that the amount of 
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conjugate addition to 89 was in the same range as the amount of 
conjugate addition of the open-chain unsaturated ketones 90 and 
91. Together with the observed addition of methylmagnesium 
bromide to the A1*9-octal-2-one (92) 141 these findings cast some 
doubt on the cyclic formulation (59) of 1,4-addition in the systems 
investigated, since the necessarily trans-oid system of double bonds in 
89 and 92 offers for steric reasons the worst possible geometry for 
attaining a cyclic transition state 88. 

The stereochemistry of conjugate addition was investigated by 
House 142 using As-  9-octal-l-one (94) as the unsaturated system. 

(94) 

6 
(95) (96 )  

Here the cis-oid arrangement should provide ideal steric require- 
ments for 88. Additionally, the reactivity of 94 was compared to an 
open-chain analog, namely 96. From the stereochemistry of the 
product of 1,4-addition (95) and from the result that the acylic 
ketone 96 gave an even higher amount of conjugate addition than 
94, the lack of sensitivity of conjugate addition to the geometry of 
the conjugated system was evident. This made a cyclic transition 
state like 88 appear most improbable for the system investigated (94). 
Instead, an attack of the organomagnesium species on the unsaturated 
ketone from a direction perpendicular to the plane of the conjugated 
system, i.e. from the sterically least-hindered side, was assumed to 
explain the stereochemistry observed in the reaction of 92 as well as 
in 94 (reaction 60). This proposal is a counterpart to the mechanism 
of the Michael addition except that the group being added has no 
discrete existence as a ~ a r b a n i o n ~ ~ ~ .  
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Further studies of House and coworkers14* on the factors in- 
fluencing the relative rates of normal ( 1,2-) and 1,4-addition revealed 
evidence for a relatively close mechanistic relationship between the 
two reaction types concerning the interaction of tratls-3-pentenone 
(97, R1 = CHJ and tranx-4-phenyi-3-buten-Z-one (97, R1 = C,M,) 

+ RzMg 
R'\ AH 

,c=c, 
H C-CH, 

I I  
0 

(97) 

/H 

H 'C-CH3 

R1 

I .2-Addition >c=c 

HO' 'R2 

I .4-Addition 
R'-CH-CH,-C-CH, 

I I  
0 

I i R2 

with dialkyl- and diarylmagnesium compounds and the correspond- 
ing Grignard reagents (R2 = CH,, C2H5, C,H,). It was found that 
the ratio of normal to conjugate addition is neither substantially 
affected by the concentration of organomagnesium compounds 
(R2,Mg) 145 nor by the addition of magnesium halide. Furthermore, 
it was found that the presence of MgBr only slightly enhances 
normal and conjugate addition. In the opinion of the authors144 
this implies that both reactions are of the same kinetic order and that 
the transition states for normal and conjugate addition are derived 
from the same reactants and are similar in character. Consequently, 
representations of the transition state for 1,2-addition requiring mag- 
nesium halide as a necessary component such as 98 do not seem to be 

\ 
R 

' X M g - R  

I 
F 

very likely; the cyclic mechanism of 1,4-addition (99) is doubted for 
reasons already discussed. Although not conclusive, the data ob- 
tained are believed to be compatible with a four-center mechanism for 
1 ,2-additionY along with the Michael-type mechanism for 1,4-addition. 

I 
R-Cti=CH--C=c 

:-\, : 
R-Mg-I? 
. ... 
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b. Reaction of sterically hindered a yl ketones with Grignard reagents. 
The subject of conjugate addition to sterically hindered multiple 
bonds has recently been reviewed by Fuson2*. The principle of this 
type of reaction consists of participation of the aromatic system in the 
1,4- 01- 1,6-addition process. Phenyl duryl ketone (100) mzy serve 

I .2-Addi:ion ------+ 

(not isolated) 

.4-Addition 
> (Dihydr - 2  H derivative) - 

.6-Addlt10~ - 2  H 
-+ (Dihydro derivative) --.- 

-C-(-&H3 II 
0 

H3C' 'w 
as an unique example14G of the reaction of hindered ketones with 
organomagnesium compounds, where all possible modes of addi- 
tion occur with methylmagnesium bromide. 

Nucleophilic displacement is observed in the interaction of benzyl 
or, more often, t-butyl Grignard reagents with diary1 ketones 
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R Q f e C H 3  + C6H5CH2MgX ___f 

OCH3 CH3 

(101) R q ! - @ - - C H 3  + CH30MgX 

CH2C6HS CH3 

bearing groups of good leaving abilities. For example, in o-methoxy- 
phenyl mesityl ketones (101) 14' when treated with benzyl Grignard 
reagents, the o-methoxy group was readily displaced by the Grignard 

OCHB OCHs 

Ar-!!-@--OCH3 5 Ar-C f& Cl-KeH, (61) 
CeH,CH2MgX 

'OCH3 OCH3 
(At- = duryl or mesityl) 

residue, the same being true also for an o-bromo substituent. 
p-Methoxy groups were not displaced, unless they were flanked by 
one or two additional methoxy groups1**, e.g. reaction (61). These 
reactions were discussed in terms of attack of the Grignard species on 

R2 
I 
c=o 

+ R'MgX CYCH3 
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a system which is formally the vinylog of an  ester grouping23 with 
either the carbonyl group or an o-methoxy group serving as center 
of a primary Lewis base-acid interaction shown in (62) or (63). 
Neither here nor in the following examples is it decided whether a 
direct SN2 displacement 102 -+ 104 or 105 --t 107 takes place, 

R2 
I 

C=O 

+ 2R'MgX 

@&& OCH3 

- RlMgX 

Y 

assisted by complexing, in a concerted mechanism or the step-wise 
addition-elimination mechanism pictured in (62) and (63) .  A 
similar mechanistic concept should account for the easy displace- 
ment of methoxy groups ortho to cyano groups 23, e.g. 
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R'MgX 
0 - R Z  

\ 

CH3 1108) 
H3C' 

(R' = (CH,),C; 

R2 = COCH,. COC,H,. CO-mesityl, SO&H,) 

duryl  

R2 -0 

duryl 
I 
i-=0 
I 

- R'MgX 

-R2CoMgXt c 
X 

(110) 

Duryl phenyl ketones (108) bearing an acetoxy, benzoyloxy, mesitoyl- 
oxy or benzenesulfonyloxy residue in the prrra position of the phenyl 
ring also gave nucleophilic displacement by t-butylmagnesium halide 

h 

U 

II 

(111) 

(X = CN. OCHB. OCCH3) 

4- RMgX - 
(R= (CH3)3C, benzyl) 
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(reaction 65) 149. This formulation involving attack of a second 
Grignard entity on the primarily formed adduct lo6 or 'at-complex' 
(109 or 110, respectively) and consecutive displacement of the para 
substituent does not seem to be unlikely. Again, activation for 
nucleophilic displacement is due to the electron-wi thdrawing effect 
of the carbonyl group enhanced by complex formation. Similarly, 
derivatives of 2,4,G-triisopropylbenzophenone (1 11) gave nucleophilic 
displacement of X by t-butyl and (in the case of X = CN) with 
benzyl Grignard 150 reagents (reaction 66). The formation of addition 
complexes in equilibrium mixtures with Grignard reagents was 
established by Smith106 in the case of 111, X = OCH,, indicating 
the possibility of a mechanism through attack by the nucleophile at a 
coordination complex analogous to (65). 

B. Beryllium, Zinc, and Cadmium 

1. Compounds of the  t y p e  R M X  and R2M 
Compared to organomagnesium compounds, knowledge of the 

reactivity toward C=X double bonds (X = 0, S, N, N-R) of the 
other Group I1 elements is relatively poor. Apart from the investi- 
gations of Wittig15' on the behavior of diphenylmetals, the data 
reported in the literature are qualitative in nature and may perhaps 
need a more careful reinvestigation in some cases. 

The dimethyl derivatives of the alkaline earth metals Ca, Sr, and Ba 
have been prepared 152 but no reactions with carbonyl compounds 
are reported. From the RMX compounds of calcium and barium 
prepared by Gilman 153, phenylcalcium iodide reacted with benzo- 
nitrile and benzophenone anil to give the corresponding addition 
products, and with benzalacetophenone to give the product of 
1,2-addition, diphenyl styryl carbinol (112) (reaction 67). 

0 C6H5 

I I  I 

I 
C6H6-CH=CHC-C6H5 + C,H,-Cal --+ CGH,-CH-CHC-c6H, (67) 

O H  
(112) 

Gilman 154 found that organometallic compounds of beryllium 
undergo addition and reduction reactions with carbonyl compounds. 
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Thus, dimethylberyllium adds benzophenone to form diphenyl 
methyl carbinol, probably according to the sequence (68) analogous 
to prior examples. Similarly, diphenylberyllium gave tritanol on 
addition to benzophenone 151 and diphenylpropiophenone (114) in 
conjugate addition to benzalacetophenone (reaction 69) 138J51. 

0 I .  Additlon 0 
[ 2.  H,O 

(C,H&Be + C,HsCH=CH CoH5 - (CGH&CHCHa !C,H, (69) 
(114) 

Diethylberyllium did not yield the product of addition with benzo- 
phenone154, but reduction occurred to form benzhydrol. As in the 
case of diethylmagnesium122 and in some aluminum species (see 
sections 111.A.4 and 1V.C) a transient orange-red color appeared at 
the junction of the two components, probably caused by the formation 
of an  ' at-complex' (113, with C2H5 instead of CH,). Some aryl- and 
alkylberyllium halides were obtained by Gi1rna1-1~~~ and Coates 156 ; 
they were less reactive than the corresponding diethyl- and diaryl- 
b e r y l l i ~ r n s ~ ~ ~ .  In a recent investigation the structure RBeX postu- 
lated by Gilman is doubted by D e s ~ y l ~ ~ ,  since no exchange took 
place between diphenylberyllium and radioactive ?BeBr 2,  indicating 
that no Schlenk equilibrium (70a) exists. Instead, an equilibrium 

(704 RzBe + BeXz +4 2 RBeX 

(70b) involving a complex species was proposed, and structures like 

116 and 117 were suggested for 115. 
R X R 
\ .-*. \ 

/ =* / 
Be' Be 

R "X 

Be-X-BeX 
\ 

/ 
R 

(116) (117) 

Similar results were obtained by Garrett 158 with organocadmium 
halides : there was no evidence for exchange between diethylcad- 
mium and radioactive cadmium halide. The existence of a species 
R2Cd - CdX, received support from equilibrium constant measure- 
ments and molecular-weight determinations. Experiments with 
zinc compounds indicated that there was no corresponding RZnX 
entity15*. 
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The use of organometallic compounds of zinc in syntheses with 
carbonyl compounds is at  present only of historical interest, having 
become almost entirely displaced by the use of more reactive and 
easier to handle organomagnesium compounds. In  the reaction with 
Michler's ketone Gilman established lS9 the order of reactivity 
R,A1 > R,B > R2Zn. The low rate of reaction with cyanides, 
isocyanates, esters, and ketones allows these groups to remain 
unaffected in reactions involving other functional groups. Thus, the 
rapid combination of organozinc compounds with acid chlorides has 
been applied in the synthesis of ketones (reaction 71)160, but has 

RlCOCI + RiZn (or R2ZnX) ---+ R1COR2 (71) 

been completely superseded by the use of crganocadmium deri- 
vatives. 

Organocadmium compounds are very versatile reagents in the 
synthesis of ketones l8l. I n  most cases they react only very slowly with 
carbonyl groups, unless these are highly activated. For example, 
cyclobutanecarbonyl chloride (118) yields cyclobutyl dimethyl 
carbinol (120) on reaction with dimethylcadmiumle2. Further 

(118) (119) (120) 

addition of the reactive ketone 119 with the cadmium reagent can 
be prevented by carrying out the reaction at low temperatures. 
Furthermore, organocadmium derivatives may be forced to add to a 
less reactive carbonyl group by rigorous conditions ; e.g. diphenyl- 
cadmium does not add to benzalacetophenone at room temperature, 
but at  100" and prolonged reaction time it gives the product of 
conjugate addition (121) in quantitative yield 151. 

0 
I t  

(CeH&CHCHZCCBHs 

(121) 

2. Reactivity in I,& versus 1,baddition; comparison with other 
organometallic compounds 
A comparative study of the reaction of a number of Group I1 

phenylmetals and phenylalkali compounds with benzalacetophenone 
was undertaken by Gilman and Kirby138, and was later confirmed 
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by Hauserl*. The two possible reaction modes are shown in (72). 
The data obtained are compiled in Table 4. The reactions were run 
at  room temperature in diethyl ether, except those with phenyl- 
sodium and -potassium, which were run in benzene. These results 

L 
I .4-Addition 

demonstrate that the ratio of 1,2- to 1,4-addition is strongly depen- 
dent on the nature of the organometallic species, especially on the 
polarity of the carbon-metal bond and hence on the ability of the 
organometallic source to provide an anion for the reaction. Thus, 
the highly reactive (predominantly ionic) phenyl derivatives of 

TABLE 4. 

Organometallic species 1,2-Addition 1,4-Addition 
(%) (%) 

13 see also 163 

. 3.5 
- 
94 see also 164 

- 
90 
91 

100 
94 

potassium, sodium, and calcium give little or no 1,4-addition, while 
the predominantly covalent phenyllithium already shows an in- 
creased amount of 1,4-addition. The less reactive phenyl derivatives 
of beryllium, zinc, cadmium, and aluminum give exclusively 1,4- 
addition. Another relevant factor is the nature of the u,fl-unsaturated 
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system, as already pointed out by and later by Liitt- 
ringhaus166 mainly on the basis of results obtained in Grignard 
reactions. 

aY/3-Unsaturated aldehydes add exclusively in the lY2-position 
(case 1) ; alkyl-substituted unsaturated ketones show both 1,2- and 
1,4-additionY often in a ratio of about 1 (case 2) ; and unsaturated 
ketones with a phenyl group at the carbonyl carbon give preferen- 
tially lY4-addition (case 3). In a conjugated system including a 
carbonyl group (122), the reactivity toward a polarized carbon- 

(122) 

metal bond should be considered in terms of the elcctrophilicity of 
the system at C,,, and C,,) and of the sterical accessibility of these 
electrophilic centers. If, in a further simplification of system 122, the 
substituents a t  C,,, are kept constant, to a first approximation the 
electrophilicity of the system should be controlled by the inductive 
and electronic effects of the substituent R at the carbonyl carbon 
C,,). These effects should be smallest in the case where R = H, 
when the steric accessibility of the carbonyl carbon allows unhin- 
dered attack at C,l) as in case (1). The inductive effect on the electron 
density at  C,!) and the steric change when going from R = H to 
R = alkyl raises the relative electrophilicity at C,,, resulting in the 
appearance of 1,4-additionY which is increased in amount when R is 
enlarged (case 2). In the case of R = phenyl (case 3) an increase of 
electron density and a decrease of electrophilicity of Ccl) compared 
to Cc3) may result from conjugation. This effect, together with the 

steric effect of the bulk of the phenyl group, leads to 1,4-addition 
exclusively in most cases investigated. These considerations present 
only a qualitative approximation for the Grignard case and cannot 
predict satisfactorily the course of addition for other carbon-metal 
bonds. Additional factors will decide the course of the reaction, such 
as Lewis-acid strength (or tendency for complex formation) and bulk 
of the attacking R-M species as well as steric requirements of the 
transition state arising from the stereochemistry of the unsaturated 

22 + C.C.C. 
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system. In Table 5 the reaction modes ofsome unsaturated conjugated 
systems of type (122) are shown in the order of increasing bulk of R 
and in the order of cases (1) to (3). Likewise, organometallic 
reactants were selected with increasing steric requirements. 

TABLE 5. 

Conjugated system Organometallic 1,2-Addition 1,4-Addition 
compound 

Y e  

Yes  
ca. 90% 

Y e s  
none 
none 
none 

ca. 60% 
none 
none 

ca. 75% 
none 
none 

none 

none 
none 
none 
none 

none 

none 
ca. 10% 
none 
Y e  
Y e  
Y e  

ca. 10% 
Y e  
Y e  

ca. 10% 
Y e  
Yes 

none 

I t  should be emphasized that at present no unequivocal mechanistic 
interpretation exists for addition to unsaturated systems. I t  is likely 
that the primary interaction of carbonyl groups with organometallic 
compounds of polarized covalent carbon metal bonds (Li, Mg, Be, 
Zn, Al) in all cases consists of formation of an 'at-complex' (123), 

I R2-CH=C H 
\ +  

/ 
C-0-fi R1, 

R3 

(123) 

R2CH=CHCR3 + MRl, & 
II 
0 

M = metal 
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in which the R1 groups obtain additional anionic activation to under- 
go intramolecular transfer to the most electrophilic and sterically 
most accessible site of the complex. Further investigations will have 
to show why in the case of M = Li this transfer leads to 1,2- 
addition, while in the case of M = Mg the 1,4-addition mode is 
preferred; this is certainly not due only to different steric require- 
ments in the complex 123 or to energetical implications of the tran- 
sition states involved. 

House 142*144 suggested that in 1,4-addition of Grignard compound 
a Michael-type mechanism is valid, which does not start with a 
reaction of the carbonyl oxygen with the Mg center. I n  1,2-addition 
of compounds of Li45 a four-center transition state like 

R2CH=CH r =O . .  . .  . .  
R1-M R’” - 1 

has been assumed122, but there are several reasons ‘O for denying 
this assumption. 

3. Reactions of ‘at-complexes’ of Group II elements 

WittigI5l showed that phenyl derivatives of Group I1 and also of 
Group 111172 metals combine with phenyllithium. For example, 
diphenylberyllium with phenyllithium in ether gives the stable 
lithium triphenylberyllate (126), which in solution shows practically 

(C,H6),Be + C,H5Li + [(C,H,),Be]Li 

(124) (125) (126) 

no dissociation into the components 124 and 125, does not give the 
color test characteristic for phenyl metal derivatives (Gilman test 
and is not capable of metalating fluorene. Phenyl derivatives of 
manganese, zinc and cadmium give similar at-complexes with 
phenyllithium. By studying the metalation of fluorene it could be 
demonstrated that in the series 126 to 129 the tendency of the 

[(C6H5),BelLi [(C6H6),ZnlLi [(C6HS)3MglLi [(C&)&d]Li 
(126) (127) (128) (129) 

dissociation (73) increases, i.e. the stability of the aryl complexes 

[(CeH&M]Li (CeH5)zM + CGHSLi (73) 

decreases with increasing radius of the central metal atom174. 
Nevertheless complex 126 yields thc addition product with benzo- 

phenone. This can be understood by assuming a direct reaction of 
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the complex itself with the carbonyl compound. In contrast to 
Ei[B(C,H5),], 126 is still able to fill up its octet shell by addition to 
the carbonyl oxygen (reaction 74a) followed by phenyl migration 
(74b). The transient yellow color observed in the reaction is believed 

to be due to the complex 130. Benzalacetophenone is similarly 
attacked by 126 to give the product of 1,4-addition. 

Unlike 126, the phenyl complexes of zinc and cadmium are 
dissociated in solution to a considerable extent; they metalate 
fluorene and add to c-Q-unsaturated ketones in a similar manner to 
phenyllithium. Thus, both 1,4- and 1,2-addition to benzalaceto- 
phenone takes place, and while the former might be affected by 
(C,H,),M or the complex itself (see above), 1,2-addition can only be 
initiated by free phenyllithium. In the case of thc cadmium complex 
129 it was estimated that at  room temperature in ether 20% of the 
components are present uncomplexed in the equilibrium mixture. 

The magnesium complex 128, although partially dissociated in 
solution, seems to react as a whole, since with benzalacetophenone 
diphenylpropiophenone (131) is formed nearly exclusively (reaction 
75) , whereas phenyllithium would only give 1 ,Z-addition. 

CGHSCH=CHCC61 is + [(C6H,),Mg]Li ----> 
(CGH,)zCHCH-CCtiS 

I 0 I j L i  H,O* 

I 

C6H5 0 

tqg(c6H5)Z 

‘CHCHZC--C6H5 II (75) 

/ 

I I  
0 

CGH5 
(131) 
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IV. GROUP 111 ELEMENTS 

Of the derivatives of Group I11 metals, little is known about 
reactions of organoboron and organogallium compounds with 
carbonyl compounds. Consequently this section deals mainly with 
the chemistry of organoaluminum compounds, which has recently 
been revived through the extensive work of Ziegler 175. Organo- 
aluminum compounds react with the carbonyl group in a similar 
way to Grignard reagents. Condensation reactions as well as 
1,2- and lY4-additions may occur as may reduction processes if a 
p-hydrogen is present in the organoaluminum reagent. 

A. /,a- and /,4-Addition 
Trialkyl- and triarylsluminums give 1 $!-addition according to 

reaction (76) ,  where only one of the three alkyl groups is involved in 

R R 
I / %Of \/ 

> (76) 
\ 

R3AI -t C=O ___f RZAI-0-C - 

the reaction. Thus, trimethylaluminum is reported to undergo 
smooth and nearly quantitative reaction with propiophenone 177 
forming ethyl methyl phenyl carbinol ( 132a) and with chloral 178 
forming 1 , 1 , 1 -trichloro-2-propanol ( 132b) as the sole products. 

CCl3 
I 

CH3 
I 

C~H,--~OH 
I 
CGH5 

(13%) 

H-COH 
1 
H 

(132b) 

Triethylaluminum was found to add to benzaldehyde and subs- 
tituted benzaldehydes to form, in good yields, the corresponding 
secondary carbinols, reduction being only a minor side-reaction l”. 
Similarly, cinnamic aldehyde gave 1,Z-addition in practically 
quantitative yield (reaction 77). Another example is the addition of 
triphenylaluminum to benzophenonc, forming tritanol18’. 

(77) 

In addition reactions it is often observed that only one third of 
the available alkyl groups in R,Al are utilized121. Generally, a 
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marked decrease in reactivity of the Al-R bond is induced when 
electronegative substituents are attached to aluminum. Thus, the 
reactivity towards carbonyl groups decreases in the series 

R3Al > R2A10R > RAl(OR),121 

as well as in the series of the corresponding halogen compounds 

R3Al > R2AlC1 > RAlCl,177J81 

This decrease in reactivity is paralleled by a decrease in the mobility 
of the R groups, as shown by a nuclear magnetic resonance study by 
Hoffmannla2 who observed only slow exchange in the system 
RiA1/RiA10R2. Nevertheless, utilization of all three R groups in 
addition reactions to carbonyl groups seems possible. G i l m a x ~ l ~ ~  
showed on the basis of his ‘color test’173 that the reaction between 
triphenylaluminum and benzophenone or benzaldehyde was only 
complete when three moles of carbonyl compound per mole of 
R3Al reacted. Interestingly, triphenylboron added to benzaldehyde 
in a similar way to form benzhydrol in moderate yield159 utilizing 
only two of the three phenyl groups. Comparative studies with the 
corresponding zinc compounds indicated an order of relative 
reactivity (in the aliphatic as well as in the aromatic series) in the 
sequence R,Al > R3B > R2Zn. Among the -functional groups sub- 
jected to addition the order -CH=O > LCOC,H, > -C=N 
seemed to be valid in analogy to the relative reactivity toward 
RMgX compounds shown earlier 183. 

The reaction of benzalacetophenone with triphenylaluminum may 
serve as an example of 1,4-addition of an organoaluminum compound 
to a conjugated system (reaccion 78) 138*184. In forced conditions the 

H30+ 
CGH~CH=CHCC~HE + (C,H&AI __f (C,H&CHCH=CCGHs - 131 (78) 

I 
O--AI(CsH& 

I1 
0 

less reactive triphenylboron could be induced to add to 133 giving 
the product of 1,4-addition in moderate yield 167. 

0. Reduction 
The property that trialkylaluminums and -borons can serve as 

potential reducing agents was discovered by Meerwein and co- 
workers 170. As already mentioned, the interaction of triethyl- 
aluminum with benzaldehydes gave benzyl alcohols as side-products. 
With halogenated carbonyl compounds (chloral, bromal, halo- 
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acetones, etc.), which undergo addition with trimethylaluminum 178, 
the addition reaction was completely superseded by reduction and 
the corresponding alcohols were formed in excellent yields, ethylene 
being the second product of reaction. One-third mole of triethyl- 
aluminum was sufficient to reduce 1 mole of ketone (reaction 79). 

(79 1 

Similarly, triethylboron was capable of reducing benzaldehydes and 
halogenated carbonyl compounds. I n  contrast to triethylaluminum, 
however, triethylboron reacted with utilization of only one of the 
three ethyl groups (reaction 80). With bromal, the normal reduction 

(80) 
\ \ 

/ / 
(8 I )  was under certain conditions superseded by a reaction involving 
additional elimination of HBr according to reaction (82). 

----+(>HO),AI + 3 CH2=CHz 
\ 

/ 
3 C=O + (C2H5)3AI 

C-0 + (CPH5)aB + CHOB(C,H& + CHz=CHz 

Br,CCH=O + (CZH5),B + Br3CCH20B(CaH.& + CH,=CH, (81) 

Br3CCH=0 + (CzH5),B + Br,C=CHOB(CzH5), + C2H56r (82) 

As ZieglerlE5 showed later, the reduction of benzil 179, benzo- 
phenone, and trichloroacetophenone 179 with triethylaluminum 
consumed only one of the alkyl groups per mole of ketone. Addi- 
tionally, triisobutylaluminum was introduced 185 as an excellent 
reducing agent for saturated and unsaturated aldehydes and ketones. 
This again reacted only with one of the alkyl groups available, e.g. 
reaction (83). Enolizable ketones sometimes give complications 

C,H5),C=0 + (i-Bu)3Al --+ (C,H,),CHO-A~(~-BU)~ + (CH,),C=CHa (83) 

when higher ratios than 1: 1 (ketone/li,Al) are employed. For 
example, cyclohexanone yielded only cyclohexanol on reaction with 
133 in a 1 : 1 ratio. But when a 3:  1 ratio was applied, a mixture of 
cyclohexanol and cyclohexanone was obtained, indicating that 

(133) 

(134) 

after participation of the first alkyl group in the reduction the second 
and third alkyl group had effected enolization of the ketone, leading 
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to a mixed aluminum alcoholate-enolate 134 (reaction 84). Interest- 
ingly, in the reaction of cyclohexanone with triethylaluminum, the 
first alkyl group seems to bring about enolization, since no reduction 
product was obtainedla5. 

C. Mechanism 

A mechanism for the reaction of carbonyl compounds with triaryl- 
aluminums was proposed by WittigIa4, which is shown in reaction 
(85) for the addition of triphenylaluminum to benzophenone; 

(C,H&AI 3- (C&&,)&=O (C6H~),&O--AI(C6H5), ___f 

- 

(135) 

(C~H~)&OAI(C~HS)Z (85) 

It is assumed that attack of a monomeric triphenylaluminum 
species Ia6 leads to formation of an ' at-complex ' (135) in 2 fast and 
possibly reversible step and that the following phenyl migration is 
slow and rate-determining. The formation of a complex like 135 is 
supported by the observation that in the reaction of unsaturated 
systems very intense transient colors were developed, which might be 
interpreted in terms of betains (136) stabilizing the positive charge by 
the resonance (86). Similar halochromic inner salts had already been 

R'CH=CHCR2 + (CGHs)3AI T 
I I  
0 

(136) 

observed by M e e r ~ e i n l ~ ~  and Pfeiffer Ia7 in the reaction of alkyl- 
aluminums and aluminum halides187 with aldehydes and ketones. 
These were similarly interpreted as molecular association complexes 
which in some cases could be isolated and chemically characterized 
(AlBr, I"). Furthermore, the formation of adducts with Lewis bases 
of all types (ethers and amines1a8, carbanionsla3) is a general feature 
of R,A1 compounds thus supporting the idea of a 1 : l  complex 
R, Al/ke tone. 

Mechanism (85) closely resembles the mechanism proposed for 
the addition of phenyllithium to ketones 45. Phenyllithium and 
triphenylaluminum give the same products with benzophenone, 
but with a pronounced difference in rate Ia3. Apart from the higher 
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tendency of phenyllithium to provide an anion in etherai medium52, 
the intermediate 1: 1 complex with the ketone is probably more 
stable with triphenylaluminum than with phenyllithium, leading to 
a slower formation of the carbinolate in the case of the former. 

A comparative study of Wittig and Schliesser16? on the reactivity 
of phenyllithium and triphenylaluminum toward numerous un- 
saturated aldehydes and ketones revealed further aspects of the 
mechanism of 1,2- as well as 1,4-additiox The experimental results 
are collected in Table 6. These data support the conclusions given 

TABLE 6. 

Triphenylaluminum Phenyllithium 

1,2-.4ddn. I,4.-Addn. 1,2-Addn. 1,4-Addn. 
Unsaturated system 

( Y O >  (%> (YO) (%) 

CeHSCH=CHCH=O (137) 64 - 72 - 

CcH5CH=CHCOC(CH3)3 (139) - 94 60 12 

C6H5CH=CHCOMcs (141) - 

- CsHSCH=CHCOCH3 (138) - 55 87 

CeH5CH=CHCOCBHS (i40) - aa 69 138 13 138 

77 - 77 

in section III.B.2 for the dependence of the observed reactivity upon 
steric requirements of the unsaturated system and on those of the 
attacking organometallic species. If the carbonyl group is sterically 
accessible without any hindrance, as in 137, both reagents add in the 
1,2-manner probably via a four-cer,ter transition state like 142 and 
143. But if thc aldehyde hydrogen is replaced by alkyl or aryl 

R R 
I I 

c: L. 
C6 H,--CH=C H-C=O . .  . .  

H,CZ--AI(C,H,), 5 6- I 

CG HS-C H=C H-C=O . .  . .  

(142) (143) 

groups (138-140), phenyllithium is still able to give preferentially 
1,2-addition, whereas the bulkier triphenylaluminum is added 
exclusively in the 1,4-manner. If blocking of the carbonyl group 
is further increased, as in benzalacetomesitylene (141), even phenyl- 
lithium is prevented from attacking at  the carbonyl carbon: con- 
jugate (1,4-) addition remains the only possible one for both reagents. 

22* 



R2CH=CHCR' + (CGH5)3Al ,, 
0 11 

I H , O '  

I I  Y 

R2C HC H&R' 
I 

I- - 
CH CH 

R2C H' -C R1 
R2CHA 8 \ 

/*' - 

CRI 

I -  I 1 
H 5 C 4  ,o C6H5 /o 

,A( 
H5C6 C6H5 H5C6 CsH5 - 2 

molecular models it is clearly evident that attack of triphenyl- 
aluminum on the carbonyl group for complex formation and the 
following phenyl transfer via 142 is sterically hindered in the 

+ 

H5C6.. , P 
-A,,: 

w5cL 'c6H5 
(147) 

presence of bulky R groups. I n  these cases the transiticn 144 --f 145 
through a six-membered cyclic ' activated complex' (147) involving 
the /?-carbon might be favored energetically. Cinnamalacetophenone 

CH=CHCH=CHC 

0 
I I  

(148) 

(148), which offers competitive reaction possibilities of 1,2- as well as 
of 1,6-additimY was used for testing the assumption of a six-membered 
transition state (147). With triphenylaluminum, 148 gave /?-phenyl- 
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p-styrylpropiophenone (151) (reaction 88) as the sole product, 
indicating that only 1,4-addition had occurred. I t  might be argued 
that a transition state like 147 or 149 requires lower activation 
energy than the eight-membered one (152) required for ly6-addition 
and that 1,2-addition does not take place owing to the severe 
sterical requirements of the reactants. 

CH 
C6H5 0 

C6H6CH=C H- c H ' \cC6H5 H,O. I I I  I - C6H5CH=CHCHCH2CC6H5 I 
C6H5 /O 

(151) 
/A'\ 

H5C6 C6H5 

(88) 
(150) 

I t  was not possible to follow reaction (88) kinetically by the aid of 
the intermediately formed deeply colored complex (149). Thus, as in 
the addition of organomagnesium reagents 122, a rigorous proof for 
the formation of the products from primarily formed 1 : 1 adducts 
is still missing. In  the 1,4-addition of organomagnesium reagents, 

&, (152) 
/ 

H5Cq 

- ,Ali--O 

H5C6 CsH5 

according to House 142*144, a six-membered cyclic mechanism seems 
unlikely, in contrast to the mechanism including 147 in  the addition 
of triarylaluminums. Again in contrast to organomagnesium re- 
agents 140 triphenylaluminum did not react in the ly4-mode with the 
trans-oid conjugate system of 2-cyclohexenone 16' : besides a small 
amount of ly2-addition product, only polymers were obtained. This 
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indicates that triphenylaluminum cannot be involved in a Michael- 
type mechanism suggested for conjugate addition in the magnesium 
series 142 and that the mechanism proposed by Wittig 184 has to be 
taken into account. 

For the reduction by trialkylaluminums 179, a mechanism closely 
resembling that proposed for the Meerwein-Ponndorf-Verley 
reaction 189 and for the reduction by Grignard reagents 56 was sug- 
gested by Wittig (reaction 89) 183. The polarity of the solvent seems 

R' 
-+ 

to play a certain role in the reactions of organoaluminum compounds, 
as also observed in the reactivity of organolithium derivatives 52. 
For example, the unsaturated ketone 139 reacted with triphenyl- 
aluminum in ether to give exclusively the product of 1,4-addition, 
whereas in benzene the enolate 153 undergoes Michael addition 
with 139 to a considerable extent (reaction 90) 

C6H5 
I 

CsH5C H 5 H CO C (C H3)3 

cshitHCHzCOC(CH3), 

Mechanisms for the reaction of trialkylaluminums with ketones 
were recently proposed by Pasynkiewicz and coworkers l7'*lgo. 

The reaction of trimethylaluminum and propiophenone 177 gave the 
highest yield of addition when a 1 : 2 molar ratio of ketone/(CH,),Al 
was employed. The rearrangement of the primarily formed 1: I 
complex (154) was believed to occur via a four-centered transition 
state (155), and for the reactant ratio 1 : 2 a six-membered transition 
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state (156) with participation of dimeric trimethylaluminum was 
assumed. 

R' 

H3C- C H3 

(154) (155) (156) 

While attempts to isolate 1 : 1 adducts of R,Al compounds with 
ketones were unsuccessful, in the gallium series a 1: 1 adduct of 
trimethylgallium with acetone (( CH,),Ga - (CH,),C-0)) has been 
described Ig1 along with other complexes, justifying the hypothesis of 
a primary formation of 154. Trimethylaluminum gives exclusively 
addition, but triethylaluminum with diethyl and diisopropyl ketone 
shows three competitive reaction modes of addition (91a), reduction 

H2.O 
R,C=O + Et,AI ---+ R,COAIEt, __f R,COH (addition) (91a) 

I 
E t  

I 
E t  

H,O 
R,C=O + Et,AI + R2CHOAIEt, R,CHOH (reduction) (91b) 

R2CH,COR' T R2CH=COAIEt, (enolization) (91c) 
Et,AI 

H2O I 
R' 

(91b) and enolization (91c). With diethyl ketone increasing 
(C,H,) ,Al/ketone ratios enhanced addition, while an increase in 
temperature favored reduction. Enolization was only little affected 
by these variations of reaction conditions. At low temperatures, 
where addition was predominant, triethylaluminum exists exclusively 
as the dimeric species 157 lg2, so that the addition probably involves 

E t  E t  E t  
\ / *.*..*,/ 

Al 

E t  E t  E t  
/ ..... / \ 

(157) 

the sequence (92). The geometry of the transition state (158) is 
believed to permit close approach of the alkyl group to the carbonyl 
carbon thus facilitating transfer of an anion. With lower (C2H,),Al/ 
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\C=O -I- 157 4 
/ 

i t  

(1W 
ketone ratios, or when the ketone is in excess, a mechanism (93) 
involving attack of monomeric triethylaluminum (formed either by 
reaction (92) or by attack on the dimer) has been proposed. The 

y,Et 

~1 -Al- 

R'\ C=O + Et3AI - \c! k H z  (93) 
/ 

R W z C  PHzC +d2 
(159) 

structure 159 might show a larger distance between the ethyl 
groups and the carbonyl carbon, favoring other configurations than 
the one leading to addition (reaction 94). 

159 4 + CH2=CH, 

R' E t  
C-O-AI( + EtH 

Enohzation \ 

R 2 H F  E t  

(94) 

Diisopropyl ketone reacts with more difficulty than &ethyl 
ketone, and gives reduction in nearly quantitative yield (reaction 
95) along with only a very small amount of enolization. The com- 
plete lack of addition, the overwhelming preference for reduction, 
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(CH3)zHC O H  
‘d 

and the significant decrease in reactivity were explained on the basis 
of steric hindrance which prevents the formation of a transition 
state analogous to 158 with a molecule of dimeric triethylaluminum 
while interaction with an ethyl group in the transition state for reduc- 
tion (160) seems to be sterically possible. 
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1. INTRODUCTION 

The title of this chapter is considered to embrace not only reactions 
in which aldehydes and kctones yield carbon monoxide, but also 
reactions in which the formyl group of aldehydes is converted into 
formic acid or formate ion. Decarbonylation reactions that arc 
initiated by irradiation of various sorts will not be discussed, as these 
are covered in Chapter 16. Thc decarbonylations of a-keto acids 
and esters, in which the carboxyl carbonyl is lost, are considcrcd to 
be reactions of carbosylic acids and csters rathcr than carbonyl 
compounds and thus will be dealt with in a forthcoming volume of 
this serics. However, a numbcr of reactions of aldehydcs and ketones 
not giving decarbonylation are includcd here for purposes of com- 
parison or of dclineating the structural requirerncnts of' certain 
decarbonylation reactions. 

As can be seen in the above outline, an attempt has been made to 
categorize the decarbonylation reactions according to mechanistic 
type. However, scction V on thcrmal decarbonylations includes both 
radical-chain and molecular processes, as well as some for which the 
mcchanisrn is in doubt. Section VI on miscellaneous decarbonyla- 
tions seemed inevitably necessary. This section includes decarbonyla- 
tions that may proceed by more than onc mcchanism, e.g. Dakin-like 
reactions, which can be either base- or acid-catalyzed. Also included 
in this last section are rcactions which havc no firm mechanistic 
assignment. 
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Emphasis has been placed on recent work, although examples 
from the older literature are included. We cannot guarantee that all 
kcy work has received mention, despite our having made a thorough 
scrutiny of the literature, searching under all conceivable headings. 
Our worries stem from the fact that westumbled across two important 
references quite by accident. We apologize to the authors of pertinent 
work that inadvertently may have been omitted, slighted, or mis- 
represented. 

I I .  AROMATIC ELECTROPHILIC DEFORMYLATION 

Aromatic aldehydes substituted in ortho orjiara positions with electron- 
releasing substituents undergo aromatic electrophilic substitution 
reactions in which the formyl group is displaced. Depending upon 
the structure of the aldehyde and upon the reaction conditions, the 
formyl group is converted either into formic acid or into carbon 
monoxide. Similar reactions are shown by corresponding aromatic 
acids, the carboxyl group being eliminated as carbon dioxide. 

A. Acid-catalyzed Replacement of CHO by H 
I n  the earliest investigations of this reaction Bistrzycki and co- 

workers treated various substituted benzalclehydes with concentrated 
sulfuric acid at  temperatures around 150" l. Carbon monoxide was 
obtained as the principal gaseous product along with smaller amounts 
of sulfur dioxide and carbon dioxide. When benzaldehyde was 
treated in this manner, only a 12% yield of carbon monoxide was 
obtained. Carbon monoxide resulted in good yield when a hydroxyl, 
methoxyl, or methyl substituent was present in thc orlho or para 
position, but in poor yield when these substitucnts were meta. With 
electron-withdrawing substituents, i.e. C1, NO,, or CHO, in any 
position, the yields of carbon monoxide also were poor. Oxidation 
and sulfonation of the aromatic compounds probably was extensive 
and the nongaseous products werc not identified. There remains the 
question as to whether carbon monoxide is formed directly from the 
aldehyde or whether the formyl group is eliminated as formic acid, 
which subsequently is decarbonylated under the reaction conditions 
(see below). 

Zahler studied the deformylation of a number of aldehydes sub- 
stituted in the 2-, 4-, and 6-positions by activating substituents such 
as methoxyl, hydroxyl, and alky12. The relative ease of deformylation 
in 60% perchloric or sulfuric acid was 2,4,6-trimethoxybenzaldehyde 
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> 2,4,6-trihydroxybenzaldehyde >> ZY4,6-triisopropylbenzaldehyde 
> 2,4,6-triethylbenzaldehyde > mesitaldehyde > 2-hydroxy-4,6- 
dimethylbenzaldehyde, 4-hydroxy-2,6-dimethylbenzaldehyde. Fcr 
2,4,6-trimethoxy- and 2,4,6-trihydroxybenzaldehyde, when the 
reaction was carried out with greater than about M concentra- 
tion of aldehyde, condensation between deformylated aromatic 
residues and aldehyde occurred, yielding diary1 carbinols and 
triarylmethanes 2-3. 

Extensive kinetic studies of the quantitative deformylation of 2,4,6- 
trialkylbenzaldehydcs in 60-1 00% sulfuric acid have been carried 
out4-? I t  was demonstrated that carbon monoxide was a direct 

product of deformylation and did not arise via formic acid as an 
intermediate 4. Rates were measured both gasometrically and by 
the change in ultraviolet spectrum4-6. The effect of medium on the 
first-order rate coefficient kobs is plotted in Figure 1. Deuterium 
isotope effects are given in Table 1. The assigned mechanism is 
given by equations ( I ) ,  (Z), and (3),  in which HA, refers to general 
acid (H,O+ and molecular H2S04) and A, refers to general base 
(H,O and HSO;). The rate equation (4) is obtained by application 
of the steady-state assumption to the carbon conjugate acid SH" +, 
the concentration of which is indetectably low. Equation (5) gives 
the ratio of the velocity of step (2) reverse over that of step (3). In 
equations (4) and (5) the a symbols refer to activities, the k symbols 
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TABLE 1. Deuterium isotope effects in the decarbonylation of mesitaldehyde. 

59.9 1.8 
65.0 - 
70.1 - 
85.2 2-8 
96.3 2.8 
99.5 2.0 

0.56 
0.72 
0.85 
1.5 
2.1 
2.4 

0.58 
0.70 
0.87 
1.0 
1.0 
1.0 

a Ratio of koba for mesitaldehyde over that for deuteriomesitaldehyde in HISOI solutions. 
Ratio of koba in H,S0,-H20 over that in D,SO,-D,O of the same percentage. 
Ratio of degree of oxygen protonation in H2S0, us. D2S0,. 

refer to catalytic constants, and the f symbols refer to activity co- 
efficients. 

0 
I I  

Q-H 

(SH*') 

0 
I1 

f A, k3 + 4- CO + HA, 

other structures 

(3) 



700 W. M. Schubert and R. R. Kintnet 

Oxygen protonation (equilibrium I )  is extensive in the media 
used. For example, in 70% H,SO, the degree of oxygen protonation 
is 85%, 82%, and 70% for 2,4,6-trimethyl-, 2,4,6-triethyl-, and 
2,4,6-triisopropylbenzaldehyde, respectively. Extensive oxygen pro- 
tonation accounts for the failure of kobs to rise precipitously with 
increasing mineral acid strength. In  other words once [SH+ J >> [S], 
the decrease in the concentration ratio of equation (4) more than 
counterbalances the increase in the remaining catalytic term. 

Whether step (2) or (3) is rate-controlling, or whether both 
compete as rate-controlling steps, depends upon the structure of the 
aldehyde and the percentage of H2S04. From the isotope effects of 
Table 1 the following conclusions for mesitaldehyde decarbonylation 
were made. (a) Step (3) is at least partially rate-controlling through- 
out the mineral acid range since kMerCHO/kMesCDO is greater than 
unity throughout. (6) Step (3) is practically completely rate-con- 
trolling in 59-70y0 H2S0, ( u - ~  >> us)  since the reaction is slower in 
D2S04-D20 than in sulfuric acid of the same molarity; also 
kHzS04/kDzS04 = [§H+]/[SD+]t. ( 6 )  Step (2) competes with step (3) 
for rate-control in 85-100% H2S04 ( u - ~  - u 3 )  since kHzSo4/kDzso4 
increases considerably beyond unity in this region. 

General base catalysis in steps (2) reverse and (3) was invoked to 
explain the required decrease in U - ~ / U ~  in the higher mineral acid 
molarities. In 59-70y0 H2S04, in which there is an appreciable 
concentration of unprotonated water, it can reasonably be assumed 
that catalysis by the weakly basic HSO; is negligible, i.e. the first 
terms in both the numerator and denominator of equation ( 5 )  
greatly exceed the second terms. Apparently k?: >> k3ITz0 and hence, 
in 59-70% H2S04, u - ~  >> u3. In  greater than 84.5% H2S04 ('mono- 
hydrate' strength) aHz0 decreases sharply since practically all of the 
water molecules are protonated. The concentration of HSO, now 
greatly exceeds that of H 2 0  and catalysis by HSO, becomes 
important, i.e. the second terms of equation (5) become important. 
If k5.4 - is comparable to or less than kyS04 -, U - ~ / V ~  would suffer a 
decrease as the H2S04 percentage is increased beyond 85%. The 
requirement that I;H_:O4 - /k:s04 - be significantly less than k?;/@O 
was rationalized on steric grounds. That is, the energy of the 
transition state of stcp (2) reverse would be raised relative to that of 
step (3) when the bulkier HSO, is the participating base. In step (3) 
a peripheral proton is being removed. In  step (2) reverse the 

t T h e  more pertinent ratio [SH* +]/[SD* '1 was experimentally inaccessible. 
However, i t  should have approximately the same values as [SH+]/SD+] 6. 
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transition state is subject to steric compression between the o-methyl 
groups and the participating base. 

On the basis of the above steric argument it would be expected 
that in H,SO, media in which HSO, catalysis is important, step (2) 
reverse would be slowed even more relative to step (3) if the o-alkyl 
substituent were larger. This has been borne out by experiment for 
2,4,6-triisopropyl benzaldehyde 6. Thus in concentrations greater 
than 85% H2S04 there was a negligible isotope effect in the decar- 
bonylation of the deuterioaldehyde (ArCDO) and an appreciable 
solvent isotope effect (kH2s04/k D2S04 as large as 5.0). This indicates 
that step (2) forward is practically completely rate-controlling, i.e. 
u - ~  < u3. In lower percentages of H,S04 the isotope effect in the 
decarbonylation of ArCDO is quite small and the solvent isotope 
effect is still large, though somewhat reduced; i.e. even in H2S04 
media, in which H20 functions principally as the base, step (2) 
reverse has been slowed relative to step (3), enough to make step 
(2) forward largely rate-controlling. 

The acidity profiles for the decarbonylations (Figure 1) also are 
consistent with the assigned mechanism. I n  particular the greater 
falloff in kobs in high percentages of H2S04 in the order triisopropyl- 
benzaldehyde > triethylbenzaldehyde > mesitaldehyde is explained. 
In  step (2) reverse, increased bulk of the o-substituents raises the free 
energy of the transition state in which HSO; is the participating base 
more than that in which the smaller H,O molecule is the participating 
base, i.e. kH_S204 - /kzao is reduced. Since step (2)forward must proceed 
through the same transition states, it follows that k! jaSo4/k ;3O+ is less 
for triisopropylbenzaldehyde than for mesitaldehyde. Thus as H,S04 
percentage is increased, the catalytic term of equation (4) will not 
increase as greatly for the more hindered aldehyde. Since the increase 
in this term cannot keep up with the large decrease in the concentra- 
tion ratio [S]/[SH+], the result is a steeper falloff in kobs for the more 
hindered aldehyde. 

The results establish that acid-catalyzed decarbonylation of 
aromatic aldehydes is an aromatic electrophilic substitution. The 
replacement of the formyl group by a proton is not as rapid as the 
exchange of the meta hydrogens, however7. Along with the work on 
certain coupling reactions carried out by Zollinger 8 ,  the results of 
the decarbonylation studies are perhaps the best evidence that 
aromatic electrophilic substitution proceeds via a o-complex inter- 
mediate. Further, they constitute the first evidence of general acid- 
base catalysis in strong mineral acid solution. 
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The decarbonylation of 2,4,6-trimethoxybenzaldehyde has also 
been extensively investigated 9-10. The effect of mineral acid media on 
the first-order rate coefficient is shown graphically in Figure 2. The 
rate coefficients were obtained by an ultraviolet spectrophotometric 
method, allowing the use of aldehyde concentrations of the order of 
10 - 4  M. Under these conditions, trimethoxybenzene and fGi.mic acid 
are obtained quantitatively, the former compound slowly under- 
going subsequent ether cleavage in stronger acids ll. At higher 
aldehyde concentrations, above 10- M, condensation reactions 
(dependent on a higher kinetic order of the aldehyde) take place3, 

0 

2 
x 

Acid rnolorily 

FrGURE 2. First-order rate coefficient for deformylation of 2,4,6-trimethoxy- 
benzaldehyde a t  80" as a function of molarity of mineral acid. 

as mentioned earlier in this chapter. As is to be expected, the decar- 
bonylation reaction of 2,4,6-trimethoxybenzaldehyde proceeds more 
facilely, i.e. at lower acid concentrations, than does that of 2,4,6- 
trialkylbenzaldehydes. 

A mechanism consistent with the facts amassed to date is given in 
Scheme 1. 

The aldehyde is a remarkablystrong oxygen base (PIC,,+ = - 2.1), 
being about 50% protonated to the oxygen conjugate acid in 4-7 M 

HC104. The fact that kobs reaches a maximum is due primarily to 
this fact. The further falloff of kobg in higher acid molarhies is 
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cH30-@ CH3 
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H CH(OH), 

cH30P +OCH3 CH3 
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'""O@ CH3 
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H CH(OH), cH30x?0cH3 - 1 -  H30+ s- HzO -k 

+OCH3 

+ 
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c H 3 0 ~ 0 c H 3  + 
+ W2O) - 

OCH3 

+ 

(or HCOzH -I- H 3 0 + )  
4°-H 

H-C 

'0-H 

SCHEME 1. 

indicative of the involvement of water molecules in the transition 
state, either in covalent bonding or in solvationl2*l3. The fact that 
the maximum rate has a larger value in hydrochloric acid than in 
perchloric acid may indicate chloride ion catalysis. O n  the other 
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hand, it may simply be a reflection of the greater availability of 
water in hydrochloric than in perchloric acid of the same molarity. 

A mechanism procecding via the aldehyde hydrate is consistent 
with the fact that formic acid and not carbon monoxide is directly 
formed. Although the hydrate concentration is too small to be 
measured, its presence is inferred from the rapid exchange of the 
carbonyl oxygen of the aldehyde with '*O-enriched aqueous acid lo. 

Finally, the mechanism also is consistent with the finding of a solvent 
isotope effect of 3 to 4 in all acid molaritieslO. 

I t  seems likely that formic acid is the cnormal' product of the 
acid-catalyzed deformylation of aromatic aldehydes. Carbon mon- 
oxide has been demonstrated to be the direct product of deformylation 
only in the case of 2,4,6-trialkylbenzaldehydcs, where hydration of 
the aldehyde is quite hindered. In  all other instances either carbon 
monoxide is not formed or, if formed, is obtained in mineral acid 
media strong enough to decarbonylate formic acid. 

5. Other Electrophilic Aromatic Deforrnylations 
Substitution of the formyl substituent of suitably activated alde- 

hydes can be brought about by electrophiles other than proton 
sources. Salway and later workers showed that nitration of certain 
alkoxy aldehydes yields some of the product in which a nitro sub- 
stituent has replaced the formyl substituent I4-l6. I n  the nitration of 
myristicinaldehyde (3-methoxy-4,5-methylenedioxybcnzaldehyde) in 
nitric acid a t  O", nitromyristicinaldehyde constituted only 40% of 
the product, the remainder being 5-nitro-3-methoxy- 1 ,Z-methylene- 
dioxybenzene. The proportion of replaccmcnt Froduct to nitro 
aldehyde was less (30%) in the nitration of piperonal and still less 
(6%) in the nitration of vanillin mcthyl ether, Nitration of anisalde- 
hyde in nitric acid gave only nitroanisaldehyde. Salway rejected the 
idea that the formyl group is oxidized before replacement, since no 
nitromyristicinic acid could be isolated on nitration of myristicinic 
aldehyde, whereas it was a product of the nitration of myristicinic 
acid. The formyl substituent evidently was converted into formic 
acid, and the small amount of carbon dioxide noted was attributed to 
the oxidation of formic acid 14. 

Treatment of 2,4,5-trimethoxybenzaldehyde with absolute nitric 
acid in acetic anhydride yielded 2,4,5-trimethoxynitrobenzenc and 
an unspecified amount of carbon It is possible that 
under these conditions formic acid is first formed and is then de- 
carbonylated. Nitration of 2-mcthosy-1 -naphtlialdehydc gave 'some' 
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1 -nitro-2-methoxynaphthalene as well as ‘ normal ’ nitration product, 
the fate of the formyl group being unspecified 16. la. 

Chlorination or bromination of piperonal in acetic acid yielded 
4,5-dihalomcthylenedioxybenzcne as well as the major product of 
6-halopiperonal 19. Neither the 6-bromo- or 6-chloropiperonal could 
be converted readily into the corresponding 4,5-dihalomethylene- 
dioxybenzene, indicating that the former is not an intermediate in 
the formation of the latter. No mention was made of the fate of the 
formyl group. More recently, Hazlctt found that treatment of iso- 
vanillin acetate with bromine in acetic acid gave the bromination- 
deformylation product, 5-bromoguaicol acetate. In  the bromination 
of isovanillin itself the directive influence of the hydroxyl group 
predominated, and the ‘ normal’ products, 2- and 6-bromoiso- 
vanillin, wcre obtainedz0. 

Early observations regarding the action of excess brorninc on o- or 
p-hydroxybenzaldehyde indicated that the formyl group is lost and 
2,4,6-tribromopheno1 and 2,4,6,6-tetrabromocyclohexa-1,4-dien-3- 
one are obtained 21-23. Competitive experiments by Francis and 
Hill, using bromine in water solution, indicated that the formyl 
group of o- and p-hydroxy- and o- and paminobenzaldehydes is not 
replaced by bromine as rapidly as a hydrogen atom in the same 
position. No visible gas evolution was noted, indicating that the 
formyl group was converted into formic acld. Oxidation of the 
formyl group before or after displacement was ruled out by the 
finding that only three equivalents of bromine were necessary to 
convert o- or p-hydroxybenzaldehyde into 2,4,6-tribromophcnol in 
good yield 23. 

Salicylaldehyde, treated with excess iodine-potassium iodide in 
dilute sodium hydroxide solution at  room temperature, was reported 
to ‘split off formate ion’ (no proof given) and yield 2,4,6-triodo- 
phenolz4. p-Hydroxybenzaldehyde also yielded 2,4,6-triodophenol, 
but m-hydroxybenzaldehyde was not deformylated. Other o-hydroxy 
aldehydes, including 1 -formyl-2-naphthol and 2-hydroxy-5-methyl- 
benzaldehyde, yielded deformylatcd iodinatcd phenols under the 
same conditions. 

Displacement of the formyl substituent can also occur in the 
phenyl allyl ether rearrangement 2 5 ,  a reaction which can be con- 
sidered an example of aromatic electrophilic substitution. o-Formyl- 
phenyl allyl ether rearranged normally to give 2-formyl-6-allylphenol. 
On the other hand, when the other ortho position was blocked, the 
main product was the o-allylphcnol resulting from displacement of 

23 + C.C.G. 
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the formyl group. For example, 2,6-diallylphenol constituted 75% 
of the product arising from heating 2-formyl-6-allylphenyl allyl 
ether, the other product being 2-formyl-4,6-diallylphenol. Replace- 
ment of a p-formyl substituent occurrcd when both ortho positions 
were blocked. For example, 2,6-diallyl-4-formylphenyl allyl ether 
gave a good yield of 2,4,6-triallylphenol. The displaced formyl group 
appeared as carbon monoxide 25 .  

I I I .  BASE-CATALYZED DEFORMYLATIO N 

Discussion will be confined to the deformylations that occur when 
suitable negatively substituted aliphatic and aromatic aldehydes are 
treated with strong base. The base-catalyzed deformylation of 
13-keto aldehydes will not be covered, as this is an example of a 
reverse Claisen-type reaction. 

A. Aliphatic Aldehydes 
Alkaline treatment of aliphatic aldehydes having two or three 

electron-withdrawing substituents in  the a-position leads to the 
replacement of the formyl group by hydrogen and the conversion of 
the formyl group into formate ion. 

RCHO + OH- + RH + HCOO- 

A similar reaction is shown by 2,3-alkynals. Ordinary aldehydes 
do not give this reaction, nor do any other aldehydes that readily 
undergo aldol condensations or the Cannizzaro reaction under 
deformylation conditions. Experimental details are sparse. The 
aldehyde is treated with dilute to strong aqueous alkali at tempera- 
tures ranging from room temperature to reflux temperature, depend- 
ing upon the structure of the aldehyde. Specific yields are not given, 
although mention is made of ‘nearly quantitative yields’ in some 
instances. Aldehydes which have been reported to give the reaction 
include propynal 26, 2-butynal 27, 2-octynal 28, 3-phenylpropynal 26y 

2,3,3- trichloropropenal 29, trichloroacetaldehyde O ,  tribromoacet- 
aldehyde 31, dichlorobromoacetaldehyde 32, dibromochloroacetalde- 
hyde 32, diphenylcyclohexylacetaldehyde 33 , 9-formylfluorene 34 , and 
various a-sulfonated acetaldchydes 35-37. 

The base-catalyzed deformylation of chloral hydrate occurs with 
particular ease and apparently quantitatively. Thc kinetics of the 
reaction in dilute aqueous sodium hydroxide have been studied by 
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Gustafson and Johanson 38, who assigned the mechanism shown in 
Scheme 2. 

OH 

+ H 2 0  
/ 

\ 
CCI&H(OH)2 + OH- T CCI,CH 

0- 

O H  0- 

+ O H -  e CCI,CH + HzO 
/ 

\ 

/ 

\ 
CCI,CH 

0- 0- 

0-  

--+ :CCI; + HCOO- 
/ 

\ 
CCI,CH 

0- 

:ccI; + H,O ---+ HCCI, + OH- 
SCHEME 2. 

Chloral hydrate has an acidity comparable to that of phenol, with 
KHA = 1.7 x 10-l" at 25" and at ionic strength 0-1. Consequently, 
in the presence of excess sodium hydroxide it is practically all in the 
form of the monoanion. I n  0.0048 to 0.0139 M excess OH- (with 
ionic strength maintained at 0.1 by addition of sodium chloride) the 
observed first-order rate coefficient was linearly dependent on the 
concentration of excess hydroxide ion; i.e. the rate law is 

19.6 kcal/mole, and AS: = 8.4 e.u. The kinetics clearly indicate 
that the transition state contains the elements of the dianion. They 
do not answer the question of whether or not the transition state 
contains the elements of water (covalently involved) 39. 

Upon running the reaction using chloral in excess of base, the 
authors reported obtaining terms for catalysis by the monoanion and 
by solvent 38. This is in contradiction to their assigned mechanism, 
which is one of specgc hydroxide ion catalysis (see ref. 39). However, 
the general catalysis experiments are in doubt in view of Pfeil's 
finding that hydrolysis of the a-chlorine atoms is a major side- 
reaction under these conditions 40. Hydrolysis occurred to the extent 
of 21% when [OH-],tolch/[S]stoich was 0.50, and to 77% when this 
ratio was 0.056. The deformylation rate was influenced by the 
nature of the positive ion and was accelerated in dioxane-water 
solution. Pfeil, on dubious grounds, assigned a mechanism involving 

= &r- ([OH-Istoich - [Slstoich"lstoich. The quantity AN: = 
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an intimate specific role for the positive ion4'. Bromal deformylated 
more rapidly, and fluoral appreciably more slowly, than chloral. 

