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The keto-enol tautomerism is studied using an approximative HF method 
outlined in the appendix. The following results are obtained: (1) The experimen- 
tally observed alternance of AG in acyclic monoketones could not be reproduced. 
(2) The stabilization of C~-C double bonds, especially of conjugated double 
bonds, by CH3--  or - - C H 2 - -  groups is responsible for the observed difference 
between acyclic and cyclic t.2-diketones, e.g. for the different enol content of 
diacetyl and cyclopentane-l.2-dione. (3) The enols of  1.2-diketones contain a 
hydrogen bond which differs from the hydrogen bond in enols of  1.3-diketones. 
(4) A system of two conjugated C- -O double bonds is not favoured compared 
to a system of two C = O  bonds which are separated by one (or more) - - C H ~ - -  
group. (5) 5-ring enols with a C ~ C  double bond in the ring are more stable than 
one would expect by an energy estimation from acyclic compounds. 

Key words: Keto-enol tautomerism - Hyperconjugation - Hydrogen bonds 

1. Introduction 

In the present paper the keto-enol tautomerism 

H 0 OH 
I l1 I i 

--C--C--  C=C 
I I r 

keto-forna r 

of several molecules is studied using an approximative HF method which is 
outlined in the appendix. By theoretical methods one can calculate the ground 
state energies E of both tautomeric forms. Neglecting zero point vibration energies, 
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one can compare  the value A K E  = E(enol )  - E(ketone)  with the react ion enthalpy 

in the gas phase o f  0 K. However ,  the experimental  2xG and A H  values o f  ke to -eno l  

reactions have been mainly  determined at r o o m  tempera ture  in the l iquid phase. 

Therefore  it seems to be impossible to reproduce  such experimental  results by ab 

init io calculations.  But one can t r y - a n d  this is the aim of  the present w o r k - t o  find 

out relat ions between the calculated AKE-values and the structure of  the molecules.  

Relat ions between experimental  data  and the molecular  structure are already dis- 

cussed by Wheland  [1], but  the in terpre ta t ion o f  these results is not  in all cases 

satisfying. Therefore  it should be useful to t reat  this p rob lem by ab init io calcula- 

tions which can give a better insight where direct experiments are not  possible. 

2. Experimental Results and Their Interpretation 

Table 1 contains the amount  o f  the enol form in per cent at the equil ibr ium and the 

corresponding  AG values o f  some ketones and diketones measured by several 

authors at r o o m  temperature .  The experimental  results and their  interpretat ion 

given in the l i terature are outl ined in [1 ] and are briefly summarized in the fol lowing 

four  subsections. 

Table 1. In the first column are the experimentally measured enol contents in percent. Behind 
the slash is the corresponding AG value in kcal/mole for T = 293 K. For several molecules as 
acetone, acetylacetone, diacetyl and the ring compounds exist two enol forms with the same 
geometry and the same energy. This lowers AG by - T A S  = -- R .  T . ln  2 ~ 0.4 kcal/mole. This 
value should be added to the ab initio A K E  values of the second column given in kcal/mole. 
The notations of the molecules are given in Sect. 7, Fig. l a - d  

Molecule ~ Enol/AG A K E  A K E  - AG 

acetone (K2) 1.5 D - 4/+7.8 a 18.8 11.0 
2.5 D - 4/+7.5 b 11.3 

methyl-ethyl-ketone (K3) 1.2 D - 1/+ 3.9 ~ 15.6 11.7 
methyl-propyl-ketone (K4) 8.6 D - 3/+ 5.5 a 13.8 8.3 
methyl-butyl-ketone (K5) 1.1 D - 1 / + 4.0 a 13.8 9.8 
cyclopentanone (K6) 8.8 D - 2/+ 4.1 a 20.7 16.6 

4.8 D - 3/+5.9 ~ 14.8 
cyclohexanone (K7) 1.2 D - 0/+ 2.6 a 15.6 13.0 

2.0 D - 2]+4.9 ~ 10.7 
acetylacetone (K12b) 7.6 D + 1/-0 .7  ~ 3.8 4.5 

8.0 D + 1/-0.8 e 4.6 
9.5 D + 1/-1 .7  f 5.5 

diacetyl (K18a) 1.1 D - 0/+2.6 ~ 14.4 11.8 
5.6 D - 3/+5.7 ~ 8.7 

cyclopentane-l.2-dione (K20) 9.9 D + 1/-2.7 a 8.2 10.9 
cyclohexane-l.2-dione (K21) 4.0 D + 1/+0.2 a 5.0 4.8 
cyclohexane-l.3-dione (K16) 9.5 D + 1 / -  1.7 g 10.6 12.3 

a Ref. [2]. b Ref. [3]. ~ Ref. [4]. d Ref. [5]. o Ref. [6]. 
Ref. [7]; only measurement performed in the gas phase. ~ Ref. [8]. 
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2.1. Ketones Containing Two Carbonyl Groups 

The percentage of the enol form is considerably large if the ketone contains two 
carbonyl groups, namely in 1.3-diketones and in cyclic 1.2-diketones. However, the 
percentage is small in acyclic 1.2-diketones. 

The high percentage of the enol form of 1.3-diketones is explained by two factors. 
Firstly, the enol form (not the keto form) contains a system of conjugated double 
bonds. Secondly, the enol form of acyclic 1.3-diketones has a hydrogen bond 
leading to a chelate ring: 

0 0 O--H---O 
II II I IJ 

--C--CH2--C-- --C~CH--C-- 

Both effects lower the energy of the enol form. However, in 1.2-diketones there 
exist conjugated double bonds in the keto and the enol form 

H O O HO O 
i II Jl I II 

--C--C--C-- - -C~-C--C--  

and thus lower the energy of both forms. 

The existence of a hydrogen bond in the enol form of 1.2-diketones is not assumed 
in the literature. Wheland [l] states that for example diacetyl exists largely in the 
keto form probably because its enol form is prevented from having hydrogen bonds 
by steric requirements. This is one point which is investigated in the present work. 
On the other hand it is surprising that the cyclic 1.2-diketones exist largely in the 
enol form (eL Table I). Wheland [9] suggested that the reason for the different 
behaviour of the acyclic and the cyclic 1.2-diketones is that the former ketones can 
have the stable trans arrangement, whereas the latter cannot. If this would be the 
only reason, one should expect that the calculated AKE value of the acyclic com- 
pound with the eis arrangement and the cyclic 1.2-diketone should resemble each 
other. 

