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/. Introduction 

Despite the impression conveyed by most organic textbooks, 
certain enols can exist free of and not in equilibrium with their 
aldehyde or ketone tautomers. I use the adjective "simple" in 
the title of this article to describe those enols which contain none 
of the special types of functionality well known to stabilize 
enols;1 thus 1,3-diketones, /3-keto esters, a-nitro, cyano, or 
sulfonyl ketones, phenols, and related substances which exist, 
sometimes entirely, as enols are excluded from our discus
sion.2 

There now exists a rather large number of simple enols, 
usually formed as the kinetic products of a reaction, which can 
be prepared either in isolation (for example, in the gas phase or 
in a matrix) or in condensed phases (pure or in solution), free of 
the corresponding keto form. The kinetic energy barrier for 
conversion to the generally more stable keto form sometimes 
can be quite high. 

It is my main purpose to review here known structural types 
of simple enols, their properties, and the methods by which they 
can be prepared. Conversely, certain keto forms of relatively 
simple phenols have been synthesized, and I include a brief 
section on this topic. 

Previous reviews of enolization or keto-enol tautomerism deal 
primarily with factors that affect the equilibration of tautomers1-4 

or with special features such as photoenolization5 or the use of 
enolates in synthesis.6 I hope that this review, which focuses 
on the structure and properties of the individual (and usually the 
less stable) tautomer, will provide a fresh view of this 
subject. 

II. Enols with Bulky Aryl Groups 

A. Fuson's Classic Studies 
Early in this century, there were indications that some simple 

enols might be isolable. For example, in 1906 Kohler isolated 

a crystalline compound, mp 95-100 0C, thought to be the enol 
2, from conjugate addition of phenylmagnesium bromide to the 
unsaturated ketone 1.7 The compound, not obtained pure, was 

P, 1.C6H5MgBr ? H 

C 6 H 5 C H - C - C - C 6 H 5 ' 0 » ( C 6 H 5 I 2 C H C = C C 6 H 5 

rapidly converted to its keto form. Later,8 Kohler found that in 
compounds of type 3, when Ar was mesityl (Mes), conversion 

? H 

A r = C 6 H 5 - or C H 3 - ^ y . (M.s) 

CH 1 

to the keto form was slower than when Ar = phenyl, but he had 
evidence for the existence of these enols only in solution and 
could not isolate them. Also, taking advantage of Mes groups, 
Lutz9 was able to isolate the crystalline enol 4 and even the di-
enol 5.10 These were isolated studies, however, and it remained 
for Fuson, in a classic series of papers, to investigate the 
problem more systematically. 

TT 
HO Mes 

4 (m.p.l32*C) 

^GH 
M . i s ^ C H = C 

X NM,S 

H C ^ M . S 

5 (m.p. 73'C) 

The first crystalline simple enol reported by Fuson was 7, 
prepared by 1,4-addition of hydrogen to the enone 6.11 Only a 
single product was obtained, and though the stereochemistry 
was never established, the bulky mesityl groups are probably 
trans to each other. The keto form 8 could be prepared from 7 
by refluxing with acid, whereas the enolate prepared from 8 and 
base gave the enol 7 on protonation.12 The presence of a hy-
droxyl group in 7 was demonstrated by an infrared spectrum 
(3623 cm -1). 

M . i - C - C 

CH 2 
Pt/EtOH 

(M.thod A) 

• » - M t I - C = 
I 
CH 

OH 

C - M . i 

vp . l26 -127*C 

7 

HCI,M*>H 
r.tiux ^ 

"NoOEI, 
EtOH 
r.flux 

9 
• C H - C - M . 1 

m.p. 73 .5 -74 .5 'C 

Within just a few years, a rather large number of enols similar 
to 7 were prepared. These are listed in Table I, with their methods 
of preparation.13 In enols 7 and 9-18, the carbon-carbon double 
bond is tetrasubstituted, but some enols with only trisubstitution 
were also stable (19-26). The first of these to be described was 
19, obtained through a pinacol-type rearrangement of 28.14 The 
IR spectrum of 19 showed bands for the hydroxyl group. Not only 
could esters (acetate, benzoate) be prepared in the usual way, 
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TABLE I. Stable Hindered Enols R1R2C=C(OH)R3
3 

Mesv 

compd prepc 

7 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 

Mes 
Mes 
Mes 
Mes 
Mes 
Mes 
Mes 
Dur 
IDur 
Mes 
Mes 
Mes 
IDur 
Tip 
Mes 
3-BrMes 
Dur 
IDur 
Mes 
Mes 

CH3 

C2H5 
C6H5CH2 
CeH5 

Mes 
CH3 

CH3 

CH3 

CH3 

Mes 
Mes 
Mes 
IDur 
Tip 
C6H5 
CeH5 

CeH5 

CeH5 

p-CH3CeH4 
C6H5 

Mes 
Mes 
Mes 
Mes 
Mes 
Dur 
IDur 
Mes 
Mes 
CH3 

C6H5 
H 
H 
H 
H 
H 
H 
H 
H 
CHO 

A 
E 
A, 
D 
D 
A 
A 
A 
A 
D 
D 
B, 
B 
B 
B, 
F 
F 
C 
C 

ref 

11, 12 
17 

E 17 
16 
22 
19 
19 
19 
19 
21 
21 

F 14, 18 

14c 
22 

C,F 20,15,18 
18 
18 
15 
15 
23 

a Abbreviations: Mes = mesityl (2,4,6-trimethylphenyl); Dur = duryl 
(2,3,5,6-tetramethylphenyl); IDur = isoduryl (2,3,4,6-tetramethylphenyl); 
3-BrMes = 3-bromomesityl; Tip = 2,4,6-triisopropylphenyl. " A: 1,4-addition 
of hydrogen to an enone; see 7 in text. B: acid-catalyzed rearrangement 
of a 1,2-diol; see 19 from 28 in text. C: ozonolysis of a 1,1-diarylethylene; 
see 25 in text. D: Grignard addition to a ketone; see 11 in text. E: 1,4-addition 
of a Grignard to an enone; see 9 in text. F: reduction of a ketene with a 
Grignard reagent; see 19 from 31 in text. 

M . I - C H - C H - M . , 5 ! ^ 2 ! 9 ^ ( M M N C - C H O H 
i i 
OH OH 

A 

Method B 

19, m.p.l2i-129'C 

Mes 
C=C=O 

31 

Lf-BuMgCl 

2.H3O+ 

(method F) 

Mes 

Mes 
^ C = C H O H (ref 18) 

19 

Also, certain of these enols (i.e., 7,11,18,22) could be obtained 
from the corresponding keto forms by acidification of the eno-
lates, or by hydrolysis of the enol esters. 

Fuson extended these methods to substituents other than 
those listed in Table I. In some instances, he obtained evidence 
that the enols were formed in solution but could not be isolated; 
in others, only keto structures were produced. From these 
studies, he generalized that for enol E to be stable (i.e., isolable), 

g C=c' 

E (R-alkyl) 

B may be any alkyl group or hydrogen if A is a hindered aryl group 
(i.e., mesityl, duryl, etc.). But if B is a hindered aryl group, A may 
be aryl, alkyl, or hydroxyl but not hydrogen. No stereochemistry 
is implied by structure E, since the stereochemistry of these 
enols was not determined. 

