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The intramolecular hydrogen bondings in enolic malondialdehyde and its mono- and dithio-analogues have been 
evaluated by a semiempiricial SCF-MO-CNDO method. The calculations predict that the hydrogen bonds play 
an important part i n the sta bi I i t ies of malondia I de h yde and monot h iomalondialde h yde, t whereas d ithiomalondialde- 
hyde; hardly exists as a hydrogen-chelated tautomeric form. 

IN recent years a considerable amount of work has been 
devoted to studies, experimental 1-3 as well as theor- 
etical,495 of the structure of the planar intramolecularly 
chelated enolic tautomers of diacylmethanes. The 
parent compound, enolic malondialdehyde (1) ,1-5 has 
been specially studied with the intention of establishing 
a possible asymmetric (C,) or symmetric (&) structure 
for the molecule. However, the available data about the 
structure of (1) are not definitive and, sometimes, 
apparently contradictory .5 

Recently a theoretical contribution of major impor- 
tance on the hydrogen bonding in enolic malondialdehyde 

H H 

A 8 C 
( 1 ) X  = Y = O  
(21 x = 0,Y =s  
( 3 ) X  = S,Y= 0 
( 4 ) X =  Y = S  

(1) has a ~ p e a r e d , ~  reporting on the structure of (1) as a 
function of the intramolecular 0-0 distance. The 
authors conclude that a t  0-0 distances up to ca. 2.3 A 
(1) exhibits CZ, symmetry, whereas C, symmetry is 
preferred for r ( 0 - 0 )  above ca. 2.3 A. In  agreement with 
these results we have found that a complete geometry- 
energy optimization of (1) by the CNDO/B procedure 
predicts r ( 0 - 0 )  2.289 and affords a potential energy 
minimum corresponding to the C% structure. The OH 
bond lengths are calculated to be 1.154 A. 

We have previously shown that the monothio- 
analogues of p-diketones, the p-thioxoketones, as well as 
the parent monothiomalondialdehyde, exist as rapidly 
interconverting intramolecularly chelated (2)-enol and 
(2)-enethiol tautomers.7-9 No evidence was found for 
the presence of only one intermediary ~ t ruc tu re .~  
This is probably a reflection of the rather long S-0 
distances found for these compounds.8 For the enol 
(2A) and enethiol (3A) tautomers of monothiomalondi- 
dehyde the SO distances were calculated to be 3.081 and 

t Systematic name 3-thioformylpropanal. 

2.857 A, respectively. Thus, both distances are con- 
siderably longer than the sum of standard OH and SH 
distances.1° The enol (2A) was calculated to be the 
thermodynamically more stable tautomer by 40.1 k J 
mol-l relative to (3A),g in excellent agreement with 
experimentally obtained r e ~ u l t s . ~ ? ~  The activation bar- 
rier for the enol to enethiol conversion was found to be 
ca. 45 kJ m ~ l - ~ . ~  This value is very close to previously 
reported activation barriers calculated for the enol-enol 
conversion in P-diketone  system^.^*^^ 

Although the dithio-analogues, p-dithioketones, have 
still not been reported synthesized, we have studied 
theoretically the enethiol tautomer (4A) of the parent 
dithiomalondialdehyde for comparison. A very long 
distance between the two sulphur atoms in (4A) is pre- 
dicted, leading us preliminarily to the assumption that 
only a very weak hydrogen bond, if any at  all, can exist 
in this compound. Furthermore, the enethiol-enethiol 
conversion is calculated to require an activation energy of 
333 kJ mol-1; this is more than seven times the activ- 
ation energy for the above mentioned (2A) to (3A) con- 
version, suggesting an almost complete loss of the proton 
during the reaction. 

Geometries and bonding energies for the structures 
under consideration were calculated by the Boyd- 
Whitehead CNDO/B procedure,g the bonding energies 

TABLE 1 

Geometric data for the tautomers (1A)-(4A) 
( 2 4  ( 3 4  ( 4 4  

1.335 1.468 0.994 a 0.994 
1.434 3.205 Y(H * * Y) (A) 2.090 4 2.149 

r ( F Y )  (4 2.964" 3.081 2.857 4.074 
CXH (") 107.2 109.0 85.2 107.0 

( 1 4  
r(XW (4 

a These values are not geometry-energy optimized. 

being minimized with respect to all internal valence co- 
ordinates. Relevant geometric data for structures (1A) 
-(4A) are given in Table 1,  The structure of the 
asymmetrical C, structure (1A) (hypothetical lo according 
to our calculations) has, however, been minimized only 
with respect to COH, the remainder being adapted from 
the HOC=CC skeleton in (2A) complementary with an 
experimentally obtained C=O distance. 