I n  an isotope experiment Lauder and Wright found formate 
arising from chloral deformylation to have about 12% (average of 
4 experiments) deuterium enrichment from solvent *l. Neither un- 
changed chloral nor chloroform were examined for deuterium 
incorporation. The authors concluded, but without proof, that the 
small deuterium incorporation was the result of rapid aldehyde- 
solvent exchange. 

B. Aromatic Aldehydes 
I n  the 1930's Lock carried out extensive investigations of the action 

of strong alkali on nitro- and halo-substituted benzaldehydes 42-52. 
Good yields (70-90y0) of formate ion (isolated as the mercury salt) 
and the deformylated aromatic compound were obtained on treat- 
ment of 2,6-dinitro- 46, Z74-dinitro- 46, 2,6-dihalo- 45,50.51, or 2-halo-6- 
nitrobenzaldehydes 50 with concentrated aqueous alkali at  steam- 
bath temperature. The nitro substituent exerted a stronger activating 
effect than a halo substituent as indicated by the milder conditions 
required for the nitro aldehydes 37*46. However, the yields of nitro- 
aromatics were somewhat lower than those of the haloaromatics, 
evidently as the result of further reaction of the nitroaromatics with 
strong base. 

The conditions are the same as those of the Cannizzaro reaction, 
and this was the main reaction with 2,3-dichloro- 52, 2,4-dichloro- 53, 
2,5-dichloro- 45*54, and 3,5-dichlorobenzaldehyde 47, or the mono- 
nitro- 42 and monohalobenzaldehydes 42. Neither reaction occurred 

0- 

0- 0- 
K, /' + OK- ArCH + H20 

\ 

/ 

\ 
ArCH 

0- OH 
0- 

'.3 
-> Ar:- + HCOO- 

/ 

\ 
ArCH 

0- 

kr:- + H,O ----+ ArH + OH- 

SCl-IEhIE 3. 
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when 3-methoxy-4-hydroxy-2,6-dibromobenzaldehyde was used50. 
However, 3-hydroxy-2,6-dichlorobenzaldehyde 44 as well as 3,4- 
dimethoxy-2,6-dibromobenzaldehyde48 were successfully decar- 
bonylated. 

Bunnett has recently studied the kinetics of the cleavage of a 
number of 2,6-dihalobenzaldehydes in aqueous solutions around 1 M 

in sodium hydroxide 55 .  The assigned mechanism, based mainly upon 
extensive studies with 2,6-dichlorobenzaldehyde, is one in which a 
2,6-dihalophenyl anion is formed in the rate-controlling step (Scheme 
3). I t  is similar to that assigned to the decarbonylation of chloral 
hydrate (see above). 

The rate expression for the Bunnett mechanism is given by 
equation (6), in which K ,  and K2 are the thermodynamic equilib- 
rium qonstants for the first and second steps, K," is the concentration 

equilibrium constant for the first step, .Ar3 is the activity coefficient 
of the transition state of the rate-controlling step, and 

The concentration ratio [S]/([S] -t- [A-1) was obtained by an 
ultraviolet spectrophotometric method. With 2,6-dichlorobenzalde- 
hyde, for example, K i  had a value of 3-2 at 58.4"; i,e. the degree to 
which the substrate is present as A- is appreciable in the media used 
for the kinetic measurements. Values of the first-order rate coefficient 
kobs in the various media also were determined spectrophotometric- 
ally. 

I n  experiments in which the ionic strength was held constant, 
equation (6)  was obeyed reasonably well under the assumption that 
the activity coefficient ratio remains constant. The ionic strength, 
maintained at  1.0 by the addition of suitable amounts of sodium 
chloride, was of necessity somewhat high. I n  experiments in which 
the ionic strength was varied the salt effect was large and positive, 
but only above an ionic strength of 0.4. For the various 2,6-dihalo 
aldehydes the values of k, in the order Br, C1: F, F : C1, F : C1, C1 were 
2.4 : 1 -6 : 1-0 : 1. With the fluoro aldehydes, net replacement of fluorine 
by hydroxide ion was competitive with deformylation. The extent of 
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this side-reaction decreased with increasing base concentration from 
66% in 0.1 02 M base to 16% in 1.04 M base for the difluoro aldehyde. 
This is because the fluorine replacement depends upon a lower power 
of the hydroxide concentration than does deformylation 55.  

The Bunnett mechanism is nicely consistent with all the data. 
Another mechanism consistent with the facts is one in which the 
dianion undergoes intramolecular hydride transfer of the aldehydic 

hydrogen. This step, a nucleophilic aromatic substitution reaction, 
also accounts for the necessary activation by electron-withdrawing 
substituents. It bears a resemblance to other intramolecular hydride 
transfer reactions, such as the one that occurs in the base-catalyzed 
conversion of phenylglyoxal into mandelic acid 56.  A choice between 
the two mechanisms could be made by determining whether 
deuterium is incorporated into the dihalobenzene product when D,O 
is used as thc solvent, or alternatively, when deuterioaldehyde 
(ArCDO) is used. 

IV. RADICAL-INITIATED DECARBO NYLATIO N 
The decarbonylation of many aldehydes can be initiated by the 
addition of radical sources such as di-t-butyl peroxide. Attention will 
be confined here to decarbonylations carried out in the liquid phase. 
I n  the gas phase the action of radical sources has usually been 
examined in conjunction with thermal or photolysis studies. In  the 
next section there is some discussion of the initiating effect of nitric 
oxide on the gas-phase thermal decompositions of carbonyl com- 
pounds. For the effect of numerous other initiators in the gas phase, 
the interested reader is referred to a review by Steacie57 and Chapter 
16 of this book. 

A. Aliphatic Aldehydes 
I n  most liquid-phase radical-initiated decarbonylations of aliphatic 

aldehydes, a major overall reaction is RCHO --j RH -+ CO. This 
reaction proceeds by a radical-chain process (equations 7-10). Both 
steps (8) and (9) require appreciable activation and the chain length 
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is relatively short. Thus significant quantities of initiator (I-) and 
high temperatures (usually 130" or higher) must be used to obtain 
reasonable yields, and compounds resulting from chain-terminating 
steps often constitute a major portion of the reaction product. Lower 

R C H O  + I -  + R e 0  + IH 

R e 0  - R. + CO 

R e +  R C H O  + R H  + R e 0  (9) 

(10) 

reaction temperatures appear to favor the formation of products in 
which the carbonyl group is retained. Depending upon the structure 
of the aldehyde and the reaction conditions, competitive reactions of 
the intermediate acyl or alkyl radical occur to a greater or lesser 
extent . 

The most widely used initiator has been di-t-butyl pcroxide ; 
di-t-amyl peroxide has been used with about the same effectiveness. 
The common procedure has been to heat the neat aldehyde with at 
least 10-20 mole per cent peroxide at temperatures ranging from 100 to 
170" until carbon monoxide evolution ceases. Solvents such as chloro- 
benzene have also been used. Additional peroxide often is added 
during the heating period, and sometimes volatile products (t-butyl 
alcohol, acetone, hydrocarbons) are removed by distillation during 
the reaction. Initiation at lower temperatures by other radical 
sources, such as dimethyl cc,a'-azobisisobutyrate, has given very low 
conversion of the aldehyde. 

The impetus for the study of liquid-phase decarbonylations was 
given by Winstein and Seubold, who found that heating /3-phenyl- 
isovaleraldehyde with 11 mole percent di-t-butyl peroxide at 130" 
gave a 90yo yield of carbon monoxidc and a 70% yield of hydro- 
carbon consisting of about equal amounts of t-butylbenzene and a 
rearrangement product, isobutylbenzene 58. Thus rearrangement of 
the neophyl radical (PhC (CH,) ,CH, - ---f ( CH,) ,CCH,Ph) was com- 
petitive with the hydrogen abstraction step (equation 9). At 80" over 
an  extensive period of time, mainly unchanged aldehyde was 
recovered. I n  the presence of carbon tetrachloride no carbon monox- 
ide was obtained, but chloroform and p-phenylisovaleryl chloride 
were obtained, i.e. chlorine atom abstraction by the intermediate 
acyl radical (RCO + CCI, -+ RCOCl + -CCI,) took precedence 
over its loss of carbon monoxide (equation 8). 

Much of the further work on aldehyde decarbonylation has been 

R. + R- - RR,  and other chain-terminating steps 



712 W. M. Schubert and R. R. Kintner 

concerned with the neophyl-type rearrangement and attempts to 
find alkyl or hydrogen migration. No instance of hydrogen or alkyl- 
substituent migration has yet been encountered, even in instances in 
which related carbonium ion type reactions show extensive re- 
arrangement. Nor has anchimeric assistance been demonstrated. 
Evidently, the alkyl radicals produced are much less prone to 
rearrangement than are the corresponding carbonium ions ; or at 
least, rearrangement of the radical R' is not very competitive with 
its other reactions, such as hydrogen abstraction (equation 9). The 
reader is referred to the excellent review by Walling for a discussion 
of the rearrangement of radicals, both those generated by the 
decarbonylation reaction and those generated under other con- 
ditions 59. 

1. Aryl migration 

The postulated chain-initiation and chain-propagating steps for 
the decarbonylation of /3-phenylisovaleraldehyde (1) are given by 
equations (11) to (15)59-72. There is ample evidence that the 

t-BuO- + PhC(CH3)pCHzCH0 --+ t-BuOH + PhC(CH3)zCHz60 (1  1) 

(1) (2) 

PhC(CH3)zCH260 - CO + PhC(CH&CHZ- (12) 
(3) 

kn 
PhC(CH3)zCHz. + PhC(CH3)zCHzCHO - z PhC(CH& + PhC(CH3)zCHz60 

(CH&6CH2Ph + PhC(CH&CH2CHO --+ 

(14) 
(6 )  

PhCHzCH(CH3)z + PhC(CH3),CHzc0 (1  5) 

(7) 

primary radical 3 is a discrete intermediate, i.e. that the bridged 
radical 4 is not directly formed in the decarbonylation step 
(anchimeric assistance). The radical 4, obtained from 3 by intra- 
molecular radical aromatic substitution, is inferred as a logical 
intermediate in the practically irreversible rearrangement of 3 to 5 59. 
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I n  agreement with the assigned mechanism Seubold observed that 
the ratio of rearranged to unrearranged hydrocarbon [7]/[6] in- 
creased from 1.3 when neat aldchyde (6.4 M) was used to 4.0 when a 
1 M solution of aldehyde in chlorobenzene solvent was used63. The 
hydrogen-abstraction step (14) depends upon the aldehyde con- 
ccntration whereas the rearrangement step (13) does not. If, further, 
the hydrogen-abstraction step (15) is faster than the rearrangement 
of 5 back to 3 (reversal of step 13), then d[7]/d[6] = k,/(k,[RCHO]) 
and the perccntage rearrangement should increase as the concentra- 
tion of the aldehyde is reduced. That the rearrangement step is 
practically irreversible is confirmed by the finding that 2,2-dimethyl- 
3-phenylpropanal decarbonylates without rearrangement 61. I t  is 
intercsting that hydrogen abstraction should be faster than rearrange- 
ment for the tertiary radical 5, whereas such steps are competitive 
for the primary radical 3. 

That the increase in rearrangement with dilution of the aldehyde 
is not a solvation effect is confirmed by Ruchardt's observation that 
the percentage rearrangement is practically the same in anisole and 
benzonitrile as in chlorobenzene solvent 69.  Ruchardt determined the 
product ratio [7] /[6] (by vapor-phase chromatographic analysis) as a 
function of a number of initial concentrations of aldehyde in 
o-dichlorobenzcne. Treating the data by a graphical method which 
takes into account the fact that the aldehyde concentration decreases 
during rcaction, he obtained the rate coefficient ratio kr/k,. The 
value of this ratio was 2.76 at 130" and 3.25 at  145". Although these 
numbers inay only be approximate because the reaction is not 
quantitative (yields are as low as 70%), the conclusion that the 
activation energy is higher for the rearrangement step (13) than for 
the hydrogen abstraction of step (14) seems safeG8*. 

Ratios of kJka at 129-7" also were determined for a number of 
ring-substituted aldehydes, thc relative values being p-CH,O, 0.35; 
p-F, 0.38 ; p-CH3,  0.65 ; H, 1-00 ; p-Br, 1.79 ; f-Cl, 1.82 ; p-CN, 19.0; 
nz-F, 1.45; m-C1, 1-55; m-Br, 1-70; o-CH,O, 1.10; and o-C1, 0.906g-74. 
Earlier, Urry had found that the dcgree of rearrangement of neat 
aldehyde was little influenced by f-CH, substitution 61. Assuming 
that the hydrogen-abstraction rate coefficient, k,, is practically 
unchanged by a change in a remote ring substituent, these numbers 
reprcscnt relative rates of rearrangement of the 2-phenyl-2-methyl- 
propyl radicals and give a p value of about + 1  for this step. The 

* The activation energy for the gas phase reaction CH3. + CH3CH0 -+ 
CH4 + CI-13C0 has been determined to be 7.5 k ~ a l / m o l e ~ ~ .  

23* 
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relative insensitivity to substituent is consistent with a radical 
rearrangement of the type of equation (13) 74. 

Relief of steric strain and stability of the tertiary relative to the 
primary radical may be factors in promoting the neophyl rearrange- 
ment. However, Slaugh demonstrated that these are not necessary 
factors, finding that decarbonylation of a 1 M solution (o-dichloro- 
benzene solvent) of /3-phenylpropionaldehyde labeled in the a- 
position with 14C gave 3.3% rearranged ethylbenzene at  150-1 55" 
and 5.1% at 165-170" (equation 16)65. The rearrangement yield 

1- Bc =,02 
P h C H 2 t H z C H 0  - PhCH2CH3 + Ph?H2CH3 + CO 

was reduced somewhat by the addition of 2-4 mole percent of 
thiophenol. Thiophenol is a better hydrogen-transfer agent than the 
aldehyde, and thus the rate of conversion of initially formed /3-phenyl- 
ethyl radicals into unrearranged phenylethane is increased over the 
rate of their rearrangement. Slaugh also found little or no tritium 
incorporation in the a-position of the ethylbenzene product when 
decarbonylation was carried out with PhST. This indicates absence 
of hydrogen migration in the intermediate /3-phenylethyl radical 65.  

Gross structural changes in the neophyl system do not profoundly 
influence the extent of rearrangement, as seen in Table 2. Wilt and 
Phillip found that the behavior of the cyclopentyl aldehyde (8) was 
very similar to that of /3-phenylisovaleraldehyde, both when decar- 
bonylated neat and in 1 M solution67. A greater proportion of 
rearranged monomeric hydrocarbon was obtained from the corre- 
sponding cyclohexyl compound 9, but the reaction was less facile 67. 
The extent of rearrangement in possible residual dimeric products 
was not determined. The addition of a large amount of thiophenol 
lowered the percentage of rearranged hydrocarbon much more 
substantially for 8 than 9, but also appreciably lowered the overall 
yield of monomeric products from 9. A steric argument was advanced 
for the difference in behavior between 8 and 967. The percent of 
rearranged hydrocarbon obtained from the aldehyde 10 was 35% as 
compared to 53 yo from /?-phenylisovaleraldehydc under roughly 
comparable conditions, perhaps because of additional steric strain in 
the transition state of rearrangement 70. 

Work by Curtin on aldehydes having more than one 13-aryl sub- 
stituent is summarized in equations (17) to (22)62s66. The yields 
quoted are those obtained when about 20 mole percent di-t-butyl 
peroxide was used. Only rearranged hydrocarbons were isolable 
from the monomeric fracticn obtained from /3,/3,/3-triphenylpropion- 
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TABLE 2. Effect of gross structural changes on neophyi rearrangement. 

Compound Trcatmenta % CO % RHb % rearr. Ref. 

PhC(CH&CH,CHO 
~~ 

A, 130" 100 90 
B, 130" 98 71 

53 68 
83 

A, 140" 87 74 
B, 132" 77 58 
C, 160" 64 64 

63 67 
92 
3 

rnH2"'" 
A, 140" 
B, 132" 
C, 160" 

48 47 
43 42 
22 21 

A, 160" a5 76 

89 67 
94 
50 

35= 70 

a Treatment A, neat aldehyde + 10-20 mole yo f-Bu,02; B, 1 sf solution in PhCl; C, 20 mole yo 
PhSH added, neat aldehyde. 

Percent yield of monomeric hydrocarbons. 
Rcarrangernent product is 

m : H ,  

aldehyde (11) 62*66 and its a-methyl derivative (12) 62. The indanone 
isolated in the decarbonylation of 11 evidently resulted from an 
internal attack of the acyl radical at the ortho position of the ring66. 
Further examples of this sort of reaction will be given later. In  the 
decarbonylation of the nitro derivative 13 only a product of pre- 
ferential migration of the p-nitrophenyl group was isolated, in very 
small yield (equation 19)66. I t  is interesting that the diary1 aldehyde 
14 gave only unrearranged hydrocarbon, although 'it is possible that 
the rearranged hydrocarbon is present to the extent of as much as 
15%62.' By way of contrast, the /3-methyl compound 16 gave only 
rearranged product, but it was entirely dimeric 62. Evidently, chain- 
perpetuating hydrogen abstraction by rearranged radical PhCH2- 
C(CH3)Ph was not competitive with its dimerization. That decar- 
'oonylation of 14 did not proceed with hydrogen migration was 
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evidenced by the results of equation (21), no detectable amount of 
deuterium migration having occurred 66. 

z 11 4- CO i- PhZCHCHzPh 
20% t-Bu,O,, 140" 

Ph3CCHzCHO 

(11) (40%) (32%) (20%) 

ZH, CH3 

(18) 
/ + Ph2C=C 

/ 
Ph,CCHCHO --+ 12 + CO + Ph2CHCH 

'Ph I (44%) (36%) ( 1  7%) \Ph 
C H 3  
(12) ( 17%) 

p-N02CoH4C(Ph)2CH2CHO w 13 + CO + Ph,C-CHC,H,NO, (19) 
(13) (50%) ( 1  I Yo) (3.3%) 

Ph 
/ 

p-CH3OC6H,CH(Ph)CHzCHO - 14 + CO + P - C H ~ O C ~ H ~ C H  (20) 

C H 3  
(40%) (40%) (36%) 

(14) 

Ph 

p-CH30CGH4CD(Ph)CHzCHO 15 + CO + p-CH30CeH4CD ' (21) 

CH, (15) (46%)(38%) (29%) \ 

C H 3  CH3 

Ph2C(CH,)CHZCHO + 16 + CO + PhCH2-C-C-CH2Ph I I  (22) 
I 1  

(34%) 
Ph Ph (66%) (3 I %I 

(16) 

Extensive dimer formation was encountered by Bonner and Mango 
in the decarbonylation of a 1 M solution of 2,3,3-triphenylpropanal 72. 
The hydrocarbon product consisted of 85% dimer and 15% mono- 
mer, of which 5% was the disproportionation product, 1,1,2-tri- 
phenylethene. The results indicate that dimerization of the 

Ph  
t-Bu,O,. 170" 1 

PhZCH-CH(Ph)CHO PhZCHCHzPh j- PhZCrCHPh + (Ph2CHCH)2 
.o-CIzC,H4 
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Ph,CHCHPh radical takes precedence over its chain-propagating 
abstraction of hydrogen from the aldehyde. Hence abstraction of 
aldehydic hydrogen is largely by chain-initiating radicals, t-BuO- 
and C H , O ~ ~ .  As expected, the yield of monomeric hydrocarbon was 
increased (to 37%) and that of dimer decreased (to less than 22%) 
on the addition of 5 mole percent of the more efficient hydrogen- 
transfer reagent, thiophenol. By using ~z-~~C-labeled aldehyde, the 
authors were able to establish the extent of phenyl migration, 4.9% 
at 155-165" and 13.9% at 176-.184", with 5 mole percent thiophenol 
present. This confirmed that radical stability and relief of steric strain 
are not uniquely important in  promoting radical rearrangement 65. 

The extensive formation of products in which the carbonyl group 
is retained accompanied a number of decarbonylations carried out 
by Urry, Trecker, and Hartzler 75. Indanone formation occurred in 
5 yo yield, based on aldehyde consumed, when p-phenylisovaler- 
aldehyde was treated with 20 mole percent di-t-amyl peroxide at  
100" (equation 23). This product had not been encountered in 

20% t-Arn,O,, 100" 
PhC(C H3)ZC HZC HO * Aldehyde f CO f PhC(CH3)3 

(42%) (52%) (30%) 

H3C CH3 

0 
(2.5°/0) 

(23) 

previous decarbonylations of the aldehyde at  130" or higher 60-63.68*70, 
although Curtin found concurrent indanone formation together with 
decarbonylation of /?,/?,/?-triphenylpropionaldehyde 66. The relative 
percentage of rearranged hydrocarbon, isobutylbenzene, was also 
less at the lower temperature (cf. refs. 68, 70). Indanone formation 
was extensive and the hydrocarbon yield very low in the treatment 
of cl-methyl-/3-phenylisovaleraldehyde with di-t-butyl peroxide 
(equation 24) 75.  The main product was the ester 17. It was apparent- 
ly formed via acyl radical attack on the oxygen atom of an aldehyde 
molecule: R e 0  + RCHO --f O=C(R)OCHR75. When the alde- 
hyde was diluted to 1 M in chlorobenzene, the yield of bimolecularly 
formed ester was reduced somewhat (46%, based on aldehyde con- 
sumed) and that of the hydrocarbons was increased (27%, with 70% 

a PhCHzCH(CH3)Z + 
(18.5%) 
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CH3 
I 20% t-BuZOS. 140" 

Aldehyde 1- CO PhC(CH&CHCHO 

(42%) 

(7 %) 
4 C H 3  

0 
(13%) 

+ PhC(CH&CH(CH3)COOCH&H(CH3)C(CH3)J'h 

(38%) 
(17) 

(24) 

rearrangement). The less highly substituted /?-phenyl-a-methyl- 
propionaldehyde gave a good yield of unrearranged hydrocarbon 
and only 2% indanone (equation 25) 75. The y-phenyl aldehyde 1& 

f Aldehyde + CO + PhCH2CH2CH3 
t-BuZO,. 140" 

(72%) (29%) (26%) 

CH3 + diketones 

0 
(2%) 

(25) 

+m 
gave appreciable quantities of the tetralone 19 and the ketone 2075. 
Apparently, the intermediate acyl radical underwent intramolecular 
acyl radical attack at both the 2- and 1-positions of the aromatic 
ring, the latter reaction leading to the ketone (equation 27). Of 
further interest is the fact that the intermediate y-phenylpropyl 
radical failed to give any detectable 1,3-phenyl migration, only 
unrearranged hydrocarbon being found among the decarbonylation 
products. Slaugh also had found no 1,3-phenyl migration in the 
decarbonylation of or-14C-labeled y-phenylbutyraldehyde 76. 

Although no 1,3-phenyl migrations in alkyl radicals have been 
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t-Am,O,. loo" 
Ph C(CHS)zC HZC HaCHO + Aldehyde + CO + PhC(CH3)2CHaCHS 

(18) (42%) (18%) ('7%) 

0 
............ II 

'hC(CH3)2CHzCHzCG ___f < 7 =  e........... __f P hC-CHzCH2e(CH3), 

0 

(27) 

7 3  

P hCHzC HzCHzCH 
\ 

CH3 

(22) 

TkcHo 

,........... ,CH3 
--+ PhCHzCHZCHzC. <-H53 ............ \ CH3 
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reported, an instance of 1,4-phenyl migration was found by 
W i n ~ t e i n ~ ~ .  Decarbonylation of the 8-phenyl aldehyde 21 led to the 
mixture of products shown in equation (28). Apparently, intra- 
molecular radical attack at the 1 -position (Ar,-5 involvement) led 
to the rearranged hydrocarbon 22, and attack at the 2-position 
(Ar2-6 involvement) led to the tetralin 2364. 

Wilt has recently made an attempt to detect 1 ,Z-phenyl migration 
from silicon to carbon. However, treatment of Ph3SiCH,CH0 with 
di-t-butyl peroxide at 150" yielded only the unrearranged product, 
methyltriphenylsilane, in 48% yield 83b. This contrasts with the 
decarbonylation of the carbon analog, Ph,CCH,CHO, which 
yielded only rearranged hydrocarbon 62.66. Wilt also found no 
oxygen-to-carbon migration in the decarbonylation of phenoxyacet- 
aldehyde, the only monomeric product being anisole 83c. 

2. Nonphenylated aldehydes 
Decarbonylations of nonphenylated aldehydes have been carried 

out almost exclusively with di-t-butyl peroxide. When the initiators 
dimethyl a,a'-azobisisobutyrate and a&-azobisisobutyronitrile were 
used with a number of aliphatic aldehydes at 80-1 lo", only very low 
yields of carbon monoxide and alkane (3-8y0) were obtained77. 
When benzyl mercaptan (optimum amount, ca. 5 mole percent) was 
a!;o added, the carbon monoxide yields increased to 33-80y0, but no 
dention was made of the hydrocarbon yields 78.  Carbon tetrachloride 
effectively stopped the decarbonylation chain by reacting with the 
acyl radical to yield the acid chloride 7 7 ,  confirming the observation 
of Winstein and Seubold60. 

In 1952 Doering, Faber, Sprecher, and Wiberg carried out the 
following decarbonylations, using neat aldehyde and di-t-butyl 
peroxide at reflux temperature 79 : 

CH3 
I 

(CH&CHCHZC-CHO (CH3)2CHCHzCH(CH3)CHZCHs 

CH2CH3 
(inactive) 

(optically active) 
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Thz first reaction confirmed that an intermediate alkyl radical, 
unable to maintain an asymmetric configuration, is formed. The 
second showed that there is no particular inhibition to the formation 
of a bridgehead radical, as there is to the formation of a bridgehead 
carbonium ion. The third indicated that rearrangement of the 
2-bicyclo[2.2.2]octanyl radical is not competitive with its abstraction 
of a hydrogen atom from a molecule of the aldehyde. This contrasts 
with the extensive rearrangement occurring in carbonium ion 
reactions at the same center79. Indeed, no instance of a 1,2-alkyl 
migration has yet been encountered in aldehyde decarbonylation, 
including neopentyl and bicyclic systems of the type particularly 
prone to rearrangement in heterolytic carbonium ion type processes*. 
I n  all cases the unrearranged hydrocarbon was the principal mono- 
meric product. Side-products resulting from competitive intra- or 
intermolecular reactions of the generated alkyl radical were noted in 
some instances. 

The neopcntyl-type aldehydes, examples 6 to 8 of Table 3, 
decarbonylated without any particular difficulty to yield the un- 
rearranged hydrocarbon as the sole isolable monomeric product. 
Similarly, the bicyclic aldehyde (example 9) gave mainly bornane and 
no detectable amount of rearranged product such as isocamphane or 
isocamphene 71. Bornene, a disproportionation product, was found 
in small yields and a trace of a tricyclene was also obtained. Increas- 
ing the mole percentage of di-t-butyl peroxide decreased the chain 
length, leading to an increase in the yield of bornene and tricyclenc 
as well as of products resulting from radical-radical combinations. 

Unsaturafecl bicyclo aldehydes (examples 11 to 13) also failed to 
yield rearranged monomeric products 03*. The unsaturated aldehydes 
(examples 10 to 12) in general gave low yields of carbon monoxide 

* For an explanation, in molecular-orbital terms, of the stability toward 
rearrangement of alkyl radicals as compared to carbonium ions, see c. Walling 
in Molecular Rearrangements, Part I (Ed. P. de Mayo), Interscience Publishers, 
New York, 1963, pp. 427-431. 
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Examples that have been investigated include those listed in Table 3. 

TABLE 3. Decarbonylation of nonphenylated aldehydes". 

Example RCHO Temp. CO Monomeric productsb Ref. 
("C) (%I 

1" 

2 

36 

4" 

5 

6 

7 

8 

n-C3H7CH0 115" 70 

n-C,HI3CHO 130" 35 

(PhCH2)2CHCH2CH0 160" 78 

UCH0 135" 90 

mCH2cHo 135" 76 - 
CH3CH2C(CH&CHZCHO 135" 76 

(CH,),CCHCHO 130" 80 
I 

CH3CH%CH3(70), (C3HT)aCHOH (9) 91 

n-CeHI4 (34), (n-C,H1,),CHOH 91 

(PhCH&CHCH3 (59) 76 

80 

ncH3 (43) 80 

0:;: (76) 82 

71 

(Table continud) 
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TABLE S-continued 

Example RCHO Temp. CO Monomeric productsb Ref. 
("C) (%I 

10" 0"'" 

12" 

13 

t H O  

170' 80 

83a 

(5.1) 83a 

83a 

a Except where noted, a t  least 20 mole percent di-1-butyl peroxide was used. 
Pcrcent yields, wherc reported, are given in parentheses. 
10 mole percent of di-t-butyl peroxide used. 
1 hf solution in o-dichlorobenzene. 

8 Substantially the same results were also obtained in chlorobenzene solvent. 

and unrearranged hydrocarbon. The formation of residual dimeric 
and polymeric products was extensive. In  examples 10 to 12 these 
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were carbonyl compounds, evidently the rcsult of addition of 
generated acyl radicais to the olefinic bond of starting material83a. 
This is not surprising in view of the fact that acyl addition to the 
carbon-carbon double bond is carried out by di-t-butyl peroxide 
treatment of aldehydes in the presence of olefins (equation 29) 84-87. 

t-Bu,O,. A 
R'CHO + R2CH=CH, A R2CH2CH2COR1 + some decarbonylation (29) 

and polymerization 
product 

Cyclohexene is noted as failing in this reaction, however, and thc 
best yields are obtained from long-chain aldehydes and long-chain 
terminal olefinse4. Anchimeric assistance was swggested as a cause of 
the large yield of carbon monoxide obtained in example 13 as com- 
pared to examples 10 to 1283a. The yield of monomeric hydrocarbon, 
norbornene, was very low however. The resinous reaction residue 
contained oxygen but had only weak carbonyl absorption in the 
infrared83a. 

Examples 1 and 2 are of interest because carbinols were formed as 
secondary products. Their formation indicatcs that the chain- 
carrying alkyl radicals in part added to the carbon of the carbonyl 
group: R* + RCHO-+R,CHO*. By way of contrast, the acyl 
radical obtained from PhC (CH,) ,CH (CH,) CHO 75 (discussed pre- 
viously) and that obtained from b e n ~ a l d e h y d e ~ ~ * * ~  preferentially 
attack the oxygen of the carbonyl group: RCO + RCHO + 

RC (0) OCHR. Apparently, ester-type stabilization in the transition 
state is a factor in the latter instances. 

Instances of vinyl group migration have been encountered. Treat- 
ment of 3-methyl-4-pentenal with di-t-butyl peroxide at 130" yielded 
carbon monoxide (40%) and a mixture of I-pentene and 3-methyl-l- 
butene (yields unspecified). The ratio of rearranged to unrcarranged 
hydrocarbon was 10.8. Similar behavior was shown by 3-methyl-4- 
hexenal ,09. 

The behavior of a few cyclopropyl aldehydes has been examined. 
Formylcyclopropane on treatment with di-t-butyl peroxide in 
diphenyl ether at 135" gave cyclopropanecarboxylic acid (50% yield), 
5u t  only a trace of carbon monoxide and no cyclopropane or 
propylene The high energy of the transition state for decarbonyla- 
tion relative to that for carboxylic acid formation may be a reflection 
of the cyclopropyl-radical character of the former. The cyclopropyl 
radical has a high energy relative to acyclic alkyl radicalsg0. The 
1 -methyl and 1 -phenyl derivatives decarbonylated normally (the 
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former giving 40% methylcyclopropane and 15% of the carboxylic 
acid and the latter, 55% phenylcyclopropane and 9% of the acid) 
evidently due to the stabilizing influence of the substituent on the 
cyclopropyl radical Go. Although ring opening of the cyclopropyl 
radicals would appear to be energetically favored no ring-opened 
products were found. 

The ring-opened product, 1-butene, was the only four-carbon 
compound found in the decarbonylation of cyclopropylacetalde- 
hyde75. Similarly, dimethylcyclopropylacetaldehyde yielded 2- 
methyl-2-pentene 92. When benzyl mercaptan was added as a 
hydrogen-transfer agent to divert the initially formed dimethyl- 
cyclopropylmethyl radical, some isopropylcyclopropane was obtained 
as well. 

B. Aromatic Aldehydes 
Aromatic aldehydes fail to decarbonylate when treated with 

various radical initiators 86*89. Products in which the carbonyl group 
is retained are isolated however, indicating that the acyl radical is 
initially formed but that the activation energy for its decarbonylation 
( A r c 0  4 Are -i- CO) is relatively high. This is comparable to the 
situation encountered with formylcyclopropane (see above). Thus, 
benzaldehyde and excess di-t-butyl peroxide gave sym-diphenyl- 
ethyleneglycol dibenzoate, in 85% yield based on peroxide con- 
sumed, presumably by the path of equation (30)88. The attack of 
acyl radical on the oxygen of an aldehyde molecule has been en- 
countered in one instance of an aliphatic aldehyde, a-methyl+?- 

I1 
dl- + meso-PhC-OCHPh (30) 

I 
PhC-OCH Ph 

I I  
0 

phenylisovaleraldehyde 75 (see equation 24 above). 
Intramolecular acylation occurred when 2-phenylbenzaldehyde 

c-Bu,02. 143" 

0 0 
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was heated with di-t-butyl peroxide, resulting in a 40% yield of 
fluorenone, based on aldehyde consumed 93. The deuterium isotope 
effect in the ring closure (kH/kD) was 1.38. 

V. THERMAL DECARBOMYLATION 

A variety of procedures have been employed in the thermal decom- 
position of aldehydes and ketones. Flow techniques were widely 
employed in early work. With involatile compounds, condensed 
phase decompositions have been carried out. Most of the recent work 
has dealt with gas-phase mechanistic studies. The reaction bulb kept 
at constant temperature is part of a vacuum-line system that enables 
measurements of pressure change and the periodic bleeding off of 
samples of the reaction mixture. With the development of mass 
spectrometric and gas chromatographic methods of analysis, 
the variations in concentration of one to several volatile components 
have been followed. 

A. Aldehydes 
Most of the discussion here deals with the gas-phase kinetics of the 

decarbonylation of aliphatic aldehydes. A major overall reaction in 
most instances is: RCHO -+ CO + RH. However, the decom- 
positions are usually complex and other products are found in 
growing number as the size of the aldehyde increases. Steacie has 
written, 'The acetaldehyde decomposition is remarkable for lack of 
agreement on both mechanism and experimental fact, and for the 
complications involved ' 57. This fairly well characterizes the entire 
area of gas-phase aldehyde decarbonylations. 

The decarbonylations are usually carried out at temperatures 
around 500" with aldehyde pressures ranging from about 50 to 
300 mm. The course of events is often influenced by the products 
formed and by the change in aldehyde pressure as reaction proceeds. 
As a consequence, kinetic studies have involved product analyses and 
pressure-change measurements only over the initial portion of the 
reaction. The dependence of the reaction on aldehyde concentration 
has been determined by measuring initial rates at a number of 
different initial pressures of aldehyde. The kinetic order thus deter- 
mined varies with the nature of the aldehyde and can also depend 
upon the pressure and upon the temperature. The  effect of adding 
various substances, particularly nitric oxide, propylene, and inert 
gases, has been studied extensively. Nitric oxide in small amounts 
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generally has an  inhibitory effect and when added in substantially 
larger amounts an accelerating effect. Propylene in relatively large 
amounts has an  inhibitory effect. There is some disagreement as to 
whether the maximally inhibited reaction is largely molecular or 
radical-chain in nature. However, there appears to be general agree- 
ment that the uninhibited reaction is largely a fairly long chain 
radical process. As a basis mechanism, all recent authors use the 
Rice-Herzfeld scheme shown below 57*94. This mechanism must be 
regarded as a gross oversimplification. For one thing, larger alkyl 
radicals formed in the initiation step can undergo splitting reactions 
as well as the chain-propagating hydrogen abstraction of equation 
(34) 95. Also, different initiation and terminating steps have been 
proposed. In  other words the relatively simple Rice-Herzfeld scheme 
has been added to and modified in various ways, depending upon the 
investigator and the structure of the aldehyde. 

Initiation 
R C H O  ___f Re + -CHO 

(X = second body or wall) 
C H O  + X __f CO + H. 

H.+ R C H O  - > H,+ R t O  

Propagation 

R. + R C H O  4 R H  + R e 0  

ReO+X---+R*+CO 

Termination 
R. + R- - RR (or R H  + Rc.-HJ 

R - +  R e 0  + RCOR 

R e 0  + R e 0  ---+ R C O C O R  

1. Acetaldehyde 
The thermal decomposition of acetaldehyde yields carbon mon- 

oxide and methane in nearly quantitative yield. Evidently the inter- 
mediate methyl radicals largely undergo chain-propagating hydrogen 
abstraction (equation 34). As predicted by a Rice-Herzfeld-type 
reaction scheme, very small amounts of hydrogen and ethane also 
should arise, and these have recently been e ~ t i m a t e d ~ ~ - ~ ~ .  Other 
products obtained in very small amount include acetone, ethylene, 
and carbon dioxide 98. The initial overall reaction order at a number 
of acetaldehyde pressures appears to be fairly cleanly 1.5 with an 
overall activation energy of about 47 kcal/mole 57*97.99.100. The un- 
adulterated Rice-Herzfeld mechanism is consistent with the reaction 
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order, provided the second-order radical-coupling step (equation 36) 
is the main terminating step. 

Trenwith found that hydrogen production, after an initial induc- 
tion period, was second-order in  concentration of acetaldehydeg'. 
On this basis he concluded that the initiation step is second-order in 
acetaldehyde (the second aldehyde molecule acting merely as a 
necessary second body) rather than the simple first-order reaction in 
the Rice-Herzfeld scheme : 

CH3CHO + X CH3. + 'CHO + X 
(X can be CH3CHO) 

Laidler found that ethane production is second-order in acetaldehyde 
and also concluded that initiation is second-order in acetaldehyde 99. 
However, he postulated a specific role for the second aldehyde 
molecule, that of a hydrogen-atom transfer agent (equation 39). 

CH3CHO + CH3CHO - > CH3c0 + CH3CHOH 

I 
Y 

(39) 

To preserve the overall 1-5 kinetic order, Laidler postulated that 
termination is largely by alkyl radical combination but that i t  
requires a third body (equation 40). Trenwith included this third- 
order termination process in his scheme 97*98y but noting that acetone 

CH3. + CH3. + X - > CH3CH, + X 

(X can be CH3CHO) (40) 

CH3C0 + CH3* - > CH,COCH, (4') 

production is appreciably greater than ethane production, postulated 
that equation (41) represents the main chain-termination step 98. 
This tcrmination, coupled with second order initiation, also would 
preserve the overall 9 order. Holvever, as pointed out by Laidler, 
acetone also could have arisen via addition of methyl radicals to 
acetaldehyde (equation 42) 

CH,CHO + CH3- (CH3)PCHO- CH3COCH3 + H. (42) 

The induction period in the formation of hydrogen is attributed 
by Trenwith to a measurable time lapse before hydrogen atoms 
reach steady-state concentration, i.e. to a lag in the reaction C H O  
(at wall) -> CO + H e g 7 .  Laidler attributes it to the time required 
before equilibrium is rcachcd in the reaction CH,CHO + H- + 

1 
CH3. + CO CH3CH0 + H- 

CH,~HOH". 



14. Decarbonylation 729 

The addition of fairly large quantities of inert gas, i.e. ethaneg8 s g 9  

and methane, nitrogen, cr carbon monoxide 99 (there is disagreement 
about the effect of C0298*99) ,  decreases the rate and increases the 
reaction order (to about 1.6). This was attributed to a greater foreign 
body effect in the proposed third-order termination step (equation 
40, X = foreign gas or acetaldehyde) than in the proposed second- 
order initiation step 98*99. In  the Laidler mechanism for initiation 
(equation 39) , initiation should be unaffected since a specific role is 
assigned to the second acetaldehyde molecule. Certain details of the 
events that occur in the presence of inert gases have been considered 
to favor one or the other m e c h a r ~ i s r n ~ ~ * ~ ~ .  

Work by Rabinovitch makes it appear unlikely that methyl radical 
coupling is largely third-order under the conditions used Iol. Nor 
does it seem likely that a second body, acting nonspecifically, would 
be required in the initiation step. 

2. Propionaldehyde 
The decomposition of propionaldehyde at  around 500" has been 

reported to be first-order Io2, 1-5 order Io3  ,Io4, and most recently 
between 1-25 and 1.30 orderg5-105. The major products are carbon 
monoxide and ethane, and considerable amounts of ethylene 
and hydrogen are produced together with smaller amounts of 
methane 102*103*105. The ethylene (and hydrogen) to ethane ratio 
increases with temperature lo5. I t  seems generally agreed that the 
ethyl radical is the most abundant one and that ethyl radical com- 
bination is a predominant chain-terminating step 95*103-106. This 
conclusion is supported by the finding of n-butane to the extent of 
0-05y0 of the total products105. Apparently ethyl radical decom- 
position (CH,CH, --f CH,=CH, + H*) competes with hydrogen 
abstraction (CH3CH, -t- CH,CH,CHO-+CH,CH, + CH,CH,CO), 
accounting for the formation of appreciable amounts of ethylene 
and hydrogen 95*105. Since the latter reaction depends upon pro- 
pionaldehyde and the former does not, it would be expected that the 
ratio of ethane to ethylene (and hydrogen) production should 
increase with propionaldehyde pressure. This has been observed; at  
540" a.nd 6% decomposition, the ratio of ethane to ethylene increases 
from about 3 at 20 mm pressure of propionaldehyde to about 12 at  
200 mm pressure Io5. The production of ethylene and hydrogen by 
ethyl radical decomposition has the effect of lowering the observed 
overall order of propionaldehyde decomposition. The  overall rate 
expression has been dividec' into two parts, ZJ = k;[EtCHO]i + 
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kh[EtCHO] 1, wherc the first term reprcsents ethane production 
and the second term ethylene production lo5. I t  was estimated that a 
nonradical-chain molecular rcaction (CH,CH,CHO -+ CH,CH, + 
CO) could contribute as much as 10% (subject to 'serious error') 105. 

The yield of hydrogen runs 30 to 80% higher than that of ethylene, 
and some reactions were suggested to account for thislo5. 

Inert gas (CO, or ethane) had no effect on the rate at  520°105. 
O n  this basis Laidler concluded that the initiation step is first-order 
(equation 3 1) and the termination step, ethyl radical combination, 
second-order (equation 36). Evidence that ethyl radical combination 
is second-order in other systems was cited. In  other words the simple 
Rice-Herzfeld mechanism (equations 3 1-36) was assigned, with the 
addition of the ethyl radical decomposition step. However, it was 
put forth 'as representing the main features of thc reaction' and as 
' undoubtedly an oversimplification ' lo5. 

There appears to be an inconsistency in the assignment on the one 
hand of a second-order initiation step (whether or not the second 
aldehyde molecule plays a specific role) and a third-order termina- 
tion step for acetaldehyde, and, on the other hand, a first-order 
initiation and a second-order termination for propionaldehyde. One 
would not expect the two systems to be all that different. 

3. Butyraldehyde and isobutyraldehyde 
At 522~5"~ butyraldehyde decomposition exhibits a change from 

approximately first-order at low pressure to higher orders at  a 
pressure of about 200 mmg5. Carbon monoxide, methane, and 
ethylene account for some 80% of the products. Lesser products were 
propane, propylene, and hydrogen, the latter two formed in equal 
amounts. Ethane and acrolcin also were found. In terms of the 
Rice-Herzfeld scheme it appears that hydrogen abstractiorr by the 
intermediate propyl radical (equation 34) is not very competitive 
with its fragmentation into cthylene and methyl radical, which 
largely carries the chain. Thus, the yield of propane is small and that 
of ethylene and mcthane large. The splitting of the propyl radical to 
propylene and hydrogen atom is much less extensive. As expected, 
the relative yield of propane increased with aldehyde pressure, from 
19% at 50 mm to 40% at 200 mm. 

The decomposition of isobutyraldehyde at  500" showed an order 
of about 1-1 over a wide prcssure range". Relative to carbon 
monoxide, the following yields were obtained at  an aldehyde pressure 
of 30 mm: propylene, 57%; hydrogen, 56%; propane, 23%; 
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methane, 12%; ethane, 5%. At 200 mm, the relative yields of the 
same compounds were 30%, 29%, 71%, 8%, and 3%, respectively. 
The material balance is only fair 95. The fact that appreciable propane 
is formed indicates that hydrogen abstraction (equation 34) is more 
competitive with radical decomposition when the radical is the more 
stable isopropyl rather than the propyl radica.1. The product propor- 
tions indicate that the preferential decomposition course of isopropyl 
radical is CH3CHCH3 + CH,CH=CH, + Ha. This reaction must 
be the principal source of hydrogen since the yields of propylene and 
hydrogen are practically the same. At higher aldehyde pressures one 
would expect increased hydrogen abstraction by the isopropyl 
radical, relative to splitting, This is borne out by the finding of an 
increased amount of propane and a decreased amount of propylene 
and hydrogen at higher aldehyde pressure 95. 

4. Inhibition by propylene 

The addition of propylene, or isobutylene, reduces the decar- 
bonylation rates of the butyraldehydes, as well as of propionaldehyde 
and acetaldehyde, to well-defined limits 95-96. Large amounts of 
inhibitor are required; e.g. maximum inhibition of the decom- 
position of isobutyraldehyde at  50 mm pressure required about 200 
mm of propyleneg5. The extent of inhibition is not dramatic. At 
522.5" and an aldehyde pressure of 100 mm, the ratio of maximally 
inhibited to uninhibited rate is 0.37, 0-71, 0.24, and 0-69 for acet- 
aldehyde, propionaldehyde, n-butyraldehyde, and isobutyraldehyde, 
respectively 95. The maximally inhibited reactions approach 3 order. 
A product analysis made on isobutyraldehyde showed the product 
distribution to be dramatically changed in the inhibited reaction. 
Propane was now the major product, and hydrogen (and presumably 
also propylene) a minor product. Inhibition probably involves 
capture of chain-propagating alkyl radicals by propylene ; e.g. 
R. + CH,CH=CH, + RH + *CH,CH=CH2. In the case of iso- 
butyraldehyde the intermediate propyl radical evidently is largely 
captured before it has a chance to split 95. The product distribution in 
propionaldehyde and n-butyraldehyde decomposition presumably 
should also be altered similarly by added propylene, but no values 
were reported. 

It is not certain whether the maximally inhibited reaction is a 
molecular or radical-chain process. However, if the much less 
reactive allyl radical is able to carry the chain, a Rice-Herzfeld 
mechanism can be envisaged for the inhibited reaction, with allyl 
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radicals involved in the hydrogen abstraction step (34) and termina- 
tion by ally1 radical combination 95. 

5. The effect of nitric oxide 

Extensive investigations of the effect of nitric oxide on aldehyde 
decarbonylation have been made 57-05*g6*107-109. The situation is even 
more complicated than in the absence of nitric oxide. Small amounts 
of NO reduce the rate somewhat (the 'inhibited reaction') and the 
introduction of increasingly larger amounts of NO increases the rate 
beyond its original value (the 'catalyzcd reaction'). Inhibition is not 
dramatic: at 525" and an aldehyde pressure of 100 mm, the ratio of 
maximally inhibited to uninhibited rate is 0.47, 0-34, and 0.56 for 
propionaldehyde, butyraldehydc, and isobutyraldehyde, respective- 
lyg5. The amount of N O  required to reach minimum rate varies 
from less than 1 mm for acetaldehyde to approximately 2 mm for 
isobutyraldehyde 95. The extent of inhibition decreases with tempera- 
ture and aldehyde pressure 95*96J08J09, and for acetaldehyde the 
minimum disappeared entirely at  sufficiently high temperature 
(525") and pressure (100 mm) 96-108. The reaction rate tends to be 
3 order in aldehyde at the minimum95~107-109, but shows more com- 
plicated kinetics on either side of the m i n i r n ~ m ~ ~ ~ . ~ ~ ~ .  The accelera- 
ting effect of added large amounts of N O  is not very large either; for 
example, with acetaldehyde at 525" and 110 mm pressure, the rate 
with 50 mm added NO was only three times the rate without any 
added NOg5. 

There is disagreement as to whether the maximally inhibited 
reaction is largely molecular 95*96 or radical-chain with the rate 
minimum a balance of two opposing effects95.107-109. Of course, if 
there is an appreciable contribution by molecular reactions, this would 
play havoc with many of the conclusions reached about the uninhibited 
reaction. Inhibition by N O  may be the result of its combination with 
chain-propagating radicals, R- + NO + RNO 95*108*109, but the 
question remains whether complete chain suppression results. The 
possibility that the alkyl nitroso compounds rearrange to oxirnes 
which then undergo further decomposition has been considered 
However, there appears to be no great consumption of NO during 
decarbonylation 95*107-109. Chain initiation by NO (equation 43) 
could account for its catalytic effect at higher NO pressures. Laidler 
added this step to his schemes for acetaldehyde and propionaldehyde 
decomposition and also included the termination steps of equations 
(44) and (45)108*109. In  agreement with this he observed that the 
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rate of decarbonylation is proportional to the half-power of the NO 
concentration as well as the 9 power of the aldehyde pressure in the 
catalytic region (high pressure of NO). Other details, such as the 
changing kinetics as N O  is added, are considered to be in agreement 
with this 108.109. 

NO + RCHO HNO + RCO 

R* + R N O  - RR + NO 

R N O  + RNO - RR + 2 NO 

6. Formaidehyde 
The thermal decomposition of formaldehyde gives largely carbon 

monoxide and hydrogen 111,112. A complicating side-reaction is the 
production of methano1112-115. The yield of methanol is about 20% 
at 547", but decrenses with increasing temperature l14. Trace 
amounts of methane and carbon dioxide have also been foundlll. 
The kinetics of the decarbonylation have received relatively little 
study, and disagreement exists as to whether the reaction is molec- 
ular 112 or radical-chain l14. Fletcher found second-order kinetics and 
concluded that the reaction was a bimolecular homogeneous process 
between 500" and 600°112. Klein, Scheer, and Schoen also found 
that a t  547" and a formaldehyde pressure of 140 mm the formation 
of carbon monoxide and hydrogen is second-order in aldehyde and 
relatively insensitive to a change in the surface to volume ratio of the 
reaction vesse1114. They concluded that a radical-chain process 

(wall) 
CHzO + CH,O + He0 + H. + CH20 

HdO - H * +  CO 

H. + CHzO + H, + H e 0  

(wall) 
He0 __f 'Products' 

SCHEME 4. 

predominates (Scheme 4). Evidence cited in support of a radical- 
chain mechanism was : (a) some sensitivity of the rate to the previous 
history and treatment of the reaction vessel, and ( b )  when mixtures 
of CH,Q and CD20 were pyrolyzed, the ratio P&-,/PH2PD, had a 
value of about four (i.e. 3-6) over a twenty-five fold variation in the 
initial PCHaO/PCDZO ratio l14. This, it was claimed, excluded a molec- 
uIar mechanism since 'the latter leads to a value of PiD/PH,PDz of 
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one or less. . . '. O n  the contrary, a bimolecular nonradical mechanism 
in  which only HD is formed on reaction between CH20 and CD,O 
(such as a reaction proceeding through a cyclic six-membered 
transition state) also would be expected to give a value of about four 
for this ratio. This is because the collision probability for reaction 
between CD20 and CH20 is twice that for reaction between two 
CH,O (or two CD,O) molecules. Perhaps the most compelling 
reason for a radical-chain process is the analogy to the assigned 
mechanisms for homologous aldehydes (see above) and the mechan- 
ism assigned to the radical-sensitized decomposition of formal- 
dehyde I15. 

7. Other saturated aldehydes 
The pyrolysis of isovaleraldehyde, reported in 1901 116, gave carbon 

monoxide, methane, propylene, ethylene, and butylenes. Hydrogen, 
ethane, and crotonaldehyde were identified as minor products. 

Chloral has been decomposed at 445" to yield principally carbon 
monoxide (75% yield) and chloroform (20%) I1'. The low yield of 
chloroform was due to its subsequent decomposition to carbon, 
hydrogen chloride and hcxachloroethane I I7 .  The decomposition was 
homogeneous and first-order in aldehyde, and could be initiated by 
isopropyl iodide117 or nitric oxide118, but not by nitrous oxide or 
oxygen118. 

The pyrolysis of cyclobutanecarboxaldehyde in the gas phase at  
360-400" yielded only equal amounts of ethylene and acrolein in the 
early stages I19. The decomposition was homogeneous, first-order, 
and not inhibited by nitric oxide or propylene. A simple unimolecular 
breakup of the aldehyde was postulated. 

8. Aromatic aldehydes 
Only benzaldehyde and furaldehyde have been studied, both to a 

very limited extent. Higher temperatures than for the aliphatic 
aldehydes are required. The gas-phase decomposition of benzalde- 
hyde between 680 and 690" gave predominantly carbon monoxide 
and benzene120. Hydrogen, biphenyl, and a small amount of p- 
terphenyl have been noted 120*121. The reaction is approximately 
first-order above 100 mm pressure and is partially inhibited by 
nitric oxide. The superposition of a radical-chain and a molecular 
reaction has been assumed120J21. 

A complex mixture of products was obtained in the pyrolysis of 
furaldehyde at 670 to 740" 122. These include carbon monoxide and 
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lesser amounts of hydrogen, propylene, ethylene, and alkynes, 
alkenes, and alkanes of undetermined structure. No furan was found. 

9. Unsaturated aldehydes 

The gas-phase pyrolysis of unsaturated aldehydes leads to poly- 
merization as well as decarbonylation. Acrolein at  530" and 150 mm 
gave mainly carbon monoxide, and presumably ethylene and 
butylenelZ3. Hydrogen, methane, and ethane constituted about 25% 
of the gaseous products. I n  addition a dark solid (presumably 
polymer) was slowly deposited on the walls of the reaction vessel. 
The kinetics were very complicated, and no specific mechanistic 
assignments were made l z 3 .  

The decomposition of crotonaldehyde, which occurs at  relatively 
1 ~ w  temperatures ( 140-400") , is apparently heterogeneous 124J25. 
Carbon monoxide and propylene were obtained in high yieldI2*. 
As the temperature was increased the propylene yield was reduced 
and hydrogen and methane yields increased. 

Cinnamaldehyde, when passed through a hot tube, gave a 27% 
yield of styrene, benzene, and an unidentified styrene dirnerlz6. 
Volatile components, obtained in 11.4% yield, consisted of 73% 
carbon monoxide, 9% hydrogen, 8.7% acetylene, 4% ethane, 3-1 % 
benzene, and 2.1 yo methane. 

B. Ketones 

This section reviews a variety of thermal decomposition reactions 
of ketones, most of them leading to carbon monoxide production. 
The main discussion deals with the mechanistic work done on 
aliphatic ketones. 

The thermal decomposition of aliphatic ketones proceeds at  least 
in part with the intermediate formation of ketenes. Mechanistic 

R'CHZCOCHZR' R'CHS + R'CH3 + R'CH=C=O + K2CH=C=0 

RzCH=C=O and RICH=C=O + CO i- complex mixture 

discussion will be confined to the primary processes undergone by 
the ketones themselves. For discussion of ketene decomposition 
reactions the reader is referred to recent work by Young, and 
Guenther and Walters 127J28. 

The fact that ketenes are intermediates and their decomposition 
closely follows upon their formation makes the study of ketone decom- 
position extremely complex. Although the evidence is not clear-cut, 
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it is generally accepted that ketenes are formed by radical-chain 
processes of the type proposed by Rice and Herzfeld for acetone57.94. 

(46) 

(47) 

.CH3 + CH3COCHS CHI + *CHZCOCH, (48) 

(49) 

-CH3 + .CH2COCH3 __f CH3CH2COCH3 (50) 

.CHZCOCH, + .CH2COCH3 ---+ CH3COCHzCH2COCH, (5 ' )  

.CH3 f -CH3 + CH3CH3 (52) 

With unsymmetrical ketones the problem of preferential hydrogen 
abstraction at  one or the other a-position arises. Unfortunately, the 
specific composition of the mixtures of ketenes obtained as inter- 
mediates has not been determined in such instances. Instead, only 
the total concentration ofc acid-forming' materials has been followed. 
With larger ketones, products arising from abstractions of /3-, y-, etc., 
hydrogens are also conceivable, and the opportunity for the partici- 
pation of molecular processes is enhanced. Secondary reactions, such 
as the splitting of larger alkyl radicals and condensation reactions, 
also add to the problems of mechanistic interpretation. 

CH,COCH3 _L, CH360 -+ *CH3 

CH3C0 -> CH3 + CO 

.CHzCOCH3 P CHz=C=O + CH3 

1. Acetone 

formation of ketene5" : 
The thermolysis of acetone proceeds in stages with the intermediate 

CH3COCH3 ----+ CHI i CHz=C=O 

CH,=C=O __f CO f complex mixture 

Carbon monoxide thus originates largely in the second stage. Strictly 
speaking, the first stage is not a proper subject for this chapter, since 
it is not a decarbonylation reaction. Nevertheless, because of certain 
analogies to the thermal decarbonylation of simple aliphatic alde- 
hydes, this reaction will be discussed. Only very early in the decom- 
position of acetone can the first stage be somewhat isolated from the 
second. However, after a time, ketene is decomposed as rapidly as it 
is formed129. The early onslaught of the second stage complicates 
the kinetics and conclusions based on product analysis. For example, 
at 500" the ratio of methane to carbon monoxide formed is 5-10 in 
the very early stages, and decreases to two after a few tenths of a 
percent reaction 130. 

Rice and Herzfeld suggested the chain mechanism of equations 
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(46) to (50) for the first stageg4, which has an overall activation 
energy of about 68 kcal/mole129. Equation (50) was written as the 
only termination step in the early scheme. To this should be added 
the termination steps (51) and (52). 

Summing up the evidence to 1954. on the first stage, Steacie con- 
cludes: ‘(a) Radicals are formed in the decomposition at least to 
some extent. (b )  A plausible chain mechanism can be devised. 
(c) Chains are not propagated at low temperatures by the intro- 
duction of radicals. ( d )  Chains can be propagated under some 
circumstances at higher temperatures. (e) Results on inhibition 
indicate that chains occur but that the mean chain length is quite 
short’ 57. 

More rccent work has focused on the nature of the chain termina- 
tion and on the products obtained when mixtures of acetone and 
acetone-d, are pyrolyzed 130-132. The nature of the chain-terminating 
step will, of course, influence the overall reaction order. If equation 
(50) represents the main terminating step and the Rice-Herzfeld 
scheme prevails, the overall reaction to ketene and methane should 
be first-order. In  agreement with this Hinshclwood concluded that 
at 602” and between 120 and 300 mm pressure of ketone the reaction 
was around first-order129. O n  the other hand, McNesby, Davis, and 
Gordon, treating the data of Hinshelwood in a different way, con- 
cluded that it was ‘more in harmcny’ with $- than first-order130. 
They failed to detect methyl ethyl ketone among the initial products 
at 500” and obtained small amounts of acetonylacetone and ethane. 
O n  this basis, they concluded that termination by equations (51) 
and (52) was more likely. Termination by methyl radical combina- 
tion would give an overall 3 order; termination by acetonyl radical 
combination, 3 to first-order, depending upon the relative values of 
the rate coefficients for the previous steps. A small amount of acetyl- 
acetone also was found, and this was attributed to addition of acetonyl 
radical to ketene followed by hydrogen abstraction : 

In general agreement with a Rice-Hertzfeld scheme McNesby and 
Gordon obtained mainly CH,, CH3D, CD3H, and CD,, and very 
little CH2D, early in the reaction when one to one mixtures of 
acetone and acetone-d, were p y r ~ l y z e d l ~ ~ .  A buildup of CH,D, 
occurred as the reaction progressed, due evidently to the fact that 
acetone and acetone-d, underwent slow deuterium exchange*. The 

* The  reported finding of CHzD2 very early in the r e a c t i ~ n ’ ~ ~ . ~ ~ ~  was erroneous, 
due to an  error in the interpretation of the mass spectrum13z.133. 