The reactions of enols of the type listed in Table I were studied 
to only a limited extent by Fuson, and for the most part have not 
been investigated since. Most of the reactions are typical for the 
two functional groups—formation of esters or ethers from the 
alcohol function, ketonization, hydrogenation, and oxidative 
cleavage at the double bond. Certain of the reactions, however, 
have novel aspects. For example, oxidation of 7 with potassium 
permanganate or with bromanil resulted in 1,4-dehydrogenation 
to 6. Oxidation of 19 with ozone, or 21 with chromic acid, pro-

but treatment with HCI/ROH (R = CH3, C2H5) gave the corre
sponding vinyl ethers. 

Other general methods used by Fuson to prepare stable 
"hindered" enols are illustrated by the following examples: 

03(19) 
(21) Ar ' ><V21) 

0 0 
Ar C-?A, 

19(Ar«M«) 

21(A,= Tip) 

IDur IDur 

^ X = C H 2 nolo ' _ u ^ - C H O H (ref 15) 
C 6 H 5 (method C) C 6 H 5 

Mes 
\ 

C 6 H 5 

29 

C = C = O 

30 

25 (mp 121.5-122°C) 

CH, 

Mes" 

LMesMgBr 

2. H3O+ 

(method D) 

Mes 

Mes 

^C=C(OH)MeS (ref 16) 

5 

11 (mp 139-140 0C) 

C6H5 

-0 

1.CH3MgI 

2.H3O+ 

(method E) 

CH3CH2 

X=C(OH)MeS (ref 17) 
Mes-

9(mp69-70.5°C) 

ceeded with aryl rearrangement, as did the reduction of 21 with 
HI in acetic acid. Not all of the enols could be converted to the 
corresponding ketones; for example, all attempts to convert 12 
to the keto form failed. Most of the experiments on the enols 
listed in Table I were performed to determine their structures. 
A systematic study of their chemistry has never been undertaken 
and might be worthwhile. 

B. Recent Work 

Although Fuson's classic studies revealed some of the 
structural limitations of these stable enols, they did not include 
any quantitative measurements. Indeed, it is not clear from his 
work whether the enols were isolable because they were sta
bilized or the keto forms were destabilized, or the barrier to their 
interconversion was high. Only recently have modern physical 
methods been applied to the problem. 

Miller24 studied by NMR the acenaphthene systems shown. 
In the keto forms (33,35) groups R and R' are not equivalent but 
they may become so by either of two processes: (a) 180° 

32(R=R'«R" = CH3) 

34(R = R'= R"= iPr) 

33 

35 
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eno 
Figure 1. Approximate energy diagram for 32 
estimations in ref 24. 

33, using data and 

rotation about the Csp3-CAr bond, or (b) enolization, followed by 
ketonization of the symmetric enol (in the following equations, 
ketone* refers to site-exchanged ketone). The observed rate 
constant for the exchange process as measured by NMR 

(a) ketone ; F = ^ ketone* 
* - i 

ky k-y 
(b) ketone ? = * enol ^ = ^ ketone* 

k-y ky 

(for example, by observing the coalescence temperature T0 for 
the two methyl singlets in 33), is given by 

^obsd = ^l + kyl2 

(ky must be divided by 2 because, once formed, the enol can 
revert to unexchanged ketone or site-exchanged ketone with 
equal probability). The observed Tc for 33 in 1,2,4-trichloro-
benzene (TCB) was 183 0 C, corresponding to a rate constant 
of 147 s - 1 . From the fact that there was no significant change 
in Tc when the solvent contained as much as 2 % trichloroacetic 
acid (which should catalyze the enolization), the author con
cluded that the ky/2 term must be less than 25 s _ 1 (this value 
would have resulted in a 3° drop in coalescence temperature, 
which would have easily been observable). Thus the maximum 
value of ky would be 50 s _ 1 which, at 183 0 C, corresponds to 
a A G * for enolization of at least 24 kcal/mol. 

The equilibrium constant (enol/keto) for 32 *± 33 was also 
measured (by NMR) and was 0.3 in Me2SO-d6, corresponding 
to a A G of about 1 kcal/mol. The free energy of the enol's hy
drogen bond to Me2SO is estimated at 4 kcal/mol. Thus we can 
draw the approximate energy diagram shown in Figure 1. 

The even higher barrier to rotation for 35 (T0 > 200 0C) 
suggested that 34 should be isolable, and indeed the author 
isolated this enol as orange needles, mp 182-186 0 C. The NMR 
spectrum in Me2SO-d6 showed a singlet at 8 3.33 for the O-H 
proton, and the infrared spectrum had an OH band at 3540 c m - 1 

and no carbonyl absorption. 
After considering a variety of factors, Miller concluded that 

the major reason for the relative thermodynamic stability of enols 
32 and 34 is the steric destabilization of the keto forms. This 
effect is demonstrated by the increase in Keq (from 0.3 for 32 
to 2.6 for 34 in Me2SO) when methyl groups are replaced by 
isopropyl groups. Strain is relieved when the keto form is con
verted to the enol, since in the latter structure the R groups can 

cz> 

straddle the acenaphthenol -K system. In the keto form, the R 
groups strongly interact in a destabilizing manner with that w 
system, as seen in the following drawing: 

Resonance stabilization of the enol (relative to the ketone) due 
to the double bond in the five-membered ring is considered to 
be unimportant. 

///. Other Highly Substituted Enols 
A. Steroidal Enols 

Hindered aryl substituents are not required for an enol to be 
isolable. For example, several steroidal enols have been isolated 
in crystalline form. The carbon-carbon double bond in these 
enols is usually tetrasubstituted and the hydroxyl group is in a 
somewhat crowded environment, thus slowing ketonization. 
Perhaps the first example is that of Kaye and the Fiesers25 who 
obtained enol 37 from the lithium aluminum hydride reduction 
of diester 36. The enol was characterized by its infrared and 
ultraviolet spectra and by acetylation in pyridine to the original 
diacetate. Acetylation in acid, however, converted 37 to the keto 
acetates 38 (epimeric at Ci3). Although the reason for the slow 

37 (m.p,181-IB3'C) 

38 

ketonization of 37 is not known, we note that the environment 
of C13 contains one a-axial and two /3-axial methyls which could 
hinder delivery of a proton to that carbon. 

Catalytic hydrogenation of 39 gave not only the saturated 
ketone 40 but its enol 41 as well.26 Presumably hydrogenation 
involves 1,4-addition to the enone. Enol 41 was characterized 
by its spectral properties and conversion to an enol acetate with 
acetic anhydride-pyridine and to ketone 40 with alcoholic 
base. 