In order to obtain information about the relative 

A 

Systematic name malondicarbothialdehyde. 
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magnitudes of the intramolecular hydrogen bonds in the 
tautomers (1A)-(4A) we have studied variations in bond 
energies, as well as variations in r ( X H ) ,  r ( X Y ) ,  and CXH, 
as functions of two different structural changes: (1) 
rotation (0) 0-180" around the C-X bond, leading to the 
exo-structures (1B)-(4B), and (2) rotation (0) 0-90" 
around the C-C bond, leading to  structures (lC)-(4C).* 
Relevant geometric data for the structures B and C are 
given in Tables 2 and 3. 

The changes in bonding energies brought about by the 
above mentioned structural changes (Table 4) are 

TABLE 2 
Geometric data for the tautomers (1B)-(4B) 

A 

( 3B) (4B) 
1.333 
4.024 

CXH (") 235.2 234.3 252.7 253.7 

(2B) 1.335 0 .994" 0.962 
2.964" 2.547 3.592 

(1B) 
G H )  (4 
r(HY) (4 

@ These values are not geometry-energy optimized. 

assumed to  reflect mainly the ruptures of the hydrogen 
bonds. However, the transformations are believed also 
to effect energy changes owing to release in steric strain. 
An estimation of the relative energy changes connected 
with hydrogen bond rupture and strain release, re- 
spectively, is rather speculative, although our results 

TABLE 3 
Geometric data for the tautomers (lC)-(4C) 

(3C) (4C) 
r(FH) (A) 0.976 0.976 (2c) 1.336 1.335 
CXH (") 113.2 113.0 108.1 108.4 

(Table 4) nevertheless seems to indicate that strain 
energy release plays more important parts in compounds 
(3) and (4) than in (1) and (2). This is most clearly 
demonstrated by the transformation (4A) to (4C), where 
the rotation results in an energy gain of 8 k J mol-l. Here, 
the energy gain arising from the release of steric strain 
(originating from the two adjacent bulky sulphur atoms) 
in the 2-enethiol (4A) is greater than the small energy 

TABLE 4 
Bonding energy gains as results of rotations A+B and A+C 

for componds (1)-(4) (k J mol-l) 

(1) 
(2) 
(3) 
(4) 

(1C) 

Compound EAbond - EBbond EAbond - E'bond 
-33.1 -23 .2  
- 22.6 - 23.8 
- 12.5 - 8.9 
- 6.2 + 8.0  

increase due to the rupture of the very weak hydrogen 
bond. 

The results given in Table 4 for compound (1A) should 
be regarded with some reserve owing to the incomplete 
minimization procedure carried out for this compound. 
Most probably the calculated AE values are too high. In 
spite of this, i t  is nevertheless noteworthy that the 

* The reliability of the CNDO/B estimates of hydrogen bond 
strengths was tested by calculating the potential-energy surface 
for the FHF- +FH + F- reaction. The hydrogen bond strength 
was determined to  be 247 k J mol-', which is in excellent agreement 
with previously reported experimental and theoretical (SCF-CI) 
data." 

calculated hydrogen bond strength in (1A) is comparable 
with those in (2A) and (3A), and otherwise consistent 
with generally accepted OH - 0 hydrogen bond 
strengths.12 Furthermore, the calculations predicts 
only a very weak hydrogen bond in (4A), which is also 
confirmed by the calculated values of r ( S H )  and CSH 
(Tables 1-3); these are both close to  experimentally 
determined values [for methanethiol r ( S H )  1.329 A, 
C3H 100.3') .13 

More interesting, however, is the study of the enol 
(2A) and enethiol (3A) tautomeric structures of the 
unsymmetrical @-thioxoketone system. Most striking 
are the calculated energy differences, predicting the 
OH - - S hydrogen bond to be 2-3 times stronger than 
the 0 - HS hydrogen bond (Table 4). This is in 
excellent agreement with results reported by Snyder 
et aZ.,l* who used the Schroeder-Lippincott potential 
function model of the hydrogen bond l5 to study pro- 
perties of intramolecular OH - - - S and 0 * * - HS 
hydrogen bonds. Their results strongly indicate that 
sulphur may be a much better acceptor than oxygen in 
intramolecular hydrogen bonds. Furthermore, our pre- 
dictions are in agreement with experimental results 
obtained from parallel studies,* where a negative reaction 
entropy for the enethiol to enol conversion in aromatic 
p-thioxoketones was determined. 