2.2. Ring Systems 

Cyclic compounds favour the enol form considerably. Look for example at the 
different values (Table 1) for acetone on the one hand and cyclopentanone or cyclo- 
hexanone on the other hand. The difference between cyclic and acyclic 1.2-diketones 
is already discussed in Sect. 2.1. 

The explanation given in the literature is the following. Acyclic compounds are 
becoming more rigid by the enolization thus reducing the reaction entropy AS and 
the amount of the enol form. However, in cyclic compounds the keto form is rigid 
too, so that the development of the C~-C double bond cannot influence AS con- 
siderably. Perhaps this explanation proves true in many cases, but it is doubtful 
whether this effect plays the dominant part in all cases. For example Briegleb and 
Strohmeier [7] could show that the value T. AS of acetylacetone is only -0.18 
kcal/mole at 273 K. 
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2.3. Influence of Ring Size 

The percentage of the enol form alternates with the size of the ring systems. 
This could be observed by Schwarzenbach et al. [10] and Strohmeier et al. [11]. 
Strohmeier et al. [11] showed that AH and not T. AS is responsible for the alter- 
nation. This behaviour cannot be studied here because ab initio calculations of 
these molecules would be too time consuming. 

2.4. Influence of the Chain Length 

The same alternating character can be observed at the acyclic monoketones. The 
first four examples of Table 1 show that the amount of the enol form alternates 
with increasing length of the chain. It is not clear whether AH, AS or intermolecular 
interactions are responsible for this alternation. 

3. Method of Calculation 

The ground state energies of the molecules are calculated using an approximative 
HF method which is described in the appendix. The level of approximation is b 
(cf. appendix). The calculations are performed with the STO-3G basis set of  Hehre 
and Pople [13]. The geometry of the molecules is determined by the standard values 
of Pople and Gordon [14]. Exceptions, especially for the cyclic compounds, are 
given in Sect. 5. 

To estimate the error due to the neglect of correlation energy, the "local spin 
density correlation energy" of  acetaldehyde and its enol form is calculated using a 
method developed by Stoll [15]. The correlation energies are -0 .719  a.u. for the 
keto- and -0 .720  a.u. for the enol form and thus lead to a negligible correction for 
AKE. One can suppose that the small difference of these two correlation energies 
will be roughly the same for the other compounds because in all keto-enol reactions 
the same changes occur. 

The error in the energy of  the approximative method compared to corresponding 
HF calculations with no approximations was extensively tested and is given in the 
appendix. For example the error of AKE for the keto-enol reaction of acetaldehyde 
is 3 kcal/mole. Again one can suppose that this error is roughly the same in all 
other reactions because the type of reaction is always the same. Test calculations for 
several keto-enol reactions are also carried out at level a (cf. appendix) and lead to 
nearly the same AKE values. 

4. Estimation of Binding Energies 

Consider the reactions R~--H + H--R~ ~ R~--R~ + H2 for different groups R~ 
(i = 1, n). If the binding energy of a molecule A is denoted by B(A) one can write 
for the reaction energy H~ = B(H2) + B(Ri--R~) - 2B(R~--H) and for the energy 
difference A~ between the linked and the unlinked molecules of the ith reaction: 
As = B(R~--R0 - 2B(R~--H). With the "linkage energy" A1 of the first reaction 
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and the values B(R~--H) it is possible to make an estimation for the energy of the 
molecule R~--R~ by: B(R~--R0e~t = 2B(R~--H) + A1. For the difference between 
the directly calculated and the estimated energy of R~--R~ one obtains: B(Ri--R~) - 
B(R~--R~)e~ = H~ - //1 = A~ -- A1. Thus this difference is a measurement for the 
different influence of R~ and R1 on the reaction energy H or the linkage energy A, 
respectively. If  one estimates the energies of all Ri--R~ by using always the same 
increment A1, the linkage of the first reaction may be regarded as a "reference 
linkage". The choice of such a reference linkage is of course arbitrary. The same 
comparison between the estimated and the directly calculated energy is applied to 
the molecules of this work. For this purpose some reference linkages and their 
increments A are given in Table 2. With one or more of them one can build up large 
molecules out of smaller ones. According to this one can estimate their energies 
from the energies of the small molecules and the increments A of Table 2. The 
difference Bo~lo - B~t is called difference value in this work and gives information 
as to what extent the linkages used to build up the large molecule differ from the 
reference linkages. The following example demonstrates the use of such estimations. 
Cyclopentane can be constructed out of pentane by the linkage L4 of  Table 2. 
According to that the binding energy of cyclopentane can be estimated to be 
B(cyclopentane)~t = B(pentane) + A4. However, this estimated energy is lower by 
about 9 kcal/mole than the calculated binding energy. The reason is that in the 
cyclopentane molecule the hydrogen atoms are forced to take the eclipsed conforma- 
tion whereas for the acyclic compound, which is used for the energy estimation, the 
more favourable staggered conformation is chosen. 