CH3COkH2 + CHeC=O CH3COCH2COkHZ __f CH3COCH2COCH3 

24-k C.C.C. 
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CH,/CH,D and CD,H/CD, ratics were nearly equal, as expected. 
The isotope effect for methyl radical abstraction from acetone us. 
acetone-d, was about 3-4. Propylene, added in large amounts, sup- 
pressed the rate of decomposition and increased the CD,H/CH, 
ratio130. This indicates that inhibition is due to the reaction of 
methyl (or CD,) radicals with propylene to give the allyl radical 
(*CH, + CH,CH=CH, + CH, -t- *CH,CH=CH,). The more 
stable allyl radical cannot carry the chain as well as the methyl 
radical. The same scheme has been used to explain the inhibition of 
acetaldehyde decomposition by propylene (see section V.A.4). 

2. Methyl ethyl ketone 

The decomposition of methyl ethyl ketone is said to resemble that 
of acetone in every way57. Approximate first-order kinetics was 
deduced from the change in initial rate with aldehyde pressure 134J35. 

Ketenes are intermediates as evidenced by a buildup and then 
decline in acid-producing materials during the reaction1,,. The 
proportion of ketene and methylketene was not determined (Hurd 
reported obtaining both ketene and methyl ketene by a flow 
technique136). I n  the early stages of reaction at  580" and 200 mm 
pressure of ketone the products are : carbon monoxide (3 1 -3 yo), 
methane ( 3 2 ~ 6 % ) ~  ethylene (26.1%), hydrogen (4-5%), higher 
alkenes (4y0), carbon dioxide (1 -8%), 'kctenes ', and condensation 
products The proportion of products changes as dccomposition 
proceeds. Carbon monoxide, methane, and ethylene increase, 
hydrogcn levels off, and ketencs decrease. Propylene in large amounts 
( >  100 mm) reduced the rate to a limiting value, 30 to 50% of the 
uninhibitcd rate135, The extent of inhibition decreased with in- 
creasing ketone pressure, indicating a competition between ketone 
and propylene for chain-carrying radicals Whether the maximally 
inhibited reactions are molecular or radical-chain (with the allyl 
radical also participating as a chain carrier) is uncertain. Adding 
nitric oxide in increasing amounts first depresses the rate slightly, 
then accelerates the d e c o m p ~ s i t i o n ~ ~ ~ .  The following proccsscs were 
suggested. The methyl radical rather than the ethyl radical must be 
the main chain carrier since the inethanc yield is large and no 
ethane was r e p ~ r t e d ~ ~ ~ . ' ~ ~ .  

CH3COCH2CH3 .CH3 + CO + CH,=CH, + H. (several steps) (53) 

*CH3 +- CtijCOCHPCHj A CH+ + .CHPCOCH2CHS -----+ 
CH3cH2 + CH,=C=O (54) 
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.CH3 + CH3COCHZCH3 __f CH4 + CH3COeHCH3 w CH3CH=C=0 + .CH3 

1 
CHz=CHz + CO (55) 

.CH3 + CH,COCH2CH3 - CH4 + CH3COCH2dH2 __j 

'CH:, + CO + CHz'=CHz (56) 

The /3-hydrogen abstraction reaction (equation 56) was estimated 
to contribute to the extent of 18%. This conclusion is uncertain, 
however, in view of the complexities introduced by the ketene 
decompositions and other processes (e.g. condensation, and 
CH2=CH2 + CH4 + C). 

The fact that no ethane was found appears to imply that few 
ethyl radicals are formed, i.e. reaction (54) is minor and hence 
methylketene is the predominant intermediate. Of course it is 
possible that ethyl radicals are formed appreciably, but a-hydrogen 
abstraction by the ethyl radical is not competitive with its cleavage to 
ethylene and hydrogen atom. (In propionaldehyde decomposition , 
discussed in section V.A.2, abstraction by the ethyl radical of 
aldehydic hydrogen was competitive with its split.) This appears 
unlikely, however, in view of the fact that ethane is a major product 
in the decomposition of diethyl ketone (see below). 

3. Diethyl ketone 
The decomposition of diethyl ketone between 500" and 570" 

appears to be first-order 137. The major product is carbon monoxide. 
Ethane and ethylene are produced in nearly equal amounts along 
with small amounts of methane and carbon dioxide. The finding of 
ethane here contrasts with its absence in the pyrolysis of methyl 
ethyl ketone (above). Compounds which form carboxylic acids on 
treatment with water, presumably ketenes, build up and then 
decline in yield during pyrolysis137. The results indicate that ethyl 
radicals are the main chain carriers. Presumably then, methyl ketene 
is formed in a first stage, i.e. 
Et- + CH,CHzCOCH2CH3 __f EtH + CH3eHCOCH2CH3 

Both nitric oxide ( > 5 mm) and propylene (> 75 mm) reduce the 
rate somewhat to similar but not identical limiting values. The effect 
of nitric oxide is unusual in that no acceleration was detected up to 
an NO pressure of 20 mm. Increasing pressure of ketone lowers the 
extent of inhibition indicating a competition between ketone and 
inhibitor for chain propagating radicals 137. 

CH3CH=C=0 + Eta 
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4. Methyl propyl ketone 

Waring and Garik decomposed methyl propyl ketone at 550" 
getting first-order kinetics from the initial pressure changes 138. The 
proportion of gaseous products obtained varied with time. At one 
minute the relative yields of products were: CO ( 2 2 ~ 3 ) ~  CH, (477, 

Ketenes (structures undetermined) were intermediates. Methyl 
radical apparently was the main chain carrier. Propyl radicals, if 
appreciably formed, apparently underwent splitting preferentially to 
hydrogen abstraction, i.e. CH,CH2kH2 -+ CH,=CH2 + *CH, and 
CH3CH=CH2 + H*. Propylene (as well as CO) also could arise 
from the breakdown of ethylketene. Added propylene had the usual 
inhibiting effect and nitric oxide accelerated the reaction. A mechan- 
ism involving only a-hydrogen abstraction, leading to ketenes, was 
proposed 138. However, McNesby and Gordon also found an appre- 
ciable amount of acetone among the early products, and suggested 
that y-hydrogen abstraction occurred (equation 57) 139. In  addition 
they proposed /3-hydrogen abstraction (equation 58). Acetone also 
could have arisen by a Norrish type I1 molecular process (see next 
section). Methyl vinyl ketone also has been isolated as one of the 
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CH2=CH2 (15*6), CH,CH=CHz (11.5), H2 ( 1 ~ 9 ) ~  CO, (1.6). 

.CH, + CH3CH3CH2COCH3 + CH4 + 'CH2CH2CHZCOCHS + 
CH2=CH2 + CL1,COCH3 (57) 

*CH3 + CH3CHzCHzCOCH3 + CH4 f CH3CHCH2COCH3 + 
CH,. + CO + CH3CH=CHz (58) 

CH3CH2eHCOCH, + *CH3 + CH,=CH-COCH, (59) 

predominant products in the decomposition of methyl propyl ketone 
in a flow apparatus1". This suggests the reaction depicted by 
equation (59). 

5. Methyl butyl ketone 

At 450" and 160 mm pressure, methyl n-butyl ketone at  10% 
decomposition gave the yield order: propylene > acetone > ethane 
> methyl vinyl ketone > methane > carbon monoxide > butene > 
ethylene > ketenes (small) 141. The proportion of products changes 
with reaction time. In particular the relative amount of carbon 
monoxide and methane increases and that of acetone and methyl 
vinyl ketone decreases. Condensation products also are formed. 
Acid-forming compounds, i.e. ketenes, are present in small amounts 
in the early stages. However, in addition to the usual a-hydrogen 
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abstractions leading to ketenes, other processes must be included, 
especially to account for methyl vinyl ketone and acetone production. 
Added propylene, which had the usual inhibitory effect on the over- 
all rate, markedly reduced methyl vinyl ketone production. This 
suggests that methyl vinyl ketone is formed by some sort of radical 
chain 

.CH3 + CH3CH2CH2CH2COCH3 + CH4 + CH3CH2CH2eHCOCH3 

possibly as in equation (60). 

CH3eHz + CH2=CHCOCH3 (60) 

.CH3 + CH3CHPCH2CH2COCH3 __f CH4 + CH36HCHzCH2COCH3 _j 

CH3CH=CHp, + 'CH2COCH3 (61) 

(62) 

Acetone could arise either via y-hydrogen abstraction 141 (equation 
61) or by a molecular process (equation 62). The latter reaction, 
labeled a Norrish type I1 process 142.143, has been postulated to occur 
in the photosensitized decomposition of large ketones 144. There 
appears to be some inhibition of acetone formation by propylene, a 
point in favor of equation (61), but the experimental uncertainty is 
large l. 

6. Larger aliphatic ketones 

Products obtained in the pyrolysis of higher saturated ketones have 
been partly characterized, but no kinetic work has been carried out. 
Methyl isobutyl methyl neopentyl ketone 140, isopropyl 
isobutyl ketone145, di-n-hexyl ketone 145, stcarone 146, and oleone 146 
have been pyrolyzed. In general carbon monoxide, alkenes, hydro- 
gen, methane, and other alkanes (uncharacterized) were obtained. 
Acetone in about 30% yield was detected as a product of the 
pyrolysis of methyl isobutyl and methyl neopentyl ketone. Acetone 
may have been formed in other instances, but its presence apparently 
was not sought. I t  evidently was formed either via y-hydrogen atom 
abstraction or a Norrish type I1 process, as in the case of methyl 
propyi and methyl butyl ketone (equations 61 and 62 above). 

Dibenzyl ketone, when passed through a hot copper tube a t  
550-600°, yielded carbon monoxide, toluene, fluorene, anthracene, 
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some hydrogen, and carbon dioxide and small amounts of alkenes and 
alkanes 147*148. Similar results were obtained in the condensed phase 
at  200-360" (sealed-tube reaction) 149. The only product mentioned 
in the thermolysis of 1,lY3,3-tetraphenylacetone was sym-tetra- 
phenylethane, yield unspecified 149. 

7. Cycloalkyl ketones 

Methyl cyclobutyl ketone in the gas phase a t  370-410" and 10-65 
mm pressure yielded almost exclusively ethylene and methyl vinyl 
ketone 150. The reaction was homogeneous and first-order over at 
least the first half-life, with k = 3-4 x 1014 exp (-54,50O/RT) sec-l. 
Nitric oxide, propylene, or toluene exerted virtually no effect on the 
product distribution or rates. I t  was concluded that decomposition 
does not take place by a radical-chain process. Ethyl cyclobutyl 
ketone showed a strictly analogous behavior, the products being 
ethylene and ethyl vinyl ketone l5I. 

8. Cyclic ketones 

The decomposition of cyclobutanone at  330-370" at pressures of 
5 to 90 mm yielded mainly ethylene and ketene in high yield over the 
first half-life152. Decomposition products of ketene build up in the 
latter stages. The pressure change in single runs was first-order over 
a goodly portion of the decomposition, and the rate was unaffected 
by nitric oxide, propylene, or toluene. It was concluded that the 
formation of ethylene and ketene is no: a radical-chain process. 

The decomposition of cyclopentanone requires higher temperature 
(488-543") and is much more complex than that of cyclobutanone. 
The percentage composition d the gaseous products obtained early 
in the decomposition was: carbon monoxide, 41; hydrogen, 22; 
ethylene, 13; propylene and butadiene, 15; methane, 5;  ethane, 2; 
and propane, 2 153. The pressure change during single runs showed 
an induction period and did not obey simple first- or second-order 
kinetics. No specific mechanistic assignments were made. 

Cyclohexanone, when passed through a Pyrex combustion tube 
heated to 700", gave carbon monoxide, propylene, ethylene, 
hydrogen, some cyclohexadiene, and small amounts of alkanes 154. 

9. I ,2-Di ketones 

Only biacetyl has been studied to any extent. At 418-436" and 
200 mm pressure, the major initial products are ketene, acetone, 
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carbon monoxide, and methane155-158. Decomposition products of 
acetone and ketene appeared in increasing amounts as reaction 
proceeded 157. The kinetics are complicated, the apparent initial 
order being about unity156-158. The reaction is approximately 35% 
slower in the presence of 150 mm of propylene. A Rice-Herzfeld-type 
mechanism was assigned 157s158. 

Benzil, investigated by the toluene-carrier technique at 660", 
yielded carbon monoxide, benzene and d i b e n ~ y l l ~ ~ .  The sequence 
proposed is: 

P h C O C O P h  w 2 P h t O  + 2 CO + 2 Ph. 

Ph. + PhCH, + PhH + P h e H z  

PhcH,  + P h e H z  - PhCHzCHzPh 

I n  very early work it was found that ketones of the type 
RCOCH,COCOCH,COR (where R = CH,, Ph, and C,H,O), 
when heated to 220-250", gave CO and RCOCH,, amounts un- 
specified 160. l,$-Dicyano-l,4-dipheny1-2,3-butanedione was reported 
to yield carbon monoxide on being heated160. A bridged diketone 
(24) has recently been prepared and is reported to melt a t  195-6" 
without decomposition161. 

10. Carbonyl bridge compounds 
The preparation, characterization, properties, and reactions of 

carbonyl bridge compounds have been reviewed by Allen 162*163. 

Some aspects are also covered in the first volume of this series164. 
Readers who are interested in more detail are referred to these 
sources. Only the general features of the decarbonylation of the 
carbonyl bridge compounds will be considered here. 

Substituted bicyclo E2.2.1 j hept-2-en-7-ones readily lose carbon 
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monoxide on heating to give high yields of the corresponding hexa- 
dienes 162-164. Typical examples are shown below : 

> 103" - Ph 

phi$ Ph 

Ph 

+ co 

Saturated bridged carbonyl compounds and those with larger ring 
systems have been found to be thermally stable162.163. On the other 
hand, substituted bicycloheptadienones decarbonylate with parti- 
cular ease 162-164. Attempts to prepare them by Diels-Alder reactions 
often lead to substituted benzenes 162-165. The bridged carbonyl 
compound presumably is an intermediate. An cxample is given below. 

co + p *  Ph Ph 

c H3 
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The degree to which decarbonylation is favored by substituents is 
not really known. Moderately substituted bicycloheptenones and 
bicycloheptadienones are not readily available. Attempts to prepare 
them by generating in situ the unknown compound cyclopentadienone 
in the presence of acetylenes or olefins usually give only cyclopenta- 
dienone dimer and recovered dienophile. However, a small yield of 
2-phenylbicycloheptadien-7-one was obtained in this way from 
phenylacetylene166. O n  being heated, the ketone gave a low yield of 
carbon monoxide and biphenyl. Cyclopentadienone dimer itself 
dccarbonylated above 240" to yield indanone (equation 63) 16G. The 
intermediate dihydroindenone could be trapped as the maleic 
anhydride adduct. 

co + 

The preparation of unsubstituted bicyclohept-2-en-7-one by an 
indirect method has been reported recently16?. I t  apparently was 
stable to vacuum distillation at  70°, but no mention was made of its 
behavior at  higher temperatures. 

Substituted bicycloheptenones are subject to a reverse Diels-Alder 

0 

CH3 

Ph 
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co + t-- 

An+ An Ph Ph 

Lo+ 
An 

Ph 

An 
Ph 

40 + 

0 

PhCN> 

An*o An Ph 

0 
An 
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Ph, ,COFh 
C 

C 
+ I I  

Ph' 'COPh 

(65) 

r e a ~ t i o n ' ~ ~ - ' ~ ~  and in some instances they may dissociate during 
decarbonylation 162.163. Decarbonylation could still occur in high 
yield, however, because the dissociation is reversible whereas the 
decarbonylation is not 162. 

Allen has postulated a bridged carbonyl compound as an inter- 
mediate in the reaction that had been reported between 3,6-endo- 
carbonyl- 3,6-diphenyl-4,5- bis- (p-anisy1)-1 ,ZY3,6-tetrahydrophthalic 
mhydride and warm benzonitrile which yielded carbon monoxide 
and 2,3,6-triphenyl-4,5-bis-(p-anisyl)pyridine (equation 64) 163. 168. 

Presumably, the alternative path (64a) is ruled out by experimental 
conditions. The original workers did not report treating 2,5-diphenyl- 
3,4-bis-(p-anisyl) cyclopentadienone with benzonitrile. Bikaless and 
Becker have suggested that the photooxidation of tetraphenylcyclo- 
pentadienone also proceeds via an intermediate bridged carbonyl 
compound (equation 65) 169. 

VI. MISCELLANEOUS DECARBONYLATlONS 

A. Decarbonylation over Catalysts 
Carbonyl compounds can be decarbonylated in the presence of 

hydrogenation catalysts at temperatures (1 80-300") considerably 
lower than required for strictly thermal decarbonylation. Most of the 
work has been restricted to aromatic and conjugated aldehydes, and 
no mechanistic studies have been made. The common procedure is 
to heat the neat aldehyde with a small amount of fineiy divided 
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catalyst (1% of the weight of aldehyde or less). The hydrocarbon 
product, boiling at  a lower temperature than the aldehyde, often is 
distilled from the reaction mixture as formed. The most commonly 
used catalysts have been finely divided reduced nickel and dispersed 
palladium. 

1. Saturated aldehydes 
Propionaldehyde, when passed over reduced nickel at 235", 

platinum a t  275", or copper at  400°, yielded ethane and carbon 
monoxide in unspecified yields 170. Some butane and hydrogen also 
resulted when the latter two catalysts were used. Heptanal yielded 
carbon monoxide, a five-compound mixture (in which only 1-hexene 
was identified), and some water, hydrogen, and a high-boiling sub- 
stance when refluxed for nine hours with 5% palladium on carbon 171, 

Citronellal, heated to reff ux under a carbon dioxide atmosphere with 
5% palladium on barium sulfate, gave citronellene in 50% yield172. 
Newman and Mangham obtained a 97% yield of naphthalene upon 
heating 2-formyl-l,2,3,4-tetrahydronaphthalene with palladium on 
carbon173*174. Decarbonylation presumably preceded dehydrogena- 
tion since 2-naphthaldehyde is apparently resistant to decarbonyla- 
tion (see below) 171. 

2. a,&Unsaturated aldehydes 
Cinnamaldehyde, upon being heated at 360" with Raney nickel, 

gave carbon monoxide, styrene (45% of the liquid products), and 
smaller amounts of ethylbenzene (22%) , toluene ( 2 2 ~ o ) ,  and benzene 
( 1  1 yo). Some hydrogcn and carbon dioxide also were formed 175. 

A study has been made of the behavior of trans-cinnamaldehydes 
substituted in the a-position with alkyl or pheny1176. When the 
cinnamaldehyde was simply refluxed over palladium, a mixture of 
the cis- and trans-styrene was obtained, with the tram isomer pre- 
dominating. However, when the styrene was distilled out as formed, 
the cis isomer predominated. Recovered cinnamaldehyde had not 
isomerized, but cis-styrene isomerized to trans when treated under the 
decarbonylation conditions. Clearly, the initial product is largely if 
not completely the &styrene. When the styrene was distilled as 
formed, thc yields obtained from substituted cinnamaldehydes were : 
a-methyl, 92% ; a-ethyl, 81 % ; a-propyl, 38% ; a-isopropyl, 41 % ; 
a-phenyl, not reported. When the styrene was not removed during 
the reaction, the yields dropped markedly and a higher proportion 
of alkylbenzenes was obtained. 
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Citral when heated to reflux with palladium on barium sulfate, 
under carbon dioxide, is reported to yield the decarbonylation 
product geraniolene in 60% yield 172. Under similar conditions, 
myrtenal gave carbon monoxide and apopinene in 85 and 75% 
yield, respectively 177. 

3. Aromatic aldehydes 

Aromatic aldehydes decarbonylate generally in good yield when 
refluxed over hydrogenation catalysts (see Table 4) 171. The reaction 
fails, however, when an o-carboxyl group is present, due evidently to 
hydroxylactone formation 171. A somewhat surprising observation is 
that 2-naphthaldehyde did not decarbonylate. 

TABLE 4. Catalytic decarbonylation of aromatic aldehydes. 

Aldehyde" 
~~ ~ ~~ 

Decarbonylation productb Ref. 

Furaldehyde 
Benzaldehyde 
4-Methylbenzaldehyde 
2-Methoxybenzaldehyde 
3-Nitrobenzaldehyde 
4-Ni trobenzaldehyde 
2-Formylpyridine 
Vanillin (Ni, 370-390°)c 
Piperonal (Ni, 370-380') 
6-Formyltetralin (Pd, 275", 6 h)" 
1 -Naphthaldehyde 
9-Formylan thracene 
4-Carbomethoxy-2'-formylbipheny1 
2,2'-Diformylbiphenyl 
1 -Formylfluorerionc 

Furan (30) 172 
Benzene (78) 171 
Toluene (88) 171 
Anisole (94) 171 
Nitrobenzene (86) 171 
Nitrobenzene (79) 171 
Pyridine (68) 171 
Guaiacol, catechol 175 
Phenol, catechol 175 
Tetralin (74), naphthalcne (21) 174 
Naphthalene (80) 171 
Anthracene (84) 171 
4-Carbomethoxybiphqnyl (20) 171 
Biphenyl (97) 171 
Fluorenone (82) 171 

Unless otherwise noted the catalyst was 5'7; Pd on carbon and the reaction conditions were 

Percent yields, where reported, arc given in parentheses. 
H, as well as CO obtained. 

refluxing neat aldchyilc ( 1  79-250"/0.25-2.0 h) under an atmosphere of CO,. 

B. Dakin-type Reactions 
Dakin found that o- and p-hydroxybenzaldehydes, on treatment 

with aqueous base and hydrogen peroxide, gave good yields of the 
corresponding dihydroxybenzene and formate ion 178. The yields 
were less when o- and p-hydroxyacetophenones were used, and 
p-hydroxypropiophenone gave very little hydroquinone. When the 
hydroxy substituent was meta to the formyl group only oxidation to 
the carboxylic acid occurred. 
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Aspects of the Dakin reaction were reviewed by Leffler in 1949 179. 

Dakin-type reactions can be carried out under acidic or basic con- 
ditions. Alkaline hydrogen peroxide works successfully on a wide 
variety of o- and p-hydroxybenzaldehydes, but not on corresponding 
anisoles 180-182. Under acidic conditions (e.g. hydrogen peroxide in 
sulfuric acidfa3 and hydrogen peroxide 18* or peracetic acid la5 in 
acetic acid solvent) both the phenols 1*0,'~84.186 and anisoles 183.184 

undergo the reaction. As oxidants, only hydrogen peroxide, peroxy 
acids, and hydroxyperoxy compounds (or sources thereof) are 
effective 178.183J84. Ineffective are neutral solutions of hydrogen 
peroxide in water or acetonelaO, and low yields were obtained with 
hydrogen peroxide in etherlE6 or ozone passed into a chloroform 
solution lE7. 

Plausible mechanisms are given below (cf. Leffler 179). Under 
basic conditions, apparently only the -0 - substituent is sufficiently 
activating to promote the ring-closure step, an example of aromatic 
electrophilic substitution. Otherwise, acid catalysis appears to be 
required. 

These mechanisms are consistent with the evidence, not conclusive, 
that the formate ester is a n  intermediate in the reactions of 4- and 
5-methylsalicylaldehydes with hydrogen peroxide in anhydrous 
acetic acid185. They also account for the failure of acetylvanillin to 
undergo the reaction (acid conditions) although methylvanillin 
reacts readilylE4. The fact that a nitro substituent ortho to the 
hydroxyl prevents the reaction178, but one meta to the latter does 
not 178,188 (alkaline conditions), is readily rationalized in terms of 
the above mechanism. The inability of o-hydroxy-a-hydrindone to 

H\ H0 
C 

Q OH 

r o H  I /  
OH 

HC-0 HC-0 

($ 
40 0 -  

Hydrolysis 

0- 

0- 



75 1 

HC-0 

__j Q, 
0 

OCH 
II 

Q OCH3 

Hydrolysis 
_____f 

OH 

i 
I 

OCH, 

4- HCOaH 

undergo the Dalun reaction180 may be the result of excessive ring 
strain in the transition state of the ring closure step. 

Isolated instances in which the activating substituent is amino or 
thio are reported. Bamberger, in work predating that of Dakin, found 
that treatment of o-aminobenzaldehyde with Caro’s acid in  the 
presence of magnesia produced a small yield of o-aminophenol, 
o-formylaminophenol, and also some o-nitrophenoi 189. The ozonide 
of thionaphthene gave on hydrolysis a 50% yield of 2,2‘-dihydroxy- 
diphenyldisulfide lgo. This presumably resulted from a Dakin reaction 
on the intermediate aldehyde. A similar reaction was shown by the 
ozonide of coumarone, which gave a 7% yield of lY2-dihydroxy- 
benzene lg0. 

The Dakin reaction has been used on a number of natural products. 
Some recent examples include formyl- and acetylcoumarins, flavones, 
and depsides lg1-lg6. 

Aliphatic aldehydes apparently also can show a Dakin-like 

H 

0 
/ 

R 0-0 
R migration II Hydrolysis 

H-C-OR + HzO R O H  + HCOOH 
\ /  

C 

H ’ ‘OH 

R O-OH 0 
H migration I I  ‘c’ A R-C-OH + HzO 

H ’ ‘OH 
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reaction. Thus when the hydroperoxide adducts of several long-chain 
aldehydes were heated to 80-120" and the reaction product then 
subjected to treatment with alkali in aqueous alcohol, 3-9% yields 
of alcohols containing onc less carbon atom than the aldehyde were 
obtained Ig7.  Hydrogen migration apparently took precedence over 
alkyl migration since the carboxylic acid was the main product 
( > 50%). 

C.  Diphenyl Triketone 

Diphenyl triketone is reported to decarbonylate on treatment with 
various reagents 198-202. Treatment with anhydrous aluminum 
chloride gave carbon monoxide and a 50% yield of benzi1189*200. 
Treatment of the triketone hydrate with aluminium chloride yielded 
benzoin and carbon dioxide as the main products, benzil and 
carbon monoxide also being formed. In 50 or 60% H2S04 or 
phosphoric acid (sp. gr. 1.71) the triketone yielded comparable 
amounts of benzil and benzoin in a combined yield of about 
50%199-201. Carbon dioxide in unspecified amount was identified in 
one experiment. No mention was made of the yield of carbon 
monoxide 201. Treatment with an aqueous alcohol solution of sodium 
hydroxide was reported to convert the triketone into carbon dioxide 
and a mixture of benzoin, benzoic acid, and mandelic acid in un- 
specified yield202. The yield of benzoin obtained in this way by 
Roberts was 5%Ig8. The most-successful decarbonylation was carried 
out in a solution of cupric acetate hydrate in acetic acid. A high yield 
of carbon dioxide, but no carbon monoxide was obtained from either 
diphenyl triketone or p-methoxyphenyl phenyl triketone. Both com- 
pounds gave the corresponding b e n d  in high yieldlg8. 

By labeling the a-carbonyl group with 14C, Roberts was able to 
show that the central carbonyl group was lost in the decarbonylations 
catalyzed by cupric acetate, aluminum chloride and sodium 
hydroxide. The mechanisms suggested lg8 for loss of the carbonyl 
group are given below. 
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D. Phenunthruquinones 

Heating 1,8-diaza-9,1 O-phenanthraquinone with dilute sodium 
hydroxide gave a nearly quantitative yield of 4,5-diazafluorenone 203. 
Treatment of 9,1 O-phenanthraquinone with boiling dilute sodium 
hydroxide gave predominantly the benzilic acid in a short time, and 
mainly fluorenone (25% yield) after four days204. I n  neither instance 
was the fate of the lost carbonyl group determined. The implication 
that formate ion is formedzo5 is refuted by the failure of specific 
attempts to detect itzo4. I t  has been suggested that air oxidation is 
necessary and hence that carbonate ion is produced. This finds 
.:pport in the ready oxidation of the benzilic acid to fluorenone by 
permanganate 204 or chromate 206. 

E. 9-Ac ylant hracenes 

Certain 9-anthracenyl benzyl ketones were observed to lose the 
ketonic function when heated in a solution of 2% KOCH3 in CH,OH 
through which oxygen was passed 207.  The reactions are summarized 
in equations (66) to (69). 

I PhCHO -+ CO 

(80%) (70%) 
0 

(55%) 
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+ PhCOPh 4- co 
(80%) (85%) 

Ph 

(69) 

This reaction was not shown by 9-acetyl- 10-phenylanthracene and 

(96%) 

methyl 4- ( 1 0-phenylanthracenyl) -4-oxobu tanoate. 

F. Anomalous Bucherer 
Treatment of 2-hydroxynaphthaldehyde with aqueous ammonium 

sulfite and ammonia is reported to give 2-naphthylamine in 80% 
yield208. The fate of the lost carbonyl group was not determined. 
I t  is possible that the reaction proceeds via a preliminary base- 
catalyzed cleavage of the p-keto aldehyde tautomer of 2-hydroxy- 
naphthaldehyde, or an imine thereof. 
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1. INTRODUCTION 

The term ‘molecular rearrangement’ has been so widely used that it 
cannot be exactly defined. In  order that a ‘rearrangement’ be 
included in this chapter we decided that there should be no change 
in the total number of carbons as the molecule in question changes 
into product, but one or more carbons in that molecule should 
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change position during reaction. We considered a carbonyl function 
to be involved in a rearrangement if it had been destroyed and/or 
formed during reaction. We have not hesitated, however, to discuss 
material excluded by these criteria when we thought it advisable 
or necessary. The Willgerodt reaction has been included, for example, 
because it has often been called a rearrangement. 

Only rearrangements associated with aldehydes and ketones are 
discussed ; reactions of carbonyl derivatives, of carboxylic acids and 
of esters and amides, in general, are excluded. These limitations 
seemed necessary to keep the chapter to a reasonable size and do at 
least a minimum ofjustice to the rearrangements discussed. 

I I .  ACID- AND BASE-CATALYZED REARRANGEMENTS 

A. The  Pinacol Rearrangements 

Fittig recorded the first example of the rearrangement of an a- 
glycol to a ketone1. Pinacol (I), obtained by the dimerization of 

I 1  I I  I 
I 
CH3 

(1) (2) 

OH OH 0 CH3 

(CH3)2C--C(CH3)2 + CH3C-C-CH3 

acetone, yielded pinacolone (2) upon treatment with cold concen- 
trated sulfuric acid. The reaction is general for a-glycols, and several 
reviews have appeared which adequately summarize the  earl^^-^ 
and recent literature. Each of the two adjacent carbons bearing the 
hydroxyl groups can be primary, secondary, or tertiary, and each 
can be part of the same or different ring systems. Thus ethylene 
glycol (3) itself, as well as each of the compounds 4 to 8 obtained 

(3) (4) (5 )  

(6) (7) (8) 

by successive phenyl substitution of the hydrogens of ethylene 
glycol, will undergo the pinacol rearrangement when treated with a 

CHzOHCHzOH PhCHOHCHzGH PhCHOHCHOHPh 

PhzCOHCHzOH Ph,COHCHOHPh PhzCOHCOHPhz 

i 10) [ 11) 
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variety of acids. Compounds obtained through successive alkyl 
substitution also rearrange, as do the cyclic structures 9, 12 and 146. 
Consequently, unusual ketones can often be synthesized through 

(151 (16) 

pinacol rearrangement of the appropriate a-glycol. For example, 
Vogel ' prepared the spiroketone 18 through rearrangement of the 
a-glycol 17, and Corey and coworkers8 ilsed a modified pinacol 

0 

(17 ) (18) 

rearrangement of 19 (semipinacolic rearrangement, according to 
Bennett and Chapman2) to prepare the ketone 20, a key inter- 
mediate in the total synthesis of longifoline8. 

CH3CH 
I 

TsO 

Although the pinacol rearrangement is ordinarily a high-yield 
reaction, glycols whose four substituents are not all the same can 
yield more than one product. Further, the relative yields of the pro- 
ducts can be varied by changing the concentration of acid, or even 
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by changing the acid used to effect the rearrangement. Thus, the 
related a-glycols 21 and 24, in cold concentrated sulfuric acid, both 
yield mixtures in different proportions of the same two ketones 
(22 and 23) g. The effect of different acidic media in bringing about 

OH OH 0 CH2CH3 CH3CHz 0 

I 
CH3 

! I  CH3 C I  -C-CH2CH3 --+ CH3 -C-CH2CH3 + CH3-k-!CH2CH3 
I I I  

CH3 CHZCH3 CH3 
(22) (23) 

20 parts I part 
(21) 

OH OH 

CH3CH2 k - L-CH2CH, --+ 22 + 23 
4 parts I part 

CH, CH, 

(24) 

the rearrangement of the same a-glycol is illustrated in the rearrange- 
ment of 25, whereby the action of cold concentrated sulfuric acid 
affords the ketone 27, although a trace 'of sulfuric acid in acetic acid 
produces the ketone 265. 

0 

I 1  Ph 
PhZC-C(CH,), - 

(25)  

a-Glycols which are less than tetra-substituted can produce 
aldehydes as well as ketones. The relative yield of aldehyde and ke- 
tone is dependent upon temperature, and upon the strength and 
dilution of the acid used to effect the rearrangement. Ordinarily, 
lower temperatures and weaker acids favor aldehyde formation, for 
the aldehydes themselves are irreversibly converted into ketones 
under more drastic conditions. For example, in cold concentrated 
sulfuric acid, triphenylethylene glycol (7) is converted quantitatively 

OH OH 

Ph,CHCOPh Ph3CCH0 
I 1  

PhzC-CH Ph 

(7) (28) (29) 

into benzhydryl phenyl ketone (28), whereas the action of 40% 
aqueous sulfuric acid affords mostly triphenylacetaldehyde (29) lo* ll. 
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Similarly, either threo- or erythro- 1,2-diphenyl- 1 -p-tolylethylene 
glycol (30) yields a mixture of two isomeric ketones in concentrated 

OH OH 

Ph,CCHO 
Ph{--!HPh I 

Q CH3 CH, 

(30) (31) 

sulfuric acid at  O0cl2. When the same glycol (30) is allowed to 
dissolve slowly in 98% formic acid at room temperature, diphenyl-p- 
tolylacetaldehyde (31) is the major product 12. Phenyldi-p-tolyl- 
acetaldehyde13 and diphenyl-o-tolylacetaldehyde l4 have been pre- 
pared by analogous rearrangements, in formic acid, of the appro- 
priate glycols. 

Considerable mechanistic information concerning the pinacol 
rearrangement is summarized in two papers11*12. In the first paperll 
14C-double-labeling experiments established the several pathways 
for rearrangement of triphenylethylene glycol (7) (Scheme 1) in a 

OH OH OH 
I I *  * I +  * *  

(7) A (28) 

Ph,C-CHPh --+ Ph2C-C*HPh* PhCOCHPh, 

OH 
+ I  k, 

Ph,CC*HPh* ---+ Ph,CH?OP*h 

B (28) 

+ +  * *  
Ph3CC*HOH Ph3CCH0 

c (29) 

11 
OH 

$h2t!*HPh* w ?h2CH?OPh* 

D (28) 
SCHEME 1.  
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variety of acidic media. I t  was possible to calculate how much each 
path contributed to product formation and, in addition, to determine 
the migratory rate ratio k,/k, for each medium. Removal of the 
secondary hydroxyl group was of insignificant importance under any 

CH, 

(32) (33) (34) 
of the conditions studied. In the second paper l2 1 , 1-diphenyl-Z-p- 
tolylethylene glycol (32) was shown to suffer loss of its secondary 
hydroxyl group in cold concentrated sulfuric acid to the extent of 
23% to yield the ketone 34. Loss of the tertiary hydroxyl group of 
32 ('77%) led to a mixture of ketones 33 and 34. The mechanism 
of the conversion of diphenyl-p-tolylacetaldehyde (31) into the two 
ketones 33 and 34 was also e~tablished~. '~.  

In  a very recent study Collins and coworkers15 subjected 2-phenyl- 
2,3-cis-exo-norbornanediol (35) to rearrangement in cold concen- 
trated sulfuric acid. The product, 3-endo-phenylnorbornanone (36), 
was shown to have been formed with intramolecular migration of 
the hydrogen at C,,, (shown with asterisk), and with inversion of 

__j 

....... 
...... 

.I.. 
OH 

Ph 
Ph -+A .......................... 

(35) IS 

d\ .... + ... ' a .  H* 

Ph Ph 
(36 1 F' 
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configuration. Experiments with a 14C-label in the 2-position of 35 
showed that the phenyl group In 36 was still attached to the original 
carbon. Although it is difficult to understand why the tertiary 
benzyl-type carbonium ion should prefer a bridged rather than an 
open structure, the results are best explained through the formation 
of the nonclassical ion E which rearranges to F by an intramolecular 
(6-1) migration of hydrogen. 

Migratory aptitudes in the pinacol rearrangement have received 
exhaustive ~ t u d y ~ - ~ ,  and it is clear that those groups which are the 
better electron donors are also better able to migrate to an adjacent 
carbonium center. Thus the usual order p-methoxyphenyl > p- 
tolyl > phenyl > p-nitrophenyl, etc., is maintained in the pinacol 
and also in the aldehyde-ketone rearrangement l2 -I4 ,  in spite of the 
belief once held3* that migratory aptitudes during the latter 
reaction were ‘reversed’. 

The early studies of Bachmann, Bailar, and others upon the migra- 
tory aptitudes of substituted phenyl groups in symmetrically sub- 
stituted glycols are of considerable mechanistic importance, but have 
been reviewed so completely and so f r e q ~ e n t l y ~ - ~  that they will 
not be discussed further in this chapter. 

B. The Semipinacolic Rearrangements 
The terms ‘semipinacol’ and ‘semipinacolic change’ were first applied 

by Tiffeneau l6 and later used by Bennett and Chapman to signify 
rearrangement through secondary hydroxyl removal from an a-glycol 
containing both secondary and tertiary hydroxyl groups. Thus that 
fraction (23 yo) of the rearrangement l 2  of 1 , 1 -diphenyl-2-f-tolylethy- 
lene glycol (32) which yields ketone 34 through secondary hydroxyl 
loss followed by phenyl migration is a semipinacolic rearrangement. 
Unless the single alkyl or aryl substituent adjacent to the s-hydroxyl 
is strongly electron-donating, the semipinacolic rearrangement can- 
not usually compete with tertiary hydroxyl loss. Further, the semi- 
pinacolic rearrangement of an  a-glycol often cannot be recognized 
without the use of an  isotopic tracer. I n  the event that secondary 
hydroxyl is replaced with a better leaving group, such as halogen, 
amino, orp-toluenesulfonyl (compare with the conversion8 19 -+ 20) , 
then the semipinacolic reaction can be forced to take place at the 
expense of, and to the exclusion of, tertiary hydroxyl removal. 
Tiffeneau 17, for example, reported that the sole product resulting from 
treatment of 2-iodo-1-phenyl-l-~-tolylethanol(37) with silver nitrate 
was a-p-tolylacetophenone (38). Similarly, Alexander and Dittmer 
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OH 
I 

prepared methyl ethyl ketone (40) by the action of aqueous silver 
OH 

3 la &NO, 
CHDCHCICHCH, -> CHSCHZCOCH, 

(39) (40) 

nitrate upon either of the diastereomers of structure 39. The re- 
action can be formulated as proceeding with loss of chloride ion 
followed by a 1,2-shift of hydrogen frcm the 2-position to the car- 
bonium center ((&)) so obtained. 

Tiffeneaulg prepared the aldehyde 42 by the action of silver 
nitrate on the iodohydrin 41, a reaction which requires migration of 
the p-methoxyphenyl group to the carbon originally inhabited by 
the iodine atom. 

I 

O=CH-CH-CH3 
I 

I 
EtO-CHCHCH, 

I 

The action of mercuric ion upon an aqueous dioxane solution 
of 2-bromo- 1 ,I ,2-triphenylethanol (43) to yield benzhydryl phenyl 
ketone (28) was studied by Lane and Walters20. The same reaction 

I I* 
PhCH-CPh, + Ph,CH?OPh 

(43) (28s) 

was investigated by Collins and Bonner21 using 14C to trace the 
courst of the rearrangements. The tracer result is shown with the 
asterisks in the two formulae 43 and 28a, and confirms that a 

B r  OH 
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rearrangement of the carbon-carbon bonds has taken place; that is, 
a phenyl adjacent to the I-position has shifted by means of a carbon- 
ium ion process to the carbon originally attached to bromine. 

Afiother ‘leaving group’ often employed in semipinacolic re- 
arrangements is the amino group. I n  an early study Luce 22 prepared 
1-(a-naphthy1)acetophenone by the action of sodium nitrite in acid 
medium upon 2-amino-l-(a-naphthyl)-l-phenylethanol. One such 
reaction which has become a classic because of its mechanistic 

(f1-W) (-HW 
importance is the deamination, originally studied by McKenzie, 
Roger and Wills 23, of ( + )-2-amino-1, 1 -diphenypropanol (44) to 
yield ( - )-a-phenylpropiophenone (45). The stereochemical study 
of McKexzie and coworkers 23, when combined with the configura- 
tional relationship later proved by Bernstein and Whitmore24, was 
used for many years 3. as evidence that a Walden inversion takes 
place a t  the migration terminus during Wagner-Meerwein-type 
rearrangements which are accompanied by aryl or alkyl migration. 

I \  
Ph 

(46) (47 1 

Curtin and coworkers 25 - 2Q carried out an extensive mechanistic 
investigation of the ketone-forming deamination of several amino 
alcohols. Of particular interest are their results for compounds 46 arid 
47, which are closely related to the classic example 23* 24 of 2-amino- 
1,l-diphenyl- 1-propanol (44). Curtin showed that upon deamination 
of such amino alcohols as 46 the phenyl undergoes predominant 
migration (90%) to yield the ketone 48, whereas the amino alcohol 
47 undergoes deamination to produce predominantly (again about 

0 0 
I! I1 

I 
CoH4OCH3-p 

PhCCHCH, p-CH,OC,H,CCHCH, 
I 
Ph 

(48 )  (49) 
25 + C.C.G. 
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90%) the ketone 49. These and similar experiments were used by 
Curtin to state the ‘cis effect’ in which 46, for example, yields 
ketone 48 in greater amount because the transition state G, for 

G 

“2)CH3 ’-. I I‘ Ph. 

O C H 3  
H 

formation of ketone 48 places the two large bulky groups (methyl 
and anisyl) trans to each other. When, conversely, the anisyl group 
of 46 migrates, the methyl and phenyl must eclipse each other in the 
cis configuration to yield the transition state H. Since H is less 
favorable than G, the amino alcohol 46 reacts preferentially through 
G to form ketone 48. 

Collins and coworkers 30 - 33 studied several ketone-forming deami- 
nations, combining stereochemical experiments with radioactive 
tracer techniques. Optically active 2-amino- 1,l -diphenyl- l-pro- 
panol (e.g. (+)-44) 30 was subjected to deamination conditions, and 
the product was resolved. Oxidative degradation followed by radio- 

Ph’ migrates Ph migrates 

Ph 

PhCOC-H ;hCOC- 
,CH3 I 

% T H 3  
H 

I 
Ph* 
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activity assay of the degradation products was used to demonstrate 
that both labeled and unlabeled phenyl groups undergo 1,Z-shift 
through the trans transition state arising from ions I and J, respec- 
tively. The cis transition state similar to H, therefore, cannot be 
involved in the deamination of ( +)-44 (nor, by implication, during 
deaminations of 46, 47 and other 2-amino- 1,l -diarylpropanols 
studied by Curtin and coworkers25-29), for the unlabeled phenyl 
group of (+)-44 shifts to the same side of the migration terminus 
originally bonded to the nitrogen. A further consequence of the 
important observation of Benjamin, Schaeffer and Collins30 is that 
at least to the extent (12%) that ion J is involved in the deamination, 
the intermediate must be an  open carbonium ion, for the carbon- 
nitrogen bond must cleave before migration of the unlabeled phenyl. 
I n  other studi.es Collins and coworkers 31 - 33 established that the 
optically active amino alcohol 50 undergoes deamination to produce 
predominately ( -)-52 with inversion (74%) at the migration 
terminus. The diastereomer ( + )-51, however, when similarly treated 

771 

" H 3 c 6 H 4 y h  NH2 

Y Ph Y C&hC H3-P Ph CH3 

(+)-(51) 

H3c& 

< -) - (50) 

afforded more (+ ) -52  than the levorotatory isomer in the approxi- 
mate ratio 60 : 40. In  the last example preponderant retention of con- 
figuration has occurred. 

C. The Rearrangements of Aldehydes, Ketones, a-Ketok und 

Aldehydes, ketones, a-hydroxy aldehydes, a-hydroxy ketones, 
a-epoxy ketones and &-halo ketones all undergo rearrangement 

Related Compounds (Acid-cutalyzed) 



772 C .  J. Collins and J. F. Eastham 

under both acidic and basic conditions. Some of these rearrange- 
ments are discussed in this section, whereas others, such as the 
Favorsky 34 - 36, and the rearrangement of a-diketones are taken 
up later. 

The scope and synthetic value of the aldehyde-ketone rearrange- 
ment were demonstrated many years ago in a series of papers by 
Danilov and Venus-Dadova 37 - 43. The rearrangements of, for 
example, triphenylacetaldehyde lo* 37 to benzhydryl phenyl ketone 
(29 -+ 28), as well as the following transformations 43 were reported : 

Ph 
I 

(53) (54) 

(55) (56) 

(57) (58) 

(59) C60) 

CH,CHCHO - PhCHzCOCH3 

PhzCHCHO _j PhCHzCOPh 

(p-CHSCeH,),CHCHO p-CHjCeH,CHZCOCBH,CHS-p 

(CH3)3CCHO (CH3)2CHCOCH3 

The mechanism of the aldehyde-ketone rearrangement has been 
clarified by Collins and coworkers 5* 11* 12, who correlated it with the 
pinacol rearrangement, and demonstrated that the apparently 
anomalous reversal of the migratory aptitudes exhibited during 
certain of these reactions could be explained through an equilibration 
of several carbonium ion intermediates. I t  was possible to calculate 
the migratory aptitudes12-14 and to show that the normal order3-5 
was not reversed (see section 11.A). 

Venus-Danilova 44* 45 reported the acid-catalyzed rearrangements’ 
of the cyclic aldehydes 61, 63, 65 and 67 with the results shown, 

6-6 
(62 j (63) (64) 

nCHO - 
(61) 

FHO COCH, 

CH3CHzCHOHCHO (68) 0-b (65) (66) p+== (67 CH3CHOHCOCH3 (69) 
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most of which are easily explainable by assuming that normal 
carbonium processes are taking place. The formatioF of cyclopentyl 
methyl ketone (66) from cyclohexanecarbaldehyde (65) is particularly 
intriguing. 

Zook and coworkers46-47 found that t-butyl ethyl ketone (70) 

CH, CH3CH, 

I I 

I I 
CH3-C-COCHsCH3 + CH3-C-COCH3 

CH, 

(70) 

was slowly converted, in concentrated sulfuric acid, into t-amyl 
methyl ketone (71). The rearrangement 47 of hexamethylacetone (72) 
(in 97% sulfuric acid) is most striking, since both niethyl penta- 
methylethyl ketone (73) and methyl isopropyl ketone (74) are prod- 

CH, CH3 CH, 
I / 

I 1  \ 
(CH3)3CC*OC(CH,1)3 CH3?O&-C-CH3 + CH,COCH 

CH, CH3 CH, 

(72) (73) (74) 

uced in approximately equal amounts. These same investigators 47 

report the rearrangement of eight other ketones under similar condi- 
tions. Barton and Porter48 also studied the rearrangement of 72 to 
73 and showed, with 14C-labeling, that the carbonyl carbon of 73 still 
possesses all of the 14C activity originally present in the carbonyl 
group of 72. Rothrock and Fry49, in their study of the acid-catalyzed 
rearrangement of t-butyl 14C-methyl ketone (2a) demonstrated that 
although no other ketone is formed, the labeled methyl group still 
undergoes deep-seated rearrangements, for the isotope position 
isomer (2b) was produced. Fry and coworkers 50 -62 later demon- 

iH3 d * iH3 
CH3- -COCH, CH3- -COCHj 

L H 3  kH3 

( 2 4  (2b) 

strated the remarkable isotope positional isomerization, catalyzed by 
strong acids, shown in the equilibrium 75a f 75b. These same 

Ph3C?O?h Ph3?COPh 

(750) (75b) 

investigators 50 - 5 2  also demonstrated that the action of perchloric 



7 74 C. J. Collins and J. F. Eastham 

acid upon 2-butanone affords acetone, 2-pentanone, 3-pentanone, 
3-hexanone and several unidentified products, illustrating dispro- 
portionation as well as rearrangement during the reaction. Similar 
results 5 0 - 5 2  were obtained by the action of perchloric acid upon 
3-pentanone. 

Fenchone (76), upon treatment with concentrated sulfuric acid, 

H3C, ,CH3 & >&++o CH3 

CH3 
-0 CH3 CH3 

is converted into 3,4-dimethylacetophenone (77) and carvenone 
(78) 53*54. Lutz 2nd Roberts55, using 14C, have studied the rnech- 
anism of these transformations. In like fashion camphenilone (79) 

(79) ( 80) 

affords p-methylacetophenone (80) in low yield 56, and camphor- 
quinone (81) is converted into isocamphorquinone (82) 50 .  

(81) (82) 

All of the reactions so far discussed in section I1 on acid-catalyzed 
rearrangements can easily be rationalized through carbonium ion 
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intermediates. The intimate details for many of these rearrangements, 
however, have not been so well established as for the pinacol and 
aldehyde-ketone transformations. In some cases (e.g. 65 --f 66 and 
72 3 73 -t- 74) so many discrete steps must be written to explain 
the observed facts that it would appear worthwhile to reinvestigate 
these remarkable reactions, for it might be possible to uncover 
some novel and dramatic carbonium ion processes. 

a-Hydroxy aldehydes also undergo rearrangement in acid medium, 
as shown by the conversion of diphenylglycolaldehyde (83) into 
benzoin (84) 58. Benzylglycolaldehyde (85) upon similar treatment 
(alcoholic solution with a few drops of sulfuric acid) yields acetyl 

Ph OH OH 
\ I  I 
/ 

C-CHO PhCHCOPh 

Ph 

(83) (84) 

phenyl carbinol (86) 5 8 ,  whereas a-hydroxyisobutyraldehyde (87) 

PhCHzCHOHCHO PhCHOHCOCH, 

(85) (86)  

is reported to yield the a-hydroxy ketone 8860-6'. 
H3C OH OH 

\ I  I 
C-CHO CH3CHCOCH3 

/ 

D. The Dienone-Phenol, Quinamine and Some Related Rearrange- 

Santonin (89), upon being treated with mineral acid, is converted 
into the desmotroposantonin 90 62 -e5, a transformation which appears 

ments 

(89) (90) 

to be the first known example of the dienone-phenol rearrange- 
ment. Since the dienone-phenol rearrangement has been reviewed 
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recently66 and the mechanism has been very adequately treated, 
only one other example will be mentioned here, namely the rc- 
arrangement, in acetic anhydride and sulfuric acid, of compound 91. 
Under the anhydrous conditions employed by Woodward and 
Singh67 only the 4-methyl-1-tetra101 acetate (92) was formed. 
Treatment of 91 with concentrated hydrochloric acid, or with 50% 
sulfuric acid, however, afforded the 4-methyl-2-tetra101 9368. The 
formation of 92 can be rationalized through the intervention of a 

OCOCH3 

(92) 

(93) 

spirane intermediate, whereas 93 must be formed as a result of methyl 
migration 66.  

The acid-catalyzed rearrangements of quinamines (anilinocyclo- 
hexadienones) 69*70 resemble the dienone-phenol rearrangement, 
although the mechanisms of these two reactions are not necessarily 
similar. Miller71*72 has recently studied the two major types of 
rearrangement exhibited by several such quinamines. When the 
aniline residue contains no para substituent, as in structure 94, 

HCI 
0 - H3C 

Br B r  

(94) (95) 

treatment of the quinamine with hydrochloric acid yields a sub- 
stituted aminodiphenyl ether as shown in structure 95. When the 
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para position is substituted (96), there are two major products, a 
substituted biphenyl (97) and the amine (98). Miller prefers a mecha- 

B r - O N H O O  HBC - - 
NH2 O H  Br  

B r  B r  CH3 

r % l  I, 97 I) 

‘CH3 
:981 

nism for these transformations in which .rr-complex intermediates 
are formed. 

Newman and  coworker^'^ studied the rearrangement, in poly- 

I 99)  100 : 

phosphoric acid, of the dienone 99 to l-chloro-2,4,5-trimethyl- 
benzene (100). With polyphosphoric acid, dienone 101 yields the 
acid 102, whereas when 101 is treated with phosphorous penta- 

chloride 73) l-chloro-3-(/3-trichloroethyl)-4-methylbenzene (103) is 
produced. 

25* 
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E. The a-Ketol and Related Rearrangements (Base-catalyzed) 
Most ionic molecular rearrangements involve migration of some 

group with its bonding electrons to an adjacent electron-deficient 
center. Such rearrangements are called 1,2-shifts. In  a carbon-to- 
carbon rearrangement electron release to the migration origin (C,) 
assists the rearrangement, whereas electron deficiency at the migra- 
tion terminus (C,) is required. If the assistance at  C, is sufficient, 
then the electron deficiency a t  C, need not be large. In  the reactions 
just discussed acid was used to promote a deficiency of electrons at 
C,, whereas in the reactions to be considered now, base brings about 
electron release at C,. The migration terminus will be electron- 
deficient because of an  attached electronegative atom; in the ben- 
zilic acid rearrangement, for example, C, is the carbon of a carbonyl 
group, and in certain Favorsky rearrangements it is a carbon 
attached to halogen. The similarity of the acid- and base-catalyzed 
rearrangements is illustrated in the following two-reaction sequences 
through which the a-ketol 104 can be converted either by acid or by 
base into the isomer 105. 

HO 0 
I I I  
IS 

R'-C-$-R2 

I I 
HO OH 0 0- 

I I  I 
R'-C-C-R2 I +  I 

I= 
R1-C-CrR2 

R1 
P I  

R1 

0 OH 
I I  I 
F l  

R'-C-C,R2 

R' 

( 105 '! 
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Two examples of the base-promoted rearrangement of a-ketols are 
(a) the formation of 2-oxo-1,1,3,3-tetraphenyl-l-propanol (107) 
from a-benzhydrylbenzoin (186) 74, and (6) the conversion of a- 
hydroxybutyraldehyde into acetoin 75. The synthetic value of the 

H O  0 0 O H  

P b C H  C! - Ph PhzCH ! '  -CPh2 
I 
Ph 

(106) (107) 

a-ketol rearrangement, particularly in ring expansions to produce 
D-homosteroids, has been discussed by the Fiesers 76. Ruzicka and 
Meldahl first observed this ring expansion in the treatment of 
17-hydroxy-20-0x0 steroids (108, ring D only shown) with alkali7'. {& -H+ {$- - {.fJ +H+ [fl 

___f 

( 108 1 (109) 

The possibility of rearrangement is always present during reactions 
which produce a-ketols, such as the benzoin condensation or the 
addition of ooe equivalent of an  organometallic reagent to a diketone. 
A good example is the addition78 of o-tolylmagnesium bromide 
to benzii to yield a compound which was mistakenly called ' a -o-  
tolylbenzoin (110) '. The incorrect structure wits the cause of some 

o-CH3C6H,MgBr + Ph!-!--Ph d o-CH3C6H4C-cPh and o-CH3C,H4C-CPh2 

0 OH 0 0  H O  0 
I I I  I I  I 
I 
Ph 

(110) (111) 

confusion 79 until subsequent workers isolated both the expected 
product (110) and the rearranged product (111) and proved their 
structures 80. The ' a-o-tolybenzoin' was shown, in fact, to be a- 
phenyl-2-methylbenzoin (111). Analogous rearrangements have 
been observed in  the additions of mesitylmagnesium bromide to 
anisil 81, of mesitylmagnesium iodide to benzil 82, and of o-tolyllithium 
to b e n ~ i l ~ ~ .  An interesting example of the rearrangement of an  
a-ketol under basic conditions was observed with cr-fi-methoxy- 
phenylanisoin (112) labeled with 14C in one of the methoxy groups 'O. 
Equ.ilibration of the position of labeling in this case (112 + 113) is 
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analogous to the racemization of an optically active compound in 
that there is no free energy difference between reactant and product. 

0 OH 0 OH 

~H,OC,H4~-~(C,H,OCH,), & CH30CeH4 ! L  - (C~HQOCH~)~ * 
(112) (118) 

The base-promoted a-ketol rearrangement resulting in a change 
of the carbon skeleton probably occurs only when the carbinol 
group is tertiary. If one R1 in 104 is hydrogen, enolization presents 
a route for an isomerization (114 + 115) which is easily brought 
about by base. When R1 and R2 (in 114) are aryl groups, the 

HO 0 HO OH 0 OH 
I I t  1 1  

I I 

(114) (115) 

compound is a benzoin and its stability relative to 115 is easily 
predicted on the basis of ordinary electronic effects. Two such 
isomerizations (116 + 11784 and 118 3 11985) are shown. Because 

Rl-C-C-Ra R I - L L - R a  RI-L-C-Ra 

H H 

HO 0 0 OH 

p-CHjOCeH4LHkPh -+ P-CH,OCeH,' c -LHPh 

(116) (117) 

HO 0 0 OH 
I1 I 

(119) 

P-(CH&NCeH4 k HCPh I' + p-(CH3)1NC6H4C--CHPh 

(118) 

the catalyst (cyanide ion) for benzoin condensation is basic, the equili- 
brium 114 + 115is establishedin the reaction of two aldehydes during 
the mixed benzoin condensation. If one isomer is markedly more 
stable, as from condensationE6 of benzaldehyde with j-dimethyl- 

CN- 
PhCHO + P-(CH~)~NC~H~CHO + 119 

aminobenzaldehyde, then only one benzoin (119) is isolable. In  
other cases, e.g. with 2,4,6-trimethylbenzoin, both isomers (120 and 
121) are isolable8'. Synthetic techniques have been developed for 

0 OH HO 0 

2.4,6(tH&C.H,kLHPh j 2,4,6-(CH&CeHz k !  H Ph 

(W (121) 

obtaining even the unstable isomer of a mixed benzoin88. In  some 
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cases, particularly those involving certain heterocyclic aryl groups 
for R1 or R2 in the benzoin, the intermediate 'enediol' can be iso- 
lated from a condensation of mixed aldehydes, as for example, 
the production of 123 from benzaldehyde and 2-formylpyridine 
(122) 89. I n  a recent review of enediols the stabilizing influence of 
chelation on structures like 123 has been discussed 

HO OH 
I I  

PhCHO + 2-OCHCSH4N + PhC=CC,H,N 

(122) (123) 

Acyloins 114, where R1 and R3 are aliphatic or alicyclic residues, 
may also undergo easy equilibration with base to form 115. Such a 
possibility should be considered when base-promoted reactions are 
used in the syntheses of a-hydroxy ketones, for example, by the 
hydrolysis of a-halo ketones. In  the following illustration (124 to 125), 
which is taken from synthetic work in the steroid field, the substituted 
cyclohexane ring in 124 represents the c ring of 11p-brome- 

(124; f 125 J 

1 2-oxocholanate 'l. With certain structura.1 features, the inter- 
mediate enediol may be more stable than either a-hydroxy ketone; 
ascorbic acid is an example. Isomerization of an aldose to a ketose, 
e.g. mannose to fructose, an important biosynthetic process effected 
by isomerase enzymns 92, most likely proceeds through an enediol, 
i.e. 114 to 115 with R2 =' H. The same carbohydrate rearrangement 
is brought about in uitro by alkali aloneg3. 