O—I ^ O 

/°~4v^!%^ Pd / Bo SO4 

39 (Tp= 2-
(tetrahydropyranyl) 

TpOc02M' 

40 (m4J.224-228'C 41(n..dl.s mp 175-189*0 

One might argue that 41 derives some stabilization from 
conjugation of the enol double bond with the ester carbonyl 
group, and perhaps also from some intramolecular hydrogen 
bonding, as shown. However, the enolic hydroxyl is not suffi-
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ciently acidic to react with diazomethane, and two similar ex
amples are known where the ester function is replaced by a 
methyl group. Hydrogenation of 42 gave enol 4327 and similar 
reduction of 44 gave enol 45.28 Thus the C2i ester group is not 

essential. We suspect that once again steric factors retard the 
ketonization (the Ci3, Ci6 methyl substituents in 43 and the Ci3, 
Ci4 methyl substitutents in 45). The broad melting ranges of 41 
and 43 may be due to thermal ketonization during the melting 
point determination. When 43, for example, was heated for 2 
h at 100 0C, it was converted to a mixture of the 17a- and 
17/3-C2o ketones. Enol 45 and similar enols were not isolated 
pure, but subjected to autoxidation, providing a route to 17-keto 
steroids.28 

B. Other Cyclic Enols 

Evidence for the existence of much simpler enols with tet-
rasubstituted double bonds was obtained in cyclic systems by 
Hart and Swatton.29 Most photochemical reactions of bicy-
clo[3.1.0]hex-3-en-2-ones 46 involve breaking the C1-C5 bond 
and can be rationalized in terms of a dipolar intermediate 47. For 

hi/ 
— ^ - product! 

46 

example, irradiation of the hexamethyl derivative 48 in cold 
methanol gave the crystalline enol 50, presumably by trapping 
the dipolar intermediate 49. The structure of 50 was clearly 

CH3OH 

VH3O ? H " J 

48 49 50(itvp.58-65#C) 

established by its NMR (see structure) and other spectral prop
erties and by further transformations. For example, dilute base 
converted 50 quantitatively at 0 0C to the keto form 51 whose 
structure was established by its spectra and conversion to 52 
by methanol loss. (NOTE: Only one stereoisomer of 51 was 
formed; its stereochemistry is not known.) Thus 50 is the kinetic 
product from 49, whereas the keto form 51 is thermodynamically 
favored. Heat or a trace of acid causes 1,2-elimination of 
methanol from 50 to give another enol 53. Although 53 was an 
oil which was difficult to purify and much less stable than 50, its 
identity as an enol was clear from its spectra and conversion on 
heating to the keto form 54, or on rearrangement in acid to the 
dienone 55. 

54 

K.Ql N q O C H 3 ^ 

CH3OH 

h«at 

The reasons for the stability of 50 and 53 are not known. Their 
stability relative to the keto forms is certainly kinetic rather than 
thermodynamic. Tetrasubstitution of the enolic double bond and 
the bulk of the gem-dimethyl group adjacent to the carbon which 
must be protonated to give the keto form undoubtedly play a 
role.30 

A novel crystalline bicyclic enol 59 has been described.31 

Saponification of /3-keto ester 56 at 70 0C proceeded with de
carboxylation to give 57, but when the reaction was carried out 
under milder conditions, a crystalline intermediate was isolated, 
assigned the enol lactone structure 59, formed through an in
tramolecular Michael addition of carboxylate to the enone moiety 
in 58. The product showed a lactone carbonyl band at 1780 cm - 1 

and had an NMR spectrum (see structure) consistent with the 
structure. In solution, 59 is in equilibrium with the keto acid 60, 
as shown by NMR, ultraviolet spectroscopy, and reconversion 
to 56 with diazomethane. Equilibration with the keto form 61 was 

n 3 u 2 

OH 9.08 

Sgim.plOrc.eUc.) 

61 

332 0 

10.23 H O 2 C - Y ^ V - H 5.38 

1.36,1.45 V OCH3 

60 

not observed, however. Apparently relief of strain obtained 
through a retro-Michael is favored over ketonization. On melting, 
59 loses CO2 to form 57. 

The isolation of 59 is quite surprising in view of the inherent 
strain associated with the bicyclo[2.2.l]heptene ring system. 
But 59 is insoluble in the aqueous acid in which it is formed, and 
this may account for its isolation. The authors depict some in
tramolecular hydrogen bonding between the hydroxyl and car
bonyl groups, but this seems unlikely in view of the molecular 
geometry. 

C. Acyclic Enols 

In the acyclic series, simple tetrasubstituted enols have not 
been isolated in pure form, but evidence for their rather long 
lifetimes in solution was presented in elegant fashion.32 Hy
drolysis of 2-dimethylamino-4-methylene-1,3-dioxolanes33 gives 
a variety of enols depending on the reaction conditions. For 
example, when the highly reactive heterocycle 62 was treated 
in CCI4 solution with methanol, enols 63 and 67 were formed; 
both were identified by their NMR spectra. Each enol gradually 
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68. r 

67 K 
or t 

•»-£. 
hUol) 

-BuOH 

62 

>-£f- -3^)-P-H? 
65 66 

CH3OF" 

/ \ ^ 6 M . / V—6M. 

63-d 

64 64-d 

ketonizes (to 64 and 68, respectively). Enol 63 was formed faster 
than 67 and was kinetically the more stable of the two. Appar
ently intramolecular hydrogen bonding, possible with 63, out
weighs the added conjugation present in 67. With fert-butyl al
cohol in place of methanol, only 67 was formed from 62. Enol 
67 could also be obtained from 62 in Me2SO containing traces 
of moisture or acid; under these conditions, 67 was remarkably 
stable and could still be observed in solution after 8 days. Even 
the hydroxy enol 65 could be observed, formed very rapidly from 
62 and water. It quickly ketonized to 66, however. 

Hoffmann used a nice trick to prolong the lifetimes of these 
enols. Exchange with D2O or use of deuterated solvent (i.e., 
CH3OD) produced the deuterated enols 63-cyand 67-d. Because 
of the isotope effect in deuteron vs. proton transfer, these deu
terated enols had longer lifetimes than their protio analogs. For 
example, the rearrangement of 63-dto 64-drequired about 20 
days for completion at room temperature in carbon tetrachloride; 
the comparable time for 63 —• 64 was about 15 min. Also, 
treatment of 62 in carbon tetrachloride with O-deuterioacetic 
acid permitted the enol 69 to be observed before rearrangement 
to 70 was complete, whereas with ordinary acetic acid the only 
observable product was the protio analog of the keto form 
70. 