If  one estimates the binding energies as described above one must guarantee that 
the geometry of the compounds which are compared is nearly equal in order to 
make a transference from the smaller to the larger compound possible. For example, 
one can estimate the energy of  cyclopentene from the calculated energy of cis-2- 
butene and the energy A5 of the linkage L5 (cf. Table 2) which closes the acyclic 

Table 2. The linkages L1 - L~ and their energies Ai = sum of molecular energies on the r.h.s. - 
sum of molecular energies on the 1.h.s. L~ is a combination of L1 and L4. The linkage energies 
refer to R = --CH3 or --CH2--CH3 and to X = Y = Z = H. With these linkages one can 
construct large molecules out of small molecules for any R, X, Y and Z 

L~: R--CH3 > R--CHz--CH3 A1 =-0 .378  

O O 
I] II 

L2: R--C--H - ~" R--C--CH3 A2 =--0.381 

X \  / H  X /CH3 

L3: /C--C\  > /C--C\ A3 = -0.385 
Y Z Y Z 

L4: R--CH3 + CH3--R > R--CH2--CH2--R A4 = +0.143 

Ls: R--CH3 + CH3--R > R--CH2--CH2--CH2--R A5 = -0.235 
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system to a ring. For the estimated energy one obtains: B(cyclopentene)est = 
B(cis-2-butene) + A5. If  one wants to know to what extent this closure differs from 
the linkage L5 in Table 2, which refers to acyclic systems, one must reduce the angle 

at the - - C = C - -  double bond in cis-2-butene from its equilibrium value of about 
120 ~ to the equilibrium angle of cyclopentene which is about 110 ~ However, for 
such a small angle there exists a repulsive interaction between the two CH~-groups 
in cis-2-butene which does not exist in the cyclic compound. To avoid this inter- 
action the estimation is performed with trans-2-butene. This seems to be reasonable 
because the energy difference between the cis- and trans- forms is very small for 
c~ = 120 ~ so that one can expect it to be small also for ~ ~ 110 ~ if one neglects the 
repulsive interaction in the cis compound. In the same way as outlined here, the 
estimations for the other cyclic enols are performed. 

5. Geometry of the Molecules 

Exceptions from the standard geometric parameters of Pople and Gordon [14] 
occur especially in the cyclic compounds. To describe their conformations the C 
atoms of the ring-skeletons are numbered clockwise and the atom with the number 
1 is given in Fig. la-d  for each cyclic compound. Their conformations are as 
follows (K = keto-form, E = enol-form, notations are given in Fig. la-d) :  
K6 = cyclopentanone: twisted conformation, C3 is above and C4 is below the 
plane P(C1, C2, C5); E 6 : C 4  looks out of the plane P(C1, C2, C3, C5); K7 = 
cyclohexanone: chair conformation; E7: twisted conformation, C4 is above and C5 
is below the plane P(C1, C2, C3, C6); KI5--cyclopentane- l .3-d ione:  planar; 
E15 : planar; K16 = cyclohexane-t.3-dione: chair conformation; E16: C4 looks 
out of the plane P(C1, C2, C3, C5, C6); K20 = cyclopentane-l.2-dione: C4 looks 
out of the plane P(C1, C2, C3, C5); E20: planar; K21 = cyclohexane-l.2-dione: 
twisted conformation, C4 is above and C5 below the plane P(C1, C2, C3, C6); 
E21 : C4 looks out of the plane P(C1, C2, C3, C5, C6); cyclopentene: geometry as 
E6. 

The distances are standard values taken from [14]. The angles at the - - ~ C - -  
double bonds are 110~ ~ in the five-ring compounds and 123 ~ in six-ring com- 
pounds. The C - - C - - C  single bond angles vary from 103.5 ~ to 109 ~ in five-ring 
compounds and from 105.5 ~ to 111 ~ in six-ring compounds. Test calculations 
showed that the deviation of these angles from the tetrahedral one does not raise the 
energy significantly. The geometry of the hydrogen atoms in the CH2 group can be 
described as follows if one denotes the C atom of the CH2 group by C1 and the two 
adjacent C atoms by C2 and C3. The angle /_(H, C1, H) is tetrahedral and the 
plane P(H,  C1, H) is vertical to the plane P(C1, C2, C3). The sectional line of these 
two planes coincides with that line which bisects the angle /_(C2, C1, C3). 

In the acyclic compounds there are the following deviations from the standard 
O 
II 

geometry. The C - - H  distance in C - - H  is chosen 1.114 A~ [16]. Moreover the angles 
of those enols which correspond to acyclic 1.3-diketones-these are the molecules 
E10a, E10b, E l l a ,  E l l b  and E12a of Fig. l b - a r e  so altered that the distance 
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Fig. la .  Structure formulas of the compounds of group A and their notation. Behind the nota-  
tion is placed the binding energy in a.u. AKE values are given in kcal/mole and refer to the most 
stable conformation of the keto and enol form. The difference values below the binding energies 
are given in kcal/mole. Their denotation is explained in the text 

O / H  

II O \ C = c / H  H - - O  /H 
\ / C \  / \ / C - ~ - C \  

C H H H H H 

K I :  -0 .731 E la :  -0 .695  E lb :  -0 .700  AKE = 19.5 

H 
O / 
1{ O \ C = C / H _  H - - O \  C = C  / H  

\ / c \  / \ / \ 
,,,,,,C / \ C C C H 4 .  I H 

K 2 : - 1 . 1 1 1  E2a: - 1.081 E2b: -1 ,078  

K2(KI)  = +0 .6  E2a(Ela)  = - 0 . 6  E2b(Elb) = +4.4  

AKE = 18.8 

O / H  

It V H 
C C = C  

\ C  / \ C  / \ \ C  / \ C - ' ~  
d~. A~ ~ ...... 

K3 : - 1.491 E3a: - 1.466 

K3(K1) = - 0 . 6  E3a(Ela)  = - 0 , 6  
K3(K2) = - 1.3 E3a(E2a) = 0.0 

AKE = 15.7 

H 
0 / 

C C C C C 

K4: - 1.869 E4a: - 1.847 

K4(K2) = - 1.3 E4a(E3a) = - 1.9 
K4(K3) = 0.0 

O / H  

I[ '~ff ~.-g O \ c  c / H ~ c _ -  g 
C C C 

\ C  / \ C  / \ C  / \ \ C  / = \ C  / \ C  / 

K5 : - 2.247 ~ E5a: - 2.225 

K5(K4) = 0.0 E5a(E4a) = 0,0 

This value is estimated from B(K4). See Sect. 7.1 

AKE = 13.8 

AKE = 13.8 
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Fig. l a  (continued) 

0 0 - - H  

/ C I \  /C1% 
H2C C H  

I [ 
H2C CH2 H2C CH2 

K6 :  - 1.727 E6: - 1.694 

K6(K4)  = - 0 . 6  E6(E3a) = + 4 . 4  

E6(E4a)  = + 6 . 3  

AKE = 20.7 

To  take  into accoun t  the  different angles  for  the  es t ima t ion  one  has  to sub t rac t  11 kca l /mole  
f rom the  difference values  o f  E6. By this value  the  energy o f  trans-2-butene is raised if a (cf. 