We have already pointed out that the base-induced a-ketol 
rearrangement with a tertiary carbinol (104 3 105) is analogous to 
the acid-induced pinacol rearrangement. One might also anticipate 
that tertiary carbinols a-substituted with good leaving groups might 
undergo a base-induced rearrangement, 126 3 127, analogous to the 

- H+ 
Rl- L '  -CHR2 + R1- -CHR2 

HO x -0 x 0 0 

CHRa Rl- -CHR2 or R1-c- 
/ \  

I 
! -X- P 

iL A1 I41 R' 

(126) (127) (128) 



782 C .  J. Collins and J. F. Eastham 

semipinacolic change, but a competing reaction which generally 
predominates is epoxide (128) formation. When stereochemical 
factors favor the rearrangement, however, ketone formation (126 4 
127) does occur. The substituted D-homo ring of a pregnone deri- 
vative is shown in 129; the leaving group is cis to the tertiary hydroxyl 
and therefore unsuitably located for epoxide formation; hence base 
causes the indicated rearrangement to 130g4. When the leaving 

0 

(129. X = OSO,CH,) (130) 

group in the same system is trans to the tertiary hydroxyl, as in 131, 
treatment with base results in simple epoxide (132) formationg5. 

{&2 X - { f 3 3  

(131, X = B r )  (132) 

Another example of the rearrangement 126 to 128 is the formationg6 

H O  &(CH,)J 0 
I 1  I 

(133) ( 2 8 )  

Ph&-CHPh + PhJ-CHPh, + (CH,),AHI 

of benzhydryl phenyl ketone from 133, and still other examples 
have been recognized 97. Further, the ionic intermediate necessary 
for this rearrangement may be attained by attack of a nucleophile 
on an a-halo ketone. Thus the rearrangement 98 of 2-chIoro-l- 
tetralone (134) by methoxide ion as the nucleophile probably 
proceeds as shown. An analogous reaction is formation of l-phenyl- 

0 CH30 0- w' CH,O-+ a'' ___j_ - C I -  ~ c 0 2 c H 3  

(134 1 i 1%; 
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cyclohexanecarboxylic acid from 1-chlorocyclohexyl phenyl ketone 
and hydroxide iong9. (Cases of the Favorsky reaction involving 
‘ cyclopropanone ’ intermediates are discussed later.) 

F. T h e  Benzilic Acid and Reluted Reursungements 

The benziiic acid rearrangement is by far the best known 1,2-shift 
effected by base-promoted electron release to the migration origin 
(C,). I n  fact the formation of benzilic acid (137) from benzil (136) 
would appear to be the first recognized molecular rearrangement 
reaction, having been discovered by Liebig in 1838loo. There is 
little doubt that the mechanism of this reaction involves reversible 
addition (K,) of hydroxide ion to one carbonyl group to give an 
intermediate anion which is completely analogous to the anionic 
intermediate in the a-ketol rearrangement (104 --z 105). Following 
this, the 1,Z-shift occurs in a rate-determining step (k,) and proto- 
tropic equilibration yields the product. While alternatives to this 

0 0  -0 0 0 0- 0 OH 
I I I  Ke 

PhJ-CPh + -OH & HO&-!Ph -O!-bh2 
I 
Ph 

(137) 

mechanism have been debated both before and since, in 1928 
Ingold proposed these three steps as shown101, and today there exists 
an extensive body of confirming data arising from application of 
virtually all of the physical organic chemist’s tools, such as isotopic 
tracer techniques, kinetic analysis, migratory aptitude determinations, 
etc. 

Reversibility of the first step (K,) was established by the Roberts 
and Urey demonstration lo2 that benzil exchanges oxygen in 
I80-enriched water in the presence of base more rapidly than it 
rearranges. Kinetically the overall reaction is second-order, first in 
benzil and in hydroxide ion, and certain bases such as phenoxide 
ion do not effect the reactionlo3. Thus, if the second step (kr) is 
rate-determining, the overall second-order rate coefficient will 
contain the equilibrium constant of the first step (equation 1). 

Rate = k,K,[benzil] [hydroxide] (1) 

From a study of the steric effect on the benzilic acid rearrangement, 
Eastham, Nations and Collins concluded that the transition state 
for the process closely resembles the intermediary anion produced in 
the first step104. In  other words the key 1,2-shift has proceeded but 
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very little before the energy maximum for reaction is passed, and 
hence this energy requirement is predictable from the structure of 
the intermediary anion (138) lo5. Electron-attracting substituents on 

-0 0 0 0- 

H O ! d A r  2 HOk-L-Ar 
k 

Ar Ar 

(138) 

the ammatic ring (Ar in 138) should stabilize this ion and enhance 
the overall reaction rate of a symmetrical benzil, whereas electron- 
releasing substituents then should slow the reaction. Indeed it is 
found that methoxy-, methyl- or amino-substituted benzils rearrange 
slower lo6, while chloro-substituted benzils rearrange faster lo7 than 
does benzil itself. 

Numerous authors have proposed other transition states lo8m lo’, 

particularly those in which the key 1,2-shift in 138 is accompanied by 
proton migration, i.e. a concerted process which obviates the proto- 
tropy Ingold depicted as a third and distinct step. Eastham and 
colleagues rejected the concerted process on the grounds that the 
required transition state would not resemble 138Io4. Hine rejected it 
on the grounds that the rearrangement in a deuterated system is not 
retarded, as would be expected were proton transfer involved in the 
rate-determining step IIO. 

With an unsymmetrical benzil (139), whichever aromatic residue 
rearranges, the product structure is the same. Hence percentage 
migrations of Ar groups in 139 must be determined by isotopic 
labeling, e.g. as outlined below for 139 labelled with I4C in the 
carbonyl adjacent to phenyl. I t  is seen that the ratio of radioactivity 

0 0  0 O H  H O  0 
* I  11 Oxidation *t * I I  I 

Ph-C-k-Ar ___f HO- -C-Ar + Ph-C-C-OH - 
(139) 

I 
bh A r  

0 0 
II  +I1 

(140) 

Ph-C-Ar + Ph-C-Ar 

of the aryl phenyl ketone to that of the starting benzil will be the 
fraction of reaction proceeding by migration of the aryl group; 
values for a few selected aryl groups are shown in Table 1. 

Inspection of Table 1 reveals that migratory aptitudes in  the 
benzilic acid rearrangement do not correlate with those in the pinacol 
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TABLE 1 .  Percentage migrations of Ar in PhCOCOAr. 

785 

~ ~~ 

Ar Migration (7,) Ref. 

O-TOlyl 2.7 104 

P-TOly 1 38.8 108 
m-Chlorophenyl 81.2 108 

p-Methoxyphenyl 31.8 1 1 1  

Benzyl 100 112 

rearrangement, in which electron-releasing groups on an  aryl group 
favor its migration. Here, however, electron release by an aryl group 
decreases the equilibrium concentration of the intermediate anion 
(141) in which Ar can migrate. Thus, since the relative amount of 

0 0 -  0 0  -0 0 
I I  I I1 

I I 
PhC!LC-OH e- Ph!-kAr 5 OH- HOC-CAr 

aryl us. phenyl migration must be a function of the relative concen- 
trations of this ion (141) and the ion (142) in which phenyl can 
migrate, electron release by the aryl group retards its migration. 
Conversely, ion 141 and aryl migration would be favored by an 
electron-attracting aryl group. In  other words K, is the factor which 
dominates the overall rate of migration expressed in equation (1). 
Gn this basis the effects revealed by data in Table 1 and by results 
with a number of other labeled unsymmetrical benzils can be 
explained. These results, as well as an historical summary of other 
mechanistic studies on the benzilic acid rearrangement, are avail- 
able lI3.  

Examples of a-diketone systems which have been observed to 
undergo the benzilic acid rearrangement are multitudinous. Just a 
few examples are shown here to stress the generality of this reaction. 
The reaction will proceed in purely aliphatic systems and has been 
used to contract the steroid ring c (143 --f 144). Hydrogen migrates 

143 (144) 
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preferentially to pheny1114 in the reaction 145 -+ 146. Certain 
heterocyclic systems aiso rearrange, and in one such case, that of 

0 0  H O  0 

Phi-CH I I1 + P h C H  ' i c  O H  

(145) (146) 

4- 
HN-C 
/ \ 
/ \ o=c *c=o __j o= 
\ /  
HN-C 

\O 

I 

H N-*~-co, H 

C ' I  

(147) (148) 

alloxan (147 3 148), nitrogen has been shown to migrate pre- 
ferentially to carbon115. 

An interesting facet of the benzilic acid rearrangement is that it can 
be effected by certain bases other than hydroxide ion, in some cases 
even by bases and in solvents neither of which contain oxygen. 
Selman and Eastham have cited some examples and rationalized 
this unpredictable result, that is, unpredictable on the basis of the 
general mechanism 136 -+ 137. A predictable result, but one not 
observed until rather recently, is that alkoxide ion will effect 
rearrangement of benzil to an alkyl benzilate. There were repeated 
studies of the reaction of benzil with alkoxide dating back to the last 
century, but it was not unfil 1956 that Doering and Urban81 
elucidated the conditions for the benzilic ester rearrangement 
(149 --f 150). These workers formed both methyl and t-butyl esters 

0 0  HO 0 

Ph&-!Ph + ROH ---+ Ph,C-COR 
R O -  I I I  

(149) (150) 

by this rearrangement, rationalized the failures of previous workers 
to obtain esters, and gave a kinetic analysis of the rearrangement. 
All of their findings are consistent with the Ingold mechanism, cf. 
136 3 137, with the hydroxyl shown replaced with alkoxyl and with- 
out the third step (prototropy). 

The view is held by some that the benzilic acid type rearrangement 
is reversible118. This view now seems unlikely si,nse Eastham and 
Selman subjected 14C-carbonyl labeled anisilic acid and its methyl 
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ester (151) to both mild and vigorous basic conditions and found no 
rearrangement of the 14C-label l17. 

HO 0 0 OH ~~ 

CH,O- i i- 
An2(!d!OCH3 r' CH30&-CAn2 

(151, An = p-CH30C6H4) 

Because a-diketones undergo the benzilic acid rearrangement, any 
compound which is converted into an a-diketone by base may be 
expected to yield a rearrangement product. Thus, since base with 
an a,p-dihydroxy carbonyl compound can cause dehydration (p- 
elimination) to an a-diketone (or its enol)l18, the base may lead 
ultimately to an  a-hydroxy acid. The transformation of glycer- 
aldehyde to lactic acid (162 + 153) is an example of the two-step 
sequencellg. To this sequence one must add a third step, the a-ketol 

0 O H  O H  0 O H  0 0  0 O H  
I! I 

(153) 

! '  I l l  I 

(152) 

HC-CH-CH2 ---+ H -C=CHZ ---+ H!-!-CH3 __f HOC-CH-CH, 

rearrangement, in considering many of the alkali-induced trans- 
formations of carbohydrates. Thus the formation of some iso- 
saccharinic acid (155) from glucose (154) may proceed as shown. 
Base-catalyzed carbohydrate rearracgements have been reviewed 12'. 

HC=O 
I 

C H z O H  C H 2 0 H  
I I 
1 1 

HCOH c=o C=O C O z H  
I 

u- Kc to I I P-Elimi- I Benrilic acid I 

I 

H O C C H z O H  
I c=o I I 

I 

I 

I 
C H 2 0 H  
(154) (155) 

a,B-Epoxy ketones can also rearrange with base to a-diketones and 
hence produce a-hydroxy acids, as illustrated here with the rearrange- 
ment of labeled benzilideneacetophenone oxide (156) 

0 0 COzH 
/ \  

H O C H  H O C H  

CHZ -zz CH2 rearrangement 
F H C O H  

H C O H  

H C O H  

H C O H  H C O H  
I 

H C O H  
I 
I 
C H z O H  

rear rangement  

I CHzOH I 
CHzOH 

I *  
I 

O H  

t PhC-CHzPh Ph -CH-CHPh - 

(156) (157) 
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G. Generulizations Concerning Certuin Ketogenic Rearrangements 

To generalize the class of reactions which includes the a-ketol, 
benzilic acid and related rearrangements, we see that a property 
common to all is the formation of a carbonyl group from an oxide ion 
at  C, (migration origin) as the migrating group takes its bonding 
electrons to C, (migration terminus). I t  is possible to look upon the 
energy gained in forming the carbonyl group as the 'driving force' 
for the reaction; perhaps all such cases should be classed as ketogenic 
rearrangements. Acceptance of electrons by C ,  from the migrating 
group results either in addition to a carbonyl group at C, or in 
nucleophilic substitution thcre. Selman and Eastham 113 have 
tabulated sixteen different functional arrangements for C,-C, 
which have been observed to rearrange; those cases involving 
nucleophilic substitution at  C, were not included. Perhaps the most 
interesting feature of these rearrangements is the variety of migrating 
groups which have been observed 13. In general, then, one should 
anticipate the possibility of a ketogenic rearrangement with any ions 
of structures K or L, or in any reactions which may give rise to these 
ions. 

-0 0 0 0- -0 x 0 -LJ- - f J-L-  - L - c - . 2 ,  I J-L- 
I 
Y 

I I  
Y Y 

K L 

I 
Y 

I 

The classical ketogenic reaction is reversal of enolization, com- 
monly called ketonization. Although this process itself (equation 2) is 

OH H O  

d -L!- \ /  
/ \  I 
C=C 

not generally classified as a molecular rearrangement, the enol may 
be an intermediate in rearrangement reactions (cf. 152 -+ 153) 
leading to ketones. Hence one important aspect of ketonization, the 
stereochemistry of the process, is worthy of consideration here. A 

H'A -+ 
OH H' 0 

[=C=C< ] -(-!- + HA (4) 
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reaction which has proved useful in generating enols that ketonize, 
and which has been amenab!e to stereochemical studies, is the 
reduction of an a-bromo ketone to remove halogen. This reduction 
(equations 3 and 4) is accomplished in acid (HA) by either zinc or 
hydrogen iodide. 

The stereochemistry of the ketone produced (equation 4) is 
apparently controlled by the direction of approach by acid to the 
enol. Thus Zimmerman has pointed out several cases in which ap- 
proach to one side of an enol is obviously favored, and ketonization 
in these places the entering hydrogen on the less hindered side121. 
For example, debromination of 1 -benzoyl- 1 -bromo-2-phenyl- 
cyclohexane (158) with hydrogen iodide produces cis- l-benzoyl- 
2-phenylcyclohexane (160), despite the fact this cis compound is less 
stable than the trans isomer122. The 2-phenyl group on one side of 

HI ___, 

OH 
1 

Ph 

H'A ____, 
Ph 

( 1 W  (159; 1160; 

enol 159 sterically hinders the approach of a proton donor to that 
side. 

If the ketonization produces a cyclohexanone, there is a strong 
tendency for the hydrogen atom introduced (H' in equation 4) 
to be axial. Corey and S n e e r ~ l ~ ~  have given a rational analysis of the 
electronic effect which favors the axial approach of the proton donor 
to a six-membered enol. An illustration of the effect123, debromi- 
nation of a 6-bromo-7-0x0 steroid (161) with zinc and deutero- 
acetic acid (DOAc) produced a 6p-deutero steroid (163) ; deuterium 
was introduced into the axial position despite considerable hindrance 
to this approach by the axial methyl group of the steroid 10-position. 

H 

DOAc 
___3 {Q0 D 'H 

(161, ,162 ( 163) 
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More recently Zimmerman employed both electronic and steric 
factors in rationalizing the stereochemistry of ketonization 12*. 

H. The Favorsky ond Reluted Rearrangements 

Acompeting reaction for benzilic acid type rearrangements, nucleo- 
philic substitution on the carbonyl group, is fostered by strongly 
basic reaction conditions and is another consequence of the electron 
deficiency of carbon in the carbonyl group. Attachment of a second 
electron-withdrawing group to this group so enhances its electron 
deficiency, i.e. increases the electrophilicity of the carbonyl carbon, 
that SN2 reactions readily occur there. For example, hydroxide ion 
causes cleavage of diphenyl triketone (164) to benzoic acid (165) and 
phenylglyoxal, which itself then rearranges to mandelic acid (166) 

0 OH 
[ " " ] O H -  1 1 1  

0 0 0  
I I  /I FPh 

OH- + PhC-C- _~f  Ph 0- + H!-!Ph + -0C-CHPh 

(164) (165) (166) 

Under vigorous alkaline conditions, a-ke tols undergo a similar 
cleavage (e.g., phenylbenzoin (167) to benzyhydrol (168) and ben- 
zoic acid), and this cleavage may be preceded by rearrangement of 
the ketol, e.g., o-tolybenzoin (169) to o-toluic acid (170) and benz- 
hydrol. 

HO 0 HO 0 

Ph2 -CPh + Ph&H i- HOCPh 
11 KOH t l  

(167) (168) 

HO 0 0 

o-CH&H,L--CPh + 0-CH3C6H4 OH f 168 ! I t  

6h 

(169) (170) 

There are many other strictly analogous cases of carbon-carbon 
bond cleavage by nucleophilic substi tuuon on the carbonyl group, 
including three such varied reactions as the 'acid hydrolysis ' of 
,%dicarbonyl compounds 125, the haloform reaction lz6, and aroyl 
cyanide alcoholysis 117, illustrated below. Even monofunctional 
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0 

79 1 

0 0 

p-CH30C6H4dCN - p-CH30C6H4COCH3 + HCN 

ketones, if they cannot enolize, can be directly cleaved when treated 
with a sufficiently powerful base. A recent example is the cleavage 
of the tricyclic ketone (171) with potassium t-butoxide in dimethyl 
sulfoxide lz7. 

I I  CH,OH I1 

0 

t-BuOK 
___j 

Dimethyl 
sulfoxide 6 

(,171) 

Bond cleavage from the carbonyl group in a cyclopropanone 
system should be particularly facile. Such electrophilicity of a cyclo- 
propanone system (a consequence of the considerable s character of 
all three ring bonds) makes isolation of the structure itself elusive, but 
provides a rationale for its intermediacy in the Fa-vorsky rearrange- 
ment 12*. Perhaps the best evidence for a cyclopropanone inter- 
mediate in the reaction of an a-halo ketone comes from the work of 
Loftfield with 14C-labeled 2-chlorocyclohexanone (172) lz9. Starting 

0 

C 
H2C’ \?HCI 

II 

I 
H2C\ / CH2 

1 
CH2 

Basc 
-Hi 

____, 
-CI-  

COzH 

& 4 2  HC- 
I 
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with the ketone specifically labeled at the 2-position, cyclopentane- 
carboxylic acid (174) was obtained in which the label was distributed 
between the 1- and 2-positions. This finding is consistent with the 
interpretation that the reaction proceeds by an  intramolecular 
alkylation to give the symmetrical cyclopropanone 173, which is then 
cleaved to give the acids. Additional evidence ior this type of sym- 
metrical intermediate comes from work with a-chlorodibenzyl ketone 
(175), which under the ordinary Favorsky conditions yields diphenyl- 
propionic acid (176). However, Fort recently found that this ketone 
in the presence of the base and furan yjelds the Diels-Alder type 
adduct 177, i.e. the cyclopropanone intermediate was ' trapped'130. 

0 
I1 COzH 

I 0 CI C 
+ PhCk:-CHZPh I t  I Base / \  OH - > PhCH-CHPh PhCH2C-CH Ph 

(175) (176) 

(177) 

The apdihalo derivative (178) of dibenzyl ketone undergoes 
dehydrohalogenation to the quite stable cyclopropenone system. 

0 

B r  0 Br  P 
I II I Base / \  

PhCH-C-CHPh + PhC-CPh 
(178) (179) 

Breslow treated 178 with triethylamine in methylene chloride and 
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obtained diphenylcyclopropenone (179) in 50-60 % yield. Anal- 
ogously, 2,8-dibromocyclooctanone (180) yielded cyclophepteno- 
cyclopropenone (181). The special stability of a cyclopropenone 
may be rationalized by noting that when this system is written in 
valence-bond structure 182, it abides by the aromaticity rule (4n + 2) 
of Huckel in which n = 0 l 3 I .  

?- 

A 
(182) 

Other workers have adduced additional evidence for the for- 
mation of cyclopropanones as intermediates when a-halo ketones are 
treated with base132 although there is no general agreement as to 
the proper set of valence bond structures to use to represent this 
intermediate 133. An analogous heterocyclic system, an a-lactam, 
has been proposed by Baumgarten as a likely intermediate in certain 
reactions of a-haloamides 133. I n  this connection the base-induced 
conversion of 1 -bromo- 1 -N-t-butylcarboamidocyclohexane (183) 
into cyclohexanone (184) is of interest. Shcehan and Lengyel 134 

0 

(183) (1%) 

propose that this reaction may proceed through the a-lactam 
185, which isomerizes to the epoxide 186; the epoxide then loses 
t-butyl isocyanide, which was isolated. 

Synthetic applications of the Favorsky reaction were reviewed 
in 1960135. A recent interesting utilization involves two such 
rearrangements in the same compound as the final step in a prep- 
aration of cubanedicarboxylic acid (188). The a,a'-dibromodi- 
ketone needed for this preparation, which was effected by Eaton and 
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Cole 136, was obtained by dimerization of 2-bromocyclopentadienone 
(187). 

I. Ring-Chain Tautomerism 
Mechanistic similarities between acid- and base-induced rearrange- 

ments involving the carbonyl group have been stressed in this chap- 
ter. We have pointed out that the intramolecular 1,Z-shift may be 
either preceded by association with an acid and followed by dis- 
sociation involving a base or vice versa While both acid and base are 
thus involved, their involvement is commonly with hydrogen ion 
transfers (prototropy). For example, if base initiates a rearrange- 
ment\ by proton abstraction (e.g. the a-ketol rearrangement, 
104 3 105) the conjugate acid of the base is then available to serve 
in the subsequent step. In protic solvents several acids and bases 
and their conjugates may be recognized and may give rise to general 
acid and base catalysis of rearrangement~l~’. The necessity of both 
acid and base for a rearrangement was first demonstrated in what 
was also the first reaction to be interpreted in the modern school of 
mechanistic organic chemistry : mutarotation. Indeed, Lowry’s 
interpretation of the influence of both acid and base on the kinetics 
of mutarotation apparently coincided with Lowry’s and Bronsted’s 
postulation of their classical theory of the nature of acids and bases13*. 

Mutarotation of sugars is a special type of a relatively large class 
of rearrangements known as ring-chain tautomerism. Many, but not 
all, rearrangements in this class involve the carbonyl group and are 
equilibrium processes. In  mutarotation the carbonyl group is 
involved only as an intermediate; two (or more) ring forms of a 
sugar are equilibrated by each being reversibly converted to the 
chain (carbonyl) form. The process is illustrated below for glucose 
(189 ---f 190), where HB and B represent all available acids and 
bases, respectively, in the reaction medium. The development of 
this mechanism was reviewed by Lowry in 1925 in three papers, 
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which make provocative reading139. By that time all of the excellent 
early kinetic analyses of the reaction by Hudson140 and others could 
be correlated with this mechanism, as could the finding by Lowry 
that the rearrangement would not occur if both HB and B were not 
present. Lowry had found139 that while mutarotation was negligibly 

- - HO H w H  

HO OH 
O H  OH HwH H H H H 

U 

HO 

slow in dry cresol (HB) or in  dry pyridine (B), it was rapid in a 
mixture of the solvents; it was also rapid in either solvent containing 
water, which is amphoteric. 

Similarly, using other phenols and amines, Swain and Brown 
more recently have shown that the kinetics of mutarotation of a 
glucose derivative in dilute benzene solution are first-order in each 
species, acid, base and carbohydrate 141. These workers found that 
an amphoteric organic structure, 2-hydroxypyridine, was partic- 
ularly powerful as a catalyst for m ~ t a r o t a t i o n ~ ~ ~ .  Using these and 
other data, Swain143 postulated a termolecular process involving 
the sugar, base and acid in one concerted step rather than in the two 
types of equilibria shown here (189 -+ 190). Swain's ' termolecular 
process' has not been generally accepted144. 
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In accord with its historical role, mutarotation was the first organic 
reaction mechanism to be investigated via the kinetic isotope effect. 
I n  1933 P a c ~ u l ~ ~  showed that mutarotation of glucose in H,O is 
faster than in DzO, where all of the hydroxylic hydrogens exchange 
essentially instantaneously. This is the normal effect expected for the 
mechanism shown (189 3 190) according to modern interpretations 
of kinetic isotope effects146. Another isotopic study consistent with 
this mechanism showed that the l*O-exchange rate between water 
and the 1-position of glucose is much slower than mutarotationl*'. 

Mechanistic aspects of ring-chain tautomerism involving the 
carbonyl group other than in sugars have not been nearly so exten- 
sively investigated, although a large number of these reactions are 
recognized. Of course, the simple w-hydroxy aldehydes (191), 
analogous to sugars, equilibrate with the cyclic form (192); the 
amount of cyclic form at equilibnurn decreases with larger rings1**. 

(191 1 (192) 

Hydroxy ketones also tautomerize (e.g. mutarotation of fructose), 
2nd suitable keto aldehydes in the presence of water do the same. 

CHzPh CHZ Ph 
I I 

I I 

(193) (194 ) 

Thus the morpholine derivative 194 is formed from compound 193 
by hydration149. Functions other than simple hydroxyl groups will 

NOH 
II 

I I  
0 
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add reversibly to carbonyl, as in the tautomerism between 195 and 
196, discovered by Griffiths and Ingold 150. In  a suitable system even 
the carbon-hydrogen bond will tautomerize by carbonyl addition, 
as illustrated by 197 and 198151 

OH 

Structural 152 and mechanistic153 aspects specifically of niutaro- 
tation have been reviewed, and so has the generality of ring-chain 
tau tomerism 154. 

111. T H E R M A L  REARRANGEMENTS 

Aldehydes, ketones and amides are produced during many 
thermal reorganization reactions, and dienones have been identified 
as intermediates in certain Claiseii rearrangements. Two recent 
reviews 155. lS6 consider the scope and mechanism of the Claisen 
and similar thermal rearrangements, the first example of which 
appears to be transformation of o-dlylacetoacetic ester (i33) into 
4-carboethoxy-1-hexen-5-one (200) 157. In the same paper 157 

OCH2CH=CHa CHzCH=CH, 
I I 

CH,C=CHCOOEt --+ CH,COCHCOOEt 
(199) (200) 

Claisen reported the analogous rearrangement, under similar con- 
ditions, of o-allylacetylacetone. 

B Y  I 8  a 
O?H2CH=CH2 0 CHZCH=CHS 

I II I + PhC-NPh PhC=NPh 

(201) (202) 

A closely related reaction is the allylic rearrangementlS8 of N- 
phenylbenzimidoyl ally1 ether (201) to N-allylbenzanilide (202). 

\ /  

f---*c'c 
il , -c\ ,.c, 

Z'" 

M 
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Such reactions (199 + 200 and 201 3 202) are of a general class 
which can bz thought of as proceeding through bonding electron 
changes within a cyclic transition state (M). Consistent with the 
foregoing interpretation are the observations that N-phenylbenz- 
imidoyl a-methylallyl ether (203) afforded N-y-methylallylbenz- 

CH, 
la B Y 

OCH-CH=CH, o & H , ~ H = ~ H C H ,  
I I  I 

(203) (204) 

+ Ph(i-NPh PhG-NPh 

anilide (204), and the y-methylallyl analog (205) yielded N-a- 
methylallylbenzanilide (206) 158. 

CHB 
B Y  Y I  n 

O ~ H ~ C H = C H C H ~  o C H C H ~ H ~  

(205) (206) 

Lauer and Lockwood 159 prepared N-phenylbenzimidoyl y,y- 
dimethylallyl ether (207) and showed that rearrangement was to the 

I PhL-NPh I I  
PhLNPh 

NHCOPh 

a P  Y 
OCH2CH=C(CH3)2 ___f 

I 
PhC=NPh 

ortho position of the benzanilide ring without inversion of the ally1 
residue, for o-benzamide-y,y-dimethylallylbenzene (208) was pro- 
duced. This reaction involves two allylic transformations and resem- 
bles the guru-Claisen rearrangement (vide i n f a ) .  

The intermediate formed in  the ortho-Claisen rearrangement may 
be thought of as an enolizable dienone, although the question of 
whether it is a real intermediate or a transition state has not been 
~ e t t l e d ~ ~ ~ e l ~ ~ .  I n  the para-Claisen rearrangement (e.g. 209 + 211) 
however, there is no o-hydrogen available for enolization of the 
dienone intermediate (2101, which should, therefore, be identifiable 
in the reaction mixture. Conroy and FirestonelG0 demonstrated the 
presence of 210 in the rearrangement of 209 by trapping the inter- 
mediate with maleic anhydride to produce a Diels-Alder adduct. 
Curtin and Johnson161 demonstrated the presence of the dienone 
214 during rearrangement of 212 and 213 by showing that both 
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= B  y 
H3c& OCH2CH=CH2 H3 H 3 C a . 3  

_3 CH2CH=CH2 Y P  hH3'* H3 

'6 H2C=CH2 

Y 
C H2C H=C Hz 

(209) (210) (211) 

reactants afforded mixtures of the two possible rearrangement 
products 215 and 216. 

OC H2C H=CH2 
C H2=C-H2C 

CH3 I &Y;CH2 

CH3 
I 

CH3 
I 

(212) CH2=C--H,C 

C H2CH=CH2 
0 

CH2=C- H 2 C , & C H 2 C H = C H 2  (215) 

I 

T 

CH2C=CH2 - + I 
CH3 I 

c H3 
CH3 

I ,@ H2CH=CH2 

(214 1 
CH2=C-H2C 

CH,C=CH, 
I 

FH3 
OC H&=CH, 

CH~=~;H~C@HCH=CH~ (216) CH3 

(2131 

Lutz and Roberts have observed an isotope position isomerization 
during the thermal rearrangement of methacrolein dimer 162. The 
deuterated isomer of this dimer yielded 218 with maintenance of 
stereospecificity. The change was explained by postulation of the 
the transition state N. 

Thermal rearrangement of the vinyl ether of 4-choIesten-3/3-01 
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(219) leads to A3-5@-cholesterylacetaldehye (220) 163* le4, whereas 

H-- 0 a9 a 3  CHzCHO 

benzyl vinyl ether (221) yields 8-phenylpropionaldehyde (222) 165. 

(221) (222) 

A similar reaction is the thermal conversion166 of benzyl a-styryl 
ether (223) to /3-phenylpropiophenone (224). Several examples of 

PhCH20CH=CHz + PhCHzCHICHO 

PhCHa-O-C=CH2 PhCH2CHzCOPh 
I 
Ph 

(223) (224) 

thermal rearrangements of benzyl vinyl ethers are provided by Le 
Noble and C r e a r ~ l ~ ~ ,  who report that 3,5-dimethoxybenzyl iso- 
propenyl ether (225) is converted, upon being heated at 240°c, 
into a mixture of 80% of 2,4-dimethoxy-6-methylphenylacetone 
(226) and about 10% of 3,5-dimethoxybenzylacetone (227). The 
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CH2CHzCOCHB 
I 

(227) 

m-methoxybenzyl isopropenyl ether, when similarly treated yielded 
the two analogous ketones in approximately equal yields. 

Thermal reorganization reactions involving ketones are but a 
small fraction of the overall class which includes the Cope rearrange- 
ment lS6. Such rearrangements most probably occur through cyclic 
transition states (M), and these are much more difficult to identify 
and study than zre ionic zr radical intermediates. As a r@ult, the 
Cope and related rearrangements have not until recently begun to 
receive the intensive mechanistic study which has been expended on 
other reactions. The mechanistic aspects of these thermal reorgani- 
zation reactions have been discussed at  some length by Doering and 
Roth168 and by R h o a d ~ I ~ ~ .  

IV. OXIDATIVE REARRANCEMENTS 

Many carbon-to-oxygen and carbon-to-carbon rearrangements 
take place during decomposition of the primary products of reaction 
of organic compounds with oxygen, with sulfur, with hydrogen 
peroxide, or with peroxy acids. 

One of the best-known and most widely studied of the carbon-to- 
oxygen rearrangements is the Baeyer-Villiger reaction 169 of ketones 
with Caro’s acid170. Menthone (228), for example, is converted into 
the elactone 229, and camphor (230) yields campholide (231) 169. 
Ruzicka and S t ~ l l l ~ ~  extended the series to include 13- to 17- 
membered monocyclic ketones which yielded 14- to 18-membered 
lactones upon treatment with Caro’s acid. F r i e ~ s l ~ ~ ,  Friess and 
26 f C.C.G. 
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F a r ~ h a r n l ~ ~ ,  and Doering and S p e e r ~ l ' ~  studied the mechanism of 
the reaction and noted the migratory aptitudes for rearrangement of 
several unsymmetrical ketones with peracetic or perbenzoic acids. 
For example, in a s t ~ d y l " ~  of the oxidative rearrangements of the 
unsymmetrical ketones (232) (to yield esters 233 and 234), it w2s 

(2%) 

found that if X = methyl or methoxyl, the p-substituted phenyl 
migrates more readily than the phenyl (that is, more 233 was produced 
than 234). The phenyl, however, migrates in preference to f-chloro-, 
p-bromo-, p-nitro- and the p-phenylammonium groups. Cyclohexyl 
methyl ketone yields cyclohexyl acetate, and acetophenone yields 
phenyl acetate 172 when similarly treated. 

Three mechanisms have been proposed for the Baeyer-Villiger 
reaction; these are adequately discussed in the paper174 by Doering 
and Speers. In  a later paper'75 it was shown that when 180-labeled 
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benzophenone is treated with perbenzoic acid, none of the label 
appears in the ether oxygen of the product (phenyl benzoate), but 
that all of it is still in the carbonyl oxygen. This result, which demon- 
strates that the rearrangement is concerted and intramolecular, is 
consistent with a mechanism proposed originally by Criegee 176. 

The Baeyer-Villiger reaction bears a formal similarity to the 
Schmidt reaction of ketones with hydrazoic acid177, and to the 
carbene-insertion reaction which occurs when a ketone is treated 
with d i a z ~ m e t h a n e ~ ~ ~ .  These t h e e  reactions are illustrated in the 
formulae235 3 236,237or 238. The Schlotterbeck reaction 178 IS - use- 

0 
Baeyer-Viiliger II 

RC-OR' (236: (peroxy acids) 

ful in the ring expansion of cyclic ketones, and has been employed in 
the conversion of camphorquinone into the methyl ether of homo- 
camphorquinone 179. 

Dienes often undergo autoxidation or photo-oxidation to yield cyclic 
peroxides which subsequently rearrange to hydroxy ketones. A2*4- 
Cholestadiene (239) 180 on photo-oxidation yields the peroxide (240) 
which upon exposure to sunlight rearranges to the keto oxide (241). 



804 C .  J. Collins and J. F. Eastham 

The keto alcohol (242) is obtained by heating 241. The rearrange- 
ment of the peroxide (240 + 242) is the intramolecular equivalent 
of the decomposition of a-phenylethyl-t-butyl peroxide (243) to 

CH3 CH3 
I 

PhkH-O-O--C--CH3 - PhCOCH3 + (CH3)&OH 

LH3 
(243) 

acetophenone and t-butyl alcohol. Examples of similar trans- 
formations are the rearrangements of the autoxidation products of 
methanofuran lS2, and dehydroergosterol acetate 183, and of the 
photo-oxide 245 (in methanolic potassium hydroxide) to the keto 
glycol 246 18*. 

HO mo OH 

(246) 

PaynelS5 studied the results of the action of slightly acidic hydro- 
gen peroxide on the series of p-diketones 247, 249, 251 and 253. 

CH3 
I 

H C = O  

CHBCHzCH=CH-C, ' ' - CH3CH2CH=CHFHCOOH 

(247) 
\ c-0 

I 
CH3 
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0 

805 

(251) (252) 

COCH3 A- 
COOH 
I 
I 
I 

(254) 

CHCH3 

(c H2)3 

COOH 

The yields of the major products were 80-877L. 2-OxocycIohexane- 
carbaldehyde (255) yielded cyclopentanecarboxylic acid (250) plus 

COOH bH0 - flCooH + (CH,), I 
I 

COOH 
(255) (250) (256) 

pimelic acid (256) in yields of 26% and 41%, respectively. The 
/3-diketone 257 yields trimethylacetic and acetic acids. Payne 185 

0 CH3 0 0-0 
I 1  I I I  H,O, "'\c L/OH H+ 

CH3C-c-CCH3 
Hi * H3C/ \c/ \CH3 I 

CH3 / \  
H3C CH3 

(CH3)3CCOOH o+ O H  
HO\ /y I,OH - i- 

'C&H3 CH3COOH / \  
H3C CH3 

0 

H3C-C 

believes the mechanism of this, and similar rearrangements, involves 
formation of a peroxide bond (e.g., in 258), bond scission to yield a 
cation (e.g. 0) which then suffers cleavage and alkyl migration. A 
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similar intermediate has been proposed 186 in the acid-catalyzed 
oxidation of 259 to cyclopentanecarboxylic acid (256) plus adipic 
(260) and pimelic (256) acids. 

0 0  (yOE1 H,O, AH ,COOH ,COOH 

COOH COOH 

+ (yzh  + y z 1 5  
HOAc 

(259) (250) (250) (2%) 

P a ~ n e l ~ ~  also found that hydrogen peroxide in the presence of 
selenium dioxide will cause ring contraction of monocyclic ketones to 
carboxylic acids, e.g. with 62, 64 and 262. The yields are 23-34%. 

When treated with trifluoroperacetic acid and boron trifluo- 
ride 188. leg prehnitene (264) and hexamethylbenzene (266) are 
oxidized, with accompanying methyl migration, to the dienones 265 
and 267. The mechanism of the reaction is suggested189 (e.g. for 
prehnitene) to proceed through attack on the hydrocarbon by OH+ 
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H3c* H3 + !; 
H3C c H3 

CH3 CH3 

(266 1 (267) 

to yield an intermediate P which then suffers methyl migration and 
loss of a proton to produce the dienone. 

In  1887 W i l l g e r ~ d t ~ ~ ~  reported that 1-acetylnapthalene (268), 
upon being heated with ammonium polysulfide in a sealed tube at 
2 10-230" for several days, was converted into I-naphthylacetamide 
(269) lgl. The reaction was shown to be a general one by extension 

COCH, 
I 

CHzCONHz I 

( S S j  

to such ketones as acetophenone, 
(269) 

propiophenone and butyro- - .  
phenone to produce, respectively, phenylacetamide, 8-phenyl- 
propionamide and y-phenylbutyramide. In some cases the am- 
monium salt of the corresponding acid was also obtained. I t  was 
shown rather earlyIg2 that the carbon skeletons of the alkyl aryl 
ketones probably did not rearrange since branched alkyl skeletons 
remained intact during conversion of these ketones to amides. This 
observation has been adequately substantiated by King and McMel- 
lanIg3, by Carmack and DeTar lg4, and by Shantz and Rittenberglg5. 
Subsequently M. Calvin and his coworkers196, in one of the early 
tracer experiments with 14C, concluded that in the conversion of 
aceto- l-14C-phenone into phenylacet-2J4C-amide there was no 
rearrangement of the carbon atoms of the side chain. They stated, 
however, that the ammonium salt of phenylacetic acid appeared 
to be produced through an alternate mechanism in which some 
rearrangement of the carbon skeleton did occur. This latte- 7' con- 
clusion was later shown by Brown, Cerwonka and AndersonIg7 to be 
erroneous. Any mechanistic interpretation must take into account 
the foregoing observations plus the fact that the Willgerodt reaction 
involves not only oxidation of the terminal carbon of an alkyl side- 
chain but also the reduction, probably by hydrogen sulfide, of an 
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0x0 group to a methylene. Two reviews 19*- lg9 consider the scope and 
mechanism of the Willgerodt and related reactions. 

Several important modifications of the Willgerodt reaction have 
been worked out, the first of which is that of Kindler 2oo, who carried 
out the reactions of alkyl aryl ketones with sulfur and amines a t  high 
temperatures. Others 201 have employed dioxane and morpholine, 
respectively, as solvents; use of the latter solvent does away with the 
necessity of a sealed tube reactor. 

V. PHOTOCHEMICAL REARRANGEMENTS 

Aldehydes and ketones are particularly susceptible to photo-chemical 
rearrangement, for the absorption of ultraviolet light (about 2700- 
3000 A) by these groups leads to activated states which can undergo 
several kinds of transformation. I n  recent reviews 203-204 there are 
thorough discussions of the present state of knowledge of the triplet- 
and singlet-state intermediates, energy-transfer agents, and the types 
of spectral transition believed to be associated with particular 
transformations. The presentation here is limited, therefore, to an 
enumeration of several types of photochemical rearrangement 
which have been observed for compounds containing the aldehyde 
or ketone groups, with only occasional reference to the mechanistic 
importance of these rearrangements. 

Many ketones are converted photochemically into other ketones 
whose carbon skeletons have been altered. Although the structures of 
reactant and product might imply noninvolvement of the carbonyl 
group, the carbonyl is, in fact, intimately associated with the re- 
action. A good example is the photochemical rearrangement of 
4,4-diphenylcyclohexadienone (270) to 6,6-diphenylbicyclo[3.1 .O]- 

hex-3-en-2-one (271), which Zimmerman and Swenton205 have 
shown to proceed through a triplet state. The mechanism of the 
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conversion 270 --f 271 is important to the photochemical trans- 
formation of santonin (89) through luminosantonin (272) and the 
intermediate (274) to photosantonic acid (273) 2 0 6 - 2 0 8 ,  as are the 

0 qo L0LQO4 

O q o  - Ho*cqo 
(274) (273) 

relitec! rezrrar,gcmeats 275 3 276 and 277 ---f 278. y-Tropolone 
methyl ether, colchicine, and other derivatives of cycloheptatrienone, 
upon irradiation, are converted into bicyclic compounds 202. a-Tropo- 
lone as well as a-tropolone methyl ether (279) undergo similar 

(277) (278) 

cyclization reactions 209, and Dauben and coworkers 210 have shown 
that the initial product (280) undergoes a further photochemical 
rearrangement to yield the isomeric ether 281. The latter reaction 
(280 + 281) could be explained either by a shift of the methoxyl 
26* 
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0 

(279) (280) (281) 

group, or by rearrangement of the carbon skeleton of 280. The 
question was answered in favor of the skeletal rearrangement 210 by a 
study of the photochemical reaction of the 4-methyltropolone 
methyl ether (282) which yielded 283 and thence, on further 

cH30fJ 

H3C 

irradiation, the isomeric structure 285 through the postulated inter- 
mediates Q a n d  R. 

Another example of a ketone-to-ketone conversion is the for- 
rnation2I1 of the equilibrium mixture 287 3 288 upon irradiation 

CH3 

(2 86) (281) (288) 

of eucarvone (286) in acetic acid-ethanol. When irradiation is 
carried out in aqueous acetic acid, 1,5,5-trimethylbicyclo[Z.Z. 11-7- 
hepten-7-one (289) is also produced212. 
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0 

81 1 

(289) 

Recently the irradiation 213 of B-nor-1-dehydrotestosterone acetate 
(290) in dioxane (2537A) was shown to cause rearrangement of the 

0 
I I  dH3 ___, fl __f 

0 o +  

A and B rings to yield a product which most probably possesses 
structure 291. The rearrangement is similar to those previously 
studied by Zimmerman205 and others 207-210. 

0 

(292) < 2 93) 
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Decarbonylation with the formation of new carbon4arbon bonds 
is often a consequence of the photochemical irradiation of ketones. 
An example is the mercury-sensitized photolysis 214 of nortricyclanone 

n-Propyl alcohol -+ 
CH3 0 

H3C ,CH3 
\Cd--!!-ocH\ 

H3C / I  CH3 c H3 

(297: 

(292) to yield tricyclo[2.2.0.0 2* 6]hexane (293). Irradiation of 
symmetrical tetramethylcyclobutanedione (294) yields tetrarr-ethyl- 
ethylene (295) 215 when benzene is the solvent, whereas in n-propyl 
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hv ACOOH + 
H 

(305) 

alcohol solution the same compound is converted into the two esters 
296 a d  2S7. 

Srinivasan 216 reports that the mercury-photosensitized decom- 
position of norbornanone (298) yields all of the products 299-303. 

The photolysis 217 of diazocamphor (304), obtained by the action 
of base on the tosylate of camphorquinonehydrazone, yields exo- 
1,5,5-trimethylbicyclo[2.1.1]hexane-6-carboxylic acid (305). The 
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stereochemistry of 305 was proven by Meinwald and coworkers 218, 
who also identified additional products of the reaction to be the 
ketone 306 and the anhydride 307. Photolysis of the analogous 
diazo ketone 308 in methanol yielded a mixture of the e m -  (309) and 
endo-methylbicyclo[2.l.l]hexane-5-carboxylates (310) 219. 

Photochemical rearrangement of diazoketones has led to some 
very interesting, new fused-ring systems. Masamune 220, for example, 
photolyzed 3-(2-diazoacetyl)- 1,2-diphenyl-l-cyclopropene (311) and 

CHNz 
(311) . 

obtained the highly strained ketone 312. The similar compounds 313 
and 314 have also been prepared by the action, on analogous diazo- 

0 MPh Ph 

(313) 

222 of copper-powder catalyst, a reaction which often 
yields .products of similar nature to those obtained photochemically. 

Cyclic aliphatic ketones cleave when photolyzed. The cleavage 
reaction has been studied by S r i n i ~ a s a n ~ ~ ~ ,  224, who subjected 
cyclopentanone, cyclohexanone and 2-methylcyclohexanone to 
vaporphase photolysis. I n  each case an unsaturated aldehyde was 
produced, as illustrated by the formation of 6-heptenal (315) from 

CHz=CHCHZCHzC HZC HzCHO 

(262) (315) 

cycloheptanone (262). By-products in the reaction were carbon 
monoxide, propylene and traces of cyclohexane, 1 -hexene and 
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ethylene. Other workers had found that cyclodecanone (316), 
however, undergoes self-condensation to yield cis-9-decalol (317) 225 

in 35% yield. 

815 

o-Nitrobenzaldehyde (318) yields o-nitrosobenzoic acid (319) 

hv 

CHO COOH 

(318) (319) 

when exposed to light 226. The reaction takes place both in alcoholic 
solution and in the solid state. This, and other photochemical 
rearrangements involving transfer of oxygen, have been adequately 
discussed by de Mayo and Reid202. 
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1. INTRODUCTION 

With the development of modern experimental techniques, parti- 
cularly in analysis of complex mixtures by liquid-gas chroma- 
tographic methods, photochemistry has assumed an increasing 
importance in studies of free-radical reactions, energy-transfer 
processes, and the synthesis of new and unique organic compounds. 
Perhaps the most widely studied class of compounds, historically 
and today, is that containing the czbony! chromophore. This 
constant, and indeed ever growing, interest is inspired by both 
experimental and theoretical considerations. Thus, for example, 
the absorption spectra of most carbonyl compounds fall in the experi- 
mentally readily accessible region of the ultraviolet where quartz 
has high transmission and mercury arcs produce strong line emission 
spectra. 

I t  is generally recognized that in order to obtain a thorough 
understanding of the photochemistry of a given system, one must 
elucidate the entire ' life history' of the photoprocess; this includes 
the primary process(es) and all secondary reactions in the system. 
Noyes and his colleagues have pointed out that: 

The firitnary photochemical )recess comprises the series of events beginning with 
the absorption of a photon by a molecule and ending either with the dis- 
appearance of that molecule or with its conversion to a state such that its 
reactivity is statistically no greater than that of similar molecules in thermal 
equilibrium with their surroundings'. 

I n  the primary photochemical process there is usually a variety of 
paths for degradation of the electronic energy of excitation. Chemical 
paths include intramolecular rearrangements or the formation of 
free radicals and excited molecules which may react in secondary 
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processes to form new products of chemical interest. However, also 
usually included in the overall photochemical reaction are radiative 
and nonradiative photophysical processes which do not lead to a net 
chemical change, yet are alternative paths for loss of theabsorbed 
energy. Such processes involving electronically excited states are of 
great interest to the spectroscopist and photochemist alike z. Thus, 
‘The complete elucidation of a primary photochemical process must 
include an  understanding of all that transpires, whether or not a 
chemical reaction occurs’ I. 

The ground state and the manifold of lower excited states of a 
typical organic molecule, and the radiative (solid lines) and radia- 
tionless (wavy lines) transitions between these states are illustrated 
in Figure 1 3 .  These will be discussed in the next section. 

- - 

FIGURE 1. Manifold of excited states and intramolecular transitions between 
these states in a ‘typical’ organic molecule. Radiative and nonradiative transitions 
are solid and wavy lines respectively. IC = internal conversion between states of 
like multiplicity; ISC = intersystem crossing between states of unlike multiplicity; 
other wavy lines indicate vibrational relaxation processes. Vibrational and rota- 
tional levels are shown approximately equally spaced only for ease in presentation ; 
in reality the levels become closer as their quantum numbers increase. 

[Reproduced from ref. 3.1 
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Traditionally the spcctroscopist has focused his attention on the 
photophysical events represented by absorption and the subsequent 
radiational and radiationless transitions, including intermolecular 
electronic-encrgy transfer. Such valuable information obtained by 
the study of molecular electronic spectra can often be utilized in 
deducing the actual photochemical processes. The photochemist, 
however, has tended to be more conccrned with the overall chemical 
changes produced on irradiation and to deduce from these the nature 
of the primary energy-transfer processes involved. Today the fields 
have merged. 

Clearly, completely understanding the photochemistry of a given 
system is a monumental task encompassing many scientific ‘domains ’ 
even for simple organic compounds, and more so for complex 
molecules. However, despite this formidable challenge, in recent 
years photochemists, spectroscopists and photobiologists have com- 
bined their talents to make great progress. This is reflected in the 
wide range of articles in the recently initiated series Advances in 
Photochemistry 4. 

I t  is clearly not feasible to present here a detailed review of all 
aspects of the thousands of photochemical studies of carbonyl com- 
pounds, nor will any effort be made to give a complete list of 
references to the enormous amount of work which has been done in 
this field. Rather, we shall focus our attention primarily on photo- 
chemical processes of ketones and aldehydes, referring the reader to 
r e ~ i e ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ,  the Advances in Photochemistry series4, 
and the recent monograph Photochemistry for other carbonyl com- 
pounds and detailed discussions of current theory and applications 
of photochemistry in general. We shall emphasize those compounds 
whose photophysical and photochemical processes are beginning to 
be understood, and consider the roles of molecular and electronic 
structure and overall molecular environment in determining the 
nature and degree of their primary and secondary processes. 
Interesting relationships between intramolecular processes of certain 
ketones and aldehydes initiated by photolysis, radiolysis, and electron 
impact also will be considered. We shall not consider experimental 
aspects of the photochemistry of carbonyl compounds, since recent 
techniques have been discussed in detail3. 

I t .  SPECTROSCOPY OF T H E  C A R B O N Y L  G R O U P  

A. Absorption Spectra 

The first law of photochemistry states that for light to be effective 
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TABLE 1. Absorption spectra of some ketones and aldehydes*. 

Compound Absorption bands 

Saturakd 
Formaldehyde (gas) 
Acetaldehyde (gas) 
Propionaldehyde (water) 
Isobutyraldehyde (water) 
Acetone (hexane) 
Methyl ethyl ketone 

(alcohol) 
Methyl t-butyl ketone 

(chloroform) 
Di-t-butyl ketone 

(alcohol) 
Cyclobutanone 
Cyclopentanone 
Bicyclo[3. 1 .O]-Z-hexan- 

Unsaturated 
Acrolein (water) 
a-Methacrolein (hexane) 
Crotonaldehyde 

(isooctane) 
Propargyl aldehyde 

(isooctane) 
Ketenc 
Methyl vinyl ketone 

(alcohol) 
Methyl isopropenyl 

ketone (alcohol) 
2-Cyclohexenone (alcohol) 
1 -Acetylcyclohexene 
2,4-Hexadienal (alcohol) 
trum-3-Hexen-5-yn-2-one 

Phorone 
1 -Acetylazulene 

Aromatic 
Benzaldehyde (alcohol) 
Acetophenone (alcohol) 
Benzophenone (alcohol) 
Benzoylpiperidine 

one (isooctane) 

(alcohol) 

(methylene chloride) 

3040l 
2934d 
2775b 
2860' 
2790d 

2735" 

2850d 

2950b 
2954' 
2900' 

2884' 

3150b 
2 130" 

3410b 

3820" 
3300" 

3200b 

3150b 
2250' 
2320d 
2710" 

330OC 
3747" 
5460d 

3280b 
3 1 90b 
3250b 

3520d 

1-25' 1745' 
1*07d 1815" 
1 . 1 2 b  
1 *4' 
1.17d 1900' 

1.24" 

1 -32d 

1-30* 
1.17' 
1.27' 

1.26" 1880" 

1.4lb 210gb 
4.05' 

1 0 3 8 ~  2140b 

0.7" 2180" 
1 *07' 

1-4b 2180b 
3.68' 
4.Ogd 
4.49e 

1-75' 2575" 
1*9Ia 2630" 
2 . 6 4 d  

1-30b 2800b 
1-6gb 2780b 
2.25b 2520b 

2-4Qd 2420d 

3-89" 1560' 4-37' 
4.01" 1693' 2-96" 

3.04' 1540" Strong 

3.76" 

4*06b 

4*20b 

3.6' 

3*85b 

3*90b 

4.22" 
4.30" 

4*01d 

See next page for notes. 
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in promoting a photochemical reaction it must be absorbed. Thus, 
the first step in a proposed study of a photochemical process is to 
obtain the absorption spectrum of the compound. 

The carbonyl chromophore in simple aldehydes and ketones has a 
relatively weak first absorption band in the ultraviolet starting at  
about 3300-3400 A and reaching a maximum in the region of 2775- 
2875 A depending upon the particular compound. In  the far ultra- 
violet region simple aldehydes and ketones also exhibit two intense 
absorption bands with maxima a t  about 19OOA and 1600A, res- 
pectively. The Am,, and molar extinction coefficient emaX ofsome 
ketones and aldehydes are given in Table 1. 

Theoretical analysis of these electronic transitions, particularly 
the first band, have been made by many spectroscopists, notably 
Kasha 5, Mulliken 6, and Sidman '. However, while a reasonably 
satisfactory treatment of the nature and energy of the lowest excited 
states of formaldehyde is available, the status of more complex com- 
pounds is derived more from analogy with formaldehyde and from 
semiemprical correlations (e.g. blue shift in polar solvents for 
n+m* transitions) than from definitive theoretical calculations. 

Two molecular orbitals (MO) make up the carbon-oxygen double 
bond: a O-MO and a T-MO. Two pairs of unshared electrons on the 
oxygen atom occupy n orbitals (nonbonding) : one of the two pairs is 
believed to be in an sp-hybrid orbital in which the electrons are firmly 
held, the other pair is in a 2p orbital from which an electron may be 
easily excited. For simple ketones and aldehydes, only the u and 
7~ orbitals of the carbonyl group and the 2 p n  orbital on the oxygen 
atom seem to be important in electronic transitions in the ultra- 
violet. 

The weak long-wavelength absorption band of simple aliphatic 
ketones and aldehydes about 20) was first suggested by Mul- 
liken6 to have its origin in a singlet-singlet transition, forbidden on 
symmetry grounds. It involves the excitation of a nonbonding 2p 

For original references, see: 
a G. W. Wheland, Resonunc6 in Organic Chrnhy ,  John Wdey and Sons, New York, 1955, Chap. 6. 
b R. M. Silverstein and G. C. Bassler, Specfromtfric Idenf$catbn OJ Orgrrnk Compoundr, John Wiley 

c J. G. Calvert and J. N. Pitts, Jr., Phofochemirfry, John hViIey and Sons, New York, 1965. 
d H. H. JaffC and M. Orchin, Theory and Applications.oJ Ulfrauwlet Spccfroscop.q, John Wilcy and 

6 J. P. Phillips and F. C. Nachod, Organic Elccfronk Specfral Dafu, Vol. IV, Interscience Pub- 

f Unuublished data of G. R. McMiUan and J. G.  Calvert. 

and Sons, New York, 1963, pp. 98-100. 

Sons, New York, 1962. 

lishers, New York, 1963. 

* A,,, is the wavelength of the absorption maximum in Angstrom units. The molar extinction 
coefficient E is defined by ID/Z = ebc where c = concentration of solute in mole/l and 6 = path 
length in cm. 
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electron on the oxygen atom to the antibonding Z-*-MO; Kasha5 
describes it as a n--rrr* transition. The second absorption band is 
probably related to an allowed n-m* singlet-singlet transition, 
while the third strong absorption band may be due to an allowed 
7r-* singlet-singlet transition in which an electron of the T-MO is 
promoted to a higher energy Z-*-MO of the same carbonyl chromo- 
phore. Detailed references to this subject are found in ref. 5 .  

An important, though perhaps not conclusively established, 
qualitative feature of an n-m* transition is that excitation of the n 
electron into the antibonding orbital generates a partial formal 
positive charge, S +, on the oxygen atom and a partial formal nega- 
tive charge, S - , on the carbon atom *. This is opposite in direction to 
the dipole moment in the ground state and has been used to explain 
certain hydrogen-atom abstracting properties of various carbonyl 
compounds (section 1II.G). An electron-redistribution mechanism 
based on this premise has been employed by Zimmerman to account 
for a large number of photochemical reactions of ketones g. Chapman 
has also developed a mechanistic interpretation of the photochemical 
reactions of unsaturated ketones lo. 

I t  is worth noting here the original suggestion of Backstromll in 
1934 that the excited state of benzophenone can be written as the 
biradical (C,H,) 2C-o in the classic hydrogen-atom abstraction 
process 

I t  is a useful working concept, even though we now recognize that 
the biradical (C,H,),C-0 is actually the triplet state of benzophen- 
one formed in the sequence12-14 

J. N. Pitts, Jr., and J. K. S. Wan 

RH 
(C6H5)2C0 + hv + (C,H5)21-0 __j (C6Hs)2&OH + R. 

(CeH5)2CO (50) + hv __f (CSH5)2C0 (51) _~_f (Cd%)zCO (TI) 

B. Erects of Molecular Structure on the Absorption Spectra 

Varying the molecular structure of an aldehyde or ketone may be 
reflected in pronounced changes in both the absorption spectra and 
photochemical reactivity; this is the case with @-substituted butyro- 
phenones and benzophenones (sections V1I.B and VI1I.B). O n  the 
other hand, there may be relatively small changes in the absorption 
spectra but pronounced differences in overall photochemical 
reactivities as, for example, in the series of methyl cyclopropyl 
ketones (Section V.B). These two general types of effects have recently 
been discussed by Pitts and co!league~~~. Here we shall note briefly 
the effects of structure on absorption spectra. 
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1. Saturated ketones and aldehydes 

All saturated ketones and aldehydes show a weak absorption band 
(emax z 20) in the near ultraviolet with the aldehyde band usually 
occurring at somewhat longer wavelengths. This band arises from an 
n-m* transition. The bathochromic effect of substitution on the 
alkyl chain of some ketones is apparent in Table 1. The effect of ring 
size and structure on the absorption characteristics of alicyclic 
ketones has been reportedl6*l7. 

2. Unsaturated ketones and aldehydes 

Ketones and aldehydes containing a carbonyl group in conjuga- 
tion with an ethylenic linkage (i.e. a,p-unssturated) show a weak 
n,r* band which is displaced toward longer wavelengths, around 
3000-3500 A. The second band, presumably resulting from an 
intense n-m* transition, now appears in the 2150-2500 A region, 
making it far more experimentally accessible than the second band 
of the aliphatic analogs which maximizes around 1900 A. The posi- 
tion of the n,n* band is subsequently affected by substitution on the 
ci- and /3-carbon atoms; a useful empirical generalization for this 
substitution effect has been proposed by Woodward 18. 

3. Aromatic ketones and aldehydes 

Replacement of an alkyl group in a ketone or aldehyde by an 
aromatic ring shifts the n--m* transition toward longer wavelengths 
and increases E,,,. This is clearly demonstrated by comparing the 
spectral data for acetone, acetophenone and benzophenone in 
Table 1. 