>-£«—K-

62-d 7 

PDCON(CD,) 
'3'2 

^ ^ ^ f ^ Y V ' - C 
I ROH, 
l-DMF r 

K 
63(RsCH3) 

65(R = H) 
67 

and 67? One reason, of course, has to do with their method of 
formation. Compounds of the type 62 are highly reactive with 
a good leaving group (DMF), and can be hydrolyzed with very 
weak acids (alcohols, water) in stoichiometric amounts, so that 
the acidity of the reaction medium is kept low. In this way, ca
talysis of ketonization is minimized. Furthermore, polar aprotic 
solvents can be used, and these stabilize the enols through hy
drogen bonding. Enols of type 63 may also be stabilized through 
intramolecular hydrogen bonding, whereas 67 may derive some 
stabilization through conjugation (although the all-planar s-trans 
geometry does have some problems because of 1,3-methyl 
interactions). Finally, the degree of substitution appears to be 
important. Thus when one methyl group in 63 was replaced by 
hydrogen,34 the resulting enol 74 was more difficult to detect, 
since it rearranged very rapidly to the corresponding ke
tone.3536 

73 74 

IV. Photo Enols 

The light-catalyzed enolization of a wide variety of ketones 
is a general phenomenon which has long been recognized. Im
portant examples which were studied early include 75 —• 7637 

and 77 —• 78.38 The ground-state existence of enols such as 76 

W<5 

'75 

hf 

"dark 

V6"! 

76 

HjC6H5 
"dark 

Compounds of the type 62 exchange amide moieties more 
rapidly than they form enols. For example, treatment of 62 at 
- 1 5 0C with DCON(CD3)2 gave the deuterio analog 62-d7 with 

62 
DCON (CO3); 

-15*C,200h HF (CD3 

62-d7 

very little enol formation. To account for these observations, the 
authors suggest that two intermediates are involved in enol 
formation. Protonation and C-O bond cleavage gives immonium 
ion 71 which through nucleophilic attack may either exchange 
amide or form a-substituted enol (63, 65) in an SN2-like process. 
Alternatively, loss of DMF would give the hydroxyallyl cation 72 
which, in an E1-type process, could give dienol 67. 

What are the reasons for the stability of enols of the type 63 

was demonstrated by trapping with dienophiles, by deuterium 
incorporation into the ortho alkyl substituent, and in many other 
ways. This subject has been recently reviewed5 and will not be 
discussed here in detail. In most cases, the enols formed in this 
way are short-lived in terms of isolation as stable molecules at 
room temperature. For example, the rate constant for reketon-
ization of 79 to 80 (from which 79 can be formed, through irra-

O^ 
diation) is about 108 s~1 in cyclohexane and even in hydrogen 
bond acceptor solvents which stabilize the enol is still about 104 

s - i 39 wayS 0f prolonging the lifetimes of such enols have been 
explored through appropriate substitution (for example, 81 — 



520 Chemical Reviews, 1979, Vol. 79, No. 6 Hart 

82 has a rate constant of only 101 s - 1 in hexamethylphosphoric 
triamide (HMPA)),40 but in general most enols of this type are not 
isolable at room temperature because of the strong driving force 
for rearomatization. 

Analogous enols are involved in the photoisomerization of 
a,j3- to /8,7-unsaturated ketones. Initial cis-trans isomerism 
about the double bond is followed by hydrogen abstraction 
leading to a dienol 85 which may then tautomerize to either type 
of ketone, 83 or 86.41 Recent application of this reaction to a 

8 3 

t 
xT 

xf 
8 6 

I 

cyclic system led to remarkably stable enols.42 Irradiation of a 
5% solution of 1-acetylcyclooctene in acetonitrile in a nitrogen 
atmosphere with light of wavelength >350 nm gave an 80% 
yield of enols 88 and 89 in a 5:1 ratio. The enols were thoroughly 
characterized by their IR and NMR spectra, by acetylation to the 
corresponding enol acetates, and by isomerization (thermal, 
acid- or base-catalyzed) to a mixture of 87 and 3-acetylcy-
clooctene 90. Although highly air sensitive, the enols were stable 

87 

CH3CN 

HO 

8 9 

I ' 

90 

in dilute solution and an inert atmosphere, and had not isomerized 
to the keto forms even after 3 days at room temperature in ac
etonitrile. They could also be generated by irradiation in meth
anol, and when the solvent was deuterated, conversion to the 
ketone 90-3d required 4 days at room temperature. 

The mechanism by which enols 88 and 89 are formed follows 
the general pattern for acyclic enones. The eight-membered ring 
is large enough to permit cis-trans isomerism, and models show 
that only in this isomer is the geometry right for 7-hydrogen 
abstraction. The twisted biradical 91 which is formed initially 
relaxes to the less strained equilibrating biradicals 92 and 93 
which then give the observed dienols. 

H O - ^ 

Ob 4^0^ 
8 7 - 1 

8 9 • 

9 1 

' C H 3 

At least three factors are thought to contribute to the stability 
and long lives of 88 and 89. Unlike acyclic enols which initially 
have an s-cis configuration, 88 and 89 are formed with a fairly 
rigid s-trans geometry which maximizes double bond conjuga
tion. Also, the isomerization of the enols to the corresponding 
ketones is accompanied by a decrease in the number of sp2-
hydridized carbons in the eight-membered ring, a process known 
to add strain due to additional nonbonded interactions.43 Finally, 
hydrogen bonding with the solvent must play a role, since irra
diation of 87 in nonpolar solvents (benzene, carbon tetrachloride, 
cyclohexane, etc.) did not give any enol or 90.44 

Irradiation of certain phenyl 1,2-diketones has recently been 
shown to produce enols. For example 94 gave 95,45a whose 

C 6 H 5 C C C H 2 C ( C H 3 J 3 

O 

9 4 

hl> 

h»ol,H+ 

or OH" 
V 

95 

dilute solutions in carbon tetrachloride were stable at room 
temperature for days. The NMR spectrum showed a vinyl proton 
and a hydroxy! proton (exchangeable with D2O), and the IR 
spectrum showed a concentration-independent hydroxyl band 
at 3410 cm - 1 . The enol was converted back to the keto form 
by acid, base, or injection at 200 0C in a gas chromatograph. 
Conjugation, steric hindrance at C3 due to the terr-butyl group, 
and possibly intramolecular hydrogen bonding stabilize 95. Enol 
g7ioc,46 h a s b e e n Sjmnar|y prepared.45 

C 6 H 5 - C - C - C H 2 - C 6 H 5 

C / \ 
H C.H , 

97 

The process by which 95 is formed is somewhat different from 
most photoenolizations, since it involves /3- rather than 7-hy
drogen abstraction. The reaction goes through a triplet state of 
the diketone, possible via a dipolar intermediate in which rotation 
about the single bond joining the oppositely charged moieties 
is possible. 

C 6 H 5 C C CH2 C ( C H 3 ) 3 

6 

C(CH3), 

C ( C H 3 ) , 

V. Fluorinated Enols 

C^ J? 

'C(CHj)3 

• 9 5 + 9 4 

92 

Perhaps the most remarkably stable simple enols are a group 
of highly fluorinated compounds prepared recently by Bekker, 
Knunyants, and co-workers in Russia. For example, the enol of 
pentafluoroacetone 99 is a distillable liquid, bp 54-55 0C, ob
tained in 90% yield from the enol phosphate 98 by heating with 
concentrated sulfuric acid.4748 The corresponding diisopropyl 
ester 100 can also be converted to 99 (72% yield) thermally. 
The enol in which the CF3 group is replaced by CF2CI has been 
similarly prepared.47'48 The boiling points of these enols are 
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C F 3 = C - C F 3 » " ' • H 2 SO 4 „ C F C _ C F . 