7.10) is reduced  f r o m  120 ~ to 111 ~ 

O O - - H  
If I 

/ C I \  
H2C CH2 H 2 c / C I " ~ C H  

I I I r 
H ~ C \ c / C H 2  H 2 C ' - . c / ' C H z  

H2 H2 

K 7 : - 2 . 1 1 0  E 7 : - 2 . 0 8 5  

K7(K2)  = - 5 . 0  E7(E3a) = - 3 . 8  
K7(K4)  = - 3.8 E7(E4a) = - 1.9 
K7(K6)  = - 3.1 E7(E6) = - 8.2 

AKE = 15.7 

O H - - O  

C C H C / C  \ C  / H / \C  / \ C  '/ H/C% H 

O H O 

K8:  - 1.320 E8b: - 1.295 

K8(K1)  = - 0 . 6  E8b(K1,  E lb)  = 0.0 

AKE = 15.7 

0 0 H - - O  0 

C C C 
H / N C /  \ C  / \ H  H / C % c / C " ~ c / C \ H  

H 
K9 : - 1.698 E9b : - 1.672 

K9(K1)  = - 0 . 6  E9b(E8b) = + 0 . 6  
K9(K8)  = 0.0 

AKE = 16.3 

F r o m  E2a,  E3a a n d  E4a the  c o n f o r m a t i o n s  E2c, E3c and  E4c are  calcula ted with H o f - - O H  
looking  out  of  the  p lane  (dihedral  angle  = 90~ The  energies are:  B(E2c) = - 1.074, B(E3c) = 
- 1.460 and  B(E4c) = - 1.839 a.u. 
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Fig. lb. Structure formulas of the compounds of group B and their notation. For the AKE and 
difference values see Fig. la. In KlOb, K1 lb and K12b the - - C H O  group is rotated by fi = 90 ~ 
about the C - - C  linkage out of the plane 

~ o o 
~176  II If 

J [ H - / C  ~ c L C ~ . H  

Kl0a:  - 0.938 K10b: - 0.941 

o l / H 6 0 5  H6"O1 05 

I H t ~J 
H/C2"c3"C4"H H'C2"C3" C4"H 

H H 

E10a: -0 .930 E10b: -0 .923 AKE= 6.9 

O O O / H  O 

II It J II 
" , . c / C \ c ~ ' - H  ~ c / C ~ c z C \ H  

H 

K l l b :  -1 .323 E l l a :  -1 .318 

H~'O 0 

* ~ - ~ / C ~ c / - C \  H 

H 

E l l b :  -1 .302 
E l l c :  -1 .299 (E l l c  = E l l b  with the - -CH3 group rotated about 60 ~ 

Kllb(KlOb) = - 0 . 6  Ella(E10a) = - 1 . 9  Ellb(E10b) = +3.8 
El lc (El0b)  = + 5.6 

AKE = 3.1 

0 0 0 / H  0 
II ~J I II 

~ c / ' C \ c f ~ \ c  / ~ C / C ~ c / C ' C  / 

H 

K12b: - 1.704 E12a: - 1.698 

K12b(Kllb) = 0.0 E12a(Ella) = +0.6 

AKE = 3.8 

Fig, le. Structure formulas of the compounds of group C and their notation. For AKE and 
difference values see Fig. la  

K13a = K10a: -0 .938 
K13b = K10b: -0.941 

/ H  H I 
O ~ . c ~ C ' - . c ~ O  

I r 
H H 

E l 3 : - 0 . 9 2 1  AKE = 12.6 
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Fig. l e  (continued) 
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H H / [ 
O \ c ~ C ~ c ~ O  

I I 

H H H 

O - - . c ~ C - . c / / O  / C - - c ~ C \ c  ~ O  

I I I I 
H C ~  H / O  H 

E14a: - 1.303 E14b: - 1.298 E14d: - 1.279 
(E14d has the geometry of  the five-ring system E15) 

The binding energy of  E14a with the six-ring geometry of  E l 6  is - 1.306 
K14b = K l l b :  - 1 . 3 2 3  

E14a(E13) = +1 .9  E14b(E13) = +2.5  

AKE = 12.6 

H H 
H2 / [ 

O ~ c / C 1 . c ~ O  O \ c ~ - C I - -  C / / O  

I I I I 
H2C CH2 H2C CH2 

K 1 5 : - 1 . 5 6 2  E l 5 : - 1 . 5 4 7  
K15(K13b) = - 1 . 3  E15(E13) = - 1 . 9  
K15(K12b) = - 0.6 E15(E14b) = - 4.4 

E15(E14a) = - 3 . 8  
EIS(E14d) = - 18.8 

AKE = 9.4 

H H 
H2 / [ 

O ~ c . . C I . . c / / O  O \ c ~ C I . . c ~ O  

t I i I 
H 2 C ' ~ c / C H 2  H2C'. c/-CH2 

H2 H2 

K 1 6 : - 1 . 9 4 5  E l 6 : - 1 . 9 2 8  

K16(K12b) = - 3.8 E16(E13) = - 3.8 
K16(K13b) = - 4.4 E16(E14a) = - 5.6 
K16(K15) = - 3.1 E16(El 5) = - 1.9 
E16(E14a with the same geometry as El6)  = - 3 . 8  

AKE = 10.7 

Fig. ld.  Structure formulas  of  the compounds  of  group C and their nota t ion.  For  AKE and 
difference values see Fig. l a  

O 
J~ 

~ c / C ' - . c ~ / O  

H 
K 1 7 : - 0 . 9 3 8  

O / H  H'-. O 

I I 
H - - . c ~ C ~ . c ~ O  H ' - c / / C \ c ~ O  

I I I I 
H H H H 

E17a: - 0 . 9 1 8  El7b:  - 0 . 9 1 2  AKE = 12.6 
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Fig. ld  (continued) 