The effect of substituent groups on the absorption spectra of aro- 
matic ketones and aldehydes is illustrated by the substituted butyro- 
phenones15 (approximately M in benzene) shown in Figure, 2. 
Butyroplienone and the p-methyl derivative display a low intensity 
band ( c  x 100) in the 3000-3500 A region. This displays the charac- 
teristic blue shift in polar solvents and is thus assigned to an n-vrs" 
transition. I n  the case oft-methoxybutyrophenone a blue shift of the 
n,n* band and a red shift (with increasing intensity) of the n,n* 
band cause the two bands to merge and the n,n* band is seen as a 
shoulder on the intense n,n* band. The stronger electron-donating 
effects exhibited byf-NH, andp-OH substituents shift the absorption 
spectra to such an extent that the n,r* band is completely masked by 
the strong r,n* band. A similar shift of the intense n,r* band is well 
known for such p-substituted benzophenone -". 
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FIGURE 2. Absorption spectra of approximately nf solutions of several 
substituted butyrophenones in benzene. [Reproduced, by permission, from ref. 15.1 

In  o-hydroxybutyrophenone the intense r,r* band centered at 
3250 A (Figure 2) does not alter position on changing from hydro- 
carbon to alcohol solvent. Coupled with other photochemical and 
n.m.r. spectroscopic evidence, it is assumed that the hydroxy proton 
is intrarnolecularly hydrogen bonded to the carbonyl chromophore 
in the ground state of o-hydroxybutyrophenone. 

Recently it has been demonstrated that the nature of the para 
substituents of aromatic and aryl alkyl ketones also has a dramatic 
effect on their photochemical reactivity, phosphorescence spectra, 
and e.p.r. signals (at g = 4) 15J0*20-23. Presumably substitution 
alters not only the singlet-singlet absorption but also the energy and 
nature of the lowest excited states, i.e. the state involved in emission 
and probably in photochemical reactions in solution. This is dis- 
cussed in sections VII and VIII. 

C. Efect of Solvents on the Absorption Spectra 
The effect of solvents upon the n+* transitions in carbonyl 

compounds has been well recognized and discussed 5*24. I n  changing 
from hydrocarbon solvents to polar hydroxylic solvents a relatively 
large blue shift is observed for an n+v* transition and a smaller red 
shift is found for a TTT.* transitionz4. The n,r* and the r,v* bands 
are thus most widely separated in nonpolar solvents. I n  polar solvents 
under favorable conditions the blue shift of the n , ~ *  band and the 
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red shift of the T,T* band can result in the merging of these two 
bands. I n  acidic media the n , ~ *  band may be shifted so far to the 
blue that it virtually ‘disappears’, whereas the T,T* band n a y  be 
shifted considerably to the red into the experimentally convenient 
photochemical region. Such solvent shifts may have important 
photochemical consequences. 

D. Emission from Excited States 

The electronic energy acquired by photoexcited molecules may be 
dissipated in various ways including both photophysical and photo- 
chemical processes. The former, shown schematically in Figure 1, 
includes all radiative and nonradiative transitions of the excited 
states that do not produce permanent chemical changes. Let us 
consider with the aid of this figure such processes of a ‘normal’ 
carbonyl compound. 

The ground states of most orgznic molecules are singlet in 
character, So. Absorption of light produces an excited electronic 
state which, in accordance with spin-conservation rules, is also a 
singlet, S,. The molecule also may be vibrationally excited; this is 
symbolized Sy. Such vibrational excitation is a particularly important 
effect in vapor-phase studies since dissociation (and perhaps inter- 
system crossing, see below) may occur from these states (Sy, s:’, etc.). 
This is evidenced, for example, in the effect of wavelength on the 
photochemical quantum yields of simple aliphatic aldehydes and 
ketones. Although photodecomposition may occur from such levels, 
the vibrational cascades S,V NI+ S,V’ are very fast compared to rates of 
emission so that except for very simple molecules at  low pressures 
(e.g. iodine a t  1 mm pressure) fluorescence always originates from 
the lowest vibrational level of the lowest excited singlet state, 

Internal conversion between excited electronic statcs of carbonyl 
compounds (i.e. Sg - S:’) also is fast relative to emission so that 
although excitation may be to the second electronic absorption band, 
(So + iiv - i  Sz), emission of fluorescence originates from the S? level. 
The sequence is 

s,o +so + hv. 

so + hv __f s,v - s; -* s:’ - s,o __f so + hv 

Dissociation, however, may occur from the second excited state. 
For each excited singlet state there is a corresponding triplet level, 

always at a lower energy. Thus a photoescited ‘normal’ ketone or 
aldehyde in a fluid phase which has reached the S‘: level may have 

27+c.c.~. 
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the following intramolecular paths to degrade its energy (Figure 1) : 
fluorescence (S,O +So + hv), internal conversion to a highly vibra- 
tionally excited ground state (S,O - S;), intersystem crossing to a 
vibrationally excited level of the lowest triplet state (5': - T;), or 
a photochemical reaction. There also may be, in certain cases, the 
possibility of intermolecular processes including sensitized decom- 
position and electronic energy transfer, 55 +- Sf -+ St + Sgd, where a 
and d refer to acceptor and donor molecules respectively. For the 
sake of this discussion we shall not consider these intermolecular 
processes involving singlet states. 

The intersystem crossing S,O - 2";' is a very important process; in 
the case of benzophenone, for example, the quantum yield of inter- 
system crossing, is virtually unity (see Table 2). Having 
reached the lowest triplet level (T,"' - T: is also fast) the intramolecular 
processes available to the excited molecule are phosphorescence 
(5": -+ S;" + hv), intersystem crossing, or a chemical reaction. 
Intermolecular processes include chemical reactions and electronic 
energy transfer (S t  + 2": 3 TF -F Sgd); both are highly important 
processes in the carbonyl photochemistry as we shall see subsequently. 
Triplet ener.gy levels and quantum yieids for intersystem crossing 
for several aldehydes and ketones are shown in Table 2. 

TABLE 2. Triplet state energies of some ketones and aldehydes and quantum 
yields for intersystem crossing in benzene solution at 29"~.  

Triplet energy (kcal/mole)a*d 
Compound 

MCIP solutionb EPA solutionC @it30 

Benzophenone 68.5 
Acetophenone 73.6 
Benzaldehyde 71.9 
2-Ace tonaphthone 59.3 
Fluorenone 53.3 
p-Methylbenzophenone 
p-Bromobenzophenone 
1 -Naphthaldehyde 56.3 
2-Naphthaldehyde 59.5 

69.2 0.99 
73.6 0.99 
71-3 - 
59.5 0.84 

0.93 
1 -03 
1.01 

56-3 

a These values refer to the maximum of thc 0-0 line of the phosphorescence measured spectro- 

* MCIP: methyl cyclohexancisopentane, 5: 1 by volume. 
photometrically at 77"~. 

EPA: ether-isopentane-ethanol, 5:5: 2 by volume. 
For original references, see ref. 25. 
Taken from ref. 26; w e  are indebted to Professor Hammond and Dr. Lamola for supplying 

these important data. 
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The fate of the highly vibrationally excited ground state S; from 
internal conversion (also S;’ from intersystem crossing) is usually 
considered to be simple vibrational cascade to the ground vibrational 
state. However, evidence is accumulating that in certain systems 
chemical reactions may occur from these higher vibrationally excited 
ground states 237. 

Whether or not the internal conversion process ever occurs in 
ketone and aldehyde photochemistry is not definitely established, 
much less the type of reactions the highly vibrationally excited 
molecule 5’; might undergo. However, i t  may in some systems be an 
important process (see, e.g., equation 154a273). 

In  the case of normal ketones and aldehydes, such as benzo- 
phenone, both the lowest singlet and triplet states are n,r* in nature. 
I n  abnormal ketones and aldehydes, e.g. p-phenyibenzophenone, the 
r,r* triplet appears to lie below the n,r* triplet; hence the lowest 
energy states are the n,r* singlet and the r,r* triplet. This is of 
great interest since it is generally recognized that in solution the 
lowest excited states are those involved in photochemical reactions. 
Thus, in certain cases where the n,r* and T,T* triplets lie very close 
to each other, a change of solvent may result in an inversion in energy 
levels of the triplets and consequently alter the nature of the photo- 
chemical reaction. 

For more details on the theoretical and experimental aspects of the 
important subject of primary photophysical processes, which 
because of space limitation we regretfully have had to treat in a 
cursory manner here, the reader is referred to the original references 
cited here and in ref. 3. 

111. PRIMARY P H O T O C H E M I C A L  PROCESSES O F  KETQNES 
AND A L D E H Y D E S  

A. Types of Primary Photochemical Reactions 
An electronically excited molecule may undergo more than one 

primary photochemical reaction. Esamples of several of the more 
common processes involving ketones and aldehydes are summarized 
in  Table 3. 

The relative efficiency of various overall reaction modes is 
governed by factors such as molecular structure, nature of the 
solvent, reaction phase, pressure, temperature, wavelength, and 
intensity of the light absorbed. Detailed correlations between such 
parameters and the overall modes of photochemical reaction require 
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TABLE 3. ‘Primary’ photochemical processes of ketones and 
aldehydes. 

Sample reaction Classification 

CH3e0 + c3H7 

cH3 + CsH,CO Dissociation into free 
radicals 

1H3 + c3H7 + CO 
CH3COCH2CH2CH3 + hu 

CH3COCH3 -F CzH4 Photocycloelimination 
into molecules; 
intramolecular 
hydrogen-atom 

OH abstraction 
Photorearrangement into 

I 
CH~C-CHZ 

H2C-CH2 
I I  cyclic carbinol 

c 
Photisomerization 

Intramolecular skeletal 
rearrangement 

Intermolecular hydrogen- 
atom abstraction 

Photocyclodimerization 

CSH, 
(C6Hs)zCO + hv+ (CeH&C---O Carbonyl photocyclo- 

addition to olefin 

Photsensitized 
isomerization 
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painstaking accumulation of quantitative experimental data ; to date 
these are available only for a very few systems, notably the simple 
aliphatic ketones and aldehydes and benzophenone. 

A wavelength effect within an  absorption band on the quantum 
yield of a given photochemical process indicates that the reaction 
occurs before the excess vibrational energy can be equilibrated with 
the surroundings. The rate of equilibration of vibrational energy 
depends markedly on the collision frequency and the nature of the 
colliding partner. Thus, in gas-phase photolyses wavelength effects are 
often observed. However, in the liquid phase collisions are much more 
frequent and the rapid loss of vibrational energy in most cases 
‘ masks’apossiblewavelength effect. I n  additionto vibrationalquench- 
ing, in some systems collisional quenching of the electronic energy 
is an important process (e.g. ketene and methyl propenyl ketone, both 
of which dissociate via an ‘ excited-molecule ’ mechanism). 

Liquid-phase photochemical reactions differ from vapor-phase 
systems in two major respects. First, in  liquids collisional deacti- 
vation of excited ketone or aldehyde molecules becomes much more 
important. This can be visualized as vapor-phase photolysis at  very 
high pressures. Second, interactions between the excited ketone or 
aldehyde and a solvent molecule may lead to various new photo- 
chemical reactions or energy-transfer processes depending upon the 
nature of the solvent. Such bimolecular photochemical reactions 
between an  excited ketone or aldehyde and an added gas are much 
less efficient in  the vapor phase. 
In addition ‘cage’ and ‘diffusion’ effects may become controlling 

factors in secondary thermal reactions in the liquid phase. This 
sometimes reflects directly upon the apparent yield of the primary 
photodecomposition. For example, a photoescited ketone which 
dissociates into free radicals in the gas phase with a high quantum 
efficiency may appear to be relatively stable to photodissociation 
because of the rapid recombination of the primary radicals within 
the solvent ‘cage’. 

Temperature may play a variety of roles in photochemical 
reactions. For example, its effect on primary photochemical pro- 
cesses is small compared to its secondary effect on secondary free- 
radical thermal reactions with appreciable activation energies. 
Then again, for some ‘ diffusion-controlled ’ bimolecular reactions 
between an excited molecule and a ground-state molecule in the 
liquid phase, the efIect of temperature on the viscosity of the medium 
becomes apparent in the overall reaction. 
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The effect of the intensity of light absorbed on photochemical 
reactions is most often manifested in the increased rates of secondary 
free-radical recombination reaction at  high intensities. This effect 
is particularly obvious in flash photolysis experiments such as those 
on acetone and aliphatic aldehydes conducted in Claesson’s labora- 
t o r i e ~ ~ ~ .  Incidentally, we might caution the reader that in some con- 
ventional ‘steady’ photolyses reported in the literature, the so-called 
‘wavelength’ effects are actually due to difference in the intensity of 
light absorbed. 

I n  the following sections we shall discuss each of the various 
primary photochemical processes of ketones and aldehydes listed in 
Table 3 with reference to the factors mentioned above. 

B. Free-radical Qecarbonylation 
Photodecomposition of ketones and aldehydes into free radicals is 

sometimes referred to as the ‘Type I’ sp1it3O. Apparently it may 
involve either the excited singlet state or the triplet state. As a rule, in 
solution at room temperature the free-radical decarbonylation occurs 
with a very low efficiency probably because of an efficient ‘cage’ 
recombination of the primary radicals. At elevated temperatures in 
solution the quantum yield of CO from acetone is still very 
but that of diethyl ketone is relatively large29. The difference is 
presumably due to the much greater stability of the acetyl versus the 
propionyl radical, since the difference in quantum yields of CO shows 
up also in vapor-phase photolyses of these two ketones at 25”. 

kz + dOR1 

RlCO + R1 
k2 + Rl + co 

RlCOR2 + hv 

If R1 and R2 are different alkyl groups, both of the alternative 
processes of bond cleavage (la) and (lb) occur. However, a distinct 
preference is shown for the process involving the rupture of the 
weakest bond and formation of the most stable radicals when the 
absorbed light is at the longer wavelengths. As the energy of the 
absorbed quantum increases, this selectivity between the two pro- 
cesses decreases markedly. 

Depending on the energy of the absorbed quantum, various 
fractions of the RICO and R2C0 radicals are vibrationally ‘hot’ 
and may decompose rapidly into an alkyl radical and CO in an early 
vibration following the primary act. The stability of equilibrated 
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RICO and R260 radicals depends markedly upon temperature with 
virtually complete dissociation of acetyl radicals at temperatures 
abov: 120". Other si-nple acyl radicals are less stable than acetyl 
and the quantum yield of CO approaches unity at correspondingly 
lower temperatures. 

For ketones in which R1 and R2 are alkyl groups without a 
y-hydrogen atom, the free-radical decomposition is the major 
primary process in the near-ultraviolet photolysis. This process 
becomes relatively less efficient when one of the alkyl groups con- 
tains a hydrogen atom on the y-carbon and a Type I1 process can 
occur (vide infra) . 

The situation is somewhat different for aldehydes with R2 being a 
reactive hydrogen atom. Thus Blacet and coworkers30 have estab- 
lished that the major mode of free-radical decomposition at all wave- 
lengths in the first absorption band is reaction (2). 

RCHO + h r +  k 4 CHO (2) 

Photodissociation of acetaldehyde into H -t CH,CO radicals has 
been observed to date only in flash photolysis31, although it may be 
an  important process at short wavelengths. We might note here that 
the aldehyde hydrogen is easily abstracted by radicals and hydrogen 
atoms producing RCO radicals in a secondary thermal reaction. 
This in turn leads to a chain production of CO which is not found in 
the photolysis of simple ketones until relatively high temperatures 
are reached. 

An additional vapor-phase free-radical mode of primary photo- 
decomposition has also been observed with the aliphatic aldehydes 32, 
reaction (3). I t  is of low efficiency at 3130 A, but increases at shorter 
wavelengths and with increasing numbers of CH, groups at the 
p-carbon atom until at 1849 A it is a major process. I t  is interesting to 
note that reaction (3) is a good example where energy initially 

(3) 

absorbed in a carbonyl group can be transferred down a side-chain 
and ultimately result in the rupture of a terminal carbon-carbon 
bond. No analogcus decomposition has been reported for the alipha- 
tic ketones. 

CH3CH2CH2CH0 f hv _I, i3H3 f kH2CH,CH0 

C. Decarbonylotion by lntremoleculor Elimination 

The intramolecular photodecomposition forming a hydrocarbon 
and CO has been observed only in aldehydes and cyclic ketones. 



840 J. N. Pitts, Jr., and J. K. S. Wan 

There appears to be no analog of reaction (4) with the aliphatic 
ketones. 

RCHO+hv+RH+CO (4) 

With aliphatic aldehydes including formaldehyde, reaction (4) 
is one of the gcncral modes of photodecomposition. Although the 
nature of the excited state participating in reaction (4,) is not well 
established, it is known that the intramolecular elimination of CO is 
negligible at  3130 A but becomes a major process at 2537 A. This 
suggests that the decomposition may involvc dissociation from the 
upper vibrational levels of a short-lived excited singlet. 

With cyclic ketones, decarbonylation appears to proceed mainly 
via an intramolecular elimination mechanism, and reaction (4) can 
now be replaced by two different processes as illustrated in (5) and 
(6). The relative efficiency of the decarbonylation processes is sensi- 
tive to the ring size, the ring structure and the physical state of the 

cyclic ketones being irradiated. Thus, while it is the major primary 
photochemical reaction in the gas phase at low pressures, it is 
much less important in the liquid phase. Presumably, decarbonyla- 
tion arises from the first excited singlet state 33, 

I t  has been suggested by S r i n i ~ a s a n ~ ~  in his review article on the 
photochemistry of cyclic ketones that the photodissociative processes 
(5) and (6) involve a vibrationally excited diradical intermediate, 
CH,(CH,),CO, formed by cleavage of the carbon-carbon bond 
adjacent to the carbonyl chromophore. After losing CO in an early 
vibration, the remaining fragment of the diradical presumably under- 
goes a very rapid intramolecular combination (reaction 5) or self- 
disproportionation (reaction 6). Because of the very fast rate of these 
processes it is difficult to test this proposed mechanism with conven- 
tional radical-scavenger techniqucs so that one cannot rule out the 
alternate possibility of reactions ( 5 )  and (6) being concerted intra- 
molecular processes that do not involve diradical intermediates. The 
diradical mechanism is the most attractive but we should note that 
the effects of temperature, light intensity, and wavelength on the 
decarbonylation processes of cyclic ketoncs have not been systema- 
tically and quantitatively investigated. 
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D. Photocycloelimination of Olefins 

In this section we shall consider various intramolecular photo- 
decompositions which do not involve decarbonylation. Most of these 
intramolecular decompositions of ketones and aldehydes can be 
rationalized in terms of a mechanism involving a cyclic intermediate. 

1. T h e  ‘Type II’ split with a six-membered cyclic intermediate 

Reaction ( 7 ) ,  often referred to as the Norrish ‘Type 11’ split40, or 
simply ‘Type 11’ is a mode of intramolecular decomposition 
common to all aliphatic ketones and aldehydes having a y-hydrogen 
atom on the alkyl chain. I t  occurs in the gas or liquid phase. There is 
no known case of a saturated ketone or aldehyde with y-hydrogen 
atoms not undergoing this Type I1 split. 

Davis and no ye^^^ first suggested a six-membered cyclic con- 
figuration (1) as an  intermediate in reaction (7) and recently direct 
observation of the transient enol form by long-path infrared spectro- 
scopy has been reported36. Based on this direct and other more 
indirect but compelling evidence involving deuterium sub- 
~ t i t u t i o n ~ ~  -39, it is now generally accepted that the intramolecular 
process (7) proceeds via photocycloelimination. 

Intramolecular decompositions analogous to the Type I1 split 
have not been reported in hdogen-substituted or unsaturated 
aliphatic ketones and aldehydes. Similarly 1,2-diketones having 
y-hydrogen atoms do not undergo the Type I1 split. In  the latter 
two cases intramolecular photocyclization occurs instead, a t  least in 
the liquid phase (see section 1II.F). Little is known about the gas- 
phase reactions. 

Replacement of one of the alkyl groups by an aromatic ring or by 
a cyclic structure does not prevent the occurrence of the Type I1 
decomposition. For example, both butyrophenone 23 (reaction 8) and 
menthone 4 0  (2, reaction 9) photodecompose predominantly by a 
Type 11 split mechanism. Methoxyacetone also photodecomposes 
by a Type I1 split (reaction 10) 41. 

27* 
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Temperature has little effect on the efficiency of the Type I1 
intramolecular decomposition. Furthermore, the reaction is impor- 
tant in the liquid as well as in the vapor phase. 

The nature of the excited state involved in the Type I1 process is 
still at  the controversial stage. Brunet and no ye^^^, working with 
oxygen-quenching experiments, concluded that an excited triplet 
was not involved in the Type I1 process. I n  addition, Michael and 
Noyes43 observed that addition of biacetyl quenches the Type I1 
split in the photolysis of methyl n-propyl ketone and suggested 
that both the energy-transfer process and the Type I1 process occur 
via a singlet excited state of the ketone. 

O n  the other hand, Ausloos and Rebbert44 report that at 3130 A 
Type I1 processes are quenched by the addition of biacetyl and 
that the light emitted by various ketone-biacetyl mixtures con- 
taining 1 mm of oxygen is identical with that emitted by pure 
ketone alone. Thus, they conclude that the energy-transfer process 
gives only triplet excited biacetyl and that consequently the Type I1 
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process occurs via an excited triplet state. Their conclusion is further 
supported by the study of the photolysis of ketone-aldehyde mixtures 
a t  3 130 A in which they show that the Type I1 process of n-butyralde- 
hyde is photosensitized by triplet acetone 45. 

The significance of y-hydrogen transfer mechanism in the photo- 
chemistry of 20-0x0 steroids has been discussed in a recent review by 
Chapman lo. This photochemical synthetic route has increasingly 
claimed more interest on the part of organic chemists in the field of 
natural products. 

2. Other intramolecular photocycloeliminations 

While the ' Type 11' split via a six-membered cyclic intermediate 
is exclusive for saturated ketones and aldehydes with y-hydrogen 
atoms, recent studies have shown that in some cases photocyclo- 
elimination can occur, presumably via a four-membered cyclic. 
intermediate which involves participation of a ,%hydrogen atom. 
For example, a t  2537 A a major process of methyl isopropyl ketone is 
the intramolecular decomposition into acetaldehyde and p r ~ p y l e n e ~ ~ .  

0 0 
I I  

CH3 CCH(CH3)Z + hv w CH3CHO + C3He (1 1) 

H . . . . C H 1 

Reaction (1 1) in which a ,&hydrogen atom is transferred has been 
suggested as a 'Type 111' split46. I t  is found to be highly sensitive to 
wavelength in contrast to the virtually wavelength-independent 
nature of the Type I1 decomposition. Thus a t  3130 A reaction (1 1) 
is suppressed by the usually free-radical mode of decomposition and 
becomes important only toward shorter wavelengths. Its dependence 
upon temperature and pressure has, however, not been quantita- 
tively studied. We should note that a five-membered cyclic inter- 
mediate (1 la)  is also a possibility. This was noted in the liquid-phase 
radiation chemistry of methyl propyl ketone where a Type I11 
process apparently competes with a Type I1 split47. 

Another example of such a Type 111 process is the 3 130 A photolysis 
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of 3-hydroxy-2-butanone in the vapor phase in which acetalde- 
hyde is found to be a major product independent of temperature in 
the range of 40-150"c *O. The formation of acetaldehyde is attributed 
to the intramolecular photocycloelimination process (12). The effects 

O H  0 

(12) 

of wavelength and pressure on this reaction have not yet been studied 
in detail. 

A further example by Heicklen and coworkers 49 illustrates that in 
some ketones with favorable structure photocycloelimination can 

// 
\ 

H 

CH3C- " L -CH3 + h~ 2 CHSC 
I 

OH 

CH3C--C--C-CH3 [ 1 H..**O-CH3 -/"'I (13) 

0 cw3 

II I 
CH3CC HzC-OCHB 

I 

,CH3 
0 
I I  

CHsCCH=C, + CHSOH 
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occur via two or three different cyclic intermediates simultaneously. 
Thus, photolysis of 4-methoxy-4-methyl-2-pentanone (3) in various 
solvents leads to three different intramolecular decompositions 
involving four- , six-, and seven-membered cyclic intermediates 49 

(reactions 13, 14, 15). The photolysis of 3 in heptane, ethanol, and 
allyl alcohol yields mesityl oxide (Q) ,  methanol, and a hydroxy- 
tetrahydrofuran derivative (6 )  as major products. The expected 
Type I1 process which produces acetone and methyl isopropenyl 
ether ( 5 )  was only observed as a minor reaction, while the intra- 
molecular rearrangement to a cyclic alcochol was not found. The 
nature and ratios of products are not sensitive to a change of solvents. 
A free-radical mechanism in the photolysis was excluded, since allyl 
alcohol failed to show any radical-scavenging effects. The quantum- 
yield estimate indicates the following breakdown : 

0(13) z 0.25, fDCl4) z 0-04, OCl5) z 0.17, and Odezctivation z 0.54 

The four-fold higher quantum efficiency of reaction (15) over that 
of the Type I1 process (14) suggests that in spite of the 2 : 1 ratio of 
y-hydrogen atoms to methoxy hydrogens, the seven-membered 
ring is preferentially formed to the six-membered ring. I t  is not 
certain whether the preference is due to the more labile methoxy 
hydrogens or to the different nature of excited states involved in the 
two reactions. I t  is also not known whether these intramolecular 
decompositions are sensitive to wavelength and to a change of 
reaction phase. 

The present status of photocycloelimination involving four- 
membered or seven-membered cyclic intermediates (or possibly 
five-membered) is still in a speculative stage, as no direct unequivocal 
evidence has been obtained. In  most cases postulation of a cyclo- 
elimination mechanism is made by analogy to the more established 
‘Type 11’ process in order to explain the experimental results. 
However the proposed mechanisms do seem reasonable. 

3. Intramolecular elimination from cyclic ketones 

A few cyclic ketones photodecompose into an olefin and ketene. 
For example, cyclobutanone at 3130 X decomposes largely to ethyl- 
ene and ketene60-s2 (reaction 16). This reaction has not been 

do + hv CZH, + CHzCO 



846 J. N. Pitts, Jr., and J. K. S. Wan 

quantitatively studied with respect to temperature, pressure, and 
wavelength and no data are available for the liquid phase. 

I t  is interesting that in the series of simple cyclic ketones (from 
cyclobutanone to cycloheptanone) only cyclobutanone undergoes 
dissociation into ketene and a corresponding olefin as a major 
process. 

Similar elimination reactions have also been observed in the 
photolyses of bicyclic ketones. For example, liquid-phase irradiation 
of dehydroriorcamphor (7) gives a very good yield of cyclopentadiene 
and ketene 53 - 54. The attractive alkyl-acyl radical-pair mechanism 

(7; 

(reaction 18) proposed by Q ~ i n k e r t ~ ~  has been employed to account 
for the decomposition. 

E. Intrumolecular Skeletal Recrrrungement 

Skeletal photorearrangements are particularly important in the 
photochemistry of a,P-unsaturated ketones and cyclic ketones. They 
can be grouped into the following four general patterns. 

1. Rearrangement of the aliphatic chain 

Saturated aliphatic ketones and aldehydes do not undergo intra- 
molecular skeletal isomerization. However, unsaturated aliphatic 
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ketones undergo cis-trans isomerization, ‘facile ’ isomerization, and 
cyclization of the carbon chain. 

For example, irradiation of tram-methyl propenyl ketone at  3130 A 
in the vapor phase and temperatures up  to 275” leads to the conver- 
sion of the trans into the cis isomer as the only significant photo- 
reaction56. The effect of pressure and wavelength on the yield of 
isomerization is under investigation 48. Irradiation in the second 
absorption band a t  2380A and elevated temperatures leads to 
photodecomposition apparently through an ‘ excited molecule ’ 
which then decomposes into free radicals. The nature of the excited 
states involved in either case is not known. 

A ‘facile’ isomerization (shift of the double bond) and cyclization 
of the carbon chain is illustrated in the liquid-phase photolysis of 
certain cr,p-unsaturated aliphatic ketones. Thus Yang and coworkers 
have shown that when the ketone has a quaternary carbon atom a t  
the y-position, irradiation in ether solution leads to cyclization of the 
chains7 as shown in reaction (19). O n  the other hand, irradiation of 
cr$-unsaturated aliphatic ketones having no y-quaternary carbon 
gives either ‘facile ’ isomerization to the ‘&y-unsaturated isomers 
(reaction 20) or no reaction at  all (reaction 21)58. Reactions (19) 

(la) 

and (20) have not been studied as a function of wavelength and 
temperature. Although the exact nature of the excited states involved 
in these reactions is not established, Yang has suggested that the 
difference in photochemical behavior among ketones 9, 11, and 13 
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may be attributed to the possible differcnce in the nature of their 
low-lying triplet states 58. 

2. Rearrangement of cyclic to chain structure 

Irradiation of methyl cyclopropyl ketone with 2654-2537 A in the 
vapor phase leads to both free-radical dissociation and to intra- 
molecular rearrangement involving opening of the cyclopropyl 
ring (reaction 22)59.  Rearrangement is the major process with a 

0 

C H , ! u  + hv CH&OCH=CHCH3 

quantum yield of about 0.3 which is virtually independent of tem- 
perature in the range 25-170". 

The ratio of the quantum yields of rearrangement to free-radical 
split is strongly dependent on the molecular structure. Thus insertion 
of a methylene group(s) between the carbonyl chromophore and the 
cyclopropyl ring drastically reduces the rearrangement and increases 
the quantum yield of C 0 l 5  (vide i n f a ) .  A similar intramolecular 
rearrangement has been observed with dicyclopropyl ketone 60*124. 

Another mode of rearrangement involving conversion of a cyclic 
into a chain structure is the general photoisomerization of cyclic 
ketones to unsaturated aliphatic aldehydes (e.g. equation 23). 

This intramolecular isomerization is rather insensitive to a change of 
phase from vapor to liquid but sclf-quenching apparently occurs in 
the liquid phase61. 

The quantum efficiency of the isomerization varies markedly 
with ring size. Thus it has been postulated that the isomerization is a 
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concerted process involving the transfer of a /3-hydrogen atom to the 
carbonyl group via the four-center configuration represented in 14. 
With increasing size of the ring, freedom to rotate about the C-C 
bond increases and the distance between the carbonyl chromophore 
and the j3-hydrogen atom of the intermediate 14 can be considerably 
shortened resulting in a higher efficiency of the isomerization 
process 34. 

Still another rearrangement of a cyclic ketone to a chain structure 
has been shown by Quinkert and coworkers55 (reaction 24). The 
mechanism explaining the process involves an alkyl-acyl radical pair 
(reaction 25). 

t 

3. Ring contraction 
The novel ring contraction shown in reaction (26) has recently 

been reported in the liquid-phase photolysis of cyclic ketones con- 
taining five-, six-, seven-, and eight-membered rings. An isotopic 
experiment 62 indicates that the a-carbon with the deuterium atoms 

0 
I I  

becomes the methyl side-chain. For example, irradiation at 3 130 A of 
liquid cyclohexanone gives 2-methylcyclopentanone with a quantum 
yield of about 0.03. With larger rings, other products of ring con- 
traction also occur. For example, irradiation of liquid cyclooctanone 
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yields both 2-methylcycloheptanone and 2-propylcyclopentanone 61. 

The isomerization is proposed as an intramolecular process not in- 
volving free-radical intermediates, since addition of cyclohexene 
has no effect on the rate of this ring-contraction reaction. 

Although the nature of the excited states involved in this iso- 
merization is not established, it has been postulatede1 that it involves 
a different electronic state than that in reaction (23). This assump- 
tion is based on the experimental observation that in irradiation of 
pure liquid cyclohexanone at 3 130 A, the formation of 2-methyl- 
cyclopentanone by reaction (26) is not affected by the build-up of 
5-hexenal. Further evidence, however, is necessary before definitive 
conclusions can be drawn. 

Another recent example of ring contraction has also been reported 
in the photolysis of 2,6-di-t-butyl-4-hydroxy-4-phenyl-2,5-cyclo- 
hexadien-1-one (17). The rearranged product 18 is obtained in 20% 
yield 63. The detailed mechanism and various factors on the efficiency 
of reaction (27) have not been elucidated. 

t - B u o B u - t  + ,,” Dioxane t -Bu*GH5 

(27) 

H & j  O H  
0 

(17) (18) 

4. Rearrangement of mono- to bicyclic structures and vice versa 

Photoisomerizations of cyclic ketones involving conversion of 
monocyclic into bicyclic structures and vice uersa have been observed 
in the liquid phase. For example, irradiation of 2,4,6-cyclooctatrien- 
one (19) in pentane solution leads to a skeletal rearrangement to a 
bicyclic ketone (20) in about a 30% yield64. 

However, in  methanol solution 19 gives methyl 2,4,6-octa- 
trienoate (21) as the p h o t o p r ~ d u c t ~ ~ .  

CH3(CH=CH)3COOH (21) (29) 
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Liquid-phase photolysis of 4,4-diphenyl-2,5-cyclohexadienone (22) 
gives a bicyclic ketone product (23). The reaction has been studied 

(22 1 (23) 

under a variety of experimental conditions 66. The conversion yield 
is about 80% and independent of wavelengths in the regions 4200- 
3 100 A. By studying the photoreaction of 22 alone and of the mixtures 
of 22 + acetophenone and 22 + naphthalene, it was concluded that 
the isomerization reaction (30) proceeds via a triplet states5. 

The photolysis of isophorone oxide (24) serves to illustrate the 
rearrangement of a bicyclic structure to a monocyclic product. 
In various solvents irradiation of 24 gave a 9 : 1 mixture of 25 and 26 
in 10% yield6". 

F. Intramolecular Reduction of the Carbonyl Group 
Intramolecular rearrangement involving reduction of the car- 

bony1 group seems to be invariably accompanied by cyclization. 
This primary mode of photorearrangement, common to all simple 
aliphatic ketones with a y-hydrogen atom, leads to a cyclic carbinol 
as shown in reaction (32). However the analogous reaction has not 

n ,OH .H" " . '0 

CH3CHZCH2COCH3 + hv __f [ Hzd. k, >--CH3] -> CH2CH2CH2C \ CH3 

CHZ H2C. .... . 
(1) (32) 

been reported in the photolysis of aliphatic aldehydes with y-hydro- 
gen atoms. 
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The efficiency of reaction (32) is not sensitive to temperature and 
to a change of phase and i t  is assumed to proceed via a six-membered 
cyclic intermediate (1) as in the Type I1 split process. However, i t  is 
not clearly established whether the two processes arise from the same 
excited state or different states. I t  has been suggested that the cycli- 
zation conceivably proceeds via the lowest triplet state. I n  any case 
reaction (32) provides a simple readily accessible synthetic route to a 
group of cyclobutanol derivatives otherwise difficult to prepare. 

The eEect of wavelength on the efficiency of reaction (32) has not 
been quantitatively and systematically studied. I n  general the yield 
of the cyclic carbinol is lower than those products resulting from the 
Type I1 split. I t  is also not certain if the structure of the alkyl chain 
plays an important role in the intrarnolccular reduction process. 

Neither halogenated ketones nor unsaturated aliphatic ketones 
undergo the Type I1 split. Halogenated ketones also do not rearrange, 
but aliphatic ketones with a &,&-double bond and y-hydrogen atoms 
isomerize to cyclic carbinols. The reaction may proceed either by 
way of an allyl diradical or via a concerted mechanism, but pre- 
sumably not by the six-membered cyclic intermediate 1. For example, 
liquid photolysis of ketone 27 leads to two isomeric cyclic carbinols 
(28 and 29), presumably via an allyl radical intermediate67. On the 

Y 

(28) (29) 

other hand, photolysis of 2,6-dimethyl-7-octen-3-one (30) in a 10% 
cyclohexane solution gives the reaction88 shown in (34). 
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The observed formation of 31 with retention of configuration is not 
possible via a n  allyl radical intermediate. Thus it is suggested that a 
concerted intramolecular six-center one-step process is responsible 
for the formation of 31, and a similar four-center one-step process 
leads to 32 with stereospecific removal of the allyl y-hydrogen atom68. 

The intramolecular photoreduction of the carbonyl group also has 
been observed with cyclic ketones of larger ring size. For example, 
photolysis of cyclodecanone (33) at 2537 A leads to the formation of 
the isomeric bicyclic alcohols 34 and 35 in 42% and 10% yields, res- 
pectively6D. The reaction has not been systematically studied as a 
function of wavelength and ring structure. 

(33) (34) (35) 

Certain cl,,!l-unsaturated cyclic ketones also undergo skeletal 
rearrangement with reduction of the carbonyl chromophore. For 
example, when neat liquid umbellulone (36) was irradiated with a 
full mercury arc, thymol (39) was recovered in quantitative yield70. 
However, when 36 was irradiated with the 2537 A alone, only 10% 
conversion into 39 was observed 'O. 

This intramolecular reduction of the carbonyl group can be ra- 
tionalized using Chapman's approach lo in which a positive charge 
is developed on the p-carbon and a negative charge on the carbonyl 
oxygen, as shown in reaction (36). However, unambiguous evidence 
supporting the existence of the polar excited state (37) and the sub- 
sequent transient (38) has net been established. 

G. Intermolecular H ydrogen-atom Abstraction 
The ability of a photoexcited ketone or aldehyde to abstract a 

hydrogen atom from good hydrogen donors in the solution phase has 
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been well known for many years 71. However, virtually no analogous 
photochemical reduction of ketones and aldehydes has been reported 
in the vapor phase. At least in one case, the aromatic ketones and 
aldehydes, the excited state involved in the photochemical reduction 
has been identified as the lowest n,r* triplet of the carbonyl chromo- 
phore12-14.20*72-73. Thus, the first steps in the photochemical 
reduction sequence are believed to be (38) and (39). 

R2&O + hv + R 2 C S  (5,) - R2C----0 ( T I )  (38) 

R2C=0 (T,) f R H  d R 2 e 0 H  + k (39) 

The efficiency of the hydrogen-atom abstraction in reaction (39) 
depends upon the reactivity of the hydrogen donor, the structure of 
the abstracting ketone, and the nature of the solvent. In some cases, 
for example 1-na~hthaldehyde’~, p-aminobenzophenone, and o- 
hydroxybenzophcnone 2o - 22, abstraction of a hydrogen atom from 
the usual. hydrogen donors is very inefficient. This nonreactivity of the 
first two compounds has been attributed in part to the fact that their 
lowest triplet states are 3 ( 7 r , 7 ~ * )  rather than 3(n,7r*) in charac- 
ter20-22.74. With the o-OH derivatives, the nonreactivity is due to 
photoenolization (section VII1.B). 

Dependence of chemical behavior upon the nature of the excited 

,C6H5 

H C  0’ tC/ 
II 
r 
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states is illustrated by the photochemical reactions of cis-dibenzoyl- 
ethylene (48) in alcoholic solvents. Thus Griffin snd O’C0nne11~~ 
showed that direct photolysis of 40 involves an excited singlet state 
which mainly undergoes rearrangement involving a 1,5-phenyl 
migration followed by addition of alcohol to give the ester 41. O n  the 
other hand, sensitization by triplet benzophenone produces 48 in its 
triplet state. This is subsequently photoreduced via intermolecular 
hydrogen-atom transfer from the solvent. 

I n  contrast to the large amount of work on the Type I1 split 
involving intramolecular hydrogen abstraction, the photochemical 
reduction of aliphatic aldehydes and ketones has not been extensively 
studied. A few  report^^^.^^ indicate that photoexcited acetone mole- 
cules are to a small extent reduced either by self-quenching or by 
abstraction from the solvent. With aliphatic ketones containing y- 
hydrogen atoms, little, if any, intermolecular photoreductions occur. 
Similarly, when butyrophenone is irradiated in hydroxylic solvents 
the Type I1 split is far more probable than intermolecular hydrogen- 
atom a b ~ t r a c t i o n ~ ~ .  It is not yet established whether or not the intra- 
and intermolecular hydrogen abstraction involves the same excited 
state. 

Finally, intermolecular photoreduction of cyclic ketones has not 
been systematically investigated but it is believed that in hydro- 
carbon or aqueous solutions the reaction between the photoexcited 
cyclic ketone and the solvent becomes important (reaction 42). 

n hv -/ 
(HZC), C=O + RH -> (HZC), C (42) 

O H  

- ‘R u 

(42) (43) 

For example, photolysis of cyclohexanone iil cyclohexanol solution 
leads to the formation of cyclohexyl pinaco178, and irradiation of 
2-fluorocyclohexanone in methanol gave a very low yield of methyl 
6-fluorohexanoate ”’. 

H. Photocyclodimerizution 
Photocyclodimerization to give cyclobutane derivatives has long 

been known for cr,/l-unsaturated carbonyl compounds 280 .  Although 
the reaction has been studied extensively in the condensed phase the 
analogous reaction is not known in the vapor phase. 

Presumably both excited singlet and triplet states may participate 
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in the dimerization and apparently either n7r* or v,r* states cyclo- 
dimerize. For example, irradiation of 9-anthraldehyde gives a fiead- 
to-tail dimer80-81. 

Solvent effects on the course of dimerization are illustrated by the 
photochemical reactions of coumarin (44) 82-84. Thus, Anet827 
Schenck and coworkers 83, and Hammond and coworkers 84 showed 
that irradiation of 44 in ethanol solution gives a cis head-to-head 
dimer (45), but no reaction was observed with benzene as the solvent. 

+ 

However, dimerization of 44 can be photosensitized by benzo- 
phenone in either ethanol or benzene solutions. The benzophenone 
photosensitized reaction gives the trans dimer (46) and a trace of the 
trans head-to-tail dimer (47). 

Recently it has been shown in detailed mechanistic studies that 
direct photolysis of 44 produces an excited singlet state which leads 
only to self-quenching in nonpolar solvents such as benzene, and to 
the formation of 45 in very low yields in polar solvents such as 
ethanol 84. In the sensitized reactions triplet coumarin (44) produced 
by energy transfer from the triplet benzophenone leads to the for- 
mation of 46 and 47 with relatively high quantum yields. At high 
dilution and in the absence of benzophenone, direct photolysis of 
coumarin also produces triplet coumarin via intersystem crossing, 
and 46 is formed. When benzophenone is present in small amounts 
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and most of the light is absorbed by 44, they suggested that singlet 
excitation is transferred from 44 to benzophenone where inter- 
system crossing takes place efficiently. The triplet excitation is then 
transferred back to 44 to give the dimers 46 and 47. They also suggest 
that the absence of dimer 45 in the sensitized reaction indicates that 
transfer of singlet excitation from benzophenone to coumarin (44) 
is not as efficient as the reverse process8*. 

Another interesting example is the photodimerization of cyclo- 
pentenone in pure liquid or in various solvents to give trans head-to- 
tail and trans head-to-head dimers in equal yielda5. This non- 
stereospecific behavior suggests that the cyclodimerization may 
involve highly reactive excited singlet states. I n  the presence of a 

8 (48) (49) 

large excess of cyclopentene, cross-addition occurs in preference to 
dimerization, yielding exclusively the tram dimer 86. 

Most of the ketones that have been reported to undergo such 
photocyclodimerization are conjugated cyclic unsaturated ketones, 
some with heteroatoms on the ring; it is interesting that similar 
photochemical reactions have not been reported with oc,p-un- 
saturated acyclic ketones or aldehydes. Still, this photochemical 
cycloaddition as either self-dimerization or cross-dimerization can be 
highly useful as a general synthetic method. 

1. Carbon yl Photocycloaddition to Olefins 
The cycloaddition of olefins to photoexcited carbonyl groups to 

form oxztanes, first studied in detail by Buchi and coworkers, 
appears to be a general reaction with aliphatic and aromatic ketones 
and aldehydes. Cyclic ketones and unsaturated ketones apparently 
do not undergo a siniilar carbonyl addition. 

The yield of oxetanes from the photocycloaddition of benzo- 
phenone and derivatives to olefins depends markedly on the struc- 
ture of the olefin as well as the structure of the benz~phenone~'. 
Thus, benzophenone derivatives which do not photoreduce do not 
undergo this addition and it has been suggested that the addition 
reaction requires the lowest excited state to be 3(n,7r*) in character. 
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The  effect of olefin structure is illustrated by the addition of 
benzophcnone to propylene and isobutylene. This give the cor- 
responding oxetanes 50 and 51 in 5% and 93% yield, re~pec t ive ly~~.  

The results can be explained by assuming that the triplet energy 
level of the unreactive olefin is below that of the carbonyl triplet, and 
triplet-triplet energy transfer from the carbonyl group to the olefin 
takes place to the virtual exclusion of oxetane formation87. 

I n  a similar reaction Singer and Bartlett 88 showed that irradiation 
of several aromatic ketones and aldehydes led to addition across the 
carbon-carbon bond of dimethyl-N- (2-cyano-2-proyl) ketenimine 
(52) to give the a- and 8-iminooxetanes 53 and 54. With cyclo- 

N--C(CH&CN 
il 

0 H3C CH, H3C C 

o +  I1 \ I hw \/ \ 

/ I / \/ &C=N---C--CrN -+ R’CR2 + 
H2C CH3 H3C 

/ \  
R’ R2 

(52) (53) ij -C (CH 3)2CN 

H,C R‘ 
~ 1’ ‘, ,/ (47) 
C‘ C 

(54) 

H3C /” ‘0” ~‘, R2 

propyl phenyl ketone, transfer of triplet energy to ketenimine was 
found to take place so efficiently that the formation of oxetane was 
suppressed completely, and tetramethyl succinonitrile (55) was 
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formed exclusively. The ratio of oxetane formation to that of 55 was 
found to vary from one carbonyl compound to the other and those 
carbonyl compounds with higher triplet energy tend to give more 55 

(49) 

52 (Ti) 2 (CH&C-C=N (50) 

2 ( C H ~ ) ~ ~ - C S N  ( C H & C - k N  

( C H 3 ) z L k N  (51) 
(55) 

formation. 2-Acetonaphthone and 1-naphthaldehyde do not undergo 
photoreduction and the yields of oxetane and of 55 are zeroa8. 

Two additions to cyclic olefinic systems also have been reportedsg. 
These are given in reactions (52) and (53). 

0 C6H5 

Cfjk!5!!CsH5 + 0 ’” Nm(( of 

0 
C6H5 

CsH5 (52) 
0 

One example of the photoaddition involving aliphatic carbonyl 
compounds is the addition of n-butyraldehyde to trimethylethylene 
to give a corresponding oxetane (56) 89. Fluoro aldehydes, fluoro 
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(56) 

ketones and fluoroacyl fluoride have also been reported to add 
photochemically across the olefinic bonds of vinylidene fluorides to 
give fluorooxetanes in good yieldg0. Acetaldehyde was found to 
undergo photocycloaddition in the vapor phase with fluoro- and 
other halo-substituted ethylenes to give oxetane in about 1-3 to 2.6% 
synthetic yieldQ1. 

H3c\jtH3 + Q + hv - Lq + + 
CH2 

0 0 0 
(35%: trans: cis = 4:l) (6%) 

(6%) (12%) 

(544 
Addition of olefins across certain a$-unsaturated ketones leads to 

derivatives of cyclobutane rather than of oxetane. Thus Yang and 
coworkers have studied the photoaddition of isobutylene to cyclo- 

0 
II hv CBHbCR + C ~ H S C ~ C C ~ H B  

(R = ti. CH,) (57) 
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hexane and isolated the following products in the synthetic yields 
indicated 281 in reaction (54a). 

Only two examples of carbonyl photocycloaddition to acetylenic 
bonds are knowng2. They are the addition of benzaldehyde and 
acetophenone to 5-decyne (57) to give cr,@-unsaturated ketones. 
Apparently an oxetane is an  intermediate reaction (55) .  

In one case, photoaddition of a cyclic fluoro ketone to a fluoro olefin 
gives an oxetane as the final product. Irradiation of hexafluoro- 
cyclobutanone in the presence of hexafluoropropylene results in the 
formation of a bicyclic oxetane (58) in 33% yieldg0. 

(W 
While intermolecular carbonyl photoaddition to ethylenic systems 

is amply illustrated above, apparently only one exampleg3 of intra- 
molecular formation of an  oxetane has been reported (reaction 57). 

IV. ALIPHATIC KETONES AND ALDEHYDES 

We shall now consider in more detail the photochemistry of individual 
aldehydes and ketones. We shall emphasize both the primary photo- 
chemical processes and the nature and yields of the overall products. 
When the overall mechanism is well established this will be noted and 
detailed references cited, but space limitations (as well as lack of 
reliable data in most cases) preclude detailed treatments of the 
secondary free-radical reactions in these systems. 

Pioneers and major contributors to our understanding of the 
qualitative and quantitative aspects of the photochemistry of the 
simple aldehydes and ketones include Blacet, Bowen, Leigh ton, 
Norrish, Noyes, and Steacie and their students. Much of modern 
photochemistry has been inspired by the research from their labora- 
tories which was carried out when instrumental analytical techniques 
were in their infancy. 
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The current status of the photochemistry of simple aliphatic 
aldehydes and ketones can be summarized in the following terms. 
The absorption characteristics of the simple aliphatic ketones and 
aldehydes are similar and we have seen that the photochemical 
behavior of those with y-hydrogen atoms varies markedly from those 
without. I n  general in the first absorption band aliphatic ketones 
without y-hydrogen atoms undergo mainly free-radical photo- 
decomposition (section IILB), whereas those with y-hydrogen atoms 
also undergo the Type I1 split (section IILD) and intramolecular 
reduction to a cyclic carbinol (section 1112'). 

On  the other hand, aliphatic aldehydes without a y-hydrogen 
atom undergo predominantly free-radical photodecomposition and 
intramolecular elimination to CO and a corresponding hydrocarbon 
(section 1II.C). Those with y-hydrogen atoms are found to partici- 
pate also in the Type I1 process. For certain long-chain aliphatic 
aldehydes, an additional primary mode of photodecomposition in 
which the energy initially absorbed in the carbonyl chromophore is 
transferred down the side-chain and ultimately results in the rupture 
of a terminal C-C bond also has been observed. 

Thus, the major differences in photochemical reactivity between 
aliphatic ketones and aldehydes are : 

(u) Aldehydes possess an active aldehydic hydrogen atom which 
is abstracted more readily than a hydrogen atom on the alkyl 
group. This leads to chain production of CO which is not found in 
ketone photolyses. 

( b )  Aldehydes undergo intramolecular elimination of CO and 
yield the corresponding hydrocarbon. Ketones do not. 

(c) Some long-chain aldehydes undergo a terminal C-C bond 
rupture. Ketones apparently do not. 

( d )  Ketones with y-hydrogen atoms undergo rearrangement to 
cyclic carbinols. I t  is not certain whether or not aldehydes do the 
same. 

A. Acetone 

The current status of the photolysis of gaseous acetone recently 
has been reviewed critically by Hoare and Pearsong4. The sole 
primary process in the near-ultraviolet photolysis of acetone is the 
formation of a methyl and an acetyl radical (reaction 58). 

(58) CH3COCH3 + hv ---+ CH, + CH3C0 
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Depending upon the energy of the absorbed quantum, various 
fractions of the acetyl radicals are energy rich and thus decompose 
rapidly into a methyl radical and CO (reaction 59). The remaining 

CH3C0 + CH, + CO (59) 

acetyl radicals undergo typical secondary reactions, e.g. recombine 
to give biacetyl (reaction 60). However, at temperatures above 

2 CH,tO -> (CH,CO), (60) 

1OO"c practically all acetyl radicals dissociate according to reaction 
(59) and Obc0 becomes 1.00 at  3130 A and 120"c. Thus at elevated 
temperatures photolysis of acetone vapor provides a useful source of 
methyl radicals, and since Dc0 is unity and not overly dependent on 
reaction conditions, acetone at 120" is widely used as an internal 
ac tinometer. 

Secondary thermal reactions of the methyl radicals produced in 
(58) and (59) include abstraction and recombination (61, 62). 

(61) 

2 CH, C2H6 (62) 

The fate of acetonyl ndicals produced in reaction (61) has not been 
established quantitatively. They combine 95, as in (63) and (64) and, 

(63) 

2 CH3COtH, w CH3COCHzCH2COCH3 (64) 

cH3 + CH,COCH, -z CH4 + 6H2COCH, 

CH3COtH2 + eH3 __f CH3COC2H6 

within a temperature range 2 17" to 327"c, the disproportionation of 
methyl and acetonyl radicals shown in (65) has been postulated. 

CH, + CH3COcH2 CHI + CHCOCH, ( 1 )  (65) 

At relatively high temperatures, 200-475"c, acetonyl radicals disso- 
ciate into ketene and methyl radicals with an activation energy of 
about 41 kcalgG (reaction 66). 

(66) 

It has been suggested that both excited singlet and excited triplet 
acetone may play a role in the photocompositions7. Presumably a t  
31 30 A dissociation from the first excited singlet predominates. The  
quantum yield of the primary decomposition at both wavelengths is 
unity at temperatures above looo3. It is significant that the primary 
quantum yield of acetone photolysis at 40" with 3130 b is a function 
of the irradiation time. Apparently triplet acetone undergoes 

CH3COCH2 4 CH,CO + <H, 
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deactivation via energy transfer to the biacetyig8 formed in the 
secondary reaction (60). 

I n  the far-ultraviolet ( 1470-1 165 A) the photochemical behavior 
of acetone is significantly different. I n  some respects it resembles its 
radiation chemistry. Thus hydrogen is an  important product and 
isotopic and scavenging experiments show that a fraction of the 
hydrogen and methane produced is from the molecular elimination 
processes (68) and (70), respectivelyg9. I t  has been proposed that 
there are two excited states of acetone in the far-ultraviolet irradia- 
tion : the higher state gives either a hydrogen atom or hydrogen mole- 
cule, while the lower state decomposes either into CH3 + CH,CO or 
CH, + CHzCOg9. 

H + CH,COCH, C H2 + CHCOCH,(?) 
[CH3COCH3]' - 

eH3 + CH3e0 C CH, + CH,CO 
[CH3COCH3]" - 

The major gaseous products from irradiation of acetone neat or in 
solution are CO, methane and ethane 28-76-777J00-103. They appear 
to be formed by a free-radical mechanism similar to that of the vapor- 
phase photolysis but their quantum yields are considerably lower, 
presumably becaus.2 of cage recombination and deactivation pro- 
cesses. Comparative data are given in Table 4. 

TABLE 4. Quantum yields from the photolysis of acetone at  2537A and 25.c. 

System @CO @CH, @C2116 Ref. 