0-J-(OCHj)2 

O 

distil 2 " 1J ^ r 3 
OH 

9 9 

f 200-21O -C 
I 7 0 - 8 0 Torr 

17O -C C F 2 = C - C F 3 

O - P - f o - i P r ) , 3 * O P - ( O H ) , 
I l 2 1X 
O O 

1 0 0 101 

appreciably higher than those of the corresponding ketones, as 
expected: 

C F 2 = C - C F 3 

OH 

b.p. 54-SSX 

C F 2 = C - C F 2 C ! 

OH 

b.p. 8O -C 

C F 0 H - C - C F , 2 I, 3 
O 

b.p. lS.St 

C F - H - C - C F 3 C I 

O 

b.p. 57 "C 

The structure of 99 was clear from its infrared spectrum (^0-H 
3420 cm - 1 , i> c = c 1778 cm -1), its 19F NMR spectrum (chemical 

( i '« F OH 

N = C/ 
( b l / \ K > 

BJ.s) F CF3<-") 

aqueous KOH) gave the cyclobutenol 108 in good yield.49 The 
six-membered analog 109 was similarly prepared.50 These enols 
were stable toward acid, could be stored for long periods without 
ketonizing, and formed stable distillable complexes with diethyl 
ether (for example, 108-Et2O could be stored in glass, and had 
a boiling point of 63-64 0C at 48 Torr) as do many other fluo-
rinated alcohols.51 However, they are very sensitive to base. For 
example, the weak base fluoride ion converts 108 to the cy-
clobutenone 111, presumably via the enolate 110.49 More 
nucleophilic bases (alcohols or amines) displace another fluo
ride, presumably through addition-elimination to 111. In some 

108 

JB---

110 
H I 

I BOH or 
I S l 2 N H 

ROH or Et 7 NH f 

RO' XF 

11? 113 

cases, addition to 111 without elimination is possible, and this 
can occur in a 1,4-manner to provide yet another route to enols. 
For example, 111 can be converted to 108 or the chlorinated 
enol 114.62 

shifts are in ppm from CF3CO2H used as an external reference; 
Jab = 56.2, Jac = 9.7, Jbc = 24.2 Hz), and conversion to the 
ketone in various ways (for example, heating with trifluoroacetic 
acid or in acetonitrile at 100 0C, or on standing in water for 
several days). Enol 99 was converted to esters and ethers in fairly 
standard ways; addition of bromine to give 102, which could be 
converted to the ketone 103 with /V-methylpyrrolidone (NMP), 
or of cyanogen halides to give 104 has been claimed.47 The 

108 

I 

I 

Enol 108 neither equilibrates with its keto form 117 in acid 
nor can it be converted by base to the keto form because of 

CN 
i 

C F 2 X C C F 3 

OH 

1 0 4 

CX = BrJ) 
NMP 

! * * • 

Br 
I 

CF2Br C-CF3 

OH 

• * • CF2BrCCF3 

O 

reaction with weak bases is interesting.48 Either the ketone 105 
or the enol 99 could be converted to the condensation product 
106, but in both cases the reaction was very slow. In contrast, 
when 99 and 105 were mixed, formation of 106 was virtually 
instantaneous.48 Consequently the slow step in the first pro
cesses must be enolization of 105 or ketonization of 99. 

C F , H - C - C F , P y , i d i n * 
2 I, 3 

O 

1 0 5 

9 9 + 1 0 5 

Several cyclic fluorinated enols have also been prepared. For 
example, acid-catalyzed cleavage of the enol ether 107 (readily 
prepared from perfluorocyclobutene, benzyl alcohol, and 

F 

F-

, , „ . , „ . r f - r - r ^ r r F , NMP 

'SE JOH 3O 3*.» 

106 

t last 

CF=C CF 
2 i 3 

OH 

9 9 

/ O C H 2 C 6 H 5 

H2SO4 

15O-C, 67% * " 

.NOH 

r.t.,24h 
43% 

COrK-H2SO4 

P2O5 

BO-C,! Torr 

63% 

115 

F H 

117(b .p .42 -44 - C) 

facile base-catalyzed elimination of fluoride ion from the enolate 
110. Consequently, it was of interest to synthesize the keto form 
by an independent route. This has been done from the oxime 
115.53'54 .Like the enol 108, ketone 117 was stable to acid. With 
base, ring cleavage occurred to give 118. Since the enol, under 

r_ F HO 

•8-

0 - 5 5 C ^ 
r.l.,lh 

H O 5 C - C F H C 

4 r6*] 
HO,C CF = CF CF-H F H O J C C F 7 C F = C F 2

- ] 

HO-* 

similar conditions, gave 112 (R = H) and CFH=CFCF2CO2H, 
it is clear that 108 and 117 do not equilibrate either in acid or in 
base. When the ring is larger (i.e., 109), the enol can be con
verted to its keto form but equilibration by acid or base does not 

occur. 
5 0 

1 0 8 ( b . p . 8 6 - C ) 

F F 

1 0 9 ( b . p . l 0 4 - l 0 6 - C ) 

"2° » 
2O -C Kf ^ 

F F 

119(48%) 120(52%) 
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The fluorine on the double bond in enols of this type can be 
replaced by a perfluoralkyl group without losing the stability of 
the enol. Thus enol 122 was prepared in a manner analogous 
to 108.55 The enol is distillable, but reacts exothermically with 

/ K H 2 C 4 H 5 

COnCH2SO4 _ F" 

distill * * 

V 5 (73%) 

H2O 

^ 5 2f5 

122(b.p.9l-92X) 123 

water to give 123. Attempts to replace the CF2 in the 3 position 
by CH2, however, gave only the keto form (124 —• 125).55 

H2*°4 ^ 

H H 

125 

I 

Although equilibration studies at present are lacking, it seems 
likely that the fluorinated enols possess kinetic rather than 
thermodynamic stability relative to their keto forms. The enolic 
carbon-carbon double bond, being substituted with strongly 
electron-withdrawing substituents, is not readily susceptible 
attack by a proton, thus slowing acid-catalyzed conversion to 
the keto form. It is thought48 that the enolate anions are also 
destabilized by the unshared electron pairs of fluorines on the 
a carbon, and in the case of cyclic enols (108, 109) other re
actions occur, such as loss of fluoride ion (108 —* 111) or ring 
cleavage (117 —* 118), which interfere with enol-keto equili
bration. In one case, an enolate salt (or complex) 127 has been 
prepared from both the ketone and its enol.52,53 It is stable for 

F -

F -

FM° 
F F 

H 

108 127 117 

1-2 h and can be acylated (on oxygen) but gradually decomposes 
to resinous products on prolonged standing. Careful acidification 
of 127 (to determine the ratio of 108/117) has not been de
scribed, and it might be worthwhile to determine the protonation 
site of the enolate. 