111 

0 0 0 / H  
II II ~ .--- [ 

~ c / C ~ c  -~O ~ c / C \ c / C ~  H - . c / / C ~ . c ~ O  

,r L ~ I~ I I 
o . g r  

K18a: -1 .321 K18b: - 1.322 E l 8 : - 1 . 2 9 9  

K18a(K17) = - 1 . 3  K18b(K17) = - 1 . 9  E18(E17a) = 0.0 

AKE = 14.4 

O O / H  H ~ O  

/ C ~ . c / C x c / / 0  / C - , c ~ / C x c / / O  / C \ c / / C . - , . c / / O  

H H H H H 
K19: - 1.318 E19a: -1 .305  E19b: -1 .293  

K19(KI7) = - 1 . 3  E19a(E17a) = - 1 . 3  E19b(E17b) = +2.5 
Binding energy of E19a with the five-ring geometry: -1 .278  
Binding energy of E19a with the six-ring geometry: -1 .303  

AKE = 8.2 

0 O / H  
U I 

/ C I . .  / / 0  
H2C C H " c / / C I " c ~ O  

I [ I I 
H2C- CH2 H2C CH2 

K20: - 1.555 E20: - 1.542 

K20(K17) = - 0,6 E20(E17a) = - 0,6 
K20(K18a) = +0.6  E20(E19a) = +0.6 

E20(E19a with five-ring geometry) = - 16.3 

AKE = 8.2 

O O / H  

H I 
/CI,.. ~ O  H \ c ~ C I . . c ~ O  

H2C C ~" 

H 2 C ~ c / C H 2  H 2 C \ c / C H 2  

H2 H2 
K21 : -1 ,931 E 2 1 : - 1 . 9 2 3  

K21(K17) = +0.6  E21(E17a) = - 2 , 5  E21(E18)=  - 2 . 5  
K21(K18a) = +1.9 E21(E19a) = - 1 . 3  E21(E20)=  - 2 . 5  
K21(K20) = + 1.3 E21(E19a with six-ring geometry) = - 2 . 5  

AKE = 5.0 
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H6-O5 is increased (the numbering of these atoms is given in E10a and E10b). 
This lowers the energy considerably compared to that nuclear arrangement which 
results if the standard geometric parameters are used. The new angles have the 
values: /_(H6, O1, C2) = 110~ /_(O1, C2, C3) = 124~ /_(C2, C3, C4) = 122~ 
/_(C3, C4, 05)  = 124 ~ The new distance H6-O5 is 1.87 A. 

6. Results 

The compounds are divided into four groups A, B, C and D and their structural 
formulas are presented in Figs. la-1 d. The notation of the molecules is as follows : 
Ki or Ei refers to the keto or enol form of the ith reaction. Different conformations 
of a molecule are denoted by the suffix a, b, c etc. Below the structural formulas are 
placed the ab initio calculated binding energies B in a.u. On the right side are the 
AKE values for every keto-enol reaction in kcal/mole. These values AKE = 
B(enol) - B(ketone) always refer to those conformations of the keto and enol form 
with the lowest energy. Below the binding energies are placed the difference values 
B - Best in kcal/mole (B = Belle) and are denoted in the following manner. If for 
example B(Kj)ost is estimated from B(Ki) as described in Sect. 4, the difference 
B(Kj) - B(Kj)e~ is expressed by Kj(Ki). Of special interest are all those cases 
where these values, which are here called difference values, deviate strongly from 
zero. 

Fig. la contains monoketones and also those diketones where the carbonyl groups 
are separated from each other by more than one - - C H 2 - -  group. The calculated 
energy AKE of the reaction acetaldehyde --> vinyl alcohol (K1--~ El)  is about 
20 kcal/mole. An estimation of this value by the method of Klages and Franklin [1] 
leads to a value of 13 kcal/mole. If  one assumes an error of + 3 kcal/mole for this 
estimation, the maximal error of the ab initio calculation is 10 kcal/mole. By this 
amount the calculated AKE value is too large. Assuming the same error for all the 
other keto-enol reactions, one can expect that there will be more than 50% enol if 
the calculated AKE value is less than 10 kcal/mole. This value should be only a help 
for a rough orientation. 

The reaction energies AKE of group A are all larger than 10 kcal/mole. This means-  
in agreement with the experimental data of Table 1 - t ha t  the keto-form should be 
dominant. A further agreement with the experimental data is the result that the 
AKE values of the reactions 3, 4 and 5 are lower by 3-5 kcal/mole than the AKE 
value of reaction 2. However, the exceptional AKE value of cyclopentanone (K6) 
does not agree with the corresponding AG value of Table 1. 

Figure lb shows the structural formulas of 1.3-diketones and their enols which have 
a hydrogen bond and form a chelate ring. All AKE values are smaller than 10 
kcal/mole so that one can expect the enol form to be dominant. This is valid for 
acetylacetone (K12b) (cf. Table 1). For the other compounds experimental data are 
not available. 

Figure l c also contains 1.3-diketones, acyclic and cyclic ones, but their enols do not 
have a hydrogen bond. The loss of the hydrogen bond causes the larger AKE values 
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of group C compared to group B. But nevertheless the AKE value of 10.6 kcal/mole 
for cyclohexane-l.3-dione (K16) means that its enol should exist at a considerable 
amount. This is in rather good agreement with the experimental value of 95~ (cf. 
Table 1). 

Figure l d presents the group D consisting of 1.2-diketones and their enols. Note 
t ha t - i n  agreement with the experiment (cf. Table 1)-diacetyl (K18) should not be 
enolic whereas in cyclopentane-l.2-dione (K20) and cyclohexane-l.2-dione (K21) 
the enol should be dominant. The relation between the AKE values of cyelopentane- 
1.2-dione (K20) and cyclohexane-l.2-dione (K21) is reverse to the corresponding 
AG values of Table 1. The same applies to the relation between the AKE values of 
cyclohexane-l.3-dione (K16) and cyclohexane-l.2-dione (K21). 

A comparison between the experimental AG values and the ab initio calculated 
AKE values is given in Table 1. This comparison is disappointing because the 
differences AKE - AG vary rather strongly. But note that only the value of acetyl- 
acetone is suitable for such a comparison because the experimental measurements 
of the other compounds are not performed in the gas phase. The average value for 
AKE - AG is 10 kcal/mole. Large deviations of AKE - AG from this value are 
obtained for cyclopentanone, acetylacetone and cyclohexane-l.2-dione. 