Acetone vapor 
Acetone liquid 
Acetone liquid 

(at 2800-3300 A) 
0.023 M acetone in perfluoro- 

dimethylcyclobutane 
0.1 M acetone in perfluoro- 

dimethylcyclobutane 
0.01 M acetone in the 

fluorinated cyclic ether, 
CBF,,O" 

0.1 M acetone in water 
0.1 M acetone in watcr a t  

73°C 

0.25 
I x 10-4 

1 x 10-4 

I x 10-3 

243 x 10-4 

2 x 10-2 
2 x 10-3 

4.2 x 

2 x 10-3 
2 x 10-3 

2 x 10-3 

I x 10-3 

3.5 x 1 0 - 4  

8 x 
4 x  10-2 

15 x 

0.35 104 
1 x 10-4  76 

1 x 10-4 76 

2 x 10-3 102 

2.5 x 10-4 103 

I x 10-4 102 
3 x 10-2 28 

9 . 8 ~  28 
~~~ 

Fluorochernical 0-75 from the Minnesota Mining and Manufacturing Co. 
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I n  pure liquid acetone and in hydrocarbon sclutions of high 
acetone concentrations minor amounts of diacetone alcohol and 
other alcohols are produced, appareiitly by self-quenching of photo- 
excited a ~ e t o n e ~ ~ . ~ ~ .  Thus irradiation of a 1 : 8 mixture of acetone 
and cyclohexane yielded 2-propanol, pinacol, acetonylacetone, and 
cyclohexyl dimethyl carbinol 76*77. The mechanism of interaction 
of photoexcited acetone with the hydrocarbon solvents is not 
established in detail. 

Irradiation of acetone in carbon tetrachloride solvent gives a 
substantial amount of hydrogen chloride. I t  has been suggested that 
acetone photosensitizes the decomposition of CC1, into a C1 atom and 
a CCl, radical. 

T o  avoid as much as possible chemical reactions involving the 
solvent, acetone has been irradiated in perfluorinated solvents which 
are inert toward both photoexcited acetone and the free radicals 
produced in the photolysis. Apparently quenching of electronically 
excited acetone by these solvents plays an important part in the 
pho todecomposi tion J 02. 

At lower temperatures the disproportionation reaction of methyl 
and acetyl radicals becomes an increasingly important liquid-phase 
process. Thus Pieck and S t e a ~ i e ? ~  photolyzed mixtures of acetone and 
deuterated acetone and estimated that 4% of the methane formed at  
55" and 33% of the methane at  -21" arises from reaction (71). 

(71) 

Peterson and Mains lo2 used perfluorinated solvents and reported 
that reaction (71) accounts for about 6 to 10% of the methane pro- 
duced at  25". The same disproportionation reaction was postulated 
by Volman and Swanson28 for the photolysis of aqueous acetone 
solutions with added ally1 alcohol as radical scavenger. 

CH, + CH,dO+ CH, + CHzCO 

6. Formaldehyde and Acetaldehyde 
Formaldehyde photodecomposes a t  3130 A to give hydrogen, CO,  

and ininor products. Reactions (72) and (73) have been suggested 

as primary processes Io5 Recent experiments with D2C0 by 
McQuigg and Calvert 112 confirm these processes. The total primary 
quantum yield O(721 + dj7(3, is about 0.9 with @(73, greater than 
%2). 

28 + C.C.G. 
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Two major primary proccsses (74) and (75) have been demon- 

t H 3  + H e 0  

CH4 + CO 
CHaCHO + hv - (74) 

(75) 

strated in the photolysis of acetaldehyde113-l18. At 3130 A the 
primary reaction is almost exclusively (74) but at 2537 A reaction 
(75) becomes equally important. I n  a beautiful set of flash spectro- 
scopic experiments of HCO and DCO, Herzberg and Ramsey con- 
firmed the existence of the formyl radical and established its structure 
as bent in the ground state (about 120") and linear in the excited 
state 164. 

Irradiation of acetaldehyde vapor in the presence of tetrafluoro- 
ethylene gives both fluorooxetane (76) and a fluorinated ketoneg1 
(77). The fluoro ketone presumably resdlts from addition of an 

?-IFz 
W Y F 2  (76) 

H 
( I  .5% synthetic yield) 

CH3COCF2CF2H (77) 
(7y0 synthetic yield) 

0 
I I  

CH3CH f CF2=CFZ + hv 

acetyl radical to the carbon-carbon double bond119 whereas 
the oxetane arises from intermolecular cycloaddition (section 111.1). 

Irradiation of solutions containing terminal olefins and acetalde- 
hyde gives the ketone CH3COCH2CH2R. Presumably photo- 
decomposition of acetaldehyde gives acetyl radicals which attack 
the terminal carbon of the C=C bondl"l. This reaction also is 
initiated by peroxides. 

C .  Aliphatic Ketones and Aldehydes with y-Hydrogen Atoms 
1. Methyl propyl ketone 

This furnishes a good illustration of the typical behavior of ketones 
with y-hydrogen atoms 3. The primary photochemical processes are 
shown in reactions (78) to(81) and their quantum yields for the Type 
I1 split, QI1, and production of CO are given in Table 5 .  The quan- 
tum yield of the photocyclization process (81) varies with the experi- 
mental conditions. Values of 0 at 3130 A are 0.11 and 0-028 at 28" 
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(79) e H 3  + COCH2CH2CH3 

and 32 mm and 1-3 mm pressurc, respectively, and 0.044 at 15 mm 
and 150°3. 

The photochemical behavior of other aliphatic methyl ketones 
with a y-hydrogen atom are similar to methyl propyl ketone. Thus, 
in addition to the Type I split, methyl butyl ketone gives propylene 

TABLE 5. Quantum yield of the Type I1 proccss, QPrr, and of CO production a t  
3130 A (100-120"~). 

Ketone @I1 @m Ref. 

CH3COCH3 0.0 1 a00 104 
CH3COCH2CH3 0.0 0-84 123 
CH3CO (CH,) zCH3 0.24, 0.27, 0.31 0-28 3,124 
CH3C0 (CH 2) ,CH 0.48 0 11 35 
CH,COCH,CH(CH3)p 0.35 0.15 122 
CH,COCHzC(CH3)3 0.23 0.04 122 
(CH3CHZCHZ)2CO 0.2 1 0.3 1 125 
[(CH3)oCHCHzIzCO 0.37" 0.19" 126 
[CH3CH,C(CH3)&CO 0*27a 0.37" 126 
[(CH3)3ClzCO 0 1 .O" 126 

a Irradiated with full Hg arc. 

and acetone 42.43 and methyl neopentyl ketone yields isobutylene 
and Presuniably these products all arise from Type I1 
splits. The quantum yields for some ketones arc listed in Table 5. 

Irradiation of methyl butyl ketone in cyclohexene gave mainly 
acetone and ethylene from a Type I1 split77 but l-methylcyclo- 
butanol was also formed with a 12% synthctic yield77. Irradiation 
of methyl heptanone in cyclohcxanc solution gave acetone and 1- 
methyl-2-propylcyclobutanol with a 17% yield77. I t  was also found 
that no other isomeric pentene was present. This is reasonable if all 
the I-pentene is formed by a Type I1 split. 
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2. n-Butyraldehyde 

at several wavelengths arc given in Table 6. 

TABLE 6 .  Primary processes and quantum yields in the vapor-phase photolysis 
of butyraldehyde at various wavelengths". 

J. hT. Pitts, Jr., and J. K. S. Wan 

The primary photocheniical processes and their yields 32*127- lz8 

Primary process 
~ ~ -- 

Quantum yields 

3130A 2804K 2651K 2537A 

0-35 0.28 0-28 0-3 1 
0.0 I7 0.1 1 0.25 0.33 
0.164 0.27 0.38 0.30 
0.005 0.006 0.0 10 0.015 

trace 

D. Halogen-subs tituted Aliphatic Ketones und AIdeh ydes 
I n  general all halogen-substituted aliphatic ketones photo- 

decompose predominantly via free-radical processes. I t  is interesting 
that the Type I1 process has not been reported in the photolysis of 
these ketones. 

The quantum yield of HCI formation from the photolysis of 
monochloroacetonc is near unity 129. Presumably the energy ab- 
sorbed in the carbonyl chrornophore breaks the carbon-chlorine bond 
giving C1 atoms and acetonyl radicals (reaction 87)lz9.  A small 

(87) 

fraction of the HC1 formed (@ < 0.15) is considered due to a minor 
primary process (88). 

CH3COCH2CI + hv ---+ HCI + C3H4CO( ?) (88) 

A different situation exists with hexachloroacetone. At 183" the 
quantum yield of CO production is 0.5 and is independent of pres- 
sure. The major vapor-phase primary process at  3130 A appears to 
be the breaking of a C-C bond130 as with acetone itself (reaction 

(89) 

I t  is interesting to compare the photochemistry of 4-chloro-2- 
butanone and 3-chloro-2-butanone. I t  seeins that the C-CI split 

CH3COCH2CI + hv + CH3COeH, + el 

(89)- 
Cl3CC0CCl3 + hv -z & I 3  + dOCI, 
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occurs efficiently with a C1 atom on the a-carbon atom (reaction 92), 
but not when it is on the p-carbon atom (reactions 90, 91) 131. 

CICH26H2 + CH3C0 c CICH2CH2t0 + CH3 
CICH2CHZCOCH3 + hv - 

CH3CHCICOCH3 + hv w CI + CH3CHCOCH3 (92) 

The vapor-phase photolysis of hexafluoroacetone at 3 130 A gives 
as the main products CO and C2F6. Detailed analysis of the quench- 
ing of fluorescence plus kinetic studies a t  different temperatures and 
pressures strongly support a mechanism which involves a long-lived 
excited molecuk in the primary process, This excited molecule 
subsequently emits fluorescence, is quenched, or dissociates as in 
reaction (93) 132-136. The absence of attack by the CF, radicals on 

CF,COCFj ~ _ f  dF3 + eOCF3 (93) 

CF360 - dF3 + CO (94) 

2 dF3 - C2F, (95) 

the hexafluoroacetone makes this system a clean source for CF, 
radicals. 

I t  is interesting that in the photolysis of I,l,l,-trifluoroacetone at 
3130 A, reaction (96) predominates over reaction (97) 13?. Both 

CF360 + CH3 C CF3 + CH3t0  
CFSCOCH, -t hv- 

(96) 

(97) 

CH, and CF, radicals undergo hydrogen-atom abstraction, self- 
recombination, and cross-recombination to give CH, and CF,H, 
C2H6 and CH,CF,, respectively. 

The presence of one or more halogen atoms on the carbon chain 
of the aliphatic aldehydes does not lead to any new photochemical 
reactions. Thus, at 3 130 A, trifluoroacetaldehyde decomposes simi- 
larly to acetaldehyde 138-139. The quantum yields of reactions 
(98) and (99) are 0.14 and 0.02, respectively. 

(98) c;;+H: (99) 
CF3CHO + hv - 

I n  the photolysis of heptafluorobutyraldehyde 140, no analog to 

Finally, as noted earlier (section III.I), irradiation of a refluxing 
the Type I1 process occurs. 
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inixture of fluoro ketones or fluoro aldehydes and fluorinated olefins 
gives fluorooxctanes in good yield. 

E .  Unsaturated Aliphatic Ketones and Aldehydes 
I .  Unsaturated aliphatic ketones 

The introduction of unsaturation into the aliphatic chain causes a 
remarkable increase in  stability of the photoexcited ketones. Thus, 
photodissociative primary processes in both conjugated and non- 
conjugated unsaturated ketones proceed with low efficiency even a t  
elevated temperatures. Furthermore, the presence of hydrogen 
atoms on a y-carbon adjacent to a double bond in unsaturated 
ketones does not lead to an intramolecular Type 11 process. 

At 3130 A and temperatures up to 275"c, irradiation of gaseous 
tranr-methyl propenyl ketone, CH,COCH=CHCH3, leads almost 
exclusively to the conversion of the tram into the cis isomer. This is an 
example of direct photoisomerization (Table 3).  Photodissociation is 
negligible. However, at 2380 K and elevated temperatures, primary 
free-radical photodissociative processes arising from a long-lived 
excited molecule become important (reactions 100-102). At 2 7 5 " ~  

CH,COCH=CHCH, + hu -> CH3COCH=CHCHJf ( 100) 

L CH&O + CH=CHCH~ (102) 

and pressures below 10 min, the quantum yield of CO exceeds unity. 
This is attributed to the free-radical 'displacement' reaction (103) 
giving 2-butene and CH,CO. The latter then decomposes to 
CO +- CH3 and a short chain is set up (reaction 103)56. Other 
a,,%unsaturated ketones will be discussed in section VI. 

,-+ CH3 + COCH=CHCH3 (101) 
CH3COCH=CHCH1' -, 

eH3 -+ CH,COCH=CHCH, + CH,CH=CHCH, + CH360 (103) 

Similarly, but somewhat surprisingly, 5-hexen-2-one was found 
to be stable to 3130 W irradiationg3. Several olefinic ketones having 
y-hydrogcn atoms in the ally1 position have been investigated. 
Photolysis of these ketones in solution leads to cyclocarbinols 
(see section III.F, reaction 33). 

The photolysis of ketene has been used by many workers to 
generate and to study the reactions of methylene. Thus, direct 
photolysis of ketene in the vapor phase at  moderate pressures pro- 
duces free methylene presumably in the singlet state 144-148. Methyl- 
ene in the triplet state is believed to be formed by triplet energy 
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transfer, from Hg(3P,) atoms in the gas phase and triplet henzo- 
phenone in solution (see recent reviews by Bell141, F r e ~ l ' ~ ,  and 
Cvetanovic l 4 , ) .  

(104) 

The quantum yield of CO production is unity at 3130b and 
pressures below 50 mm. At 2700 A, is independent of tempera- 
ture, pressure, and light intensity. Most of the methylene generated 
reacts with ketene according to reactions (105)-( 107). 

CH2C0 + hv + CH2 i.4 + CO 

CH2 + CHZCO CZH, + CO ( 105) 

CH, + CH,CO --+ dH, + d H C 0  (106) 

2 CHCO - > CzHz + CO (107) 

I n  the presence of added hydrocarbon singlet methylene adds 
stereospecifically across olefinic double bonds and inserts into carbon- 
hydrogen bonds. Triplet methylene adds to olefinic bonds in a non- 
stereospecific manner and apparently does not insert into C-H 
bonds 141 -I4,. 

Photolysis of methylketene 149*160 and dimethylketene 151 at 
wavelengths shorter than 3130 b gives CH,CH + CO and 
(CH,) 2C + COY respectively. 

2. Unsaturated aliphatic aldehydes 

The vapor-phase photochemistry of unsaturated aldehydes is 
complex, in part because of a competing photopolymerization 
reaction. Both acrolein and crotonaldehyde are similar to methyl 
propenyl ketone in that they are remarkably stable to photodisso- 
ciation at 3 130 A even at  elevated temperatures 152-154. At shorter 
wavelengths (e.g. 2600-2300 A) and higher temperatures, a chain 
photodecomposition of crotonaldehyde occurs producing propylene 
and CO (with quantum yield greater than unity) plus a variety of 
minor products. On the basis of detailed kinetic studies an excited 
molecule mechanism has been proposed 155. The gas-phase photo- 
isomerization of crotonaldehyde to 3-buten-1-a1 has been repcrted' E 4 ,  

but in the liquid phase this product was not found156, nor was it found 
in more recent vapor-phase studies 15'. 

F. Aliphatic Diketones and Dialdehydes 
1. Biacetyl 

The first absorption band of biacetyl falls in the region 4600-3500 



872 J. N. Pitts, Jr., andJ. K. S. Wan 

A15? ; its photochemistry has been investigated a t  a variety of wave- 
lengths by a number of a ~ t h o r s l ~ ~ - ~ ~ ~ .  At 4358 A and room tem- 
perature, decomposition in the vapor phase occurs presumably via 
the interaction of two excited triplet state molecules (108). Kowever 

2 CH,COCOCH; d 2 CH,dO + CH3COCOCH3 ('08) 

at 100" and above, the decomposition becomes first-order with res- 
pect to the excited triplet molecule. I n  the absence of perturbing 
gases, emission from both first excited singlet and triplet states is 
observed and the intersystem crossing from singlet to triplet occurs 
with a high efficiency. The quantum yield of decomposition at this 
wavelength is generally relatively low. 

At 3130A, dissociation from both the first and second excited 
singlet states appears possible. The quantum yield of reactions (109) 

- 2  CH3d0 (hot) 

CH3COCOCH3 + hv - -+ 2 &I3 +- 2 CO 

4 C H 3 C O C H 3  + CO (1 11) 

and (1 10) at  150" is about 0.1. At 2537 A and 150°, when dissociation 
apparently is from the second excited singlet, the quantum yield for 
reactions (109) and (110) is 0.44. In both cases reaction (111) is 
inefficient. 

2. Glyoxal 
Glyoxal has a first absorption band at  4600-3400A and second 

band a t  3200-2300 A. The primary photochemical decompositions of 
glyoxal in the vapor phase at  4358 A and a t  3 130 A can be represented 
by reactions (112) and (113) with (112) predominating at both 
wavelengths 111-162-164. Reaction (1 14) also occurs only when radia- 
tion shorter than 2537 A is used. Irradiation of glyoxal in the second 
band gives excited molecules which all dissociate, 86% going by 
( 1 12) and 15 :& by ( 1 13). In  the first band emission also occurs to an 
appreciable extent (about 13% fluoresce). The rest cross over to the 
triplet state and dissociate mainly by reaction (1 12) or are deacti- 
vated. 

r-+H,CO + CO (112) 

( 1  13) 

b 2  H e 0  (1 14) 

HCOCOH + hv - --+ HZ + 2 CO 
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3. Other  1,2-diketones with y-hydrogen atoms 

Intramolecular photocyclization has been observed in 1,2-dike- 
tones having y-hydrogen atoms 161*165. For example, irradiation of 
2,3-pentanediones gives 2-hydroxy-2-methylcyclobutanone (61) in 

(1 15) 

CH3 

(61) 

49% yield, whereas photolysis of 5,6-dccanedione gives 89 yo 
2-butyl-3-ethyl-2-hydroxycyclobutanone (62). There is some indi- 
cation that photocyciization of 1,Z-diketones involves the triplet 

(621 

state of the ketones and the mechanism may well be the general 
cyclic y-hydrogen atom transfer 161*165. 

V. CYCLIC KETONES AND ALDEHYDES 

A. Cyclic Aldehydes 
Only cyclopropyl aldehyde and glycidaldehyde, the simplest 

three-membered ring epoxy aldehyde, have been investigated in 
detail. I n  contrast to me thy1 cyclopropyl ketone significant dccar- 
bonylation occurs in the vapor-phase photolysis of cyclopropan 
aldehyde at 3 130 A 166J67. Thus, at 3 130 A and 107"c, CO and propene 
are major products and cyclopropane, hydrogen, and propane are the 
minor products. ac0 is a function of pressure, ranging from 0.12 to 
0.58 as the pressure decreases from 90 to 4 mm166. 

Recently, crotonaldehyde has been identified as a major product 
of the reaction167. I t  is not certain whether other isomers are present 
in trace amounts. The quantum yield of the photoisomerization is 
found to be about 0-4 and virtually independent of temperature and 
light intensity. At high temperatures, the sum of the quantum yields 
of CO and crotonaldehyde exceeds unity (about 1-5). The quantum 

28* 
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yield of cyclopropane decreases strongly with increased light 
intensity, while propylene yield is constant. These results suggest 
that a free-radical mechanism is operative at elevated temperature 
in addition to other intramolecular reactions, and that cyclopropyl 
radical, if formed, is fairly stable. Although it is too soon to draw 
definitive conclusions about the detailed mechanism, important 
primary processes appear to be (1 17) to (1 19) 167. 

Irradiation of giycidaldehyde in the vapor phase gives COY 
CO,, CH,, and C2H4 with quantum yields of 1.10, 0-71, 0-23, and 
0.66, respectively168. Hydrogen is also a major product. The 
quantum yields of C2H4 and COz are independent of temperature, 
suggesting that they are formed in a concerted intramolecular 
elimination process. On the other hand, the quantum yields of CO 
and CH4 depend both upon temperature and wavelength. The pro- 
posed mechanism includes the primary processes (120) and (121) 168. 
Based on a material balance, reaction (121a) accounts for 75% of 
the photochemical reaction and reaction (120) about 10% 16'. 

A. f CHO 

I I . y  

I C H 3 + C 0  H + C o  

t-+ CH3CH0 + co 

(121a) 

(121b) 

(121c) 

B. Methy l  Cyclopropyl Ketone 
The major primary photochemical reaction of gaseous methyl 

cyclopropyl ketone is an intramolecular rearrangement to methyl 
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C H 3 C O d  + hv __f CH3COCH=CHCH3 (122) 

propenyl ketone (122) 169. A minor free-radical primary process 
(123) also occurs 169. The quantum yield of CO production is very low, 

C H , C O d  f hv - t H 3  + e3H5 + co 

about 0.03 to 0.1 1 in the temperature range 25-170" 2537-2654 A. 
O n  the other hand, the quantum yield of methyl propenyl ketone is 
about 0.3 and virtually independent of temperature. 

I n  striking contrast methyl cyclobutyl ketone photodissociates to 
give CO, cyclobutane, CH,, and C,H4 as major products at 120" and 
2537-2654 A1'O. A free-radical mechanism analogous to the simple 
aliphatic ketones has been suggested with reaction (124) as the 
'effective' process at  120". 

The drastic difference in photochemical behavior between 
these two ketones may be due either to the unsaturation charac- 
teristics of the cyclopropyl ring and/or the difference in C-C bond 
strength of the two rings. 

The results for methyl cyclopropyl ketone suggest that the energy 
absorbed by the carbonyl chromophore may be transferred intra- 
molecularly to the cyclopropyl ring, and in a recent investigation the 
cyclopropyl group was used as a 'structural probe' to examine 
intramolecular energy transfer processes. Thus at 3 130 A and 12O"c 
the quantum yields of CO formation, which might be viewed as an 
inverse measure of the efficiency of energy transfer from the carbonyl 
chromophore to the cyclopropyl ring, vary drastically with the mole- 
cular s t r ~ c t u r e l ~ J ~ ~ .  This is seen in Table 7. 

Apparently insertion of a methylene group(sj between the carbonyl 
chromophore and the cyclopropyl ring impedes the flow of excitation 
energy from the carbonyl group to the ring and enhances the free 
radical split. The fact that ac0 for the ketone 65 with two methylene 
groups is lower than Oc0 for 64 with one CH, group, is attributed to 
the T y p  TI process becoming Important. I n  the case of the bicyclic 
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TABLE 7. Quantum yields of CO production for cyclopropyl ketones at 3130 A 
and 12Ooc"5~l71. 

Ketone @co 

CH3CO-a  (63) 0.04 

CH3COCHzCH,d  (65) 

0438 

0.65 

0.009 

0.76 

ketone 66, which is analogous to methyl cyclopropyl ketone, intra- 
molecular rearrangement leading to 3-methyl-2-cyclopentenone is 
an important photochemical process. 

At 3 130 A the major product from the irradiation of dicyclopropyl 
ketone vapor is the isomer cyclopropyl propenyl ketone. Free 1 adical 
processes are very inefficient 60. 

C. Cyclic Ketones and Diketones 
1. Cyclobutanone 

Irradiation of cyclobutanone vapor in its first absorption band 
yields ethylene, ketene, CO, propylene, cyclopropane, and an isomer, 
presumably 3 - b ~ t e n a l ~ O - ~ ~ .  The C3H6 formed in reaction (126) is 

CzH4 + CHzCO (125) 

C3H6 + CO (126) 

C H,=CHC HaCHO (127) 

do+ hv E 
presumably a 'hot' cyclopropane which then is thermalized by 
collisional deactivation or rearranges to propylene. At 3 130 A, 
@(lze) = 0.35, @(125) = 0.51, @(127) = 0.004. 
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2. Cyclopentanone 
Irradiation of cyclopentanone vapor in its first absorption band 

gives CO, ethylene, cyclobutane, and 4-pentena133~50~51J72-174. 
The primary processes (128) to (130) are proposed. Isotopic experi- 

CH2=CHCH2CH2CH0 

ments indicate that processes (128) and (129) are independent 
reactions173. At 3130 A and 124"c, the total quantum yield of the 
three processes (128), (129), and (130) is 0-72, and is independent of 
pressure. However, the relative quantum efficiency @(130)/( @c128) + 

is highly sensitive to pressure, being 1.08 at  106 mm, 0.75 
at  53 mm, and 0.16 a t  12 mm. 

A preliminary investigation of 2-methyl- and 3-methylcyclopen- 
tanone showed that the photodissociative processes are analogous to 
reactions (128) and (129)174. 

3. Cyclohexanone 
Major products a t  3130 A are CO, ethylene, propylene, cyclo- 

pentane, 1-pentene, and 5-hexenai; the primary reactions (131) to 
(134) are proposed50*51J75J76. At 3130 A and 3OO0c, a,, is 0.91. 

CH,=CH(CH,)zCHs + CO (131) 

C H2=C H(C H&C HO 

In the presence of shorter wavelength radiation other complicated 
side-reactions occur. 

Irradiation of cyclohexanone neat and in various solvents a t  
3 130 A gives CO with a quantum yield of the order of 0.02 ; the yiold 
of isomeric aldehyde produced by reaction (134) is of the same order 
of magnitude in the vapor, liquid, or solution phase62*176-178. A 
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ring-contraction process also has been observed in the irradiation of 
pure liquid cyclohexanone at  3 130 A; 2-rnethylcyclopentanone is 
produced with a quantum yield of about 0-0362 (see section III.E.3). 
In an aqueous solution irradiation of cyclohexanone also leads to the 
formation of caproic acid, while in cyclohexanol solvent cyclohexyl 
pinacol is formed in good yield. 

4. 3,5-Cycloheptadienone and cyclopropenones 

The nonconjugated unsaturated cyclic ketones are usually much 
less stable towards photodissociation than their unsaturated ali- 
phatic analogs. Thus, irradiation of 3,5-cycloheptadienone (68) and 
its 2-methyl derivative in ether solutions gives CO and a 1,3,5-triene 
(69) in 95% yield179J80. This photochemical reaction has two 
interesting aspects: no cyclic hydrocarbon is observed and the 
elimination of CO proceeds with a high efficiency comparable to that 
of a saturated ketone in the vapor phase. 

(68) (69) 

Irradiation of diphenylcyclopropenone also leads to decarbony- 
lation giving diphenylacetylene and CO as the main products181. 

5. Cyclic diketones 

Most of the photochemical studies of cyclic diketones have been 
carried out in liquid systems. Their photochemical behavior seems 
to be affected by both the structure of the ketones and the nature of 
the solvent. Thus, photolysis of 1,2-cyclodecanedione (70) gives (71) 
in 75% yield and (72) in 9% yield165. 

+ hv u+ CHzCO 

(70) (71) (72) 
(1 36) 

1,3-Diketones behave quite differently. For example, tetra- 
methyl- 1,3-~yclobutanedione (73) undergoes efficient photodecar- 
bonylation in benzene solution to give tetramethylethylene 182. 
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However, when the same ketone 73 is irradiated in a 5-15% ethanol 
solution, tetramethylcyclopropanone ethyl hemiketal (74) and 
ethyl isobutyrate (75) are obtained in good yields183. 

Similarly, photolysis of dispir0[5.1.5.1]-7,14-tetradecanedione 
(76) in degassed benzene gives CO and a 6 1 y-, yield of cyclohexyli- 
denecyclohexane (77). In the presence of added oxygen the photo- 
chemical reaction is altered to give acetone, CO, GOz, and tetra- 
methylethylene oxide (78) as the major products 184. 

dD 0 

+ h v  

,3!-> (yJ + 2CO 

H3C CH3 

D. Bicyclic and Tricyclic Ketones 

Only a few bicyclic ketones have been photolyzed in the gas 
phase171.185-186. Irradiation of bicyclo[3.2.0]-3-heptanone (79) a t  
wavelengths longer than 3100 b leads to the two reactions185 shown. 



am J. N. Pitts, Jr., and J. K. S. Wan 

Reaction (141) is far more efficient than reaction (142) producing 
the strained bicyclo[Z.Z.O]hexane (80). 

At 3130 A and 80°c, norcamphor (81) photodecomposes according 

CH2=CH(CH2)2CH=CH2 + CO (143) I--+ 

(82) 
to reactions (143) to (145) 186. I n  an analogous fashion reaction (143) 
is much more probable than reaction (144). The structure of the 
aldehyde (82) shown in reaction (145) has not been established con- 
clusively. I t  is interesting to note that a similar reaction leading to an 
aldehyde production is absent when (79) is irradiated. 

Decarbonylation is not important when camphor (83) is irradiated 
in various solvents. At 3 130 A, the major products are campholenic 
aldehyde (84) and 1,2,2-trimethyl-3-cyclopentenyl methyl ketone 
(85) lE7-18*. The sum of the quantum yields of 84 and 85 is found to 

be independent of the nature of solvent, while their ratio markedly 
depends upon the solvent. O n  this basis, it was postulated that 84 
is formed in an intramolecular rearrangement reaction (146) and 
that the formation of 85 involves interaction with the solvent 
molecule as in reaction (147) 188. 

Bicyclic ketones 66 and 67 containing a cyclopropyl group were 
mentioned in section V.B. A similar bicyclic ketone, thujone (86), 
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(85 1 (147) 

has been photolyzed in cyclohexane and in propyl alcohol solutions. 
The reaction leads to production of C O  with a yield comparable to 
vapor phase photolysis (reaction 148) lE9. 

+ co 
+ hv Cyclohexane or> $ 

(148) 
C,H,OH 

(86) 

Irradiation of the bicyclic ketone 87 in cyclopentane solution leads 
to isomerization to the ketone derivative 88 and to decarbonylation 
in 65% and 15% yields, respectivelylgO. The formation of 88 may 

Cyclopen tane .17-,",~o+co2 
( 149) 

( 1  50) 
Clycopentane + co 

q + hv & 
involve an intramolecular disproportionation of an alkyl-acyl radical 
pair. 

The photochemical reactions of a,P-epoxy ketones have not been 
widely studied although interesting skeletal rearrangements in the 
photochemistry of some steroidal epoxy ketones have been discussed 
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by Lehmann, and coworkers Ig1. Several simpler epoxy ketones 
which undergo skeletal transformation have also been reported 66. 
Thus irradiation of isophorone oxide in various solvents gave a 9: 1 
mixture of 90 and 91 in 10% yield66. 

(89) (90) (91) 

The irradiation of indenones provides an interesting study of the 
substituent effect on photodecarbonylation. Unsubstituted 2-inden- 
one (92) gives an alcohol (93) as the major product and about 5% of 

(152) 

94, while 1-phenyl-2-indenone (95) gives an 807' yield of product 
(96) Ig3. Irradiation of 2,3-epoxy-2-methyl-3-phenylindenone (97) 
in benzene, however, gives a 27% yield of the rearranged product 
(99) and possibly a small amount of the dimer 98Ig4. 

Q+... ( 153) 

C6H.5 C6H5 
C6H5 

(95) (96) 

Ullman and Henderson 273 have studied quantitatively and in 
detail the mechanism of the reversible photochemical valence 
tautomerization of 2,3-diphenylindenone oxide (100) with the pyryl- 
ium oxide (101). Their results are most readily interpreted by assum- 
ing intermediate vibrationally excited ground states formed by 
nonradiative processes (see Figure 1) fiom the lowest excited singlet 
and triplet states of 100 in the forward and 101 in the reverse 
reactions. As part of their argument they note that 3,4-diphenyliso- 
coumarin (102) is formed exclusively from 101 on irradiation with 
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0 

(99> 
visible light ( A  > 450 mp). 102 was not formed by irradiation of 100 
alone at 365 mp. 

Irradiation of the tricyclic ketone cyclocamphanone (103) in a 

-. c 6 H 5  h v > w 5  

CsH5 C 6 H 5  c6h5 

C6H5 

0 0- 0 

(104a) ( 103) 

(104b) 
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1 yo alcohol solution leads to the two novel modes of rearrangements 
shown196. The first step of reaction (155) is assumed to be a skeletal 
rearrangement to 104a which then decomposes into 104b and ketene. 
The other reaction (156) is evidently an interaction with the alcohol 

(103) j105a) 

(10Sb) 

solvent. The  isomerization of 103 first to 105a is substantiated by 
various authors who have shown that photolysis of dehydronor- 
camphor (7)  gives a very high yield of cyclopentadiene and ketene 
as shown in reaction (17). 

VI. a,p-UNSATURATED KETONES 

A. Aliphatic a&Unscrturated Ketones 

Only a few photochemical reactions of simple aliphatic a,p- 
unsaturated ketones have been reported in the literature. T o  date, 
only gaseous methyl propenyl ketone 56 and 4,5,5-trimethyl-3- 
hexen-2-one (9) and other structurally similar ketones in ether 
solution have been investigated 57. 58. These were discussed in section 
1II.E. 1. 

B. Cyclic a,P-Unsaturated Ketones 

The photochemical reactions of some cyclic a,p-unsaturated 
ketones have been discussed in section IILE, III.F, and 1II.H. 
Others will now be grouped according to their types of photochemical 
behzvicr. 



16. Photochemistry of Ketones and Aldehydes 885 

I. Skeletal rearrangement without reduction of the carbonyl 
group 
Irradiation of verbenone (106) in cyclohexane solution gives 

chrysaothenone lS6. The reaction was shown to be irreversible. 
Other products (esters, acids, and amides) were also obtained when 
the solvents were ethanol, wet ether, and etheral ammonia, res- 
pectively. 

(106) 

The effects of substituent and solvent in the photochemical re- 
arrangement of cross-conjugated cyclohexadienones have been 
pointed out by KropplS7 in a recent study of some 2-methyl-1,4- 
dien-3-ones in various solvents. For example, he found that in a 
neutral solvent, dioxane, the major photoproduct of 107 is the con- 
jugated isomer 108. In  a 45% acetic acid solution irradiation of 107 
gives mainly the spiro ketone (109). Thus the photochemical re- 
actions involve intermediate steps which are markedly sensitive to the 
nature of solvent medium as well as to the alkyl substituents. 

2. Skeletal rearrangement accompanied by reduction of the 
carbonyl group 

Irradiation of the tricyclic ketone (110) in acidic solution with a 
The mercury arc (Pyrex filter) a t  20"c gives a phenol 
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(110) (111) 

photorearrangement of 112 to 113 has been reported in aqueous 
dioxane solution irradiated with h > 3100 

3. Rearrangement with ring fission 

Upon irradiation with a mercury arc (Pyrex filter) in the presence 
of a suitable refluxing nucleophilic solvent, all a-substituted cyclo- 
hexadienones such as 114 and 116 undergo smooth fission to acids 

PI5 and their derivatives 117, respectively. I n  an  oxygen-free 
solution of' 0.1 to 1%, the conversion yield was found to be quite 
high IDS. 

0 
11 M / \ (163) 

CeH&JHC 
C,H,,NH, 

(117) 

*+ h" 

(116) 

4. Rearrangement via enclization 

Upon irradiation with ultraviolet light in a quartz cell, it was 
observed that the vinyl ketone 118 isomerized quantitatively to 
fl,yallyl ketone (IN), presumably by a photoenolization mechanism. 



I t  has been reported that irradiation of 1-acetylcyclohcxene (120) 
gives 3-acetylcyclohesene (121) with a conversion yield of about 
50% zoo. However, in recent experiments using highly purified 
solvents, reaction (165) did not seem to occurzo1. 

Other examples of photoenolization are the rearrangements of 
a-ionone (122) to (123) 2oz and the photoisomerization of 124 to 125 
in sunlight203. 

5. Addition to ethylenic bonds 
Irradiation of carvone (126) in 95% ethanol by sunlight (Pyrex 

reaction cell) gives carvone camphor (127) 204. The photocyclization 
is a type of intramolecular addition. 

(127) 
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Irradiation of the 1 -oxo-8-ethyleneketal (128)’ in benzene solution 
provides another example of intramolecular addition. The product is 
a ‘cage’ ketone (129) in 95% yieldzo5. 

+ hv 

Intermolecular additions to ethylenic systems have been observed 
between the same ketone molecules or between the ketone and 
other molecules. In  this respect the self-addition of cyclopentenone 
has been illustrated in reaction (44). 

Another type of photoaddition in which cyclization is not involved 
in the final product has been reported. Irradiation of acetylacetone 
in cyclohexene gives 130 in 78% yield 206. Similar reactions have also 
been observed in good yields with 1-octene and other olefinsZo6. 

i 130 j 

An example is the photoaddition of cyclopentene to cyclohexenone. 

0 0 
(tronslcis = I )  

(1 70a) 
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C. Heterocyclic cQ-Unsaturuted Ketones 

The photochemical reactivity of heterocyclic a,p-unsaturated 
ketones is closely related to their cyclic hydrocarbon analogs. 

1. Skeretal rearrangement 

Photoarrangement of 2,6-dimethyl-4-pyrone (131) to a furan 
derivative (132) has been reported207. Upon irradiation of a dilute 
aqueous solution of 131 in a quartz cell with unfiltered light from a 
high pressure mercury arc, the isomerized product (132) was ob- 

served in about 1 yo yield. The major reaction was photodimerization 
of 131 as in equation (173) below. 

2. Rearrangement with ring fission 

pyrone (133) in methanol has been observedzo8. 
Photoisomerization accompanied by ring fission of 4,6-dimethyl-2- 

0 
II 

(1721 > CH3CCH2C(CH,)=CHC02CH3 
CHnOH 

3. Dimerization 

leads to dimerization in good yields 207.200.  

Irradiation of 131 in either the solid state or in aqueous solution 
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Irradiation of u-pyridones (135) in aqueous solution with an 
unfiltered high pressure mercury arc resulted in dimerization210-212. 

R 
I 

D. Steroid Dienones 

The course of photochemical rearrangements of steroid dienones 
often shows a striking dependence upon solvent. In addition the 
nature of the products is sometimes affected by the presence or 
absence of a 4-alkyl substituent in the dienones. Thus, irradiations of 
prednisone acetate (137) with no 4-alkyl substituent in several 
solvents leads to the products shown in reactions (1 75), (1 76), and 
(177) 213. Santonin (142) irradiated in similar solvents gives a 
different set of products (reactions 178 and 179) 214-215. 

Probable mechanisms of the photochemical reactions of 137 and 
142 have beeri reviewed in detail by Chapmanlo. H e  rationalizes 
that the three different rearrangements of 137 in equations (1 75) to 
(177) involve a series of alkyl shifts in polar intermediates followed by 
formation of new rings. The difference in the nature of rearrange- 
ments of 137 and 142 is attributed to the presence or absence of a 
4-methyl substituent. This latter structural effect has also been 
demonstrated by the different photochemical rearrangements of 
1-dehydro-4-methyltestosterone (146) and of 1-dehydrotestosterone 
(148). The former (146) gives a clean photorearrangement to 147 
in 60-70% yield216-217, while irradiation of the latter leads to a 
complex mixture of ketones and phenols of which only the structures 
of 149 and 154) have been established2I8. 

Another type of photochemical rearrangement has been reported 
a t  2537 A for log, 17/3-diacetoxyl-1,4-estradien-3-one (151) 219. It loses 
an OAc group and rearranges to 152. 
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COCHzOAc 
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HOOC %-- 

I_ H,O/AcOH 

(179) 
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OAc 
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5 -t hr - -f 5. R,HCOH+ 5 + R 2 ? 0 H  

(153) 

I 
Y 

(154) 

Addltion P. , tOH 
Y 

&C R2OH 

(155, 

Recently a novel photochemical reaction of 3/3-acetoxy-5,16- 
pregnadien-20-one (153) has been reported 220 in which 153 gives 
L54 in 40-5070 yield and in addition ethanol is added to 153 giving 
155 in 3040% yield. The reaction was found to be general with both 
primary and secondary alcohols, thus giving a new method for the 
introduction of an oxygen-bearing 16a-alkyl substituent into the 
steroid nucleus. A general mechanism for the reaction was postulated. 

VII. PHOTOLYSIS OF ALKYL ARYL KETONES 

Alkyl aryl ketones may behave photochemically as both aromatic 
and aliphatic ketones. Thus in the gas phase, they can undergo free- 
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radical photodissociation and in the liquid phase they participate 
mainly in hydrogen-atom abstraction processes from hydrogen- 
atom donating solvents and carbonyl cycloaddition to olefins. In  
certain alkyl aryl ketones with y-hydrogen atoms on the alkyl chain, 
the Type I1 split process is also important. 

A. Acetophenone 

This simplest alkyl aryl ketone photodecomposes at elevated 
temperature in the vapor phase according to reaction (186) 221. 222. 

C6H5COCH3 + hv 4 deH5  + d H 3  + CO (186) 

The photopinacolization of acetophenone in 2-propanol and in 
a benzene solution of a-methylbenzyl alcohol has been studied in 
detail by Cohen nnd coworkers223. I n  the first solvent the photo- 
reduction leads to the meso and dl forms of 2,3-diphenyl-2,3-butylene 
glycol and one mole of acetone is formed from the solvent for every 
two moles of acetophenone reduced. This result is similar to the 
photoreduction of benzophenone in 2-propan01~~. In the second 
solvent case, irradiation also produces the mem and dl forms of 
2,3-diphenyl-2,3-butylene glycol. 

It was further demonstrated uniquely that the photopinacolization 
of acetophenone in both systems can be quenched physically as well 
as chemically223. Physical quenching is brought &bout by energy 
transfer from the triplet acetophenone to naphthalene. Chemical 
quenching involves inhibition by either mercaptans (ASH) or disul- 
fides (ASSA); the latter oxidize ketyl radicals to ketones while 
mercaptans reduce them to the corresponding carbinol. 

CeH6COCH3 + hv - CeH5COCH3(51) + C ~ H ~ C O C H ~ ( T I )  (187) 

CeH5COCH3(Tl) + C,H5CH(OH)CH3 -+ 2 C6H5t(0H)CH3 

C6H5e(OH)CH3 + ASSA ___f C,H5COCH3 + ASH + dS 
CeH56(0H)CH3 + ASH + C,H5CH(OH)CH3 + AS 

(188) 

2 CeH56(0H)CH3 d [C~HSC(OH)CH& (189) 

(190) 

(191) 

I t  was observed that mercaptans and disulfides were equally 
effective, each being converted into a common mixture of the two 
during irradiation 223. Thus when optically active or-methylbenzyl 
alcohol is used, the residual alcohol is not racemized if the aceto- 
phenone is reduced in the absence of sulfur compounds. In  the pre- 
sence of sulfur compounds the optically active alcohol is racemized 
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and the reduction is retarded. The uninhibited reduction is zero- 
order with respect to acetophenone; the quantum yield of pinacol 
formation is a function of alcohol concentration and approaches 
unity at high alcohol concentrations. A simplified mechanism which 
accounts for the observed results is represented by reactions (187) to 

Another well-known general photochemical reaction of aromatic 
ketones is photoaddition to olefinic systems (section 111.1). 

I n  contrast to acetophenone, 2-acetonaphthone does not photo- 
pinacolize or add across olefinic bonds 74-88. Cyclopropyl phenyl 
ketone also does not readily undergo reduction and addition reac- 
tions 88.  

The photoinduced rearrangement of various substituted phenacyl 
chlorides (156) in ethanolic solution has been investigated 224. The 

(191). 

COCH, 
x - @ ~ ~ ~ ~ ~ ~ '  + hY E t O H >  xa f 

(157) 

major rearrangement is represented in reaction (192). The pro- 
duction of acetophenone (157) probably involves the decom- 
position of 156 into a chlorine atom and a ketonyl radical which then 
abstracts a hydrogen atom from the solvent. However, the ester 158 
is formed only when the substituent X is an electron-donating group 
in an ortho or pard position. It was postulated that formation of the 
ester (158) could proceed via a cyclic intermediate of the ketonyl 
radical (159) since such an intermediate is stabilized by ortho orparu 
electron-donating substituents 224. 
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B. Butyrophenone 

The quantum efficiency of the photoelimination of ethylene 
(reaction 8) from butyrophenone is highly sensitive to the electron- 
donating character of para substituents, dropping from 0.04 in both 
butyrophenone and p-methylbutyrophenone to 0.29, 0.10, and 0.00 
in thep-fluoro, p-methoxy, and p-amino derivatives, re~pect ively~~.  A 
zero quantum yield of ethylene production is also observed in both 
o- and p-hydroxybutyrophenone. These effects are similar to those 
observed for the efficiency of intermolecular hydrogen-atom ab- 
straction by benzophenone derivatives and, in the case of the para 
substituents, may be qualitatively correlated with the absorption and 
phosphorescence spectra (i.e. singlet or triplet levels) of these 
butyrophenones. I t  appears that the lowest triplet states of the non- 
reactive p-NH2 and p-OH substituted butyrophenones are (w,T*) 
rather than 3 ( n , ~ * ) ,  and the electron-donating para substituents 
result in increased negative charge oc the excited carbonyl oxygen, 
thus diminishing its hydrogen-atom abstracting power. 

In the case of o-hydroxybutyrophenone, the nonreactivity may be 
due to an intramolecular photoenolization process analogous to that 
established by Yang 225 for o-hydroxybenzophenone (vide in&) 23. 

897 

Vlll. AROMATIC KETONES A N D  ALDEHYDES 

Photochemical reactions of aromatic ketones and aldehydes in 
solution have been the subject of many investigations since the ori- 
ginal discovery of Ciamician and Silber71 that the action of sunlight 
on a solution of benzophenone in ethanol gave a good yield of benzo- 
pinacol. Up to 1950 most of the work was directed toward synthetic 
applications of photorcductions, since the yields in many cases are 
good and the products more readily prepared than by the usual 
nonphotochemical routes. This was well illustrated in an important 
early review article by Schonberg and Mustafa226 who did much of 
the pioneer synthetic photochemistry of the carbonyl compounds. 
I n  the last decade the mechanistic aspects of these systems, first 
examined critically by Backstromll, and by Weizmann, Bergmann 
and Hirshberg in the 1930s 70, have received a great deal of attention. 
Another important photochemical reaction of aromatic ketones and 
aldehydes is the photocycloaddition of olefins to the carbonyl group ; 
it was also exploited synthetically and studied mechanistically 
during this period. Very few quantitative vapor-phase studies have 
been reported and these will not be treated in detail here. 
29 + C.C.G. 
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A. Aromatic Aldehydes 

Benzaldehyde photodecomposes in the vapor phase presumably 
according to the free-radical mechanism (193) and (194). At 25"c 

only a very low quantum yield of decomposition was observed but at 
elevated temperatures, chain decomposition to give CO seems 
probable227. 

In  hydroxylic solvents benzaldehyde undergoes photoreduction by 
intermolecular hydrogen-atom abstraction. It also adds photo- 
chemically to olefinic systems (reactions 53, 47) as well as to acety- 
lenic bonds (reaction 55). 

The effect of substituents on the photoreactivity of benzaldehyde 
has not been systematically studied. However, the photoreactions of 
p-methoxybenzaldehyde and p-chlorobenzaldehyde with the keteni- 
mine 52 have been investigated 88. The results are shown in Table 888. 

TABLE 8. Photochemical behavior of substituted benzaldehyde. 

Reaction with ketenimine 
Compound Photoreduction 

yo Iminooxetane yo Sensitized 
(54) yield" product (55) 

Bcnzaldehyde Yes 50 (j3-isomer formed 10 
only) 

only) 

only) 

p-Methoxybenzaldehyde not known 34 (fl-isomer formed 66 

P-Chlorobenzaldehyde not known 60 (j3-isomer formed 21 

1-Napthaldehyde no 0 0 

a See reaction (47). b See analogous reactions (48) to (51). 

Anisaldehyde is found to behave photochemically similar to 
benzaldehyde. With 1 -naphthaldehyde, however, no photoreduction 
is observed in usual hydrogen donor solvents unless tributylstannol, 
a very good hydrogen donor, is used as solvent 74. 

5. Aromatic Ketones 
I. Benzophenone 

Irradiation of benzophenone in thoroughly deoxygenated hydro- 
gen-donor solvents such as isopropyl alcohol gives a quantitative 
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yield of benzopinacol and acetone72. Quantum yields of benzo- 
phenone disappearance in various solvents are shown in Table 9. 
If air is bubbled through the solution continuously during irradiation, 

TABLE 9. Photoreduction of benzophenone in various solvents. 

Solvent Molar concentration of benzophenone @ disappesrance 

Water 10-4 0.02 
Benzene 10-2 0.05 
Toluene 10-2 0.45 
Hexane 10-2 to 1 0 - 4  1.0 
Ethanol 10-4 to 10-1 1.0 
Isopropanol 10-5 to 10-1 0.80 to 2" 

a This variation is due to a light intensity cffcct. 

the acetone quantum yield remains unchanged but that of benzo- 
pinacol drops to zero. Some hydrogen peroxide is formed but 
benzophenone itself is unchanged. The overall reaction is thus the 
benzophenone photosensitized oxidation of the alcohol solvent 72.  

Photosensitized oxidations have important theoretical and syn- 
thetic aspects, as illustrated by the important long-term research 
of Schenck and We should also cite the studies on 
reactions of singlet oxygen by Foote and Wexler 274 and by B a y e ~ ~ ' ~ .  
However, it is beyond the scope of this article to treat this subject 
here. 

A detailed review of the solution-phase photochemistry of benzo- 
phenone would justify a separate article. We shall simply point out 
here several interesting aspects of the primary processes and not 
consider the secondary free-radical reactions. For references to the 
latter, see the papers of Frenzen, Hammond, Moore, Pitts, Porter, 
Schenck, and others. 

I t  has now been well established by a variety of techniques, such 
as physical quenching13, flash spectroscopic detection of inter- 
mediates 73, emission spectra12a20, etc., that the hydrogen-atom 
abstracting state of benzophenone is the lowest n,rr* triplet formed by 
intersystem crossing from the original excited singlet state (reactions 
38 and 39). 

Intermolecular transfer of triplet energy to an  organic molecule 
was first demonstrated 232 in the gas-phase mercury-photosensitized 
reactions of hydrocarbons. The first demonstration of triplet-triplet 
transfer in organic systems was by Terenin and Ermolaev who ob- 
served the benzophenone-sensitized phosphorescence of naphthalene 
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in glassy solvents at 77°K 233. Subsequently Backstrom and Sandros 
reported the benzophenone-sensitized phosphorescence of biacetyl 
in fluid solutions 12. Concurrently Porter and W i l k i n ~ o n ~ ~  demon- 
strated energy-transfer processes between triplet benzophenone and 
naphthalene in various solvents by flash spectroscopic and chemical 
techniques. 

The phenomenon of triplet energy transfer is of great theoretical 
and practical significance. Thus, Hammond and coworkers 13.234-237 
have demonstrated beautifully that triplet transfer in solution may 
lead merely to degradation of energy by physical processes of the 
acceptor (e.g. with naphthalene), or the acceptor molecule may 
undergo chemical reactions, often to produce unique compounds in 
good synthetic yields (e.g. with olefins). Although space limitations 
preclude a discussion of this fascinating field, we should note the 
definitive paper on the mechanism of sensitized and direct 
photochemical cis-tram isomerization in solution by Hammond and 
coworkers 237. Detailed studies of four pairs of cis-trans isomers, the 
stilbenes, the 1,2-diphenylpropenes, the piperylenes (1,3-pentadi- 
enes), and ethyl maleate-ethyl fumarate led to the important con- 
clusion that all their results could be understood if transfer of triplet 
excitation may involve excitation of acceptors to norespectroscopic 
(i.e. ‘phantom triplets’) as well as spectroscopic states 237. Such 
‘phantom triplet’ states may also be important in other systems. 

While the photopinacolization of benzophenone can be quenched 
by energy transfer to naphthaleneI3, it can also be suppressed by 
chemical scavenging of the ketyl radicals with mercaptans or di- 

The mechanism is similar to that of acetophenone 
represented in reactions (187) to (191). 

As pointed out earlier, substituted benzophenones show dramatic 
differences in their reactivity. Ortho substitution of a group having a 
hydrogen atom which can participate in a six-membered ring with 
the carbonyl oxygen (e.g. OH or CH,) completely quenches the 
intermolecular hydrogen-atom abstraction process 281 and ketones 
of this type are widely used commercially as ‘sun screening’ agents. 

The process by which this quenching occurs has been termed 
‘ photoenolization’ by Yang 225 and coworkers who demonstrated the 
effect by irradiating 160 in CH30D and showing that deuterium 
was introduced into the alkyl side-chain. 

The intramolecular quenching effect of substituents such as OH, 
NH, or C6H5 in the para position on the intermolecular hydrogen- 
atom abstraction process has been discussed earlier. We should add 
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C6H5 
I 

(163) 

that Porter and Suppanlg recently reported the interesting obser- 
vation that certain ' nonreactive ' p-substituted benzophenones 
become reactive in other solvents; e.g. they abstract hydrogen atoms 
from alkanes but not alcohols. 

Only one report has appeared concerning the possible formation 
of cross pinacols in the photolysis of mixtures of substituted benzo- 
phenones 23a. The study involved three systems in \vhich conditions 
were adjusted so that both ketones were absorbing the same amount 
of incident radiation. I t  is interesting that only one system, mixtures 
of benzophenone and 4,4'-dichlorobenzophenone, gave about 15- 
20% of cross pinacols. The failure of cross pinacol formation in the 
other systems may be due to a triplet-triplet energy transfer, or it 
could result from an intermolecular hydrogen atom transfer from one 
ketyl radical to the other ketone molecule. Work is in progress to 
clarify this point. 

The photochemistry of thiobenzophenone difrers significantly 
from that of benzophenone. Thus, irradiation of thiobenzophenone 
in alcoholic solvents gives benzhydryl mercaptan, dibenzhydryl 
disulfide and tetrasulfide as the reduction products 239. Irradiation 
of thiobenzophenone in the presence of olefins gives reaction ( 196)240. 
(C,H,),C=S f R'CH=CHR2 + hv -> R'CH=C(C,H& + R'CH=C(CsHJz 

+ R'CH=S f R2CH=S (196) 

2. Naphthylalkylbenzophenones 
An interesting case of intramolecular electronic energy transfer 

occurs in 4-( 1-naphthylalicy1)benzophenone (164) 241. The absorp- 
tion spectrum of 164 shows that the molecule contains two 
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(164) 

independent absorbing systems, the benzophenone moiety and the 
naphthalene moiety. Using light absorbed only by the benzophenone 
moiety, Leermaker and colleagues demonstrated by emission spectra 
that efficient transfer of triplet excitation from the benzophenone 
moietjj to the naphthalene moiety occurs. Because of the higher 
singlet energy level of naphthalene than that of benzophenone, 
singlet energy transfer from the latter to the first is unlikely. On the 
other hand, when 164 is excited with light absorbed by the naphtha- 
lene moiety, efficient transfer of singlet excitation to the benzo- 
phenone moiety occurs. Apparently, the rate of triplet energy 
transfer is not influenced by the length of the methylene chain, 
whereas a decrease in the efficiency of singlet transfer is observed as 
the chain increases from n = 1 to n = 3. 

3. Diketones 

The photochemical behavior of aromatic diketones depends 
markedly on the multiplicity of the excited states. Irradiation of cis- 
dibenzoylethylene (42) has been discussed in section II1.G (reactions 
40, 41). Another recent example is the photochemical reactivity of 

C6H5 
I 
c=o - 

C6H5 
> RH (C:Y,j,CO + hv 

RH H.5C6 CGH5 H5C6 

L O  C6H5 I (166) 

(197) 
(165) 

tram-dibenzoylcyclopropane (165) 242. Direct photolysis of 165 leads 
only to cis-tram conversion. In hydrogen donor solvents with a good 
triplet photosensitizer, such as benzophenone, the reaction follows a 
different course giving Iy3-dibenzoylpropane (166). 
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IX. O T H E R  ASPECTS O F  CARBONYL PHOTOCHEMISTRY 

Several important and interesting research areas involving the photo- 
chemistry of aldehydes and ketones cannot be discussed in detail 
here. We shall refer to them briefly and cite key references. 

m. A 

The salient features of mercury-photosensitized reactions have 
been thoroughly discussed by Gunning and Strausz 243, Cvetan- 
uvic 143, and Calvert and Fitts3. We shall not consider them in detail 
here, particularly since only relatively few ketones and aldehydes 
have been investigated. 

We might note, however, that S r i n i ~ a s a n ~ ~  has shown that mer- 
cury photosensitization represents a convenient synthetic method 
for certain bicyclic hydrocarbons. In  another example Lemal and 
Shim successfully prepared for the first time a highly strained 
tricyclo[2.2.0.0 2*8]hexane (168) in significant yield (about 36%) by 
the mercury-photosensitized decomposition of nortricyclanone 
(167) 244. 

Pl?ercury-photsseilsit~z~~ React ia~s tf Ketmes and Ar'behydes 

+ polymer- + Hg(ISo) 0 
6. Photochemistry of Ketones and Aldehydes in the Solid Stute 

Photochemical studies of the organic solid state can be classified 
generally into two groups. The first involves irradiation of organic 
molecules isolated in inert solid matrices (usually a noble gas or 
glassy solvent) a t  low temperatures. Such low-temperature studies 
usually deal with spectroscopic characteristics of the compound or 
with the identification of trapped reactive intermediates which may 
play an important role in the reaction mechanism. The other group 
includes photochemical studies of organic solids at  ordinary tem- 
peratures either as crystals or in solid matrices. 
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It is evident from the review of G i l m ~ u r ~ ~ ~  that relatively very 
little work has been done on the photochemistry, as apart from the 
spectroscopy, of ketones and aldehydes in the solid state. Recently, 
however, some important definitive work has been published, for 
example that of Cohen, Schmidt, and c o w ~ r k e r s ~ ~ ~ - ~ * ~  on ' topo- 
photochemistry'. Current interest i.n the basic and applied aspects of 
such areas as organic photoconductors and photochromism 248 makes 
the field of organic solid state photochemistry particularly significant 
and challenging. 

. 

1. Low-temperature studies 

a. Formaldehyde. I n  an e.p.r. study Cochran and coworkers 
irradiated a solid argon matrix containing 1 yo formaldehyde with a 
hydrogen discharge lamp 249-250. A two-step mechanism (reactions 
199, 200) was proposed to account for their observations. These 
authors demonstrated that hydrogen atoms formed in  reaction (200) 
are less energetic than those produced in reaction (1 99). 

HCHO + hv-  H + C H O  (199) 

CHO f hv-> H + CO (200) 

Solid solutions of acetone and ace- 
taldehyde in methylcyclohex,ane have been irradiated with a full 
mercury arc at 7 7 " ~ .  No &era11 decomposition of acetone was 
detected but acetaldehyde gave small amounts of CO and methane251. 
Using e.p.r. spectroscopy, Piette showed that methyl radicals are 
formed and stabilized by ultraviolet irradiation of acetone at 77'KZ5'. 

b. Acetone and acetaldehyde. 

2. Photochromism of anils 

A large number of anils have been studied in the solid state, 
particularly because of their photochromic behavior, illustrated by 
the anil of salicylaldehyde (169) 253. 

Early workers believed that the photochromic process involved 
aggregation and crystal lattice interactions 248. Contrary to this, 
Cohen, Hirshberg, and Schmidt found that isolated anil molecules in 
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a rigid matrix a t  - 80"c also exhibited photochromic behavior24s. In 
a recent series of publications they concluded that the photochromic 
behavior of anils is topochemically controlled and is restricted to a i l s  
of aldehydes with an  o-hydroxyl group 247. Thus in the absence of an 
o-hydroxyl group or when the o-hydroxyl is methylated, photo- 
chromism is not observed. In  addition they found that in rigid 
solutions the photoproperties of anils of 1 -hydroxy-2-naphthaldehyde 
(171) and of 2-hydroxyl-1-naphthaldehyde (172) are sensitive to 
solvent, temperature, and wavelengths, while those of the anils of 
2-hydroxy-3-naphthaldehyde (173) and 2-methoxy- l-naphthalde- 
hyde (174) are not. 

(173) (174) 

Bercovici and Fischer 254 have also investigated some novel 
benzophenone photosensitized colorations of spiropyranes (175) at 
low temperature. At temperatures below -1OO"c with light a t  

?' (175) 

29* 
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3650 A, the photosensitized reaction (202) proceeds with a unit 
quantum yield as compared to a yield of about 0-10 in direct photo- 
lysis a t  3130 A. 

J. N. Pitts, Jr., and J. K. S. Wan 

3. Room-temperature studies 

The photochemical rearrangement 
of o-nitrobenzaldehyde (177) to o-nitrosobenzoic acid (178) has been 
the subject of many investigations. I t  was discovered by Ciamician 
and Silber in 190071. Pioneering quantitative as well as qualitative 
research in solution and in the crystalline state was carried out by 
B ~ w e n ~ ~ ~  in the early 1320s. He found the quantum yield was 0.5 in 
solid crystals. About a decade later Leighton and Lucy in a detailed 