It will be of interest to see, as research progresses, to what 
extent other enols stabilized by strongly electron-withdrawing 
substitutents can be synthesized, and to further study the 
chemistry of these novel compounds. 

Vl. Enols of Acetaldehyde, Acetone, and Other 
Simple Carbonyl Compounds 

The most recent estimate56 for the equilibrium constant of 
vinyl alcohol/acetaldehyde in dilute aqueous solution is about 
5 X 1O -6, and for propen-2-ol/acetone the value is even smaller 
(6 X 1O -8). An indirect experimental estimate gives 13.2 kcal/ 
mol as the difference between the heats of formation of vinyl 
alcohol and acetaldehyde in the gas phase,57 which agrees 
reasonably well with a recent ab initio calculation (11.7 kcal/ 
mol).58 The energy difference between acetone and its enol is 
comparable, estimated experimentally at 13.9 kcal/mol.59 These 
values are also approximately what one calculates from bond 
energies. Although vinyl alcohol, propen-2-ol, and other simple 
enols are thermodynamically substantially less stable than their 
keto tautomers, they can nevertheless have considerable kinetic 
stability. Vinyl alcohol is predicted to be stable with respect to 
/nframolecular rearrangement (an activation energy of 85 
kcal/mol is calculated for the unimolecular vinyl alcohol - * 
acetaldehyde transformation). Vinyl alcohol survives long enough 

in the gas phase for its bond angles and distances and preferred 
conformation to be determined, and long enough in solution for 
its NMR spectrum to be accurately measured. 

The enol of acetone was first observed directly in the gas 
phase.60 Irradiation of 2-pentanone (1.6 Torr) in nitrogen (750 
Torr) with a mercury arc produced propen-2-ol and ethylene by 
a Norrish type Il process. The enol 129 was detected by its in-

X^ OH 

A , • • ^ + CH2-CH2 

129 130 

frared spectrum (J>0-H 3628 cm -1). Its identity was established 
by showing that the rate of disappearance of this O-H band was 
equal to the rate of appearance of the carbonyl band of acetone. 
The half-life of 129 at 750 Torr total pressure in a glass vessel 
lined with aluminum foil was 3.3 min at 21 0C. Ketonization 
occurred on the vessel walls, as shown by deuterium incorpo
ration in the acetone when the reaction vessel surface was 
pretreated with D2O. 

Vinyl alcohol has been prepared by dehydration of ethylene 
glycol at 0.02-0.04 Torr and 900 0C.61 It had a half-life of about 

CH2-

OH 

-CH2 

OH 

900°C 
0.02 torr *• CH 2=CHOH + H2O 

132 

131 

30 min in a Pyrex flask! From the microwave spectrum, the 
following structural parameters were derived: 

I13°49' 

H. ( , J H 

I09oi/1 

H 1 . 

.079Jt 

.i \137JA 

10B°52'O 

/0.956A 

132 H 

The C-O bond distance is appreciably shorter than that of ordi
nary alcohols (about 1.43 A) suggesting that the C-O bond in 132 
has some ir character. The syn conformation, as shown, is 
preferred, confirming experimentally a prior theoretical calcu
lation.62 

Chemically induced dynamic nuclear polarization (CIDNP) has 
provided a technique for measuring the 1H and 13C NMR spectra 
of a variety of enols, and for determining their rates of ketoni
zation in solution. The technique involves generating in a mod
ified NMR spectrometer, either photochemically or thermally, 
a pair of radicals which have structures such that, when they 
react in a subsequent step, an enol is produced with nuclear 
spins polarized and therefore detectable, even though the enol 
concentration may be quite low. For example, irradiation of either 
acetaldehyde or acetoin in benzene or other nonpolar solvents 
produced radical pair 13563 which subsequently disproport-
ionated to vinyl alcohol and 133.64 The 1H NMR spectrum of 132 
was assigned as follows: 

5 3.91 Hc 
\ 

f5 4 . 1 3 H r 

:c=c: 

132 

,HA<5 6.27 

vOH 

A B = 6.5 Hz 
JAC

 = 14.0Hz 
B̂C = -1.8 Hz 

file:///137JA
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2CH3CH=O 

133 

- CH3CHOHtCH3C=O--

135 

CH2=CHOH+ CH3CH«0 

132 

OH O 
• CH3CH-CCH3 

134 

133 

The lifetime of 132, determined from the disappearance of H0 

after irradiation, was as long as 25 s in these solutions,65 but if 
a little p-toluenesulfonic acid was added to the solution (to cat
alyze ketonization), 132 could not be detected. Later,66 the NMR 
spectrum of vinyl alcohol was confirmed by irradiating hexa-
deuterioacetone in ethanol; the radical pair 136 dissociated to 
132 and hexadeuterio-2-propanol, giving the same NMR spec
trum for 132 as determined previously.58 

OH 

CD3CCD3 + CH3CH2OH 
hv 

CD3CCD3 + CH3CHOH 

136 

\ 

CD3CH(OH)CD3 + CH2=CHOH 

132 

The enol of acetone has also been prepared and studied by 
these techniques. In acetonitrile, its lifetime is about 14 
s. 

65,67 

O 

CH3C-

OH 

I 
- C C H 

CH3 

137 

hv 

CH3CN CH3Q0 + (HO)C(CH3J2 

138 

—*• CH3CHO + 

133 

53.85 HB CH3 5 1.86 

pc=<" 
5 4.03 Hc ^ O H 

129 

^B-CH 3
 = ~ 1 ' 2 H Z 

^ H 3
 = - ° - 8 H Z 

JBC = +0.9 Hz 

H O C = C H 2 

I 
CH3 

129 

The enol of acetophenone was observed by irradiating the ketone 
in phenol.68'683 The suggested mechanism is 

OH 

C6H5CCH3 + C6H5OH acetone, t f6> C6H5CCH3 + C6H5O-

139 140 141 

J 
OH 

C 6 H 5 C=CH 2 + 140 

142 

SCHEME I 

f-BuOOH — ^ t-BuO- + HO-(each designated RO-) 

NBuOOH + RO- —*• NBuOO- + ROH 

(CH3I2CHOH + RO- (CH3J2COH + ROH 

(CH3J2COH + RO- * CH 2 =COH + ROH 

CH3 

129 

The vinyl protons of 142 were observed at 5 4.5. Other enols 
have been detected in this way.65'6669 In general, the stationary 
enol concentration achieved is about 1O-4 M and the half-life
times under these circumstances are about 10-20 s. 