7. Discussion of the Results 

In this section conclusions are made from the data of the foregoing section by 
comparing the structure of the molecules with their AKE and their difference values 
(difference value = Bo~~ -- Best~m~toa). The observations, which can be made 
for all the compounds (groups A-D),  are summarized in the following statements. 
Note that these statements are only valid in the context of the approximations 
inherent in the method of calculation. 

7.1. Influence of  the Chain Length 

The alternance of AG, which was experimentally observed by Gero [2] in acyclic 
monoketones (cf. Table 1 and Sect. 2.4), is not observed here. This can be seen at 
the AKE values of the reactions K4 -+ E4a and K5 -+ E5a (see Fig. la) which are 
equal to each other. The negligible difference values K4(K3) and E5a(E4a) indicate 
that the linkage energy for lengthening the chain K3 ---> K4 and E4a ~ E5a con- 
verges towards the value of A1 = -0.378 a.u., which is normal for alkanes (see 
linkage L1 and A 1 of Table 2). Therefore one can expect with high probability that 
a further lengthening of the chains requires again the energy A1 for the keto form 
as well as for the enol form so that AKE will remain constant. (This is the reason 
why the binding energy of K5 is estimated from the known binding energy of K4 
but not calculated.) 

7.2. Stabilizing Influence of  CH3 or - -CH2--  Groups 

From Table 2 one can see that the linkage L3 of a CHa or CH2 group to a C ~ C  
double bond is favoured by 4.5 kcal/mole compared to the linkage L1 of a CH3 
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group to a C--C single bond. From experimental data one obtains for this stabil- 
ization energy 2.7 kcal/mole [12]. This effect is often called "hyperconjugation" 
and plays an important part in the keto-enol tautomerism. It can be easily observed 
at the AKE values of the Reactions 3-5 (cf. Fig. la) which are all lower by 3-5 
kcal/mole than the AKE value of Reaction 2 (cf. Fig. la). This is in agreement with 
the experimental results of Table 1. The difference values (cf. Fig. la) of the mole- 
cules considered do not deviate strongly from zero. This means that the molecules 
of the Reactions 3-5 have no extraordinary properties with respect to the smaller 
molecules of Reaction 2 and with respect to the linkages L1 and La which are used 
for the energy estimation. Therefore one can state that the difference between the 
linkage energies A1 and A3 (cf. Table 2), or the hyperconjugation, respectively, must 
be responsible for the different AKE values of Reaction 2 and the Reactions 3-5. 

The stabilizing influence of CH3-- or - -CH2--  groups at the carbonyl double bond 
amounts to only A2 -- A1 ~ 2 kcal/mole (cf. Table 2). If one calculates AKE of 
Reaction 1 with the enol Ela  instead of Elb (because Ela  has the same conforma- 
tion as E2a) one can see from the AKEvalues of the Reactions 1-2 that the stabiliza- 
tion of the C = C  double bond in E2a overcompensates the stabilization of the 
C~-~-O group in K2. 

The stabilization energy at the C ~ C  double bond is raised by additional 1.5-2.5 
kcal/mole to about 6 kcal/mole if the CHa--  or the - -CH2--  group is linked to a 
system of conjugated double bonds. This can be observed at the difference values 
E1 la(El0a) (cf. Fig. lb) and E19a(E17a) (cf. Fig. ld). 

The hyperconjugation outlined here is responsible for the fact that the cyclic 1.2- 
diketones K20 and K21 (cf. Fig. ld) are considerably more enolic than diacetyl 
(K18) (cf. Table 1 and Sect. 2.1). This is because the enols of the former have a 
- -CH2--  group adjacent to the C = C  double bond whereas the enols of diacetyl do 
not have. The statement is supported by the result that the reaction of the acyclic 
1.2-diketone K19 has roughly the same AKE value as the reactions of the cyclic 
1.2-diketones. 

In the literature the discrepancy between acyclic and cyclic 1.2-diketones is ex- 
plained by the fact that the cyclic compounds are not able to have the more favour- 
able trans arrangement whereas the acyclic compounds are able [9]. Moreover, 
entropy effects should favour the enolization of cyclic compounds compared to 
acyclic ones as it was already outlined in Sect. 2.2. However, the results just dis- 
cussed here show that the hyperconjugation must at least be also responsible for 
the different AKE values of diacetyl (K18) and the cyclic 1.2-diketones. 

7.3. Destabilizing Influence of CH~ Groups 

On the other hand the CHa group has a destabilizing influence in the systems I and 
H of Fig. 2. This can be observed at the positive difference values E2b(Elb), 
Ellb(E10b) and E19b(E17b). E2b and E l lb  contain the system I and E19b the 
system II. The distance H1-H3 = H2-H3 (cf. Fig. 2) is larger than 2.4 A in E2b 
and E1 lb and larger than 2 A in E19b, so that steric interactions can be excluded. 
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Fig. 2 The energetically unfavourable systems 
I and II 

H3.. O H3. O 

H2 I H2, I X 

HI~'~ C\"/C%c. HI~'-~C~"c//C-- 
H ! I 

I II 

Perhaps this destabilization is caused by a repulsive interaction between the rather 
positive net charge of +0.23 at H3 and the weak positive net charge of +0.07 at 
H1 and H2. If one replaces these atoms by point charges containing the atomic net 
charges one obtains a repulsive energy of about 4.5 kcal/mole. Also in the com- 
pounds E14a and E14b (cf. Fig. lc) the CHa group has a destabilizing influence as 
it can be observed at the positive difference values E14a(E13) and E14b(E13). An 
explanation for this result could not be found in this work. 