The release of hydrogen bonds of considerable 
strength by the transformation A to B and A to C is 
further demonstrated by the changes predicted for r ( X H ) ,  
r(XY), and CXH (comparing Tables 1 and 2, and 1 and 

A 

A 

1.500 1 

1.400 A, 

O . g O O ~  10 90 180 

Rotating a n g l e  0 ("1 

XH Bond lengths as functions of the rotating 0 for the con- 
versions (2A) +(2B) (a), (3A) 4 3 B )  (V), and (4A) 4 4 B )  

3). However, i t  is important to note that the relative 
elongations of the XH bonds in X H . . - Y  cannot be 
taken as direct measures for the respective hydrogen 
bond strengths. Hence, the OH bond in (2A) is elong- 
ated by ca. 3% relative to that in (2R),  whereas the SH 
bond in (3A) is found to be ca. 10% longer than the SH 
bond in (3B). The XH bond lengths in the structures B 
and C are found to correspond to reported values.13 
The variations in the XH bond lengths as functions of 

(0) 
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the rotation angle 8, as depicted in the Figure, simply 
reflect the relative bond strength of the SH and OH 
bonds, the latter being ca. 125 k J mol-l stronger than the 
former, and consequently much less sensitive toward 
weak attractive forces such as hydrogen bonds. The 
changes in the XH bond lengths relative to the values 
calculated for the non-hydrogen-bonded tautomers B 
can be taken as reasonable measures of the extents of 
hydrogen bondings as functions of the rotation angle 8. 
It is seen (Figure) that  the intramolecular hydrogen 
bonds in (2A) and (3A) are almost totally released upon 
rotation about the C-X bonds by 75 and 45", respec- 
tively. 

Our calculations predict that intramolecular hydrogen 
bonding plays a part as a stabilizing factor in (1)-(3), 

H H H 

but hardly for (4). However, conjugation must neces- 
sarily also influence the choice of structure. Calcul- 
ations on the planar rotamers D thus shown enhanced 
stabilization of this rotameric form of A compared with 
structures B and C. However, in the case of (4) the 
structure (4D) is even more energetically favourable than 
(4A) (AE 22.8 kJ mol-1). This allows us to predict that 

P-dithioketones, whenever they appear as real sub- 
stances, probably will exist in the D form, or, alter- 
natively, in the trans-forms (4E and F), or, perhaps, 
even in the dithioxo-form (4G). 

[9/1271 Received, 9th August, 19791 

REFERENCES 

W. Egan, G. Gunnarsson, T. E. Bull, and S. ForsCn, J .  
Amer. Chem. Soc., 1977, 99, 4568 and references cited therein; 
W. 0. George and V. G. Mansell, J .  Chem. Soc. (B) ,  1968, 132; 
M. Gorodetsky, 2. Luz, and Y .  Mazur, J .  Amer. Chem. SOC., 1967, 
89, 1183; S. Bratan and F. Strohbusch, Chem. Ber., 1972, 105, 
2284. 

2 C. J. Seliskar and R. E. Hoffmann, J ,  Amer. Chem. SOC., 
1977, 99, 7072. 

R. S. Brown, J .  Amer. Chem. SOC., 1977,99,5497. 
H. Ogoshi and 2. Yoshida, Tetrahedron, 1971, 27, 3997; 

M. S. Gordon and R. D. Koob, J .  Amer. Chem. SOC., 1973, 95, 
5863; E. M. Fluder and J.  R. de la Vega, ibid., 1978,100, 5265. 

J. CatelQn, M. YQfiez, and J.  I. FernQndez-Alonso, J .  Amer. 
Chem. SOC., 1978, 100, 6917. 

6 R. J.  Boyd and M. A. Whitehead, J.C.S. Dalton, 1972, 73, 78, 
81 ; R. J. Boyd, Thesis, McGill University, 1970. 

F. Duus and J. W. Anthonsen, Acta Chem; Scand., 1977, 
B81,40;  F. Duus, J .  Org. Chem., 1977,42,3123; L. Carlsen and F. 
Duus, J.C.S. Perkin 11, 1979, 1532. 

8 L. Carlsen and F. Duus, submitted for publication. 
9 L. Carlsen and F. Duus, J .  Amer. Chem. SOC., 1978,100, 281. 
10 G. Karlstrom, H. Wennerstrom, B. Jonsson, S. ForsCn, J.  

Almlof, and B. Roos, J .  Amer. Chem. SOG., 1975, 97, 4188; E. M. 
Fluder and J. R. de la Vega, ibid., 1978, 100, 5265. 

11 A. Strtagard, A. Strich, J. Almlof, and B. Roos, Chem. Phys., 
1975, 8, 405 and refereyes therein. 

12 J. C. Speakman, The Hydrogen Bond and Other Inter- 
molecular Forces,' The Ch:mical Society, London, 1975. 

la  Chemical Rubber Co., Handbook of Chemistry and Physics,' 
Cleveland, 1977-1978, 58th edn., p. F218. 

l4 W. R. Snyder, H. D. Schreiber, and J. N. Spencer, Spectro- 
chim. Acta, 1973, 29A, 1225. 

15 R. Schroeder and E. R. Lippincott, J .  Phys. Chem., 1957,61, 
021. 