study showed that the photorearrangement of o-nitrobenzaldehyde 
occurs in both the solid and in solution phase with the same quantum 
efficiency of 0.5 and is independent of the exciting wavelength from 

a. Intramolecular rearrangement. 

4000"-3 100 A 256. 

(177) (178) 

An e.p.r. free-radical spectrum during the irradiation of solid 
powdered o-nitrobenzaldehyde has been reported257. However, the 
photoradicals in the solid state were stabilized only a t  low tempera- 
tures and are probably not intermediates in the photoisomerization. 
Recently, Coppens and Schmidt investigated similar solid-state 
reactions of some substituted o-nitrobenzaldehydes by x-ray dif- 
fraction ttchniques 258. Correlation of the geometry of the reaction 
centres (CH and NO), rather than their distances, with the reaction 
rates in the solid state was attempted. 

Recently this photoisomerization was used as an actinometer to 
measure light intensities in quantitative photochemical studies in a 
KBr pellet of the type customarily used for obtaining infrared 
spectra of solids. Quantum yields and the kinetics of photopina- 
colization in  the system benzophenone-benzhydrol dispersed in KBr 
pellets were obtained by this technique which involves irradiation 
by filtered light at an angle to the analyzing infrared beam from the 
infrared spectrophotometer. Current studies on several photochemi- 
cal systems are aimed at determining the physical nature of the 
substrates in these alkali haiide matrices 259. 
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Irradiation of solid chalcone, C6H,CH= 
CHCOC,H,, yields both head-to-tail and head-to-head dimers 260.  

While m-nitrochalcone undergoes similar photodimerization in the 
solid state, solid f-nitrochalcone yields only a small quantity of 
photodimers 261. 

A few a,(3-unsaturated ketones have been found to dimerize when 
irradiated as solids. Thus, coumarin (44) yields a head-to-head 
photodimer 2 6 2 ;  uracil 263 (179) and thymine264 (180) apparently 
photodimerize giving cyclobutane derivatives (181) formed from the 
carbon-carbon double bonds. The structure of 181, however, has 
not been established. 

b .  Photodherizalions. 

(2041 

H H H 

(179, R = H; 
180, R =  CH,) 

Some unsaturated ketones form photodimers involving cyclization 
of two pairs of double bonds; this is sometimes referred to as double 
dimerization. The solid 4-pyrone (131) is a good example (see 
equation 173). A cyclic structure is not required for a double 
dimerization. Thus, the solid cyclic ketone 2,5-disubstituted thymo- 
quinone yields open dimers 265 when irradiated whereas solid dime- 
thy1 4-pentadien-3-one-l,5-dicarboxylate (182) with an open-chain 
structure gives tricycyclo[6.2.0.03~6]decane (183) 266s267. 

0 

(182, R = C02CH3) (183) 

C. The Photolysis of Carbonyl Sulfide: A Novel Synthetic Method 

I n  a recent series of studies on reactions of sulfur atoms the photo- 
lysis of gaseous carbonyl sulfide was examined in detail by Gunning 

for Organic Sulfur Compounds 
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and  coworker^^^*-^^^. I n  the wavelength region of 2290-2550 A 
pure COS yields CO and sulfur as the main products. The primary 
process is believed to be (206). 

COS + hv ---+ CO + S(lD) (206) 
Saturated and unsaturated hydrocarbons react with the sulfur 

atoms. Presumably both types of hydrocarbons can deactivate the 
primary S(l0)  atoms to the S(3P) state. However, it was demon- 
strated that only singlet sulfur atoms can insert into saturated C-H 
bonds, whereas the triplet sulfur atoms readily add stereospecifically 
to carbon-carbon double bonds. 

Photolysis of COS in both the vapor and solution phase is an 
excellent source of reactive sulfur atoms for synthetic prposes since 
their subsequent reactions with hydrocarbons give high yields of 
either mercaptans or cyclic sulfides with virtually no complicating 
side-reactions. This interesting field will be reviewed by Gunning 
and Strauz in a forthcoming article272. 
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1. GENERAL COMMENTS 

This chapter will be limited, as far as possible, to a discussion of the 
preparation and properties of compounds containing the thione 
(C=S) group as it appears in true thioketones. Thiono acid deri- 
vatives, as for example thiourea or thiophosgene, will not be dis- 
cussed. With one possible exception, pure monomeric thioaldehydes 
have not yet been isolated and hence emphasis will be on thioketones. 

The preparation of thioketones is complicated by many side- 
reactions. While this may be interpreted as evidence of the high 
degree of reactivity of the thione group in these compounds, it also 
means that in many preparations substances other than the desired 
thione are the principal products. Chief among such products are 
trimeric thiones, or 1,3,5-trithianes, but polymers, dimers, sulfides, 
gem-dithiols, and more complicated products are also obtained. The 
discussion of the structure and chemistry of these side-products will 
be limited in order to keep the chapter to a reasonable length. 
However, leading references will be given, since these complex 
thione derivatives frequently provide the most interesting chemistry. 

Thiocarbonyl chemistry has been the subject of several rev iew~l-~  
and the reader is referred to these for more detailed accounts of 
reactions from the older literature. The present discussion will be 
limited to the preparation and properties of well-characterized 
thioketones and to the more interesting aspects of unusual behavior, 
particularly as described in the more recent literature. 

The most outstanding characteristic of the true thione group is the 
color it imparts to the molecule. All of the monomeric thiones which 
have so far been described in the literature are intensely colored, 
ranging from red to green, with most of them in the blue or violet 
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range. The preparation and reactions of thiocarbonyl compounds 
is frequently accompanied by color changes in the solution; the 
appearance of such colors has been taken as evidence of thione 
intermediates in some reactions. 

While tliioacetone was claimed to have a powerful and unpleasant 
odor5, most cf the well-characterized thiones are of relatively high 
molecular weight and have a rather pleasant, but clinging, odor. 
The lower molecular weight compounds usually associate to form 
trithianes, which are both colorless and odorless. 

11. PREPARATION OF T H I O N E S  

A. Conversion of Carbonyl or  Incipient Carbonyl Groups into the 

1. Treatment of aldehydes or  ketones with hydrogen sulfide 
The reaction of hydrogen sulfide with 

a carbonyl group (equation 1) may lead to the formation of a thio- 

OH 

Tbiocarbonyl Group 

a. Acid-catalyzed additions. 

RiCOR2 + H2S R i - L R 2  4 RiCSR2 + H20 (1) 

5H 

carbonyl compound. This reaction has been most extensively 
exploited in the preparation of thioketones. However, the inter- 
mediate hydroxythiol may trimerize, dimerize, or pdymerize, or it 
may eliminate water to form an enethiol if an a-hydrogen is present, 
and the enethiol may react with reagents present to form other sub- 
stances. The thione may dimerize, trimerize, or polymerize, or it may 
react with oxygen of the air. Hence this reaction may be quite 
complicated 6. 

Best results have been obtained when the reaction is acid-catalyzed 
and in general the reaction is carried out by passing hydrogen sulfide 
and hydrogen chloride gas into a solution of the ketone. Solvents 
used have varied widely, with alcohol (ethanol or methanol) the 
most common, but acetic acid, ethyl acetate, dioxane, ether, and 
others have been used. Best results have been obtained with polar 
solvents. Elofson and coworkers7 carried out this reaction iii liquid 
hydrogen fluoride and by this means were able to convert Michler’s 
ketone and 3,3’-dinitrobenzophenone into the corresponding thiones 
in high yield, whereas these compounds could not be converted into 
thiones in alcohol saturated with hydrogen chloride. On  the other 
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hand, certain compounds, such as benzophenone, could not be con- 
verted into thiones by treatment with hydrogen sulfide in liquid 
hydrogen fluoride but these thiones were readily formed in alcohol 
saturated with hydrogen chloride. The reaction is also quite sus- 
ceptible to temperature effects and is generally carried out at or 
below 0". This is particularly true of those ketones which have a- 
hydrogens, where the lower temperature may be egective in pre- 
venting side-reactions. 

The following examples illustrate the preparation of simple thiones 
by the use of hydrogen sulfide and hydrogen chloride. Treatment of a 
solution of benzophenone in 95% ethanol, cooled in an ice-salt bath, 
with hydrogen sulfide and hydrogen chloride for 2-3 h, followed by 
continuous addition of hydrogen sulfide for 20 h, produced deep 
blue-violet needles of 1 in 66-77y0 yield, which melted at 53-54' 
after two recrystallizations from ligroin under carbon dioxide * m 9 .  

This and related preparations may require careful purification to 
eliminate unreacted ketone. Several good examples are given by 
Westheimer and coworkers lo. 

A solution of fluorenone in 95% ethanol, cooled to -12", was 

(1) (2) (3) 

treated with hydrogen sulfide and hydrogen chloride a t  such a rate 
as to keep the temperature below 0". After 3 h a deep green sludge 
of crystals had formed. After treatment with hydrogen sulfide for a 
further 2 h, the crystals were collected under carbon dioxide, dried 
over calcium chloride in uczcuo, and recrystallized from petroleum 
ether under carbon dioxide. The green needles of 2, obtained in 
57% yield, melted at  75-76Ol1. 

Thioacetophenone (3) forms as a deep purple oil when aceto- 
phenone is treated as aboveI2, but efforts to isolate it always lead to 
nktures  containing some trimer. The pure trimer can be obtained 
readily, however, and then pyrolyzed to produce monomer. 1x1 this 
case it is necessary to control carefully the temperature and acid 
c ~ n c e n t r a t i o n ~ ~  in  order to obtain the trimer in good yield and 
avoid the formation of a different product, 'anhydrotriaceto- 
phenone disulfide' (4), which can be the major product in this 
reaction14. The structure of 4 has been establishedI6 as 2,4- 
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dimethyl-2,4,6-triphenyl- 1,3-dithiene by nuclear magnetic re- 
sonance and chemical degradation. It is probably formed via the 
intermediate thiodypnone l4 (5 ) ,  since its formation is promoted 

(4) (5) 

under conditions which favor chalcone formation. Some para-sub- 
stituted acetophenones have yielded similar results16. 

A solution of Michler's ketone in anhydrous hydrogen fluoride, 
cooled to - 10" to - 20°, treated with hydrogen sulfide for 2 h, and 
worked up from an aqueous solution, yielded red crystals of Michler's 
thioketone (6), m.p. 208-209" after recrystallization from chloro- 
form, in nearly quantitative yield'. I t  is interesting that this com- 

(7 ) 

pound is not formed by hydrogen sulfide-hydrogen chloride treat- 
ment of the ketone in alcohol17. I t  seems likely that in alcoholic 
hydrochloric acid Michler's ketone is diprotonated to the relatively 
unreactive species 7 but in liquid hydrogen fluoride it picks up 
another proton to produce the reactive species 8. The effect of acid 

H 

( c H 3 1 2 & 0 T a J ( c H 3 ) 2  

( 8 )  

catalysis on the addition of hydrogen sulfide has been discussed by 
Elofion and coworkers 7. 

Other products of addition of hydrogen sulfide, snch as the olthiol 
or gem-dithiol, may be readily converted into the corresponding 
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thione in many cases. For example, treatment of 1 ,1, l-trifluoro- 
acetone with hydrogen sulfide under pressure in the presence of 
phosphorus pentoxide produced a distillable oil, the gem-dithiol 
918. Pyrolysis of 9 in a quartz tube at  550" in uacuo yielded the thio- 
ketone 10, which was collected, along with hydrogen sulfide, in a 

II 
s OH 

CF3C(SH)2CH, CF3CCH3 CF3 c CH, 
I 

(9) 

trap at - 196". This same reaction conducted in the presence of 
hydrogen chloride yielded 1 , 1 , 1 -trifluoro-2-mercapto-2-propanol 
(11) which on distillation produced a mixture of 10, trifluoroacetone, 
water, and hydrogen sulfide. 

I n  certain cases only the enethiol or gem-dithiol has been obtained 
by treating ketones with hydrogen sulfide under acid catalysis. An 
interesting example is 1 , 1 ,3-triphenyl-2-propanone, which produced 
1 , 1,3-triphenylpropene-2-thiol (12) in 90% yield under the usual 
conditions. 12 was a white crystalline solid, melting at 90-91". 

SH s 

That the compound exists only in the form 12 and does not con- 
tain any thione 13 is shown by the lack of color, quite uncommon in 
these systems, and by the n.m.r. spectrum, which shows no evidence 
of benzhydryl proton and gives a ratio of 1 : 2 for thiol to methylene 
protons 19. Dibenzyl ketone, treated with hydrogen sulfide and hydro- 
gen chloride in cold alcohol, yielded the gem-dithiol 1420*21 as a 

SH 
I 

(15) 

C6H5CH2C=CHCeH5 

white crystalline product, which on heating or treatment with base 
loses hydrogen sulfide to form a red oil which has not been purified 
but is presumed to be principally 25 on the basis of its reactions. 
Some related compounds behave similarly 19. The formation of 
enethiols in certain cyclic systems has been described by Campaigne 
and 

Mayer and Berthold 23 report a synthesis of thiones involving 
treatment of ketals with hydrogen sulfide in acetic acid containing 



17. Thioketones 923 

a trace of sulfuric acid (equation 2). The reaction has the advantage 
of being quite rapid; with aliphatic and alicyclic ketals good yields 

RiC(OR2), + H2S RiC=S + 2 R 2 0 H  (2) 

of deep red oils, which were purified by distillation, were obtained 
in 15-20 min. These authors also found that treatment of the enol 
ether of acetophenone with hydrogen sulfide in aqueous hydrogen 
chloride containing zinc chloride (Lucas' reagent) gave 3 as a blue 
oil, b.p. 97-100"/12 mm. 

p-Thioketo esters and monothio-p-diketones have been investi- 
gated because of their possible interest as chelating agents. This 
field has been the subject of an  excellent reviewz4. Efforts to form 
/3-dithioketones by treatment of /3-ketones with hydrogen sulfide in 
strong acid solution25 led to the formation of dimers which were 
shown to have the tetrathiaadamantane structure 26. /3-Thioketo 
esters were formed in good yield when a cold alcoholic solution of the 
p-keto ester was treated with hydrogen sulfide and hydrogen 
chloride z7. Ethyl thioacetoacetate, a red-orange oil, b.p. 75-80"/12 
rnm, was purified by precipitation as the lead salt and decomposition 
of this salt with hydrogen sulfide. More recently, Reyes and Silver- 
stein 28-29 have prepared the ethyl thiobenzoylacetates (16) using a 

slight modification of Mitra's2? procedure. They found that ethyl 
thiobenzoylacetate itself (16, R = H) was a blue distillable oil 
which existed largely as the enethiol chelate, 17. Ethyl a,a-dime- 
thylthiobenzoylacetate (16, R = CH3) was a deep blue oil which did 
not form a precipitate with lead; it was purified by chromatography. 

Chaston, Livingstone, and coworkers z4*30 reported the preparation 
of a series of monothio-j3-diketones (18) and found conditions for 
their preparation rather critical. I t  was necessary to reduce the 
amount of hydrogen chloride drastically to produce the monothio- 
ketones 1% to 18e. Thus, following Mitra's method2?, an alcoholic 
solution of acetylacetone was saturated with hydrogen chloride for 30 
min at - 10". Hydrogen sulfide was then passed through the solution 
for 6 to 10 h, resulting in a low yield of 18a which was purified via 
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the lead salt. However, neither 18b nor 1% were obtained by this 
procedure; dimers or polymer resulted when benzoylacetone or 

R' i"i =CH R* 

(lSa, R1 = R2 = CH,, golden yel low oil; 

18b, R1 = CH3, R2 = C,H,, orange crystals; 

18c, R1 = R2 = CeHB, red crystals 

18d, R1 = 2-thienyl. R2 = CF3, r e d  crystals; 

180, R1 = Ra = C(CH,),, red-orange liquid) 

dibenzoylmethane was treated in this manner. An improved pro- 
ced.ure involved first saturating a cold dilute alcoholic solution of the 
diketone with hydrogen sulfide and then passing a small amount of 
hydrogen chloride gas into the solution (5-10 min). I n  this way 
compounds 18b to 18e were obtained in 60-75% yields, via isolation 
as the lead salt, direct crystallization, or distillation. There appears 
to be a correlation between the concentration of hydrogen chloride 
in alcohol required to catalyze addition of hydrogen sulfide and the 
percent enol form of the diketone in alcohol. This would imply that 
the chelated enol tautomer does not react with hydrogen sulfide but 
that reaction occurs with the diketone. Higher concentrations of 
hydrogen chloride are required for those /3-diketones which exist 
largely as enols in alcohol solution. in order to shift the tautcmeric 
equilibrium toward the diketo form. This observation is consistent 
with the conclusions regarding the formation of Michler's thioketone 
in strong acid, as described earlier. 

b. Amine-catalyzed additions. Addition of hydrogen sulfide to 
imines and enamines occurs readily in certain cases. The base- 
catalyzed reactions of ketones with hydrogen sulfide has been dis- 
cussed by Mayer and coworkers31. The products are usually gem- 
dithiols but in certain cases the thioketone may be obtained either 
directly or by decomposition of the gem-dithiol. Reddelien and 
Daniloff 32 prepared several diary1 thiones by treating the corres- 
ponding anil or anil hydrochloride with hydrogen sulfide (equation 3). 
The reaction was complicated by the hydrogen sulfide reduction 

Ar2C==NR + H,S - Ar2C=S + RNH2 (3) 

of the anil or thione to the corresponding diarylmethane. Tarbelll' 
used the imine of Michler's ketone, auramine, adding hydrogen 
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sulfide to it in boiling ethanol, and obtained a 60% yield of 6. 9- 
Aminoacridines, treated with hydrogen sulfide in alcoholic ammo- 
nium hydroxide solution, formed the corresponding 9-thioacridones 
(19) 34. 

Mayer3I reports that ammonia and primary, secondary, and 
tertiary amines are suitable catalysts for this reaction whereas alkali 
metal hydroxides and alkoxides are not. However, a tertiary amine 
was effective in only one example, and produced a very poor yield. 
Butylamine seemed to be the best catalyst, except for cyclohexancne 
and cyclopentanone, where morpholine was most effective. Polar 
solvents such as dimethyl sulfoxide, dimethylformamide, and 
methanol gave the best results. The yields are relatively poor, being 
less than 50% except for the cyclohexanone and cyclopentanone 
cases catalyzed by morpholine which gave gem-dithiols in 83 and 
72% yields respectively. Benzophenone could not be converted into 
the thione by this method. 

It seems quite probable that enamines are intermediates in this 
reaction. Djerassi and T u r s ~ h ~ ~  found that treatment of the enamine 
20 with hydrogen sulfide in dimethylformamide resulted in over 90% 
yield of cyclohexane- 1,l-dithiol (21) , a compound which had 
previously been obtained by treating cyclohexanone with hydrogen 
sulfide under pressure36. This reaction had been reported to yield 
cyclohexanethione 37 but the isolation of gem-dithiols under these 
reaction conditions has been confirmed by Mayer 31, who found, 
however, that certain ketones, namely acetophenone, cyclohepta- 
none, and cyclohexyl methyl ketone, did produce the thione or 
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enethiol in low yield when treated with hydrogen suIfide in dime- 
thylformamide, using butylamine as a catalyst. The reaction is quite 
susceptible to solvent effects as well as structural differences of the 
enamine. I n  a dimethylformamide-ether mixture 20 gave the tris- 
spirotrithiane 22 rather than 2135. Examination of a variety of 

QCooczH5 
‘S H 

solvents indicates that dimethylformamide is the best choice for 
gem-dithiol formation3I. Further studies on systems leading to more 
stable thiones are needed. The enamine method has recently been 
applied to a /?-keto ester system 38, 2-morpholino- 1 -carbethoxy- 
cyclopentene being converted into the enethiol23 by treatment with 
hydrogen sulfide in acetic acid. /?-Diketones are also reported to 
yield monothio-p-diketones on treatment with hydrogen sulfide in 
the presence of morpholine 31 (see ref. 24, however) but a-diketones 
are reduced under these conditions. 

The only well-characterized thioaldehyde which has yet been 
reported is a unique case reported by Woodward and coauthors39, 
who treated the ethylimine hydrobromide of a complex pyrrole-2- 
aldehyde (24) with hydrogen sulfide in a benzene-methanol solution 

H 

(24) 

H 

(25) 

containing sodium methoxide and isolated the thial25, which proved 
useful in later condensations because of the high reactivity of the 
thiocarbonyl group. 

2. Conversion of ketodichlorides into thiones 

A convenient method for preparing some simple diary1 thiones 
involves treatment of the ketodichloride with bisulfide ion or a 
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related sulfur nucleophile (equation 4). For example, treatment of a 
cold alcoholic solution of benzophenone dichloride under c.arbon 

Ar,CCI2 + 2 SH- __f Ar,C=S + H,S + 2 CI- + KCI (4) 

dioxide with sodium bisulfide in alcohol yields thiobenzophenone in 
50-63y0 yield40. While better yields have been obtained by the 
hydrogen sulfide/hydrogen chloride method9, it is likely that the 
yields in this reaction would be improved if the reaction were run 
under nitrogen, since a reaction between carbon dioxide and bisul- 
fide ion can interfere. For example, Schonberg and Frese'l obtained 
diary1 thiones in over 90% yield by refluxing ketodichlorides with 
potassium ethyl xanthate in petroleum ether (equation 5). Several 

Ar2CCI, + KSCSOCzH5 + Ar,C=S + ClCSOCzH5 (5) 

new thiones were prepared in this way, including lJ4-dithiobenzoyl- 
benzene (26), a dark blue-green solid. 

Care must be taken to maintain the ketodichloride in excess during 
the course of the reaction, as excess bisulfide causes reduction of the 
thione. Smedley 42 treated 9,9-dichlorofluorene with potassium 
bisulfide and obtained what he thought was the dimer of thiofluo- 
renone (2), but the compound was later shown by Bergman and 
H e r ~ e y ~ ~  to be the disulfide 27. Benzhydryl disulfide was obtained 
i& 70% yield when benzophenone dichloride was added to excess 
bisulfide solution40. 

A useful variation of this reaction is to reflux the ketodichloride in 
thioacetic acid (equation 6). This reaction has been applied to simple 
diary1 thiones44 but has proved to be most useful in heterocyclic 
cases, particularly the thioxanthiones and xanthiones (cf. ref. 45 et seq.) . 

Ar,CCI -t CH,COSH - > Ar,C=S + HCI + CH,COCI (6) 

The method of choice for the synthesis of thiopyridones and re- 
lated compounds is to treat the corresponding chloropyridinium 
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salt with a thiolating agent such as bisulfide, thiosulfate, or thiourea4e. 
For example, refluxing 4-chloroquinoline methiodide (29) with a 
slight excess of sodium hydrosulfide resulted in the isolation of 29 in 
97% yield. Spectral data confirm the prediction that 29b represents 

CH3 CH3 CH3 

(28) (294 (294  

the major contributing structure of these molecules. Gleu and Schaar- 
schmidt 47 found that the chloroacridinium dichlorophosphates 
(30a or 30b) were highly reactive, forming the thioacridones (31) in 
nearly quantitative yield with sodium thiosulfate, a reagent which 
did not react with nonquaternarized chloroacridines. 

OPOCI, 

&pozcl,- mcl- & I 

R 
I 
R 

I 
R 

(304 (30W (31) 

3. Treatment of ketones with phosphorus pentasulfide 

Thioamides are readily formed from amides by heating with 
phosphorus pentasulfide, but conversion of a simple ketone into a 
thione by this method is limited by side-reactions. I t  has, however, 
proved quite useful in the preparation of heterocyclic thiones, which 
may be regarded as vinylogs of amides or esters. Some of the earlier 
investigators used phosphorus trisulfide to prepare thioborneol, 
thiocamphor, etc., (cf. refs. 1 and 2) but the thiones or enethiols 
were not well characterized. Legrand48 has described the preparation 
of a series of thiochromones (33) in 60-75y0 yield by refluxing the 
chromones 32 in xylene with phosphorus pentasulfide. Removal of 
solvent followed by recrystallization results in crystalline red to 
violet thiones (33). Other examples have been r e ~ i e w e d ~ * ~ . ~ ~ .  

Treatment of aryl aldehydes and aryl alkyl ketones under these 
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(32) (33) 

conditions led to the formation of more complex compoundss0, 
which may have been formed by way of thione intermediates. 
Some diary1 thiones are reported by Lozac’h and Guillouzo51, who 
prepared them by refluxing the ketone with phosphorus pentasulfide 
in xylene and distilling the resulting thione. No yields are given for 
these preparations, however. 

B. Oxidative Methods of Forming Thiones 
In theory it should be possible to form the thione group by 

sulfurizing a carbon atom with sulfur (equations 7, 8, and 9) in the 
same way as the ketone group can be formed in oxidation reactions. 
I n  fact examples of all these reactions are known, but only examples 

S 

-CHS - + 2 S + - i - + HZS 

S 
(7) 

\ /  \ c=c + 2 s  __f 2 c-s 
\ / 

(9) 

of equation (9) have been useful in the general preparation of thiones 
in suitable yield and reasonable purity. Several of the older examples 
of equation (7) may be found in Schonberg’s review1. The yields are 
apt to be low, however1’. M0rea1.1~~ found that reaction (7) was 
base-catalyzed, and isolated dibenzhydryl polysulfide along with 
thiobenzophenone, when diphenylmethane was allowed to react 
with sulfur, indicating that benzhydrylthiol was an intermediate 
(equation 8). While no direct example of equation (8) is available, a 
related reaction is the conversion of leukauramine into Michler’s 
thioketone (equation 10) by sulfur52 in about 60% yield. 

(10) 
30+ O.C.G. 
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Schonberg and Askar 53 investigated the reactions of sulfur with 
ethyleiies and found that a variety of heterocyclic ethylene deriva- 
tives underwent this rea~t ion"~.  For example, heating dixanthylene 
(34) to 270" with sulfur gave the thione 35 in about 80% yield. On 

2 
5 
270' 

(34) (35) 
the other hand, tetraarylethylenes, like tetraphenylethylene and 
tetra-p-dimethylaminophenylethylene, failed to yield thiones by 
this procedure. The reaction seems limited to the synthesis of thio- 
and dithiopyrones. 

One would expect the phosphorus ylides to react with sulfur to 
produce thioketones and phosphorus sulfides. Although there has 
been much recent work on these phosphorus compounds, they have 
apparently not been examined extensively in this regard. However, 
Staudinger and Meyer5" repmted that sulfur heated with the pho- 
sphorus derivative 36 gave triphenylphosphine sulfide and thioben- 
zophenone. 

2 s  
(CoH5)3P=C(CeH& + (c~H513PS + (CoH5)G 

(36) 

C. Thiones from Acid Derivatives 

The preparation of diary1 ketones from phosgene and aromatic 
compounds by the Friedel-Crafts reaction (equation 11) is common 
practice but the reaction illustrated by equation (12) has been much 

AICI, 
2 ArH + COC12 Ar,CO + 2 HCI (1 1) 

2 ArH + CSClz + Ar,CS + 2 HCI (12) 

less exploited. Gatterman 55 prepared a variety of alkoxythioben- 
zophenones by this means but the yields were low and some of the 
products were of questionable purity. The instability of the product 
is detrimental to the use of such vigorous conditions. The reaction 
did not take place with benzene itself. Activation of the aromatic 

AICI, 
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ring by electron-releasing groups such as alkoxy seems necessary in 
this case. In contrast Vorlander and Mittag56 obtained a reasonable 
yield of thiobenzophenone when aluminum chloride was added to a 
benzene solution of perchloromethyl mercaptan (C1,CSCl). Since 
this compound is now commercially available, i t  might be desirable 
to reinvestigate this reaction. 

D. Pyrolysis of Sulfur Derivatives 

1. Pyrolysis of trithianes 
A number of trithianes, particularly those carrying aryl groups, 

can be decomposed by heat to the monomeric thiones (equation 13). 
This is a reversible reaction and is only useful as a preparative 

(37) (38) 

method where both forms may be isolated. Most alkyl-substituted 
trithianes are so stable that no monomer is produced. For example, 
trithiane itself can be distilled in U ~ C U O  as a water-white liquid which 
resolidifies to the white solid trimer melting at  219-220" without 
decomposition. On the other hand, thiobenzophenone may be 
stored for years under carbon dioxide as brilliant blue monomeric 
crystals and no trimer has ever been reported. All the trimeric 
thioacetophenones (37, R = CH,) mentioned in the literature16 
dissociate to deep purple oils above their melting points. The most 
convenient preparation of these monomers, which must be protected 
from oxidation by air during isolation, requires preparation of the 
trimer, which is easily purified by recrystallization under ordinary 
conditions, followed by a flash distillation of the monomer under 
nitrogen or carbon d i ~ x i d e ' ~ . ~ ~ .  The deep purple oils so obtained 
rapidly become milky in appearance and set to white solid trimers 
again. Thioacetophenone exhibits characteristic thiocarbonyl re- 
actions (vide infra) when the purple oil is distilled directly into typical 
reagent solutions, whereas the trimer is quite stable to these re- 
agents 57. 

The yellow dimer dithiofluorenone forms a brilliant green melt 
above 227", this being the characteristic color of the monothione, but 
on cooling it resolidifies to a yellow ~ o l i d l l . ~ ~ .  
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2. Pyrolysis of other sulfur compunds 
The pyrolysis of gem-dithiols (equation 14) has been discussed in 

RaC(SH)2 R2CS + H2S (14) 

sections II.A.l and A.2. I t  is less satisfactory as a synthetic method 
since the hydrogen sulfide which is produced is a reducing agent and 
causes further complicating reactions (cf. refs. 18 and 31). This diffi- 
culty may be avoided by first condensing the dithiol with malono- 
nitrilq to form a stable 4-amino-5-cyano- 1 ,3-dithioleneY which may 
then be decomposed above 130" to the monomeric thiones in 
70-90% yield68. 

The pyrolysis of a variety of sulfur derivatives may lead to the 
formation of thiones in the most unexpected ways. These have been 
adequately reviewed l, but a few examples will be given to illustrate 
the point. It should be emphasized that alternative better ways of 
preparing the thiones are usually available. S ~ h o n b e r g ~ ~  has shown 
that vacuum distillation of molten mercaptoles (39) produces the 

A 

s-s 
I \  

5 
ArZC( SCHZC6H5), (CsH5)2C, /C(C6H5)2 

(39) 9) 
corresponding thiones, as does similar treatment of the tetraaryl- 
substituted lY2,4-trithiolanes (40) 8. A surprising case is illustrated by 
equation ( 15) , in which a tetraarylethanethiol disproportionates to a 

Ar2CHCSHAra A ArzCH2 + Ar2CS (15) 

diarylmethane and a diarylthione. Several examples of this have been 
observed 6 0 .  

Similar disproportionations of sulfides (equation 16) and disul- 
Ar,CHSCHAr2 __j Ar,CH, + Ar,CS (16) 

Ar,CHSSCHAr, - Ar2CHa + Ar2CS + S (1 7) 

fides81 (equation 17) have been observed. An interesting example 
has been examined by Barkenbus and Brower 62. Tetraphenylthio- 
diacetic acid formed thiobenzophenone, diphenylacetic acid, and 
carbon dioxide on standing in pyridine or quinoline, or on warming 

A 

COOH 
I 

COOH 

(C H ) CSC(C,H& -+ (CeH&CS + (C,H&CHCOOH -t- COZ (18) 
' "I 
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i n  benzene (equation 18). A free-radical mechanism was proposed to 
explain this reaction but a cyclic mechanism seems more likely. 

E. Condensation Reactions 

1. a-Thioketo acids by condensation of rhodanine 

An aldehyde or ketone condenses with rhodanine in acetic acid- 
sodium acetate mixture to give the corresponding ylidenerhodanine 
(41), which on alkaline hydrolysis yields the thiopyruvic acid 42, a 
substance which exists chiefly in the enethiol form63. The yields are 

R 

excellent, but great care must be taken in the hydrolysis step to 
prevent the readily occurring further hydrolysis to the corresponding 
pyruvic acid. The thiopyruvic acids 42 are useful intermediates in a 
variety of syntheses. The general reaction has been reviewed2 and 
some more complex examples have been described64. The evidence 
for the enethiol structure of 42 rests heavily on the ultraviolet 
absorption spectra, which are characteristic of cinnamic acids 63. 

However, it seems quite likely, on the basis of relative intensities of 
the ultraviolet absorption peaks of the free acid and its corresponding 
disulfide (formed by oxidation of the thiol group in 42), that some of 
the thione form is indeed present. The relative effect of mercapto and 
disulfide groups on the ultraviolet absorption spectra of conjugated 
chromophores of this and related types has been examined 63*65*66, 

but more quantitative work on the tautomeric system 42 is needed. 
An alternate procedure, using thiazolidinedione (43) in the place 

of rhodanine, has been stated to have advantages by Libermann and 
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coworkerss7, chiefly in the ease of hydrolysis, but this method does 
not appear to have been widely used. 

2. The Claisen condensation 
/3-keto esters are Frequently synthesized via the Claisen conden- 

sation (cf. Chapter 5, section H.1.b). Since this is usually base- 
catalyzed, attempts to apply it to thiocarbonyl systems have failed, 
probably because of side-reactions or the further decomposition of 
products. However, Kostir and Kral 68 reported that treatment 
of ethyl thionacetate under Claisen conditions gave a 30% yield 
of ethyl dithionoacetoacetate (equation 19). However, further work 
along this line has not come to our attention. 

CH3CSOCZHS -+ CH3CSCHzCSOCzHS (19) 

111. PHYSICAL PROPERTIES OF THE THIOCARBONYL 
GROUP 

A. Bond Distances, Bond Energies, etc. 

It should be emphasized that because of the instability of the 
thiocarbonyl group in  'pure ' thiones, there are few data on the basic 
physical structure of these compounds. Leermakers and Weiss- 
berger 69 summarized the available data on C=S structures, based 
on the thiocarbonyl bond in carbon disulfide, thiourea, thiophos- 
gene, etc. Since other properties of these thiocarbonyl compounds 
differ from those of thiobenzophenone, thioacetophenone, and re- 
lated structures, it is likely that there will be differences in  these 
basic physical properties also. The valence orbitals of sulfur have 
been discussed70 and it was pointed out that 2p3p 7r bonds are less 
stable than 2 p 2 p  7r bonds. Still, the 2p3p T bond of the thiocarbonyl 
group makes an exceptionally large contribution to molar refraction 
and ultraviolet absorption. 

The interatomic distance in C=S, based on average atomic radii 
of 0.67 A for double-bonded carbon and 0-94 A for sulfur, is 1-61 A 
compared to 1-26 A for C-0. Electron-diffraction measurements on 
carbon oxysulfide indicate 1.56 A for C=S and 1.16 A for C=O, and 
similar measurements on carbon disulfide give 1-54 A for C=S. 
The C=S bond energy, based on an average value for all like bonds 
( ?), is 103 kcal/mole as contrasted to 152 kcal/mole for C=O. 

The dipole moment can give some indication of the polarity of the 
rr-olecule. The dipole moment of thiobenzophenone in  benzene at 
20" is 3.40 D~~ as contrasted to 2.5-3.0 for benzophenone measured 
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in benzene at  related temperatures. Luttringhaus and Grohmann 72 

compared the moments of several thiobenzophenones and benzo- 
phenones (Table 1). Since there is a lesser difference in electro- 

T - ~ ~ L E  1. Dipole moment of some thioketones and ketones (in benzene)72. 

Ar 
Dipole moment (D) 

Ar2CS Ar2C0 

&(CH3) 2NC6H4 6-12 5.16 
p-CH30CeH4 4.44 3-90 
C6H6 3.37 2.95 

fi-CH3C6H4 3-45 3-45 
fi-ClCsH, 1-58 1 -79 
fi-BrC6H, 1.71 1 -93 

negativity of the atoms in the C=S bond as compared to C=O, one 
might expect a lower dipole moment for the former. However, the 
higher moment frequently observed is consistent with a more highly 
ionized bond in the thione case. 

The dipole moment of thioacetoacetic ester has been measured in 
benzene, hexane, carbon tetrachloride and carbon disulfide 73. The 
observed values ranged from 2-2-2.4 D, which these authors believe 
fit the calculated value for a mixture of predominantly trans- 
thioketo-trans-enethiol tautomers. Spectroscopic data (cf. Reyes and 
Silverstein 2 8 )  do not substantiate this conclusion. 

B. Infrared Spectral Data 
Until recently little information was available on the position of 

thiocarbonyl bands in the icfrared. Most of the available information 
was based on thioamides and related structures, which are stable and 
convenient to handle. Spinner74, in a careful study of thioamides and 
their vinylogs, found that the frequency of the unperturbed thio- 
carbonyl stretching vibration occurs at 1140 & 80 cm-l, in agree- 
ment with semiempirical calculation. Conjugated C=S groups were 
found to give rise to absorption bands as intense as carbonyl stretch- 
ing bands. For example, the infrared spectra of 44 and 45 (X = S) 
were compared to those of the corresponding carbony1 compounds 
(X = 0). Stroiig absorptions in the range 1 1 10-1 145 cm-l were 
observed in the spectra of the thiocarbonyl derivative, while the 
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carbonyl compounds showed only weak absorption in this region 
( e  = 60). No other band characteristic of C=S, and absent from the 
spectra of C=O derivatives, was found. The  maximal intensity 

X 

ox I 0 I 

observed for 45 (X = S) is among the highest recorded for infrared 
absorption bands. 

The characteristic band for diaryl thiones was found to be at the 
high end of the region assigned by Spinner to thiocarbonyl absorp- 
tion in a study by Lozac'h and G u i l l ~ u z e ~ ~ .  These workers studied a 
series of diaryl thiones, both symmetrical and unsymmetrical, 
prepared by the phosphorus pentasulfide method and distilled. 
These compounds all showed a strong band in the 1207-1225 
cm-l range. 

A series of monothio-/Ldiketones were studied in this regard24, 
and a strong band at 1190-1269 cm-l in the monothiodiketones and 
a more intense band at  1220-1261 cm-' in the nickel chela-tes of 
these compounds was assigned to C=S stretching. Bellamy has 
summarized the recent data 75 and reports a wide range of intense 
bands in the region 1025-14.00 cm-' for a wide variety of thiocar- 
bony1 structures. 

C. Ultraviolet and Visible Spectral Data 

1. The K and R bands 
The characteristic intense color of thiones has attracted a number 

of studies on ultraviolet a b s o r p t i ~ n ~ ~ . ~ ~ * ~ ~  -78. The colored thiones 
vary from deep blue for thiobenzophenone to red-orange for the 
nitrogen-conjugated systems such as 4-thioquinolone. I t  is clear that 
this color is associated with the resonance system 46, and that those 

c-s. c3 c=s <d c-s- 
(464 (46b) (46c) 

compounds exhibiting the red colors are those in which 46c, stabilized 
by conjugation, is a major contributor. The red color is characteri- 
stic of systems containing a vinyl thiol group in conjugation, for 

+ 
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example structures 12, 15, and 18. While P is deep blue, 3 is clearly 
violet, showing the shift toward the red color. 

The electronic spectra of thiocarbonyls has been discussed in 
some detail by Burawoy and coworkers 76*77.  Thiobenzophenone in 
hexane shows three characteristic bands, a t  233 mp (e = 8000), 
315 mp  ( E  = 17,800), and 609 mp ( E  = 184). Theintense K (con- 
jugation) band a t  315 mp is associated with the polarizing transition 
(46b ++ 46c), while the low-intensity long-wavelength absorption R 
(radical) band at  609 mp is caused by the r * t n  transition 
(46a f-) 46b). Hydrogen-bonding solvents and others of high pola- 
rity cause the K band to shift to a longer wavelength. A similar effect 
is observed when electron-releasing groups such as alkoxy or dialkyl- 
amino are placed in a conjugative position in the molecule, causing 
an  increase in  pdarization and/or polarizability. 

Unsymmetrical substitution of such groups has been the subject of 
some i n t e r e ~ t ~ ~ e ~ ~ ,  since the K band is now split into two bands 
associated with the two chromophores, as for example in 47a and 

(474 (47V 

47b. The two bands will not necessarily be of the same intensity, 
since the steric and electronic requirements of the two substituents 
differ. A related series is listed in Table 2 to illustrate rhese effects. 

TAELE 2. Ultraviolet absorption spectra of unsymmetrical thionesa. 

H 
CH30 
HO 
-0 

316-5 ( E  = 15,600) 
359 (12,100) 322 (9000) 
368 (16,000) 317 (10,800) 
450 (32,600) 306 (6600) 

~~ 

a Taken in ethanol, cf. ref. 76. 

Hydrogen-bonding solvents and substituents which make electrons 
available to the system cause a characteristic ‘blue’ shift of the R 
band to a shorter wavelength, while electron-withdrawing groups 
have the opposite effect. Some solvents have an anomalous effect on 

30* 
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this band, suggesting the formation of a specific and perhaps novel 
association between the thione function and solvent 70, but the nature 
of this association is not clear. 

2. Optical rotatory dispersion 
The report that certain steroidal thiones are relatively stable 8o 

prompted Djerassi and Herbst 79 to examine the optical rotatory 
disperson curves of these compounds. The rotatory dispersion curve 
of 2-thionoprogesterone was found to be completely different from 
that of progesterone itself. The 20-keto group of progesterone 
exhibits a strongly positive Cotton effect with a peak near 320 mp, 
while the 2-thiono analog exhibits this strong positive peak in the 
visible region, with little effect on the fine structure of the 350 mp 
region due to the A4-3-ketone. Because of the instability of thiones, it 
has not been possible to test the general applicability of the octant 
rule to this class of compounds, but it has been shown that the long 
wavelength R band of thiones can show optical activity. 

IV. REACTIONS O F  VHIONES 

A. Addition Reactions 
1. Nucleophilic addition 

The strongly polar character of the C=S bond makes i t  quite 
susceptible to nucleophilic addition, and this property may be turned 
to advantage in syntheses (cf. ref. 39). The thiocarbonyl group is 
readily hydrolyzed in acidic or basic solution arid reacts rapidly with 
amines to form Schiff bases and with the usual carbonyl reagents 
(hydroxylamine, semicarbazide, etc.) to form the known derivatives. 
Powers and Westheimer 81 showed that thiobenzophenone reacts with 
phenylhydrazine a t  pH 4 ten times faster than benzophenone, and 
a t  pH 6 about 2000 times faster, the difference becoming much 
larger in alkaline solution. Anils and imines of flavones have been 
readily prepared via the thioflavones *'. 

The elimination of sulphur from the thione group is greatly 
enhanced by conversion into the alkymercapto salt by reaction with 

S 
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an alkylating reagent. For example, the thionoflavone 48 is not 
hydrolyzed by boiling water but its methiodide 49 rapidly eliminates 
methyl mercaptan under these conditions to form the flavone 49. 

The salt 49 also reacted rapidly with a variety of amines in the cold to 
form the corresponding imines. Heterocyclic thiones usually form 
stable alkylrnercapto salts, which may be isolated and are useful in 
further synthetic reactions 83*84 but simple thiones usually undergo 
further reactions with alkylating reagents. 

Michler’s thioketone (6) was found to react with ethyl iodide and 
cyanide ion to form the alkylmercapto nitrile 51 by attack of the 
cyanide on the intermediate salt 50. A similar salt was also postulated 
for the conversion of 6 by benzyl chloride into the ketodichloride 53 
and dibenzyl sulfide. I n  this case the salt 50 must react with a second 
molecule of benzyl chloride to produce a sulfonium salt (52) from 
which chloride ion displaces the sulfide 2. The reactions are summa- 
rized in equation (20). Compound 6 produced a different product 
with p-nitrobenzyl chloride in  the presence of base43. I n  this case the 

F a  CN- 
6 ---+ [Ar,ESRX-] ---+ AraC(CN)SR (20) 

(51) ‘7 
[Ar,CX(SR,)X-] d At-&>(;, + RSR 

(52) (53) 

ready formation of a carbanion on the a-carbon of the p-nitrobenzyl 
group caused an intramolecular condensation of the intermediate 
ion 50 to form the unstable ethylene sulfide 54, which loses sulfur to 
produce the unsymmetrical stilbene 55. Since $-nitrobenzyl chloride 
condenses directly with p-nitrobenzaldehyde to form the epoxide 56, 
an  alternate mechanism, involving the chloroethylthiol 57, has also 
been suggestedB5. 

+ Ar,C=CklC6H4N0, + s 

(54) (55) 

SH CI 
I I  

I 
p-N02C6H4CH-CHC,H4NOZ-p Ar,C -CCsH4NOa 

H 
\ /  

0 
(56) (57) 

The reactivity of the thiocarbonyl group is illustrated by its 
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susceptibility to addition b y  hydrocarbons having allylic or benzylic 
hydrogens. Schonberg 61 first showed that fluorene or xanthene 
could be condensed with a diary1 thione to form the ethylene with 
elimination of hydrogen sulfide. Hexafluorothioacetone is extremely 
reactive, combining with olefins having allylic hydrogen atoms even 
at  low temperatures 86. For example, tetramethylethylene formed 

(58) 

the ally1 sulfide 58 rapidly at -78". A cyclic mechanism was pro- 
posed to account for this facile reaction. M o r e a ~ * ~  restudied the 
condensation of hydrocarbons such as xanthene, fluorene and di- 
phenylmethane with thiones. When diphenylmethane and thio- 
benzophenone were heated together, tetraphenylethane, as well as 
tetraphenylethylene, was obtained (equation 2 1). Moreau proposed 

(21) 

a free-radical mechanism to account for the formation of the reduced 
product but the possibility of direct reduction of the ethylme by 
hydrogen sulfide under the conditions of the reaction was not 
eliminated. 

(CeH6)zCHz + (CeH&CS ( C e H & G C ( C e H s ) 2  + (CeHs)KHCH(CeH&+ Hd 

2. Formation of complexes with heavy metal salts 
I n  contrast to ketones the thiones form quite stable complexes 

with salts of heavy metals. For example, the mercuric chloride com- 
plex is frequently used for purification and may serve as a useful 
derivative of unstable thiones llJol. These compounds are readily 
hydrolyzed in water, and may be represented as [Ar,CSHgCI] + C1-. 
However, under certain conditions, the ratio of metal salt to thione 
may be other than 1 : 1, varying with the nature of the solvent as well 
as with the salt and structure of the thione. For example, in fuming 
hydrochloric acid, 2,3-dimethyl-4-thiochromone gave (Ar,CS) 2. 
HgCI, but in ether or absolute alcohol Ar,CS -HgCI, was isolated. 
I n  fuming hydrochloric acid the ratio of thione to metal salt was 
2: 1 for plarinic chloride, 1 :2 for bismuth iodide, and 3 :  1 for gold 
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chloride. There has been little recent work on these complexes; 
the earlier literature has been summarized ls2. 

3. Dipolar additions 
The thiocarbonyl group is especially susceptible to dipolar 

addition and several examples are known in which the corresponding 
addition to the carbonyl group does not occur or occurs in a different 
manner. Diphenylketene, for example, reacts with a ketone to pro- 
duce a /3-lactone which decomposes to carbon dioxide and a sub- 
stituted ethylene on heating (equation 22). Although p,i'-tetra- 

A 
(C6H6)2C=C=0 + R2CO ___f (C,H&C-CO __f (C6H&&CR2 + CO2 

R2 d '  -0 (22) 

methyldiaminothiobenzophenone (6) reacts with diphenylketene in 
a similar manner, producing carbon oxysulfide and the ethylene 
derivative (the /l-thiolactone could not be isolated), thiobenzo- 
phenone and P,p'-dimethoxythiobenzophenone behaved differently 
in this reaction, forming the tetrasubstituted thietanone 598*88. The 
heterocyclic ketone 59 dissociated on melting but recombined on 

0 

C 
II 

/ \  
CArz 5 (C,H,),CCO + Ar2CS (C8H5)2C 

\s' 
(59) 

cooling; this was useful in purifying thiones. Michler's thioketone (6) 
also reacts with phenyl isocyanate to produce the anil and carbon 
oxysulfide, possibly through the unstable intermediate 60 (equation 
23) 89, but further studies to determine whether other thioketones 

(60) 

behave differently have apparently not been made. A similar con- 
densation of nitrosobenzene with thiobenzophenone or fi,p'-dime- 
thoxythiobenzophenone led to the isolation of the corresponding 
a d ,  sulfur dioxide, and sulfur The interesting heterocycle 61 
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was suggested as a n  intermediate, which could eliminate sulfur 
monoxide, a substance which would disproportionate to sulfur and 
sulfur dioxide. 

[ ,:11l] - Ar&=NCBH6 + SO2 + S (24) 

(61) 

Huisgen 91 has described a variety of lY3-dipolar additions, several 
involving the addition to thiones to produce sulfur-containing hetero- 
cycles. For example, nitrile oxides react readily with thiobenzo- 
phenone or di-j-anisyl thioketone to form the 4-oxa-l,3-thiazoles 62 
(equation 25) 92. The reaction of azides with thiones probably takes 

(62 ) 

a similar course. Ketones do not react with azides, but thiones react 
readily to form Schiff bases, with the evolution of nitrogen and sul- 
furg3 (equation 26). The reaction occurs with thiobenzophenone, 

C8H6N3 t Ar2CS - C8H6N=CAr2 + N2 + s (26) 

di-fi-anisylthioketone, and xanthione, and a variety of azides. 
While it presumably proceeds through formation of the dipolar 
adduct 63, the possibility of nitrene addition to form an unstable 
intermediate 64 exists. 

1 Addition of organometallic compounds 

The reaction of diphenylmethylsodium with aromatic ketones and 
thioketones was shown to follow similar courses, but the mercaptans 
lost hydrogen sulfide more readily than the alcohols were dehydrated 
SO that the ethylene was usually isolated from the thione reactions 
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(equations 27 and 28) 94. Thiobenzophenone, p,p’-dimethoxythio- 
benzophenone and Michler’s thioketone all react in this way. 

(CeH5)aCHNa + Ar&O -> (CBH6),CHCHOHAr, (27) 

(C0Hs)aCHNa + ArJS ---+ (CBHs),C=CAr2 + H z S  (28) 

The less-hindered thiones probably react with Grignard reagents 
in the normal way. Monothioacetophenone gave a low yield of 
1,l -diphenylethylene with phenylmagnesium bromide, but the 
reaction was complicated by formation of benzene from the enethiol 
and Grignard reagent57. O n  the other hand, the diaryl thiones 
apparently are reduced by both aryl and alkyl Grignard reagents, 
forming tetraarylethylene sulfides (equation 29) 95. 

2 Ar,CS + 2 RMgX - Ar2C-CAr2 + RR + MgXz + MgS (29) 

‘s’ 

B. Reduction of Thiones 

I .  Hydrogen additions 
The thiocarbonyl group is readily redxed by metal-hydrogen 

donor systems, forming either the thiol, the methylene derivative, or 
coupled product. For example, reduction of thiopyruvic acids with 
sodium amalgam in water formed the a-mercaptopropionic acids in 
yields of 22-92% (equation 30) 96. Reduction of thiopyruvic acids 

Na/& 
ArCH,CSCOOH __j ArCH,CHSHCOOH (30) 

HZ40 

Zn 

HCI 
ArCH,CSCOOH - ArCH2CHzCOOH (31) 

(equation 31) or diaryl thiones with zinc and hydrochloric acid 
converted the C=S group into CH,. SchOnbergg7, however, 
obtained a coupled product, 9,9‘-bixanthyl, when xanthione was 
reduced by zinc in glacial acetic acid. In  these reactions the thione 
group seems to behave like a normal ketone. 

Basic reductions of thiones give different results from ketones 
under certain conditions. Reduction of thiobenzophenone with 
sodium borohydride in alcohol to the thiol proceeds ten times faster 
than the similar reduction of benzophenone Westheimer attributes 
this to the greater stability of the (C,H,),CHS- ion over the cor- 
responding oxide ion. This may also account for the fact that 
reduction of thiones with ammonium bisulfide leads to disulfides 
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(equation 32), while similar reduction of ketones forms pinacolse8. 
Similarly, hexafluorothioacetone reacts differently than acetone 
with aqueous tetramethylammonium bisulfite, forming the Bunte 

2(C,H,)zCS - (CGHG)ZCHSSCH(C,H& (32) 

salt 65 rather than the usual bisulfite addition product 86. The higher 
reactivity of thioketones over ketones has led Westheimer lo to study 

(65) 

their reduction to thiols by a coenzyme model, l-benzyl-1,4- 
dihydronicotinamide. These studies lead to the conclusion that the 
hydrogen atom is transferred, with its electron pair in a bimolecular 
rate-controlling step, to the carbon atom of the thione. A similar 
reaction was not observed with structurally related ketones. 

(NH,)HS 

(CF3)zCHSSOj-N + (CH3)4 

2. Coupling reactions 
One of the most interesting reactions 

which distinguishes thiones from ketones is the coupling reaction 
which occurs when thiones are heated in inert solvents with certain 
metals (equation 33). This is one of the earliest reactions of thiones 

a. Reactions with metals. 

(66) 

investigated; the literature has been summarized -3. The most 
commonly used metals were copper powder, iron powder, and zinc 
dust, but more recent studies have shown that dehydrogenated 
Raney nickelg9, silver, antimony, and bismuth are effective for 
reaction in difficult cases. I n  the coupling of thioacetophenone (3) 
to form trans-qx'-dimethylstilbene, copper was not effective but 

2 (34) 
Metal 

A 
3 d C6Hs -CCeH5 

L H 3  

bismuth powder, freshly prepared by reduction of the oxide in a 
stream of hydrogen, resulted in a 357'" yield57. The reaction may 
well proceed by way of a dithiol salt such as 66, since it is best 
catalyzed by metals which form highly insoluble sulfides, like 
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copper, zinc, nickel, and bismuth. The decomposition of 66 may then 
proceed via the formation of an ethylene sulfide, which is easily 
decomposed by heat and in the presence of a sulfur-accepting metal, 
to the ethylene. In  fact such sulfides were isolated when diary1 
thiones were reduced with magnesium (I) iodideloo, and some of 
these were unstable, losing sulfur spontaneously. 

Similar coupling reactions occur with certain 
thiones merely on heating. Sulfur is eliminated and the ethylene is 
obtained. The reaction is especially facile for some heterocyclic 
thiones. For example, diethyl 4-thiochelidonate (67) was converted 
into the dipyrylene derivative 68 at its melting point (51") lol. The 
reaction is facilitated by carbethoxy or phenyl groups in the 2- and 
6-positions of thiopyrones and dithiopyrones, and therefore seems to 

b. Coupling by heat. 

occur most readily with those thioketones in which the dipolar 
character is decreased. This suggests that the reaction occurs by 
association of the biradical46a, whose concentration is enhanced over 
that of the dipole 46b (section III.C.l), in those compounds which 

-c-s- 

( 4 6 4  

I c-s 
C- ' 4 -  
I 

'C' 
+ C I I  + 2 s  

/ \  

readily undergo the reaction. I t  is surprising that this reaction has 
not yet been observed upon irradiating simple thiones (but see section 
1V.D (photochemistry) below). 

G. Reaction with diazoalkanes. Diazomethane and its derivatives, 
including ethyl diazoacetate and diphenyldiazomethane, react 
differently with thiones than with ketones. I t  was observed that a 
coupling reaction was involved, and treatment of a variety of thio- 
ketones with diazomethane, diazoethane, or ethyl diazoacetate led to 
the formation of lY3-dithiolanes 69 (equation 35) Io2. Compound 69 
(R1 = H, R2 = H, CH,, or COOC,H,) decomposed on heating to 
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produce the ethylene sulfide 70 (R1 = H, R2 = H, CH,, or 
COOC,H,) . Since the reaction of diphenyldiazomethane with 
thioketones forms 70 (R1 = R2 = C6H5), which by treatment with 

Ar,C- S 
-Ar,CS 

2Ar2CS + R1R2CN2 ---+ I \CR1R2 --+ 
I /  

Ar,C - S 

--5 
Ar,C- CR1R2 --+ Ar2C=CR1R2 (35) 

\ - /  A 
5 

(701 

metals or heat easily loses sulfur to form the ethylenes, it has been 
assumed that this reaction also proceeds via the intermediate 69 
(R1 = R2 = C6H5), which in this case is unstable, and decomposes 
spontaneously to 70. The reaction has been used to prepare a variety 
of unsymmetical ethylenes and ethylene sulfides103 - lo5. The mecha- 
nism of this reaction is not clear but must involve attack of the dia- 
zomethane carbon on the sulfur atom of the thioketone, in contrast to 
ketone reactions where the diazomethane carbon adds to the carbo- 
nyl carbon to produce a methylene insertion or epoxide. Latif and 
Fathy lo6 indicate that the reaction of sulfur with diaryldiazometha- 
nes is light-catalyzed and suggest that a biradical (or carbene) may 
be involved. The biradical suggestion would indicate the mechanism 
of equation (36) for the thioketone reaction. 

CH2 69 (36) 
Ar2C-S\ 

2 ArJS + CH,. M 
/ 

Ar2C-S 

C. Oxidation of Thiones 
Schonberg and Mustafa lo' found that passing oxygen through a 

benzene solution of thiobenzophenone produced benzophenone, 
sulfur and sulfur dioxide. The reaction was light-catalyzed, since 
P,f-dimethoxythiobenzophenone and related thiones which were 
stable to oxygen in the dark were readily oxidized in bright sunlight. 
Other thiones, such as 2,6-&phenyldithiopyrone, were completely 
stable under these conditions, even in sunlight. In aqueous alkaline 
hydrogen peroxide the thiones are converted into ketones and sulfur 
dioxide. 
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When thiobenzophenone and some related thiones are exposed to 
dry air or dry oxygen for some time, a trithiolane (71) is formedlo8. 

"'\ ,At- / 

Ar 0-0 
/"\Ar 

It is interesting that no sulfur dioxide is formed under these conc itions. 
The stoichiometry of the reaction is as shown in equation (37), which 
led Staudinger and Freudenberger log to propose the formation of an 

6 Ar,CS + O2 M 2 Ar,CO + 2 Ar4C2S3 (37) 

intermediate peroxide (72), which decomposes to the ketone and 
molecular sulfur. The latter must then combine with two molecules 
of thioketone to form 71. To date, no heterocyclic peroxide of 
structure 72 has been isolated, although analogous tetrathianes are 
known. It would be interesting to conduct this oxidation in the 
presence of a trapping agent for molecular sulfur. 

A unique oxidation of thiones by o-quinones has been described 
by Latif and FathyllO. Xanthione, on refluxing in benzene with a 
negatively substituted o-quinone such as 3,4,5,6-tetrachloro-o- 
quinone, produced the spirodioxolane 73 in high yield. Sulfur was 

(71) 

eliminated in this reaction. The reaction occurs slowly at  room 
temperature and is not catalyzed by light or peroxideslll. The 
mechanism, which would seem a t  first glance to be biradica.1 in 
character, is not clear. 