7.4. Hydrogen Bonds in Enols of l.3-Diketones 

The energy EH of the hydrogen bond in the enols of 1.3-diketones shall be defined 
here as follows: EH1 = B(E10b) - B(E10a) = 4.4 kcal/mole and EH2 = B(E1 lb) - 
B(El la )  = 10 kcal/mole (cf. Fig. lb). From the difference values Ella(E10a) = 
- 1 . 9  kcal/mole and E l l b ( E 1 0 b ) =  +3.8 kcal/mole one can conclude that the 
large value E~I2 is not the consequence of a stronger hydrogen bond in E1 l a - i n  
that case Ella(E10a) should be more negat ive-but  is a consequence of the un- 
favourable compound E1 lb. This compound has a methyl group positioned at the 
chelate ring and thus belongs to the unfavourable form I of Fig. 2 which was 
already discussed in the foregoing section. 

In the enols of acyclic 1.3-diketones the hydrogen bond has a large influence on the 
charge distribution of the system of conjugated double bonds. This can be illus- 
trated at the overlap populations Pij between atom i and a t o m j  of E10a and E10b 
(the numbering of the atoms is given in Fig. lb): 

E10a: P21 = 0.594 P,2 = 1.156 P~s = 0.838 P54 = 0.811 
E10b: P21 = 0.581 P82 = 1.177 P4~ = 0.829 Ps~ = 0.821 

This means that the formation of the hydrogen bond increases the overlap popula- 
tion of single bonds and reduces the overlap population of double bonds in El0a  
and E11 a. 

7.5. Hydrogen Bonds in Enols of 1.2-Diketones 

In the enols of 1.2-diketones exists a hydrogen bond which is partly responsible for 
the large amount of enol in cyclic 1.2 diketones. The hydrogen bond energies 
defined as in Sect. 7.4 are: EI~3 = B ( E 1 7 b ) -  B(E17a)=  3.8kcal/mole and 
EI~4 = B(E19b) - B(E19a) = 7.5 kcal/mole (of. Fig. ld). The difference values 
E19a(E17a) = -1 .3kca l /mole  and E19b(E17b)= +2.5kcal /mole (cf. Fig. ld) 
lead to an explanation similar to that of the foregoing section. E~4 is large because 
E19b is energetically unfavourable with its unfavourable system H of Fig. 2. 
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In contrast to the enols of 1.3-diketones the formation of the hydrogen bond in 
enols of 1.2-diketones has a negligible influence on the system of conjugated double 
bonds. This is in accordance with the rather small overlap population of the 
hydrogen bond which is 0.009 in E17a, El8 etc., whereas this value is 0.027 in the 
enols E10a and E1 la of acyclic 1.3-diketones. 

7.6. Influence of OH Groups 

The two enols El3:  H O - - C H = C H - - H C = O  (cf. Fig. lc) and El7b: H 2 C =  
C O H - - H C = O  (cf. Fig. ld) do not have a hydrogen bond and are the most simple 
enolic representatives of 1.3- and 1.2-diketones. El3 is favoured by 5.6 kcal/mole 
compared to E17b. This is partly responsible for the result that the amount of enol 
in cyclic 1.3-diketones resembles that of cyclic 1.2 diketones, although the former 
cannot have a hydrogen bond whereas the latter have. 

The overlap population of the C- -C single bond between the two double bonds is 
0.830 in E13 and 0.816 in El 7b. This indicates that the position of the OH group in 
El3 favours the delocalization of the electron density compared to E17b. 

7.7. Conjugated and Separated C = O  Double Bonds 

A system of two conjugated C = O  double bonds is not favoured compared to a 
system with separated C = O  double bonds. This can be seen at the roughly equal 
energies of the acyclic 1.3- and 1.2-diketones as K10, K11 on the one hand and 
K17, K18 on the other hand. The cyclic 1.2-diketones K20 and K21 are even 
strongly disfavoured compared to the corresponding 1.3 diketones K15 and K16. 

7.8. Planarity of the System H O - - C - - C  

In the system 

H1 / 
02 \ / 

C3=C4 / \ 

the planar conformation is favoured by about 5 kcal/mole compared to that con- 
formation where H1 looks out of the plane P(O2, C3, C4) with the dihedral angle 
/_(H1, 02,  C3, C4) = 90 ~ Regard the binding energies of the compounds E2a, 
E3a, E4a on the one hand and of E2c, E3c, E4c on the other hand. A further 
difference can be observed at the overlap population C3-O2 which is 0.573 in the 
planar and 0.541 in the nonplanar conformation. 

7.9. Mutual Influence of Carbonyl and Hydroxyl Groups 

~ O  and O - - H  groups which are separated by more than one - - C H 2 - -  group can 
be considered as isolated from each other. This is supported by the difference 
values of  K8, E8, K9 and E9 which are all near zero. 
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7.10. Exceptional Properties of  5-Ring Enols 

Of special interest is one property which can be deduced from the difference values 
of  5-ring compounds with a C = C  double bond. The angle at the --C~-~-C-- double 
bond will be denoted by ~ in the following discussion. As already outlined in Sect. 
4, one has to start from trans-2-butene with ~ ~ 111 ~ in order to estimate the energy 
of cyclopentene. The energy of trans-2-butene is raised by ~ I0 kcal/mole if a is 
reduced from 120 ~ to ~ 111~ Therefore one should expect the energies of 5-ring 
compounds with c~ ~ 111 ~ to be larger by about 10 kcal/mole than the energies 
estimated from analogous acyclic compounds with c~ = 120 ~ (no consideration of 
different angles). But they should be roughly equal to the energies estimated from 
acyclic compounds with c~ ~ 111 ~ (consideration of the different angles). However, 
the difference values of  Fig. la-d indicate that the calculated energy of the 5-ring 
enols equals roughly the energy estimated from acyclic compounds with c~ = 120 ~ 
and is lower by about 15 kcal/mole than the value estimated from acyclic compounds 
with ~ ~ 111~ So one can state that the 5-ring enols are more stable by about 
15 kcal/mole than one would expect if they would behave like acyclic compounds. 
To illustrate this statement the difference values of all calculated 5-ring compounds 
(cf. Fig. la-d) containing a C~-C double bond shall be given here once more in 
kcal/mole (the estimation is performed with c~ = 120 ~ and ~ ~ 111 ~ in the acyclic 
compounds):  

cyclopentene(trans-2-butene) 120~ -3 .1  111~ - 1 4 . 4  
E6(E3a) 120~ +4.4 111~ - 6 . 9  
E15(E14b, d) 120~ - 4 . 4  111~ - 18.8 
E20(E19a) 120~ +0.6 111~ -16 .3  