13C NMR spectra of simple enols have also been observed 
by the CIDNP technique.70 For example, irradiation of 10-50% 
solutions of terf-butyl hydroperoxide in isopropyl alcohol pro
duced acetone enol 129, probably via a sequence such as in 
Scheme I. Although the methyl carbon was not observed, both 
vinyl carbon signals were readily identified. The hydroxyl-bearing 
carbon of vinyl alcohol appears at 5 148.1, whereas in 129 ho-

.M.3 / O H 
C H 2 = O U 6 . I 

CH3 
129 

mologs (CH3 replaced by ethyl, propyl, butyl) that carbon appears 
at 5 160- 162. Thus replacement of a vinyl proton by OH shifts 
the vinyl carbon resonance downfield about 25 ppm, whereas 
the comparable figure for a saturated carbon is about 48 ppm. 
Attempts have been made to explain these differences.70 

It seems clear from these studies that enols, even simple 
enols, can be quite long-lived if they are generated in a manner 
which slows down the proton transfer mechanism for ketoni
zation. 

VII. Keto Forms of Phenols 

Phenol exists in the enolic form 143 rather than in either of 
the two possible keto forms 144 and 145 primarily because the 

143 144 

resonance energy gained through aromatization is considerably 
greater than the bond-energy difference which ordinarily favors 
keto over enol structures. Structural modifications which either 
destabilize the phenolic structure or stabilize the ketonic 
structure can lower this energy gap and permit the keto form to 
be observed, particularly if it is the kinetic product of a reaction. 
If the structural modification is sufficient, the keto form may even 
predominate at equilibrium. This is an old subject which has been 
reviewed,71-74 and the treatment here will be illustrative rather 
than exhaustive, with emphasis on recent work and on the 
principles involved. 

Neither keto form of phenol itself has yet been detected, al
though there is strong evidence for the existence of 144 as a 
short-lived intermediate. Irradiation through Pyrex of benzene 
oxide-oxepin 146 as a thin film at 77 K caused a decrease in its 
absorption at 1660 cm"1 and appearance of a sharp band at 
2112 cm - 1 due to ketene 147.75 Shortly a photostationary state 
was reached in which the concentration of 147 remained con
stant and phenol 143 began to appear (1590 cm -1) at the ex-
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O 

pense of 146. Since the photoisomerization of 2,4-cyclohexa-
dienones to ketenes is well known,76 and since both a ketene 
and phenol were formed, it seems reasonable that the keto 
tautomer 144 was present, though in too low a concentration 
to be detected. 

Fusion of one or two benzo rings to the arene oxide 146 al
lowed the keto forms 151 and 155 to be detected. Irradiation of 
naphthalene 1,2-oxide (148, Nujol suspension, quartz, 77 K) was 
followed by infrared spectroscopy, and a strong carbonyl band 
due to 151 (1674 cm -1) was readily observed, as well as bands 
for 1-naphthol (1595 cm -1) and ketene 152 (2112 cm -1). The 
bands due to 151 and 152 disappeared in favor of the 1-naphthol 
band when the sample was warmed to —100 0C. Similar irra
diation of phenanthrene 9,10-oxide (153) led to a new band at 
1695 cm - 1 attributed to 9-phenanthrone (155). As the solution 
was allowed to warm to room temperature, the band due to 155 
disappeared in favor of 9-phenanthrol (156, 1600 cm -1). In this 
case no ketene was detected (its formation would require loss 
of aromaticity in both benzene rings), but the dibenzooxepin 158 
was another product of the photoisomerization. 

158 157 

Although no quantitative data are available, it seems likely 
from the manner in which these experiments were carried out 
that the keto tautomers have stabilities in the order 155 > 151 
> 144 relative to their corresponding phenolic tautomers. The 
principle involved is that increasing benzo substitution diminishes 
the gain in resonance energy achieved through aromatization, 
thus diminishing the energy gap between the keto and phenolic 
tautomers. Perhaps the best known example of this principle 
is 9-anthrone/9-anthrol, where the keto form predominates at 
equilibrium (89% in ethanol at room temperature).7778 

OH 

160 

One may also stabilize the keto form of a phenol by trading 
the aromaticity of the phenolic ring for aromaticity in another ring. 
An example is the conversion of naphthol 161 to indole 162.79 

Pd/Norit 

165 "C 

The generality of this idea does not seem to have been widely 
exploited. 

Another way to overcome the aromatic resonance energy of 
phenolic forms is to introduce a second ketonizable hydroxyl 
group; if both hydroxyls ketonize, twice the bond-energy dif
ference which favors keto over enol structures becomes 
available to balance against the resonance energy of the aro
matic form. Many diketo structures of this type are known, al
though their stability is usually kinetic rather than thermodynamic. 
The antibiotic gliorosein (163) occurs in nature as such a diketo 
structure, though it is readily aromatized by bases.80 Whereas 
163 is sufficiently stable at room temperature to permit its iso
lation from the natural source, the parent compound 164 (the 

CH3O 

163 

O 

164 

diketo form of hydroquinone) is appreciably less stable. It can 
be kept below 10 0C in crystalline form (mp 54 0C), but rear
ranges to hydroquinone slowly in nonpolar and very rapidly in 
polar solvents.81 Although 164 had to be synthesized indirectly, 
many diketo forms of hydroquinones such as 165 are readily 

— 

165 

accessible and isolable in one step through the cycloaddition 
of quinones to dienes.82 In the naphthalene series, they may also 
be obtained by fusing the corresponding 1,4-naphthalene-

170-240'C 

diols.83'84 Most of these diones are kinetically stable but are 
converted by base to the phenolic form. However, other struc
tural features may cause the diketo form to be thermodynami-
cally stable. Thus 168 is the stable form of 1,4,5-naphthalene-
triol.84 

Whereas the adduct of 1,4-benzoquinone and hexamethyl-
2,4-cyclohexadienone, 169, is readily aromatized to 170, the 
analogous naphthoquinone adduct 171 is recovered unchanged 
when its alkaline solutions (inert atmosphere) are acidified.85 

Apparently the difference between benzenoid and naphthalenoid 
resonance energy is sufficient to determine thermodynamic 
stability. 

The converse situation appears in the quinone photodimers 
173 and 176. Treatment of 173 with base aromatizes only one 
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'OCH3 

CH3OH -^K" 
OH 

170 

of the six-membered rings,86 presumably to avoid the destabi-
lization associated with the biphenylene that would otherwise 
result. In the naphthalene, where further derealization is pos
sible, both rings are aromatized (176 —* 177).87 

176 

174 

NaOH . 

"H2SCj, 

OH 

YVi 
XJ-^ 

OH 

177 

.̂ 

OH 

f\ U OH 

Finally, steric factors may permit the isolation of keto forms 
of phenols. Oxidation of 2,6-di-fert-butylphenol (178) with al
kaline ferricyanide in benzene gave diketone 179, which was 

V ^ K3Ft(CN)6 . 
K^ O H " C 6 H 6 

EtOH 

stable as the solid or in nonpolar solvents, but rapidly aromatized 
in ethanol.88 Other examples of this type included 182,89 184,90 

185,90 and 18891 which are substituted derivatives of the "para" 

Br2 

HOAc 
O'C 

*6r 100-105"C 

183 

"2 r 
PdZBaSO4 

OCH3 H ^ * 

keto form 145, and 190 which is a substituted "ortho" keto form 
144. In all these cases the keto form is kinetically stable, prob
ably due to steric hindrance to reagents required for proton 

190 

transfer, but the phenolic forms are thermodynamically more 
stable. 