A thioaldehyde S-oxide has been reported for the first time by 
S trating and coworkers112a. The compound was synthesized by 
elimination of hydrogen chloride from a sulfinyl chloride with 
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triethylamine (equation 38). This thioaldehyde S-oxide is remark- 
ably stable, in contrast to the related S-dioxides (sulfenes), but on 
ultraviolet irradiation in dichloromethane liberated sulfur with the 

+ 
ArCH,SOCI + (C,H,),N --+ ArCH=S=O i (C2H&NHCI- (38) 

formation of the aldehyde. Similar S-oxides, which may be inter- 
mediates in the oxidation of thiones, have also been obtained from 
secondary sulfinyl chlorides112b. 

D. Photochemistry of Thiones 
Despite the high degree of reactivity of thioketones and their 

relatively intense ultraviolet absorption (section I11 .C), there has 
been little work on the photochemical reactions of these compounds. 
The photochemically induced oxidation of thiones has already been 
mentioned in the previous sectionlo7. This reaction has been res- 
studied113 and it was shown that irradiation of thioketones with 
visible light in the presence of oxygen transforms them quantitatively 
to their oxygen analogs. Near ultraviolet light, in  the absence of 
oxygen and in the presence of a hydrogen-donor solvent such as 
alcohol, converts thiobenzophenone into benzhydrylthiol, benz- 
hydryl disulfide, and tribenzhydryl tetrasulfide (74) (equation 39). 

hv 

315 rns 
(CsHcJzCS (CoH6)zCHSH + (CsH&CHSSCH(CeH& + 

(74) 

(C~HS)ZCHSSC(C~H~)ZSSCH(C~HS)Z (39) 

This reaction, which is inhibited by oxygen, is in contrast to the 
behavior of benzophenone, which under identical conditions is 
converted into the pinacol. The intermediate radicals in the two 
cases must therefore differ (equations 40 and 41). Compound 74, 

hv Coupling 
Ar&O __j [Ar,tOH] __jc Ar,CO(OH)C(OH)Ar, (40) 

H donor 

hv Coupling 
Ar&S - [Ar,CHS-] - Ar,CHSSCHArZ 

I 
H donor 

I Hdonort 
Ar,CHSH 

obtained in relatively small quantities, must be formed by further 
reactions of the disulfide and intermediate sulfur radical. 

Although irradiation of carbonyl compounds in the presence of 
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olefins give oxetanes, similar irradiation of thiobenzophenone pro- 
duced a mixture of l,l-diphenylethylenes (equation 42) l14. Irradia- 
tion of the thioketones with olefins in cyclohexane under nitrogen, 
in the range of 210-280 mp, produced the 1,I-diphenylethylenes in 

hv hv 
(ceH15)aCS + R'CH=CHR2 d (ceH&c-s -t (CeH&C-S 

R w L  - L H  Ra w-J - L!-, w 
(75) (76) 

(CeH&C=CHR' + (C&6)2t-CHRa (42) 

good yield and, in the case of terminal olefins, in roughly equivalent 
amounts. The photosensitive thietanes 75 and 76 were suggested as 
intermediates but no trithiaiies, which should be formed as products 
of the second cleavage, were isolated. 

In a preliminary report on related work with thionoesters Schmidt 
and Kabitzke 115 have found that irradiation of ethyl thionoacetate 
or ethyl thionopropionate neat at 254 mp produced the correspond- 
ing enediol ether in 60-65% yield (equation 43). The cisltrans ratio 

(43) 

for the thionoacetate was 2 : 3. A small amount of the episulfide 77 
was isolated. This reaction may proceed via a carbene intermediate 

0Cd-k 
254 rn& I 

2RCS(OC,H,) - RC=CR 
I 

OCaHs 

OCzHS 

CH3COCzH5 

H3C S 

OCzH5 

(7% 

H3cP c 2 H 5 0 \ y 2 H 5  H3C 

(77) (78) 

(79), but the addition of carbene-trapping agents have not shown 
the presence of 79116. The formation of the dithiacyclobutane 78 as 
an unstable intermediate seems more reasonable. 

E. Thione-Enethiol Tautornerism and Activated a-Methylene 

The thione-enethiol tautomerism has been the sgbject of a recent 
reviewz4 and will therefore only be summarized here. I n  general, 
where possibilities of thione-enethiol tautomerism exist, there will be 

GI- oups 
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a higher percentage of enethiol a t  equilibrium than of enol in the 
analogous keto-enol system. Because of the instability of simple 
thiones, most of these studies have been on thiones stabilized by 
adjacent resonance groups, such as the monothio-/3-diketones and 
thioketo acids. Ultraviolet spectra indicate that /3-phenylthiopyruvic 
acid is chiefly in the enethiol form63. Sen117 prepared monomeric 
thiocyclohexanone by distillation and then rapidly oxidized aliquots 
with iodine. He reported 38% enethiol in freshly distilled thione and 
70% enethiol in a sample one hour old. The reaction is complicated 
by trimerization, however. 

The existence of enethiols in thioketones having a-hydrogens is 
clearly shown by the fact that many ketones are converted into vinyl 
sulfides when treated with hydrogen sulfide and an acid (equation 
44) 6.22. (For a recent complex example of this reaction, see Stynler 
and Weiss l18.) 

R R 
H25 RCH,COR I I -H20  

HCI H+ I 
RCHZCOR RCH=C(SH)R RCH=C-S-COH 

CH,R 
R R  

RCH=CS ‘ C  =CHR (44) 

The most careful study of thione-enethiol tautomerism has been 
carried out on ethyl thic3enzoylacetate and its derivatives by Reyes 
and Silverstein 28.29. From infrared and nuclear magnetic resonance 
spectra and from iodometric titration, the equilibrium was estimated 
to be approximately 87-95 yo enethiol in ethyl thiobenzoylacetate. 
This material was obtained as a blue oil, which was rapidly decolo- 
rized by small amounts of oxygen without the loss of the characteri- 
stic enethiol spectrum, indicating rapid oxidation of the thione but 
not of the enethiol. I t  is interesting to note that ethyl thiobenzoyl- 
acetate could be hydrolyzed to a crystalline colorless acid (80) with- 

( 80) (81a) (81 b! P C )  

out extensive decarboxylation. This acid melts at 110-1 1 1 O to a blue 
liquid which on further heating was decarboxylated to thioaceto- 
phenone 28. 
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Nozoe and Matsui119 examined the structure of 2-mercaptotro- 
pone (81) and reported that the ultraviolet, infrared, and n.m.r. 
spectra are more consistent with 81b, while chemical reactions favor 
8Pa for the structure. This is contrary to studies on the monothio-j?- 
diketones 24, where mass spectrometry and infrared studies show the 
compounds to exist chiefly, if not entirely, as the g-mercapto-a,j?- 
unsaturated ketones (cf. section 1I.A. 1 .a). Since the mercaptide ion 
is more stable than the corresponding oxide ion, the thiotropolone 
system should probably be written as in 81c, which would account 
for both the spectral and chemical properties of this compound. 
The appearance of a thiocarbonyl infrared band in the 1200 cm-l 
region in this compound implies that the characteristic infrared 
bands of the thione group (section 1II.B) are chiefly caused by 
frequencies associated with the polar form. ’ There is a notable lack of studies involving activation of a-hydro- 
gen by thioketone groups. The instability of thiones and the existence 
of such compounds almost exclusively as enethiols probably account 
for this. Schonberg and coworkers 120 have shown that in 2-methyl-4- 
thio- and 2-methyl- 1,4-dithiochromones (82) the methyl groilp is 
activated and condenses readily with aldehydes under basic catalysis 

c c 

(82 x = 0, S) 

(equation 45). I n  most examples 
between sulfur and carbon is won by 

(831 

the nucleophilic competition 
the sulfur atom, yielding vinyl 

sulfides. Base-catalyzed alkylation of ethyl thioacetylacetate with 
alkyl halides, for example, leads to the formation of /3-akylthio- 
crotonates. 

F. Thiocarbonyl Contribution to No-bond Resonance 

1. The thiothiophthene system 

No discussion of thioketone chemistry would be complete without 
reference to certain unique heterocycles whose structures have 
recently been elucidated. Treatment of diacetylacetone with 
phosphorus pentasulfide produced a stable trisulfide shown to have 
structure S4l2I. Thus x-ray analysis showed that the three sdlfur 
atoms in this compound are colinear and equally spaced at 2-36 A, 
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compared to the normal S-S bond of 2.04A. Nuclear magnetic 
resonance of the dimethyl derivative 84 (R1 = R2 = CH,) showed 
only two peaks, in a ratio of 3:  1, showing that the two methyl 
groups and the two aromatic hydrogens of the dithiolium rings are 

identical. The thioketone group is stable and unreactive. On the 
other hand, when a ketone or aldehyde group is inserted into the 
resonance system, as in 85, the resonance was destroyed and 85 
(R2 = H or CH,) showed normal carbonyl reactions. 

S- 

R' MR2 

The resonance structure of this system has been reviewed by 
Klingsberg 122, who describes a convenient synthesis of unsym- 
metrical thiothiopthenes. He  demonstrated chemically the existence 
of a true resonance system by converting the oxo-1,2-dithiolylidene 
86 into the unsymmetrical thiothiophthene 87. This substance was 
hydrolyzed by mercuric acetate to produce the aldehyde 88, which 
had characteristic carbonyl properties but was converted back into 
87 by phosphorus pentasulfide (equation 46). 



17. Thiokctoncs 953 

2. 1,2-Qithietes 
A second example which apparently involves no-bond resonance in 

thiocarbonyl systems has recently been described 123J24. Krespan, 
McKusick, and Cairns 123, on passing hexafluorodirnethylacetylene 
through boiling sulfur, isolated a yellow liquid, b.p. 95-96", in 80% 

x-c-s x-c=s x-c-S' 

x-c-S' x-c-s x-c=s II II I - I 

yield to which they assigned the structure of 3,4-bistrifluoromethyI- 
1,Z-dithiete (89a, X = CF,). Simmonds and have 
attempted to isolate the dicyano derivative 89a (X = CN) without 
success. They have, however, discussed some of the reactions of these 
dithietes and indicate that those which are stable probably are 
stabilized by resonance with the s-cis form of the a-dithione 89b. The 
biradical 8% may also account for some of the facile additions to 
olefins which these compounds undergo. 

V. THIOCARBONYLS AS T R A N S I E N T  INTERMEDIATES 

Thiocarbonyl compounds have been proposed as reactive inter- 
mediates in a number of instances, some of which seem justified on 
the basis of evidence while others are more nebulous. For example, 
K ~ h m a n l ~ ~  suggested that thioaldehydes such as thiopropionalde- 
hyde were the bacteriocidal and phytoncidal principles of onion 
vapor, responsible for wound-healing. The formation of thioketone 
groups as intermediates in the vulcanization of rubber has been 
claimed 126. 

A. Alkaline Cleavage of Disulfides 
The proposal that disulfides may be cleaved by alkali to form 

thiocarbonyl intermediates (equation 47) was first put forward by - -  B- 
R ~ C H S S C H R ~  ---+ R~C-S-SCHR~ ---- R,CS + SCHR~ (47) 

Rosenthal and OsterlZ7. Although this equation can account for all 
of the products of alkaline cleavage of disulfides derived from thio- 
glycolic acid derivatives, it does not seem to be general, since 
cystine and other aliphatic disulfides do not cleave in this waylZ*. 



954 E. Campaigne 

The reaction illustrated by (47) may occur in those disulfides having 
an a.ctivated a-hydrogen. Treatment of benzhydryl disulfide by 
aqueous alcoholic base causes the appearance of a transient blue 
color, which must be due to the presence of thiobenzophenone by 
cleavage according to equation (47). 

8. Thiocarbonyl intermediates in the Willgerodt-Kindler Reaction 

One reaction which must surely involve thiocarbonyl or incipient 
thiocarbonyl groups is the Willgerod t-Kindler reaction. The re- 
action involves migration of a carbonyl group along an  aliphatic 
chain and is usually terminated by an oxidation step at the terminal 
carbon atom, forming an acid derivative. The reaction is carried out 
in the presence of sulfur and an amine or ammonia, and was re- 
viewed in 194612’. The facts that it always required sulfur, that 
hydrogen sulfide was produced, and that when an organic amine 
was used the final product was a thioamide, led King and 
M ~ M i l l a n ’ ~ ~  to suggest that thioketones were involved in the oxi- 
dation-reduction steps involved (equation 48). I n  fact thioaceto- 

ArCHSHCH, (48) 

phenone was shown to take part readily in this rea~tion’~’. The 
fact that amines or ammonia are also essential to the reaction has 
suggested that the highly reactive enamines are also involved in 
various addition and elimination steps 132J33. 

The mechanism of the reaction has received careful study in recent 
years by C a ~ r n a c k ~ ~ *  and by Asinger, who has published a recent 
review135. The important questions to be answered are: (a) how 
does each methylene group become oxidized to the carbonyl stage, 
and ( b )  how does each carbonyl get reduced to methylene? The 
present consensus of opinion is summarized in Scheme 1. As can be 
seen, two pathways (A and B) are suggested for the migration of the 
carbonyl group and a t  present there is insufficient evidence to prefer 
one over the other. Both mechanisms require the formation of ena- 
mine, which A ~ i n g e r ’ ~ ~  has shown to be catalyzed by sulfur. Both 
mechanisms involve thiocarbonyl groups. The cyclic sulfur com- 
pounds shown in path A may actually be reactive dithietes, the 
e-uistence of which have been demonstrated (section IV.F.2). The 
complete elucidation of the mechanism of this reaction should shed 
some light on the chemistry of thiocarbonyl groups. 

+H,S. - S  

-H,S. +S 

H 2  
ArCOCH, ArCSCH, 
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Path A Path B 

N Rz 
HNR, H2S 

ArCOCH2R - Ar-LCHR __j ArCSCH,R 
S 

955 

1 sx 

N R2 
I 

Ar-C- CH R 
\ /  

S Y  

- RzNH 1 

+ RzNH 1 
N Rz 

1 
ArCH-CR 
\ /  

SY 

ls 
ArCSCHSHR 

HS SH 

Ar Lc! - R 

11 
ArCHSHCSR 

H2S 
ArCH=CR ==2 ArCHaCSR 

HNR, I 
N Rz 

SCHEME 1. Mechanisms of the Willgerodt-Kindler reaction. 
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electronegative group effect on 21 
hydrogen bonds 21, 22 with organomagnesiwn com- 
hyperconjugation 30 pounds 318-325 
inductive effect on 831, 832 
intensification 23, 24 reduction with metal hydrides 219, 

of DNP derivatives 403 Acidic catalysis in acylation and 
of ethylene 18,20 
of ketones 48, 828 
of thiones 936-938 
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acylation 265, 266 reactivity 239-241 
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44645  1 base-catalyzed 273-276 
of alkanes, direct 270-272 

indirect, with amides 282 
with nitriles 286, 287 
with phosphorus oxychloride 282 

of alkylidenephosphoranes 266 
Acid chlorides, conversion into alde- of aromatic hydrocarbons, direct 
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Aldehydes, absorption spectra 828 scope 583-586 

Acylation-cont. 
of aromatic hydrocarbons, direct- 

cont. 
intramolecular 253-255 
isomer distribution 253 
mechanism 246-253 
reaction conditions 245, 246 
steric effects on 252 
substituent effect on 244 

indirect, with amides 279-281 
with metal fulminates 291 
with nitriles 283-286 
with phosphorus oxychloride 

2 79-28 1 
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indirect 278-298 
rule of catalyst 241-243 
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mechanism 262-265 
reaction conditions 259-262 
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0-Acylation 245, 274, 277 
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oxidation, by molecular oxygen 129- 

141 
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effects on conformation 144, 145 
enzymatic 336-350 
isotope effects 142, 146-148 
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resonance effects 144, 145 
selective 137, 138 
steric effects 143-145 
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773 

Aldehyde hydrates, role in chromic 

Aldehyde-ketone rearrangement 772, 

Aldehydes-cont. 

775 
acid-catalyzed rearrangements 77 1 - 

. . -  

aliphatic, decarbonylation, radical- 
initiated 710-725 

deformylation, base-catalyzed 

oxidation, by cerium (IV) 496,497 
706-708 

by chromic acid 466, 497 
by cobaltic salts 497-502 
by manganic salts 490-494 
by permanganic acid 483490 
by vsnadium (v) 494-496 
isotope effect on 466, 495, 501 
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initiated 725, 726 

697-704 
base-catalyzed 708-7 10 
electrophilic 697-706 
various 704-706 

oxidation, by cerium (IV) 496,497 
by chromic acid 462-466, 473 
Ly chromyl acetate 477, 478 
by cobaltic salts 497-502 
by manganic salts 490-494 
by permanganic acid 478-483 
by vanadium (v) 494496 

photochemistry 897, 898 
cyclic, photochemistry 873, 874 
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general mechanism 235-238 
substituent effect 238, 239, 243 

in 238,239 

from acid chlorides 2 17-220 
from acids 2 12-2 17 
from amides 220-225 
from anhydrides 2 12-2 17 
from esters 227-230 
from nitriles 225-227 

primary photochemical processes 

saturated, electron configuration 32 
solid-state photochemistry 903-908 
thermal decarbonylation 726-735 

835-857 

foreign-body effect 729 
nitric oxide effect 732, 733 

Aldol condensation 364, 580-593 
conditions 59 1-583 
enzymatic 364 
intramolecular 585, 586, 588, 589 
limitations 586-589 
mechanism 589-593 
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Aldol condensation-cont. 
steric effects on 583 
structural effects on 591 

Aliphatic aldehydes-see Aldehydes, 

Aliphatic hydrocarbons-see Alkanes 
Aliphatic ketones-see Ketones 
Alkanes-see also Hydrocarbons and 

aliphatic 

C-C bond 
acylation-see Acylation 
autoxidation 98 
formylation-see Formylation 
isomerization 270 
olefin formation 270 
oxidation, by molecular oxygen 81- 

98 
by various oxidants 98-99 
promotion effects 92-93 

Alkenes-see also C=C bond 
acylation-see Acylation 
autoxidation 114 
7r complex 115, 144 
excited state 44 
formation from alkanes 270 
for my latio n--see Fo r my 1 a t  ion 
oxidation, by moleculai oxygen 100- 

116 
by various oxidants 1 16-1 19 

intermolecular 861 
structural effect on 857, 858 

photocycloelimination 841-846 
Alkylidenphosphoranes, acylation 266 
Alkynes-see also Acetylenes and C r C  

oxidation, by molecular oxygen 100- 

photocycloaddition 857-861 

bond 

116 
by various oxidants 1 16-1 19 

Allylic rearrangement 797, 798 
Amides, conversion into aldehydes and 

reduction with metal hydrides 221- 

Aminals, hydrolytic displacement 188- 

ketones 220-225 

225 

192-see also Hydrolysis 
Analysis, by column chiornatography 

395401 
by gas chromatography 397-399 
by mass spectroscopy 41 1 4 1 2  
by paper chromatography 399 
by polarography 412414 
qualitative, by chemical methods 

377-384 
by i.r. spectroscopy 408-410 
by n.m,r. spectroscopy 414, 415 
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Analysis-con!. 
quali tative-cont. 

by U.V. spectroscopy 401-403 
by visible spectroscopy 401-403 

quantitative, by chemical methods 
385-397 

by i.r. spectroscopy 410, 41 1 
by n.m.r. spectroscopy 415 
by U.V. spectroscopy 403-408 
by visible spectroscopy 403-408 

712, 724 

360 

Anchimeric assistance 306, 307, 3 17, 

Anhydrides, enzymatic oxidation 357- 

enzymatic reduction 333-336 
pyrolysis 2 1 7 
reactions with organocadmium com- 

pounds 3 1 3-3 16 
Anils, photochromism 904-906 
Antibonding orbital 38 
Aromatic aldehydes-see Aldehydes, 

Aromatic hydrocarbons-see Hydro- 

Aromatic ketones-see Ketones 
Aromatic substitutioii, intramolecular, 

radical 712 
Aryl migration, during decarbonyla- 

tion 712-720 
Asymmetry 337-339 

isotopic 337-339 
At-complexes 626, 634, 636, 637, 657, 

aromatic 

carbons, aromatic 

669, 670, 674, 680 
of group I1 elements 675, 676 

Atomic-orbital coefficients, for form- 
aldehyde 68, 69 

Atomic selection rules 45 
Autopolarizability 54 
Asia1 haloketone rule 24, 25 

Bachmann reaction 644 
Baeyer-Villiger oxidation 383, 384, 

n-rr*, T-YT*, etc., Bands-see Transi- 

Base, fully protonated 425-428, 437, 

80 1-803 

tions, n 3 ? ~ * ,  7r+m*, etc. 

438 
partly protonated 425, 426, 437 

Basic catalysis in acylation and formyl- 

Basicity, and acid catalysis 426-429 

methods 435-441, 444 

ation 238, 243 

determination, by conductometric 

by enolyzation kinetics 438-441 
by heats of solvation 451, 455 
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Basicity-cont. 
determination-cont. 

by indicator method 423, 424 
by i.r. spectroscopy 454 
by n.m.r. spectroscopy 451, 455 
by spectrophotometric methods 

429, 430, 433-441 
in nonaqueous media 45 1-455 
quantitativc measurements 422-424 

Bcnzilic acid rearrangement 783-787 
Benzilic ester rearrangement, proto- 

Benzoin condensation 780, 781 
Biacetyl, fluorescence 27 

phosphorescence 27 
transitions 27 

tropy 786 
reversibility 786 

Bimolecular reduction 507 
Bioluminescence 360 
Blanc rule 2 17 
Bond functions 3 I 
Bond length 3, 54 
Bond order 54 
Bridge compounds, mercury-photo- 

sensitized reactions of 903 
photooxidation 747 
preparation 744-747 
thermal decarbonylation 743-747 

Rrmsted dual acids complex 252 
Brmsted-Lowry definition of acids and 

bases 422, 423 
Bronsted’s law 480, 794 
Bucherer reaction, anomalous 754 
Buchner-Curtius reaction 803 
Bunte salt 944 

Cage effect 837 
Cage ketone 888 
Cannizzaro reaction 457, 537-539 

internal 538 
isotope effect 539 
mechanism 538, 539 

formation 870, 871 
stereospecific addition 87 I 

Carbene, addition to thiones 946, 949 

Carbon atom electronegativity 35 
Carbonium ion, encumbered 195 

free 195 
open 771 
resonance stabilized 182 

Carbonyl group-see also C=O bond 
and respective compounds 

catalytic reduction 5 10-5 15 
stereochemistry 5 1 1, 5 12 

configuration 39, 40 

Carhonyl group-cont. 
conversion into thiocarbonyl group 

919-929 
determination-see Analysis 
excited states 49 
labelled, syntheses through organo- 

local symmetry 45 
oxidation, by molecular oxygen 157- 

metallic compounds 305, 326 

159 
by various oxidants 159-162 

reactions with organocadmium com- 

reduction by dissolving metals 515- 
pounds 317, 318 

523 
effect of metals on 520 
stereochemistry 515, 521, 522 

by metal hydrides 541-553 
dependence on ring size 543 
stereochemistry 543-553 
steric effects 550, 551 

by organic reagents 532-541 
by reductive amination 529-532 
electrochemical 523-529 

abnormal 526, 527 
mechanism 524 
stereochemistry 525, 526 

various 553-56 I 
syntheses, through metal carbonyls 

through organocadmium com- 

through organolithium compounds 

through organomagnesium com- 

327-329 

pounds 304-3 18 

325-327 

pounds 3 18-325 
Carbonyl insertion 327-329 
Carbonyl reagents 377-397, 600 
Carbonyls, conjugated, absorption 

spectra 18-2 1, 83 1 
bond length 3 
decoupling 5 14 
electronic structurcs 51-59 
force constants 54, 55 
resonance structures 5 1 
stretching vibration 51 

Carbonyl sulfide photolysis 907, 908 
Carboxylation, photosynthetic ?‘? 
Carboxylic acids, enzymatic oxidstion 

357-360 
enzymatic reduction 333-336 
pyrolysis 2 12-2 1 7 

Catalyst ‘poisons’ 218 
C - C  bond-see also Alkanes 

cleavage 840 
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C-C bond-cont. 
cleavage-cont. 

by nucleophiles 790, 79 1 
enzymatic 354-356 

enzymatic formation 362-364 
formation 636 

by decarbonylation 8 12, 8 13 
rearrangement 769 

C===C bond-see also Alkenes 
acyl addition 724 
catalytic reduction 5 13 

by dissolving metals 516 
by reductive animation 530 

formation 570-600 
hydrolytic cleavage 197, 198 
hydrolytic transformation to C - C  

bond 192-197 
methylene addition 87 1 
photoaddition 896 
radical addition 866 
stereospecific photoaddition of sulfur 

908 

hydrolysis 198 
C=C bond-see also Acetylenes 

Cell composition, regulating mechan- 

Cerium (rv), oxidation with 496, 497 
Charge distribution in excited states 50 
C-H bond cleavage during oxidation, 

isrr. 348, 349 

by chromic acid 473-477 
by chromyl acetate 478 
by permanganic acid 479, 485 
by vanadium (v) 495 

Chromatographic methods of analysis 
3 9 7 4 1  

column 399-401 
gas 397-399 
paper 399 

mechanism 467477 

oxidation 470-474 

Chromic acid, oxidation with 462-477 

Chromium, valency change during 

Chromyl acetate oxidation 477, 478 
Circular dichroism 24, 25 
cis effect, in semipinacolic rearrange- 

Claisen condensation 273, 275, 934 
Claisen rearrangement 797 

deformylation during 705, 706 
ortho 798 
gara 798, 799 

ment 770 

Cleavage of bonds-see respective bonds 
Clemmensen reduction 5 16-5 18, 553 

mechanism 517, 518 

C-N bond-see also Schiff bases, 

formation 600-6 14 
general mechanism of formation 

601, 602 
hydrolytic cleavage 199-205 
us. C=O bond 609 

Oximes 

Cobaltic salts, oxidation with 497-502 
C=O bond, biological formation 333- 

357 
biological reactions 357-370 
configuration of symmetry 47, 48 
distance 26, 50 
energies 5, 6 
force constant 54 
hybridization 4 
ionic-covalent structure 49, 50 
length 3-5, 11 
molecular orbitals 30-42, 46, 829 
moment 8 
order 56 
polarity 6, 8, 60 
resonance description 11 
strength constant 49 
valence-bond description 30-42 
us. CSN bond 609 
us. C=S bond 934-936 

n Complexes 1 15, 144 
u Complexes 258 
Composite-molecule method 58 
Composite system formalism 57 
Concerted reaction 323, 324 
Condensation, general mechanism 

leading to hydrazones, oximes and 
semicarbazones, electronic effect 

factors effecting reactivity 606- 

mechanism 603-606 
nature of 602, 603 
ring size effect 608 
structure 602, 603 
structural effect 607, 608 

568-570 

607 

608 

leading to Schiff bases, acidity effect 
612 

amine reactivity 610 
by light promoted autoxidation 

mechanism 61 1-614 
scope and limitations 608-6 1 1 
structural effect 612-614 

Configuration-interaction, calculation 
for aromatic free radicals 64 

610 

steric effect on 518 mechanism 64 
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Configuration-cont. 
method 50, 59 

application to ketyl radicals 65,66 
Conformational effect, in alcohol oxida- 

tion 144-145 
Conjugated carbonyls-see Carbonyls, 

conjugated 
Conjugative effect, in absorption spec- 

tra 20, 29, 831 
in C=O bond moment 8 
in C=N bond hydrolysis 199 
in C=S bond i.r. spectra 935 
in dihalide hydrolysis 182-184 
in a-haloalkene hydrolysis 193 
in ionization potential 11 
in Nef reaction 206 
in transitions 47 
in vibration spectra 13, 14 

Cope rearrangement 80 1 
Copolymerization during alkene oxida- 

Cotton effect 24, 25, 938 
Coulomb energy 37 

attraction 58 
interaction 61 
repulsion 61, 62 

tion 112, 113 

Coulomb interactions 6 1 
Coulomb parameter 5 1 
Coulomb repulsion forces 62 
Coupling constants, for free radicals 64 

of aldehyde proton 65 
stretching vibration dependence 52 

Cram’s rule 550 
G-S bond, contribution to no-bond 

resonance 951-953 
dipole moment 934, 935 
energy 934 
interatomic distance 934 
i.r. spectra 935, 936 
physical properties 934-938 
structure 934 
us. C=O bond 934-936 

oxidation, by molecular oxygen 81- 
Cycloalkanes, autoxidation 97, 98 

98 
by various oxidants 98-99 

Dakin reaction 749-752 
Darzens condensation 2 15 
Decarbonylation 258 
by intramolecular elimination 839, 

catalytic 747-749 
during oxidation with cerium (IV) 

840 

494 

Decarbonylation-cont. 
free-radical 838, 839 
miscellaneous 752-754 
radical-initiated 720-725 
thermal 726-737 
with G - C  bond formation 812, 

Decarboxylation of pyruvate 358, 359 
Deformylation 258 

813 

base-catalyzed 706-7 10 
electrophilic 697-706 
isotope effect 698, 700, 701 
medium effect 698 
relative ease 697,698 
salt effect 709 

Dehydration, enzymatic 350-354 
Dielectric effect, effect on U.V. spectra 

Dieckmann reaction 274 
Diels-Alder reaction, preparation of 

Dienone-phenol rearrangement 775- 

‘Diffusion-controlled ’ reactions 837 

Diffusion effect 837 
Dihalides, hydrolytic displacements on 

ct-Diketones, molecular orbitals 26,27 
Diones, antoxidation of 158, 159 

Dipolemoment 6-8,13,22,41,42,50, 

21,22 

bridge compounds 744-747 

777 

temperature effect on 837 

178-184 

chelation of 155, 159 

51, 59, 830 
of acrolein 59 
of formaldehyde 49, 70, 7 1 
of ~-n-* states 26 
of thiocarbonyls 935 
inductive effect on 6, 8 
inesomeric effect on 8 

disproportionation 840, 881 
intermediate, in chromic acid oxida- 

in permanganic acid oxidation 481 

Diradicals, ally1 852 

tion 477 

intramolecular combination 840 
mechanism 840,846,849,852 

Disproportionation of glycols-see Gly- 

Dissociation constant 423 

measurements 455 

cols 

determination by bond-intensity 

Disulfides, alkaline cleavage of 953, 

Donor-acceptor interaction 5 1 
Duff reaction 297, 298 

954 
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Electroaffinity acceptor 58 
Electron configurations for acrolein 57 
Electron density in formaldehyde 69 
Electronic effects, in acetal hydrolysis 

189-19 1 
in condensation reactions 607 
in dihalide hydrolysis 179-182 
in a-halo ether hydrolysis 184, 185 
in ketai hydrolysis 189-191 
in ketonization 789, 790 
in U.V. spectra of thiones 937 
in vibration spectra 12 
of force constants 55 

Electronic integrals of ground state 48 
Electronic paramagnetic resonance 

Electronic perturbations 52 
Electronic structure, of conjugated car- 

spectra 60 

bonyls 32-33, 51-59 
of saturated carbonyls 31-32 

Electronic transitions, theoretical an- 

Electron-impact method 8-10 
o-r Electron interaction 34 
Electron-spin values 64 
Electrophile-nucleophile pairs 16 1 
Electrophilic deformylation-see De- 

Electrophilic reduction 545 
Embden-Meyerhof sequence, 334, 335, 

Enantiomers, enzyme behaviour to- 

Enediols, enzymatic oxidation of 350 
Energy datz on formaldehyde 70,7 1 
Energy matrix 58 
Enolization, effect on vibration spectra 

alysis 829 

formylation 

351, 354 

ward 339 

12, 15 
rate-limiting 491-493 

Environmental effects, effects on band 

Enzymatic formation of C-C bond- 

Enzymatic isomerization--see Isomeri- 

Znzymatic reactions-see respective 

Enzymatic transformation-see Trans- 

Enzymes, behavior towards enantio- 

Enzyme synthesis, dual control 349 
Epimerization, during reaction of or- 

ganocadmium compounds with 
acid chlorides 308, 309 

position 402 

see C-C bond 

zation 

compounds 

formation 

mers 339 

Equilibrium interaction between acids 
3nd carbonyls 429-437 

Ashweiler-Clarke reaction 53 1, 532 
Esters, acylation-see Acylation 

conversion into carbonyls 227-230 
enzymatic oxidation 357-360 
enzymatic rcduction 333-336 
reduction with metal hydrides 229, 

230 
h a r d  reaction 128 
Excited-molecule mechanism 837 
Excited states 42-51 

charge distribution 50 
emission form 833-835 
energies 49, 58 
manifold 826, 833-835 

Favorsky rearrangement 790-794 
Fischer-Tropsch process-see Formyla- 

tion of alkenes, with carbon mon- 
oxide 

Fluoral hydrate oxidation by perman- 
ganic acid 483-490 

isotope effect 485, 486 
Fluorescence 826, 834 
Force constant 12, 13 
Force constants, electronic effect on 55 

of conjugated carbonyls 54, 55 
relationship to i.r. frequencies 55, 

stretching vibration dependence on 
56 

52,53 
Formaldehyde, analysis 384, 396, 397 

atomic orbital coefficients 68, 69 
n+* bands 23 
charge distribution 7 1 
dipole moment 49, 70, 71 
electron density 69 
electronic description 34, 7 1 
energy data 70, 71 
n-rr* excited state 25, 26 
geometrical structure 67 
ground state 44 
ground-state calculation 66-72 
hydrogen bonding 6 
hypcrconjugation 68 
internuclear distances 67 
ionization potential 69 
lowest excited states 44 
molecular orbitals 67-7 1 
overlap matrix 68 
transitions 45 
wave function 43, 66 

polar effect on 240 
Formylating agents, reactivity 239-24 1 
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Formylation, of aliphatic esters, ket- 
ones, and nitriles 277, 278 

of alkanes, direct 272, 273 
indirect 282 

of alkenes, direct 265 
indirect 281, 282 
with carbon monoxide 266-269, 

324 ~~ 

of aromatic hydrocarbons, direct 
255-258 . ~ .~ 

reaction conditions 256, 257 
mechanism 257 

indirect, with amides 279-281 
with chloromethyl dibenzoatcs 

with dichloromethyl alkyl eth- 

with hexamine 297, 298 
with metal fulminates 291 
with nitriles 287-290 
with phosphorus oxychloride 

293 

ers 291, 292 

279-28 1 
of hydrocarbons, direct 239-277 

rule of catalyst in 241-243 
Formylium complex 257, 258 
Free radicals, aromatic configuration- 

interaction 64 
aromatic p.m.r. spectra 64 
conjugated, hyperfine coupling con- 

split 848 
stant 63, 61 

Friedel-Crafts ketone synthesis-see 
Acylation of aromatic hydrocar- 
bons 

Gatterman-Koch aldehyde synthesis- 
see Formylation of aromatic hydro- 
carbons 

Gatterman synthesis-see Acylation and 
Formylation with nitriles 

Girard-T reagent, reduction of 527 
Glucuronic acid pathway 346-348,354 
Glycols, disproportionation 350, 351 

Glycolytic sequence-see Embden- 

Glyoxalate cycle 354, 355, 363 
Grignard reagent-see also Organo- 

oxidative cleavage 150-153 

Myerhof sequence 

magnesium compounds 
reduction with 536, 537 
stereochemistry 537, 553 
structure 645-648 

a-Halo ethers, hydrolytic displacement 
184-188 

Index 

Halogenation, deformylation during 

ilamiltonian matrix 35, 37 
Hammett acidity function-see Acidity 

Hammett reactivity constant, related 

Hammond’s postulate 486 
Hetcrolysis 236 
Hoffman elimination during Wolff- 

Homolysis 236 
Houben-Hoesch reaction 282, 283 
Hiickel aromaticity rule, for cyclopro- 

penone 793 
Huckel molecular-orbital method 60 
Hydrations 491, 492 
Hydrazones-see also Condensation 

in analysis 377, 378, 390-592 
Hydridge ion transfer 146, 259, 265, 

475, 476, 481, 482, 486, 490, 535, 
538, 640, 641 

intramolecular 7 10 
stereospecific 336-341 
to thione 944 

705 

function 

to vibration spectra 14, 15 

Kiohner reaction 554 

Hydrocarbons, acylation and formy1- 
ation, direct 239-277 

indirect 278-298 
rule of catalyst 241-243 

formation-see Formylation 
oxidation, by molecular oxygen 

by various oxidants 127-129 
steric effect 127 

intermolecular 853-855 

aromatic, acylation-see Acylation 

120- 127 

Hydrogen atom abstraction 830 

Hydrogen atom transfer 476, 487 
Hydrogen bonding, effect on vibration 

spectra 12, 14, 15 
Hydrbgen migration US. alkyl migration 

751, 752 
Hydrogen transfer, stereospecific enzy- 

matic 339-341 
in Krebs cycle 342, 344 
in oxidative deamination 356-357 
in steroids 350 

Hydrolysis, of a-alkoxyalkenes 192- 
197 

of C=C bond 197, 198 
of C r C  bond 198 
of a-haloalkenes 192-1 97 

cyanamides 204,205 
of C=N bond 199-205 

Hydrolytic cleavage, of alkylidene 
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Hydrolytic cleavage-cont. 
of imines 202-204 
of oximes 199-20 1 
of Schiff bases 201, 202 
of semicarbazones 199-20 1 

Hydrolytic displacement, of acetal 
esters 188-192 

of acetals 188-192 
of aminals 188-1 92 
of dihalides 178-184 
of a-halo ethers 184-188 
of ketals 188-192 
of mercaptals 188- 192 

Hydrolytic rearrangement 192 
Hydrophilic bonds, in enzymatic reduc- 

Hydrophobic bonds, in enzymatic re- 

Hyperconjugation, of CH, group 43 

Hyperconjugative effect, in acetal and 

tion 362 

duction 362 

of formaldehyde 68 

ketal hydrolysis 189, 190 
in U.V. spectra 30 

Imine-enamine tautomerism 204 
Inductive effect, in absorption spectra 

in C=C bond hydrolysis 198 
in C==N bond hydrolysis 200,201 
in dihalide hydrolysis 182, 183 
in dipole moments 6, 8 
in a-halo ethers hydrolysis 185, 

in ionization potential 11 
in Nef reaction 207 
in organocadmium compounds reac- 

in thioketon formation 931 
in vibration spectra 12-15 
in Wittig reaction 574 

83 1 

186 

tions 326, 327 

Inductor 471 
Infrared frequencies, us. force con- 

stants 55, 56 
vibrational effect 56 

Infrared spectra-see also Vibration 
spectra 

in analysis 40841  1 
of ketones 52 
of thiocarbonyl group 935, 936 

Initial mean valence number 529 
Intermolecular hydrogen atom abstrac- 

tion-see Hydrogen atom abstrac- 
tion 

Intermolecular photoreduction-see 
Pho toreduction 

Index 1019 

Internal conversion of energy 834, 835 
Internuclear distance 48, 67 
Intersystem crossing of energy 834, 

Intramolecular charge transfers 5 i 
Intramolecular elimination from cyclic 

ketones 845, 846 
Intramolecular photoreduction-see 

Photoreduction 
Intramolecular transitions between ex- 

cited states 826, 833-835 
Intramolecular skeletal rearrangement 

836, 846-851 
Inverse addition of organocadmium 

compound to acid chloride 306, 
307 

835 

Ionic structure 41 
Ionization potential 8-1 I ,  38, 51, 60, 

61 
adiabatic 9 
conjugative effect on 11 
correlation with C=O bond length 

11 
donor 58, 59 
first 11 
inductive effect on 11 
of conjugated carbonyls 61 
of formaldehyde 69 
oxygen lone pair 62 
vertical 9 

Ionization process 11 
Ionization rates of malonic acid 

Irradiation, rearrangement on 27 
Isomerization, &-trans 847 

during decarbonylation 748 
enzymatic 364-367 
facile 847 

derivatives 597, 598 

Isotope effcct, in Canizzaro reaction 

in electrophilic deformylation 698 
in mutarotation 796 
in nucleophilic addition 446 
in oxidation, of alcohols 142, 146- 

of aliphatic aldehydes 466, 485, 

of aromatic aldehydes 465, 473, 

of ketones 160 

539 

148 

486, 495, 501 

502 

in reduction with Grignard reagent 

in thermal decarbonylation 737 
536 

Isotope isomerization during aldehyde- 
ketone rearrangement 773, 774 
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Isotope positional isomerization 773, 

Isotope position isomerization during 

Isotopic asymmetry 337-339 

Ketals, hydrolytic displacement 188- 

Ketenes, acylation with 269, 270 

7 74 

thermal rearrangement 799,800 

192 

formation 2 13 
during photochemical processes 

during thermal decarbonylation 
837,863-865 

735-743 
Ketimines 282-286 

a-Ketol rearrangements, acid-catalyzed 

analogy to racemization 779, 780 
base-catalyzed 778-783 
epoxide formation during 781, 782 

Ketogenic rearrangement, generaliza- 

Ketones, absorption spectra 48,828 

polymerization 286 

771-775 

tion of 788-790 

acid-catalyzed rearrangement 77 1- 

acylation-see Acylation 
cyclic photorearrangement of mono- 

electron configuration 32 
enzymatic reduction 361, 362 
formation, by acylation, catalysis in 

775 

to bi- and vice versa 850, 851 

238, 239 
general mechanism 235-238 
substituent effect 238, 239, 243 

from acid chlorides 2 17-220 
from acids 2 12-2 17 
from amides 220-225 
from anhydrides 2 12-2 17 
from esters 227-230 
from nitriles 225-227 

oxidation to bi- and triketones 157- 

photochemistry, aliphatic 86 1-873 
162 

aromatic 894-903 
bridge 903 
cyclic 874-884 
solid state 903-908 
unsaturated 884-894 

primary photochemical processes 

thermal decarbonylation 735-743 

electronic effects on 789, 790 
stereochemistry 788-790 

835-857 

Ketonization 492, 788 

Ketonization-cont. 
steric effects on 789, 790 

Ketyl radicals 60-66, 519, 520, 900 
complexing of 634 
conjugated spin densities in 65 
electronic structure 62 
e.p.r. spectra 63 
formation 632-634 

Kindler reaction 540, 541 , 808, 954, 

Knoevenagel condensation, mechan- 
955-see also Willgerodt reaction 

ism 596-598 
scope and limitations 593-596 

Koopmans’ theorem 6 1, 69 
Kosower’s Z constants 22 
Kostanecki reaction 275 
Krebs cycle 343, 344, 358, 362, 363, 

3 70 
hydrogen transfer in 342, 344 

Lactones, enzymatic oxidation of 357- 

Lactonization 261, 262 
Leukart reaction 530, 531 
Lewis definition of acid and bases 422, 

Light intensity measurements in 

Light intensity effect on photochemical 

Linear combination of atomic orbitals 

Lone-pair orbital 38 
Lucas reagent 923 

Magnetic susceptibility measurements 
of toluene-chromyl chloride com- 
plex 128 

Mandelate, enzymatic oxidation, re- 
pressive effects on 349 

Manganic salts, oxidation with 490-494 
Mass effect on vibration spectra 12, 15, 

Mass spectroscopic method of analysis 

McFadyen-Stevens aldehyde synthesis 

Meerwein-Pondorf-Oppenauer reac- 

Meenvein-Pondorf-Verley reduction 

360 

455 

photochemical studies 906 

reactions 838 

method 34, 68, 71, 72 

52 

41 1,412 

220 

tion 457 

457,532-536 
mechanism 533-535 
stereochemistry 535, 553 

Medium effect on electrophilic defor- 
mylation 698 
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Mercaptals, hydrolytic displacement of 

meso-carbon atom 338, 339 
Mesomeric effect, on dipole moments 

Metal carbonyls, carbonyl syntheses 

Metal hydrides reduction 541-553 

188-192 

8 
on vibration spectra 13-15 

through 327-329 
eficiency as catalyst 267 

of acid chlorides 2 19, 220 
of amides 221-225 
of esters 229, 230 
of nitriles 226, 227 

Metallation, with group I elements, 
order of reactivity 622, 623 

Methylenes 870,871-see also Carbenes 
Michael reaction 588, 595, 596 
Microscopic reversibility principle 492 
Molecular energies 38 
Molecular geometry, effect on vibration 

spectra 12, 14, 17 
Molecular orbital, T electron 38, 57 

Molecular orbital coefficients 50 
Molecular orbital method 34, 35, 66 
Molecular orbit&, for formaldehyde 

Huckel method 60 

67-7 1 
for linear molecules 43 
polarity of 58 

Mutarotation 794-797 
isotope effect on 796 

n.m.r. studies of 341 
NAD oxidoreduction of 339, 340, 341 

Nef reaction 205-207 
Neighboring group participation-see 

Neophyl rearrangement 7 14 

Nitration, deformylation during 704, 

Nitric oxide, effect on thermal decar- 

Nitriles, acylation-see Acylation 

Anchimeric assistance 

structural effect on 714, 715 

705 

bony!ation of aldehydes 732, 733 

conversion into carbonyls 225-227 
reduction 226, 227 

Nitroxide radicals 63 
No-bond resonance, C=S bond contr! 

Norrish Type I1 split-see ‘Type 11’ split 
Nuclear magnetic resonance 414,415 

Octant rule 24, 25 
in thiones 938 

bution to 951-953 

Olcfins-see Alkcnes 
Operator, coulomb 68 

electric dipole 24 
exchange 68 
Fock‘s 68 
hamiltonian 36, 37 
magnetic dipole 24 

of thiones 938 
Optical rotary dispersions 24, 25 

Optical rotatory cffect 24 
Oppenauer oxidation 532, 535 
Orbital, antibonding 38 
Orbital energies 38, 60 
Orbitals, hybrid, of C=O bond 31 
Orbital symmetry 43 
Organoalkali compounds, as complex- 

1,2-addition 622424, 634-637 
conjugated addition 624-630, 634- 

1,2- us. 1,4-addition 672 

ing agents 635, 636 

637 

Organoaluminum compounds, addition 
to carbonyls 655, 656, 677, 678, 
680-687 

mechanism 680-685 
solvent effect 684 
steric effects 681 

adduct with carbonyls 683, 685 
enolization of carbonyls with 685- 

order of reactivity 678 
reduction with 678, 679 

mechanism 630-685 
structure 685 
1,2- us. 1,4-addition 674, 68 1 

687 

Organoberyllium compounds, addition 
669, 670 

reduction with 669, 670 
1,2- us. 1,4-addition 672, 674 

Organoboron compounds, ion-radical 
transfer 633, 634 

reduction with 678, 679 
Organocadmium compounds, abnor- 

carbonyl syntheses through 3 0 4 3  18, 

conjugate addition 67 1 
epimerization during ketone syn-  

theses 308, 309 
inverse addition 306, 307 
preparation 304, 305 
reactions, with acid chlorides 305- 

313, 324, 671 

mal reaction 312, 313, 316 

67 1 

with anhydrides 313-316 
reactivity 3 15 



1022 Subject Index 

Organocadrnium compounds--cant. 
structure 315 
syntheses of labeled carbonyls 

1,2- us. lY4-addition 672 
Organocalcium compounds, 1,2-addi- 

through 305 

tion 669 
reaction with nitriles 669 
1,2- us. 1,4-addition 672 

ing agents 635, 636 

tion 622-624,634-637 

Organocesium compounds as complex- 

Organogallium compounds adduct 685 
Organolithium compounds, 1,2-addi- 

as completing agents 635, 636 
carbonyl syntheses through 325-327 
conjugate addition 624-630, 634- 

ion-radical transfer 633 
reaction, with acids 326, 327 

reactivity 635 
reduction 631, 632, 63-37 
1,2- us. 1,4-addition 672, 674 

637 

with nitriles 637 

Organomagnesium compounds-see 

IY2-addition to carbonyls 648-661 
also Grignard reagent 

dependence on halogen size 654 
stereochemistry 661 
steric effects 661 
solvent effect 659 

adduct with carbonyls 650, 651, 

anomalous reactions 654 
carbonyl syntheses through 3 18-327 
conjugate addition 662-669 
enolization of carbonyls with 639- 

644,654-656 
pinacone reduction 644 
reaction, with acid chlorides 318- 

658 

325 
with thiones 943 

reduction with 639-644 
stereochemistry, of addition 66 1, 

663 
of reduction 641-643 

structure 325, 639, 645-648 
type of reactions 638, 639 
1,2- us. 1,4-addition 671-675 

Organometallic compounds-see a h  

addition to carbonyls 623, 626, 627, 
respective compounds 

673 
t o w  bond 637 
to thiones 942, 943 

Organometallic compounds-cont. 
at-complexes 675, 676 
enolization during addition to C=O 

reactivity in I,% us. 1,4-addition 

Organosodium compounds-see also 

bond 623 

67 1-675 

Ketyl radicals 
1,2-addition 622-624, 634-4537 
as complexing agents 635, 636 
conjugated addition 624-630, 634- 

ion-radical transfer 632-634 
reaction with thiones 942 
1,2- us. l,4-addition 672 

637 

Organosulfur compounds-see also 

synthesis by photolysis of carbonyl 

Organozinc compounds, carbonyl syn- 

Th' iones 

sulfide 907, 908 

theses through 671 
reaction with acid chloride 671 
1,2- us. lY4-addition 672, 674 

ortho effect, in oxirla.tion of aromatic 
aldehydes 463 

Orthonormal monoelectronic functions 
45 

Overlap population 70 
Overlap moment 41 
Overlap matrix for formaldehyde 68 
Oxidation-see also respective com- 

pounds 
competitive 473 
general rule 484 
induced 471 

Oxidation methods for analysis 392- 

Oxidative deamination, enzymatic 

Oxidative decarboxylation, mechan- 

Oxidative rearrangement 801-808 
Oxidoreduction of NAD-see NAD 
Oximes-see also Condensation 

hydrolytic cleavage 199-20 1 
in analysis 378, 379, 384-388 

Oxonium ion, cyclic 32 1-323 
Oxonium ion complex 247-251 
Oxonium salts 455457 
0 x 0  process-see Formylation of al- 

0 x 0  synthesis 327 
Oxygen atom, electronegativity 35 

Ozonolysis, abnormal 118 

396 

356-357 

ism of 345, 346 

kenes 

hybridization 32 
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Parameter, coulomb 5 1 
Pentosuria 346, 347 
Permanganic acid oxidation 478-490 

acid and neutral 478-481 
alkaline 481-483 
effect of buffers 481 
salt effect 482 

Perkin reaction 598-690 
~~ _._ 

Phenyl-metal bond, polarity of 623, 
624. 672. 673 

1,3-Phenyl migration 7 18, 7 19 
1,4-Phenyl migration 7 19 
Phosphogluconate oxidative pathway 

Phosphoranes, inductive effect in 571 
preparation 57 1, 572 
resonance structure 571 

Phosphorescence 826, 834 
Phosphorescence spectrum 20 
Photoaddition 887, 888 

to C=C bond 896 
Photochemical primary processes of 

ketones and alkehydes 835-857 
Photochemical primary reactions 835- 

838 

344, 345, 369 

cage effect on 837 
effect of diffusion on 837 
intensity of light absorbed 838 
photolysis wavelength 837 

Photochemical quantum yields, of in- 
tersystem crossing 834, 835 

wavelengrh effect on 833, 837 
Photochemical valence tautomeriza- 

Photochemistry, first law 827, 828 
Photochromism of anils 904-906 
Photocyclization, intramolecular, 841, 

addition to C=C bond 887, 888 
Photocyloaddition, to C==C bond 857- 

tion 882 

873 

861, 887,888,897, 898 

Photocyclodimerization 855-857 

Photocycloelimination of alkenes 841- 

Photodecarbonylation 078-see also 

to C c C  bond 861, 898 

solvent effect on 856 

846, 897 

Decarbonylation 
substituent effect on 882 

Photodecomposition 833, 87 1, 898- 

by intramolecular elimination 839, 

into free radicals 838, 839 

see also Decarbonylation 

840 

Photodimerization 560, 871, 875, 889 

Photodimerization-cont. 
head-to-head 856, 857, 907 
head-to-tail 856, 857, 907 
in solid state 907 

Photodissociation 839,870 
free-radical 894, 895 

Photoenolization 854, 886, 887,900 
Photoinduced rearrangement 896 
Photoionization efficiency curves 8 
Photoisomerization 848, 887, 902 

direct 870 
in solid state 906 
ring size effect on 849 

Photolysis, of carbonyl sulfide 907, 
908 

wavelength effects on 837 
Photooxidation 803, 804, 899 

of bridge compounds 747 
Photophosphorylation 334 
Photopinacolization 895, 896, 900 

Photopolymerization 87  1 
Photoreactivity of benzaldehyde 898 
Photorearrangement 808-8 15 

in solid state 906 
of steroid dienones 890-894 
skeletal 889 

without reduction 885 
with reduction 885, 886 

with ring fission 886, 889 
Photoreduction 859, 895, 899 

by intermolecular hydrogen abstrac- 
tion 898 

first step in 854 
intermolecular 855 
intramolecular 85 1-853 

in solid state 906 

stereochemistry of 852, 853 

74 1 
Photosensitized decomposition 740, 

Photosynthesis 334 
Photosynthetic carboxylation 362 
Pinacol rearrangement 762-767 

migratory aptitudes 767 
migratory rate ratio 766 
stereochemistry 766, 767 

Pinacone reduction with organomag- 

Polar effect, in acetal hydrolysis 189, 

in a-alkoxyalkene hydrolysis 196 
in aromatic aldehyde oxidation 462, 

in a-halo ether hydrolysis 185, 186 
in ketal hydrolysis 189, 190 
in Nef reaction 206 

nesium compounds 644 

190 

463 
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Polar effect-cont. 
in reactivity of acylating and formy- 

lating agents 240 
Polarizability of a t o m  64 
Polarographic half-wave potential 62 
Tolarographic method of analysis 412- 

Polarographic oxidation, parallelism to 

Polarographic reduction potential 62 
Polyacylation 275 
Polysaccharide, elucidation of structure 

Prim condensation 18 1 
Promotion effect, in alkane oxidation 

Proton transfer 476 
Prototropic reactions 427, 428 
Pyrillium salts 260, 264 

QuencJiing, collisional 837 

Quenching effect, intramolecular 900 
Quinamine rearrangement 775 -77 7 

Radical-initiated decarbonylation 

Radical-ion 59-66, 5 19 
Radical-ion transfer 633, 634 
Radical rearrangement 712, 714, 717, 

Radical pairs-see Diradicals 
Radicals-see also Free radicals 

addition to C=C bond 866 
by photodecomposition 838, 839 
by photodissociation 894, 895 
cage recombination 838 
chain carriers 738, 739 
intramolecular rearrangement 85- 

photodissociation of 839 
rearrangement 159 
resonance stabilization 100 

Radical-scavenging effects 840, 845 
Raman spectra 11, 52 
Rate-limiting step 468 
Rearrangement-see also specific re- 

arrangements 
intramolecular, of radicals 85-90 

Rearrangements, acid- and base-cata- 
lyzed 762-797 

Reaction with hydrogen sulfide, tem- 
perature effect on 920 

Reduction methods of analysis 396 
Reduction potential 526, 527 

414 

reduction potential 60 

342 

92, 93 

vibrational 837 

725-726 

72 1 

90 

:t Index 

Reduction potential-cont. 
parallelism to polarographic oxida- 

Reductions-see also respective com- 

biochemical 333-336, 360-362, 561 
by dissolving metals 515-523 
by ionizing radiation 560, 561 
by irradiation 558-560 
by metal hydrides 219-230, 541- 

by organic reagents 537-541 
by organometallic compounds 532- 

537, 539, 631, 632, 634-637, 

tion 60 

pounds 

553 

639-644,669,670, 678-685 
catalytic 510-515 
electrochemical 523-529 
free-radical 561 
polarographic 526-528 
stereochemistry 511, 512, 515, 521, 

various 553-561 
525, 526, 533, 543-553 

Reductive amination 529-532 
Reductive coupling 5 16 
Reductive elimination 515, 535, 536, 

Reductive methylation, catalytic 5 14 
Reimer-Tieman reaction 183, 293 

555 

conditions 294, 295 
mechanism 295-297 
ring expansion during 295, 296 
substituent effect 295 

Reissert reaction 218, 219 
p-rr Relationship 607, 6 13 
Repressive effect on mandelate oxida- 

Resonance effect, in alcohol oxidation 

in a-alkoxyalkene hydrolysis 193, 

in aminal hydrolysis 191 
in C=N bond hydrolysis 199, 201, 

in a-haloketone hydrolysis 193 
in Nef reaction 206 
in U.V. spectra of thiones 936, 937 

Resonance energy rclated to vibration 

Resonance theory 53 
Rice-Herzfeld scheme for thermal de- 

carbonylation 727 
Ring-chain tautomerism 794-797 
Ring contraction 849, 850 
Ring expansion 295, 296 
Rosenmund reduction 2 18 

tion 349 

144, 145 

197 

204 

spectra 15 
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Rotamer forms of aromatic aldehyde 

Rotatory dispersion curve 24, 25 
Rydberg orbital 44 
Rydberg series 8, 30 
Rydberg transition 44 

Salt effect, in aromatic aldehyde oxi- 

Schiff bases 392-see also Condensation 

anions 63, 65 

dation 482 
in a-halo ether hydrolysis 185 

structure 610, 61 1 
transamination 605, 606 

Schiff’s reagent 38 1 , 382 
Schlenk equilibrium 648, 65 1,  670 
Schlotterbeck reaction-see Buchner- 

Schmidt rearrangement 803 
Schrodinger equation 30, 42, 66 
Self-consistent field method 50, 54, 61, 

Self-consistent field theory 36, 57, 68, 

Semicarbazones-see also Condensation 

Curtius reaction 

65, 66 

71, 72 

hydrolytic cieavage 199-201 
in analysis 379, 380 

cis effect on 770 
leaving groups 769 
stereochemistry 769-771 

Semipinacolic rearrangement 767-77 1 

I:2-Shifts 778, 794 
Side-chain oxidation 120-123, 127- 

Slater determinant 66 
Slater functions 66 
Solid-state photochemistry 903-908 

of anils 904-906 
low-temperature studies 904 
room-temperature studies 906 

129 

Solute-solvent interaction 22 
Solvent effect, in absorption spectra 

in addition of organometallic com- 
pounds 637, 647, 684 

in photocyclodimerization 856 
in thione complexation 940 
in thione formation 926 
in U.V. spectra of thiones 937, 

in vibration spectra 12, 15, 17 

21-23,29,832,833 

938 

Sonn-Muller aldehyde synthesis 220 
Space orbital 43 
Spectroscopic notation, complete 43 
Spin density 63, 64 

according to LcAO-hi0  theory 64 

Sqin density-cont. 
In conjugated ketyl radicals 65 
s-character 64 

Spin function 43 
Spin polarization effect 64 
Staab aldehyde synthesis 223, 224 
Stark effect 59 

Stark splittings 26 
x States of acrolein 58 
Stephen aldehyde synthesis 225, 226 
Stereochemistry, of catalytic reduction 

of electrochemical reduction 525, 

of enzymatic reactions 336-341 , 350 
of Grignard reagent 537, 553 
of ketonization 788-790 
of Meenvein-Pondorf-Verley reduc- 

of organocadmium reactions 308, 

of organomagnesium reactions 32 1, 

of pinacole rearrangement 766, 767 
of reduction 550 

on microwave spectra 6, 7 

51 1 ,  512 

526 

tion 533, 553 

309 

322, 641-643, 661 

by dissolving metals 5 15, 52 1 
bv metal hvdrides 543-553 

of semipinacolinic rearrangement 
769-77 1 

ofsulfur photoaddition to C=C bond 

of Wittig reaction 572, 575-577 
908 

Steric effect, in acetal hydrolysis 189, 

in acylation of aromatic hydrocar- 

in alcohol oxidation 143-145 
in aldol condensation 583 
in a-alkoxyalkenes hydrolysis 196 
in Clemmensen reduction 518 
in C=N bond hydrolysis 199, 2b3, 

in dihalide hydrolysis 180 
in a-halo ether hydrolysis 185, 186 
in glycols cleavage 151, 152 
in ketal hydrolysis 189, 190 
in ketene dirnerization 2 13 
in ketonization 789, 790 
in metal hydride reduction 550, 551 
in Nef reaction 206 
in organometallic compound addi- 

tion 307,623,626,627,661,681 
in organometallic compound reduc- 

tion 642 

190 

bons 252 

204 
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Steric effect-cont. 
in organometallic compound reac- 

in oxidation, of aromatic aldehydes 

in U.V. spectra of thiones 937 

tion 323 

463,464 
of aromatic hydrocarbons 127 

Steroid reduction, by dissolving metals 
520,521 

by metal hydrides 544, 549 
by organic reagents 533, 534 
catalytic 5 1 1-5 15 
electrochemical 526 
miscellaneous 557-560 
substituent and ring fusion effects on 

direction 520, 521 
Steroids, dienones 890-894 

spectra 17 
stereospecific enzymatic hydrogen 

Stobbe condensation 354, 355, 583, 

Stretching vibration 1 I-17-see nlso 

coupling constant dependence 52 
force constant dependence 52, 53 
of conjugated carbonyls 5 1 
mass effect on 52 

Structural effects, absorption spectra 
830-832 

transfer 350 

584 

Vibration spectra 

in acetal hydrolysis 189, 190 
in aldol condensation 591 
in a-alkoxyalkenes hydrolysis 193- 

in C=C bond hydrolysis 198 
in C=N bond hydrolysis 199, 201, 

in condensation leading to C=N 

in dihalides hydrolysis 180 
in hydrolytic rearrangcrnent 192 
in ketal hydrolysis 189, 190 
in mercaptals hydrolysis 192 
in Nef reaction 205, 206 
in neophyl rearrangement 714, 715 
in photocycloadditions 857, 858 
in thione formation 926 
in vibration spectra 16 
in Wittig reaction 573 

196 

203, 204 

bonds 607, 608,612-614 

Substituent effects, absorption spectra 
83 1, 832 

in acylating agents 248, 249 
in acylation and formylation 238- 

in photodecarbonylation 882 
244 

Substituent effects-cont. 
in Riemer-Tiemann reaction 295 

Sulfides, disproportionation of 992 
Sulfur derivatives, pyrolysis of 93 1- 

Taft’s steric substituent constant 463 
Tautornerism, azo-ene-hydrazine 603 

93 3 

imine-enamine 204 
photochemical 871 
thione-enethiol 949-95 1 

Termolecular process 795 
Thermal rearrangement 797-801 

isotope position isomerization during 
799,800 

Thiamine, n.m.r. studies of 359 
Thioaldehydes, preparation of 926 
Thiocarbonyl group-see C==S bond 
Thioketones, preparation from acid 

derivatives 930-93 1 
inductive effect on 931 

Thione-enethiol tautomerism 949-951 
Thiones, absorption spectra 936-938 

carbene addition 946, 949 
complexation of 940, 941 . 
coupling reactions 944-946 
dipolar addition 941, 942 
formation by oxidative methods 929, 

hydride ion transfer 944 
i.r. spectra 935, 936 
nucleophilic addition 938-940 
octant rule 938 
ciptical rotary dispersion 938 
organometallic compound addition 

942, 943 
oxidation 946-948 
photochemistry 948, 949 
preparation 919-934 

by condensation 933,934 
rcduction 943-945 

Tishchenko reaction 457, 539, 540 
Tollen’s rcagent 382 
Transamination 605, 606 

enzymatic 369, 370 
Transannular addition 112 
Transformation enzymatic 368-370 
Transition energies 22 
Transition moment 45, 46 
Transitions, conjugative effect on 47 

930 

intensity 45 
n+r* 19-28, 45-48, 5 1, 829-832 

charge-transfer character 23 
energy, correlation to polaro- 

graphic reduction 62 



Subject Icdex 1027 

Transitions-cont. 
n+n*-cont. 

oscillator strength characterization 
excited state 25-27 

23 
singlet-singlet 18, 27 
singlet-triplet 19, 27 

of formaldehyde 45 

various 30, 4 5 4 7 ,  830 
T-+,+ 2a-30,58,830 

Tricarboxylic acid cycle--see Krebs 

‘Type I’  split 838, 867 
‘Type 11’ split 741,839,8414345,852, 

‘Type 111’ split 843-845 

Unimolecular reduction 507,524,527 
Ultraviolet spectra-see Absorption 

cycle . 

855,862,866-87o,a75,895 

spectra 

Valence-bond method 50, 66 
Valence-bond structures for carbonyl 

Vanadium (v) oxidation with 494-496 
Van’t Hoff-LeBel model 337 
Vibrational cascades, sequence of 833 
Vibrational effect, effect on i.r. fre- 

quencies 56 
Vibration frequencies of polyatomic 

molecule 52 
Vibration spectra 11-17, 52-see also 

Infrared spectra, Stretching vibra- 
tion 

group 39, 41 

conjugation 13, 14 
effect of enolization on 12, 15 
electronic effects 12 
hydrogen-bonding 12, 14, 15 
inductive effect on 12-15 
mass effect on 12, 15 
mesomeric effect on 13-15 
molecular geometry 12, 14, 17 
related to 

15 
Hammett reactivity constant 14, 

resonance energy 15 

Vibration spectra-cont. 
solvent effect 12, 15, 17 

Vibroperturbations effect on carbonyl 
compounds 53, 56 

Vilsmeier aldehyde synthesis 279-see 
also Formylation of aromatic hy- 
drocarbones 

Vinyl ethers, acylation with ketenes 
269. 270 

Visible ibsorption spectra-see Absorp- 
tion spectra 

Wagner-Meerwein rearrangement 769 
Wave function, configuration-inter- 

action 59 
for acrolcin 57 
for carbonyl group 39 
for formaldehyde 30, 43, 66 
for unpaired electrons 64 
Heitler-London type 41 
individual 42 
of excited state 38, 39 
of excited state of symmetry 48 
of ground state 36 
orthonormal 39 
total 30, 31 

mechanism 954, 955 
Willgerodt reaction 540, 807, 808 

Wilson matrix 52 
M’ittig reaction 570-580, 610 

inductive effect on 574 
light-promoted 6 10 
mechanism 572-577 
modified 580 
scope 577-580 
stereochemistry 572, 575-577 
structural effect on 573 
substituent effect on 574, 575 

Wolff-Kishner reaction 516, 522,553- 
555 

mechanism 554 
Hoffman elimination during 554 

Woodward’s rules 29, 831 

Ylene 571 
Ylide 571 
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