An exception is the enol E6 of cyclopentanone, but nevertheless this molecule is 
still more stable by about 7 kcal/mole than one would expect from an estimation 
w i t h = ~  111~ 

The exceptional behaviour of  5-ring compounds containing a C~---C double bond is 
also observed at the overlap population P~j. in the system C l m C 2 ~ C 3 - - C 4  which 
is a part  of  the cyclic and acyclic enols. In acyclic compounds, as trans-2-butene or 
trans-3-hexene, P21 and P43 decrease if ~ is reduced from 120 ~ to about 111 ~ In 
cyclopentene, however, with c~ ~ 111 ~ P21 and P~3 are even larger than the corre- 
sponding populations of  the acyclic compounds with a -- 120 ~ This behaviour, 
which is similar to that of the binding energies and difference values, is illustrated in 

Table 3. Overlap populations P~j in the system 
OH H 04 
I E FI 

C--C1=C2--C3-- which belongs to the enols of 
cyclic 1.3-diketones. For notation see Figs. la-ld. 

= /_(C, C1, C2) ~ /_(C1, C2, C3). Remarkable is 
the exceptional behaviour of the five-ring enol El5 

Enol ~ P21 P32 P43 

E13 120 1.174 0.830 0.824 
E14a 120 1.176 0.834 0.822 
E14b 120 1.174 0.834 0.818 
El4d 111 1.172 0.825 0.818 
E15 111 1.166 0.845 0.810 
El6 123 1.181 0.838 0.817 
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Enol a P12 P32 P43 

E17a 120 1.189 0.812 0.819 
E18 120 1.190 0.816 0.814 
E19a 120 1.194 0.816 0.817 
E19a 111 1.185 0.809 0.813 
E20 111 1.184 0.825 0.805 
E21 123 1.200 0.820 0.814 

Table4. Overlap populations P,j in the system 
H OH 04 
I II II 

C--C1~---C2--C3-- which belongs to the enols of 
cyclic 1.2-diketones. For notation see Figs. la-ld. 
c, = /_(C, C1, C2) m Z.(C1, C2, C3). Remarkable is 
the exceptional behaviour of the five-ring enol E20 

Tables 3-4 at the overlap population of the C- -C  single bond between the C = C  
and C = O  double bond in enols of 1.2- and 1.3-diketones. Tables 3-4 show that the 
overlap population of the C~---C and the C = O  double bond is minimal in 5-ring 
enols, whereas the overlap population of the single bond between the two double 
bonds is maximal in 5-ring enols. 

The results outlined in Sect. 7.10 are observed not only at the enols but also at 
cyclopentene, trans-2-butene and trans-3-hexene. Therefore it is reasonable to 
extend the statements to all 5-ring systems which contain a C = C  double bond in 
the ring. If these results have a physical background and are not the consequence 
of the approximative nature of calculation, the same physical background should 
be responsible for the stability of cyclobutene and cyclopropene. 

Appendix 

The approximative HE method was developed in order to reduce the number of 
two-electron integrals which have to be evaluated. The method consists of the 
following concepts. The Coulomb and exchange parts of the HF matrix are treated 
differently with different integrals. In the Coulomb part the electron density P is 
subdivided into densities P ~  at an atom a and densities P ~  between atom a and 
atom b. Each partial density P~b is approximated by only a few functions P~b under 
the condition of charge conservation. It turned out that it was impossible to get 
satisfying results with only a small number of approximation functions which, 
however, is necessary in order to reduce the number of integrals considerably. To 
circumvent this difficulty, the densities Pea are multiplied by a factor Qca(~j~, where 
i and j refer to the basis functions X, and XJ in the Coulomb integrals : 

J~j = f X~(1)Xj(1)r~21Pca(2) dr1 d~'2. 

The factor causes the potential of the approximate density Pea to resemble that of 
the "exac t "  density Pca in that region, where x~XJ has large values. 

The exchange part is treated in such a way that every function x of the original 
basis set occurring in the exchange integrals is replaced by a function 2 of an 
associated basis set which consist of fewer Gaussian lobes. In order to reduce the 
error caused by this procedure, the further replacement XO~j ~ Q~J2~2J is performed, 
where Q~j causes the charge and the Coulomb potential of x~xJ and Q~J2~2J to roughly 
coincide. 
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Two different levels o f  app rox ima t ion  are  tested. At  level b all one-centre  two- 

e lect ron integrals  (over  Gauss ian  lobes) and  also all two-centre  integrals  between 

ne ighbour ing  H and first-row a t o m s - e . g .  C - - H  but  not  C - - C - a r e  calcula ted 
exactly. The  results of  this work  refer to this level. The compute r  t ime o f  the integral  

pa r t  for a molecule  as CF4 is reduced by a factor  6 c o m p a r e d  to a normal  H F  
p r o g r a m  of  comparab l e  efficiency in the integral  pa r t  for  integrals  over  Gauss ian  
lobes. The er ror  in the  energy i s - c o m p a r e d  to " e x a c t "  H F  c a l c u l a t i o n s - 0 . 0 3 -  

0.04 a.u. for  molecules with 2-3 first-row a toms  as ace ta ldehyde  and abou t  0.08 
a.u. for molecules  as cyclopentene.  The error  in the react ion energies is abou t  

5 kca l /mole  i f  the number  o f  bonds  between first-row a toms  is not  changed by the 
react ion.  This condi t ion  is satisfied here. At  level a all two-centre  integrals  between 
ne ighbour ing  a toms  are calcula ted exactly. The er ror  in the energy is up to 0.025 
a.u. for  molecules  which conta in  up to 6 first-row a toms  as e.g. cyc lopentanone .  In  
the  reac t ion  energies the error  is abou t  5 kca l /mole  also for react ions  where the 
number  o f  bonds  between first-row a toms  is not  conserved.  In  add i t ion  several  
ca lcula t ions  are pe r fo rmed  at level a and  lead to the  same results as those of  level b. 
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