VIII. Stabilization of Enols and Keto Forms of 
Phenols through Coordination with Metals 

Dienes form stable complexes with a variety of metals, and 
advantage of this has been taken to prepare complexes of Ii-
gands which in a formal sense are either enols or keto forms of 
phenols. For example, treatment of 2-acetoxy-1,3-butadiene with 
Fe2(COJg in benzene gave the yellow crystalline complex 191; 
the acetoxy group was then converted to a hydroxyl group to give 
192, air sensitive but stable in solution.92 Compound 192 is a 

Ft(CO)3 

SC^ 
F-(CO)3 

192 

complex of the enol form of methyl vinyl ketone. Its structure 
was established by NMR and by conversion with benzoyl bromide 
to a crystalline benzoate. The pKa of 192 is 9.24 in 48% aque
ous ethanol corresponding to about 8.5 in water. Thus it is a 
much stronger acid than would be expected for the enol itself, 
probably because of electron withdrawal by the metal. Similar 
complexes with the hydroxyl at C1 of the butadiene moiety have 
also been prepared.92 

At about the same time, the iron tricarbonyl complex of 144, 
the conjugated tautomer of phenol, was also prepared.93,94 The 
vinyl ether 193 (obtained by lithium-ammonia reduction of ani-
sole94) was refluxed with iron pentacarbonyl in di-n-butyl ether 
to give a mixture of 194 and 195 which was treated with trityl 
tetrafluoborate. Hydride abstraction (the other organic product 
is triphenylmethane) gives a mixture of carbonium ion salts 196 
and 197. When this mixture is heated with water on a steam bath, 

OCH3 OCH3 OCH 

" "* F. (CO)3 

195 

1 (C6H5KjC* BF, 

193 194 

OCH3 

'4 

PCH3 

F.(CO)3 

198 197 

crystals of complex 198 separate; this arises from hydrolysis 
of 196, and unreacted 197 can be recovered as the hexafluo-
rophosphate by adding ammonium hexafluorophosphate to the 
aqueous solution. Complexes similar to 198, but with a methyl 
at C3 or a methoxyl at C4 of the dienone ligand, have also been 
prepared.93 The structure of 198 was established by its spectra; 
the 1H NMR spectrum shows two sets of vinyl protons at 5 5.84 
(C3r4) and 3.26 (C2,5) and a methylene group at 5 2.35, and the 
ultraviolet spectrum (Xmax 230 nm, e 13,100) is consistent with 
a dienone moiety. The mass spectral fragmentation pattern is 
also consistent with the structure.95 

Ketone 198 undergoes a number of ordinary carbonyl reac
tions. For example, it gives an oxime96 (which, however, does 
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not undergo Beckmann rearrangement) and it undergoes the 
Reformatsky reaction,97 but the reaction with organoiithium 
reagents or Grignard reagents led only to decomposition. At-

HO. ,CHCO5Me 

198 
t n ,*-6n6 

(R=H1CH3) Fe(CO)3 

tempts to exchange the a-methylene protons with CH3OD/ 
CH3O- also caused decomposition of the complex. However 
in acidic solution 198 can be used to phenylate the nitrogen of 
primary aromatic amines.98 Presumably the reaction involves 

198 O Oh 
200 

nucleophilic attack on protonated ketone 202 to give the imine 
complex 203 which in acid aromatizes and discards the metal 
to give 201. 

H ^-U 

-CAH= 

198 
H + . 

Fe(CO), 
-H^O, H+ 

Fe(CO)1 

Finally, mention might be made of several complexes which 
have been described recently that include the ruthenium complex 
204,99 the rhodium and iridium complexes 205,10° and the 
chromium complex 206.101 In each of these complexes phen-
oxide ion is coordinated to the metal through the ir bonds of its 
ketonic tautomer. The chemistry of these novel complexes re
mains to be explored. 

Ru 

/ | \ 
• t H 

204 (L= (C6H5I3 P) 205 (L = pentamethyl -
cyclopentadiene, M* 
Rh1Ir 

206 (R-H,CH3) 

IX. Summary 

Simple enols are not inherently unstable, as the independent 
existence of many of their simple derivatives testifies (i.e., enol 
esters, enol ethers), although they are usually thermodynamically 
less stable than their corresponding keto forms. The problem, 
then, in producing an enol not in equilibrium with its keto form 
involves generating the enol as a kinetic reaction product by a 
method that retards or prevents the proton transfer which con
verts it to the keto form. In this review, several ways of ac
complishing this goal are described. 

The earliest examples involved placing large groups (i.e., 
mesityl) at one or both ends of the enolic carbon-carbon double 
bond. This substitution retards proton removal from the hydroxyl 
group and proton delivery to the a carbon. It may also, in some 
instances, diminish the energy gap between enol and keto forms, 
through destabilization of the latter. Most of this work was done 
many years ago, before the NMR era of organic chemistry, and 
there are indications24 that reinvestigation using modern tech
niques could be worthwhile. The reactions of these enols have 
barely been studied. 

More recently, simple enols with less bulky groups have been 
prepared (section III), and even simple alkyl substitution clearly 
enhances the kinetic stability of these compounds. It is important 
that the enol-forming reaction be fast, faster than the proton 
transfer which brings about ketonization, if the enols are to be 
detected or isolated. Photochemical methods (section IV) are 
particularly good in this regard. But thermal methods can also 
do, as the synthesis of vinyl alcohol in the gas phase strikingly 
illustrates.61 The long lifetime of this simplest of enols, which 
permitted its bond angles, distances, and preferred conformation 
to be accurately measured, should encourage further efforts in 
this direction. 

Application of the CIDNP technique has permitted the NMR 
spectra of several enols to be measured, although so far the 
lifetimes of enols generated in this way have been comparatively 
short, less than a minute. Even so, this represents a very sub
stantial displacement from the equilibrium concentration. 

Perhaps most striking are the recently prepared, long-lived, 
and distillable fluorinated enols (section V). Since equilibration 
studies are as yet lacking, it is not known whether their stability 
with respect to the keto forms is kinetic or thermodynamic. 

Keto forms of phenols in a sense are the counterpart of simple 
enols of carbonyl compounds. Although there is evidence for 
the "ortho" keto form of phenol itself (144) as a short-lived in
termediate,75 there are no data yet on the corresponding "para" 
keto form (145). Some of the same techniques used to prepare 
stable forms of enols have been used to stabilize these keto 
forms of phenols (for example, use of bulky substituents to retard 
proton transfer and to destabilize the phenolic form), and many 
examples are now known (section VII). Finally, enols and the keto 
forms of phenols have been stabilized through complexation with 
metals (section VIII). Although this method of stabilization alters 
the properties of the uncomplexed species rather drastically, 
it nevertheless leads to novel structures whose chemistry has 
as yet only barely been studied. 

It is hoped that this review will dispel the myth that simple 
enols are known only as minor components of an equilibrium 
with their keto forms. 
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