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Abstract: Ab initio molecular orbital theory at uniform and high levels has been used to study hydroxyethylidene and its isomers 
acetaldehyde and vinyl alcohol. Vinyl alcohol and hydroxyethylidene are predicted to lie 47 and 213 kJ mol"1, respectively, 
above acetaldehyde. Hydroxyethylidene, despite its high relative energy, is predicted to be separated by significant barriers 
(118 and 98 kJ mol"1, respectively) from its lower energy isomers acetaldehyde and vinyl alcohol. The transition structure 
for rearrangement of vinyl alcohol to acetaldehyde is found to lie lower in energy than the transition structures connecting 
hydroxyethylidene to acetaldehyde or vinyl alcohol. The rate-determining step for the production of CO from any of the three 
isomers is predicted to correspond to methane elimination from acetaldehyde, and this is consistent with observed effects. 

There has been considerable recent experimental interest in the 
relative magnitudes of the barriers to intramolecular rearrange
ments connecting acetaldehyde (CH3—CH=O, 1), vinyl alcohol 
(CH2=CH-OH, 2), and hydroxyethylidene (CH3-C-OH, 3), 
but agreement as to the ordering of the barriers has yet to be 
reached. 

Initial information on this point came from studies of the 
thermal decarboxylation of pyruvic acid for which it had been 
postulated that CH3-C-OH (3) is a reaction intermediate.2 

Rosenfeld and Weiner2 showed, through isotopic labeling ex
periments, that the formation of CH3—CH=O (1) as the final 
product, does not involve the intermediacy of CH2=CH—OH 
(2). They concluded that, if indeed CH3-C-OH (3) is formed 
in the pyrolysis of pyruvic acid, the barrier for its rearrangement 
to 2 must be at least 14 kJ mol"1 greater than the barrier for 
rearrangement to 1. 

Subsequent kinetic studies by Yamamoto and Back3 of the 
thermal decomposition of pyruvic acid yielded an activation energy 
of 116 kJ mol"1 for the decomposition. They concluded that this 
value was too low to permit access to CH3-C-OH (3) as an 
intermediate, and thus questioned the interpretation of the earlier 
experiments.2 More recently, Taylor4 carried out a further study 
of the kinetics of the thermal decomposition of pyruvic acid. His 
data yielded an excellent linear Arrhenius plot, "completely typical 
of a unimolecular four-center reaction", and a significantly higher 
activation energy (173 kJ mol"1) than that of Yamamoto and 
Back3 for the decomposition. 

In another recent experimental study, Wesdemiotis and 
McLafferty5 used the technique of neutralization-reionization 
mass spectrometry (NRMS)6 to study CH3-C-OH. On the basis 
of labeling studies, these authors proposed that (i) the energy 
barrier required for the 1,2-hydrogen shift separating CH3— 
C-OH (3) from CH 3 -CH=O (1) should be smaller than the 
1,2-hydrogen shift separating C H 3 - C - O H (3) from CH2=C-
H—OH (2), and (ii) the transition structures associated with both 
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these 1,2-hydrogen shifts should lie lower in energy than that 
associated with the 1,3-hydrogen shift that directly converts 
CH2=CH-OH (2) to CH 3 -CH=O (1). 

There have been a number of previous ab initio studies of 
various aspects of the potential energy surface connecting 1, 2, 
and 3.7 These predicted, among other things, that the transition 
structure linking C H 3 - C - O H (3) with CH 3 -CH=O (1) 
(1,2-hydrogen shift) might lie up to 100 kJ mol"1 above that 
separating CH2=CH-OH (2) from CH 3 -CH=O (1) (1,3-
hydrogen shift), in apparent conflict with some of the conclusions 
from the experimental studies.2,5 Unfortunately, none of the 
previous theoretical studies examined all three relevant rear
rangement processes, making reliable comparisons of the barrier 
heights somewhat difficult. 

In order to obtain a consistent description of the energy surface 
and in an attempt to resolve the existing conflicting conclusions, 
we have carried out ab initio molecular orbital calculations at 
uniform and high levels of theory on the three isomers of interest, 
acetaldehyde (1), vinyl alcohol (2), and hydroxyethylidene (3), 
the three transition structures for unimolecular rearrangements 
connecting 1, 2, and 3, and of various possible fragmentation 
processes. 

Method and Results 
Standard ab initio molecular orbital calculations8 were carried 

out with modified versions9 of the GAUSSIAN 82,10
 GAUSSIAN 86,11 

and GAUSSIAN 8812 programs. Optimized geometries were obtained 
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at the Hartree-Fock (HF) level with the 6-31G(d) and 6-31G(d,p) 
basis sets and at the correlated level by using second-order 
Moller-Plesset perturbation theory (MP2) with the 6-31G(d) basis 
set. Harmonic vibrational frequencies were calculated at the 
HF/6-31G(d) level in order to characterize stationary points as 
minima or first-order saddle points and to estimate zero-point 
vibrational energies. Improved relative energies were obtained 
through calculations with larger basis sets, namely 6-31 lG(d,p), 
6-311+G(d,p) and 6-31 lG(2df,p), and with more complete in
corporation of electron correlation, namely MP3, MP4, and 
quadratic configuration interaction with single, double, and triple 
excitations (QCISD(T)).13 Our most reliable results were ob
tained at the Gl level of theory.14 This corresponds broadly to 
calculations at the QCISD(T)/6-311+G(2df,p) level, incorpo
rating both isogyric and zero-point vibrational corrections. Unless 
otherwise noted, these are the values referred to in the text. 

Optimized structural parameters at the HF/6-31G(d), HF / 
6-31G(d,p) and MP2/6-31G(d) levels for the equilibrium 
structures 1-3 and the transition structures 4-9, shown in Figure 
1, are listed in Table I. Corresponding total energies and relative 
energies for structures 1-6 at the various levels of theory are 
presented in Tables II and III, respectively. Table IV gives total 
energies at the Gl level of theory for a selection of possible 
dissociation fragments. Corresponding relative energies for the 
dissociation fragments are compared with experimental values in 
Table V. Energy data for transition structures (7-9) for methane 
and hydrogen elimination reactions are presented in Table VI. 
Schematic potential energy profiles for the rearrangement and 
dissociative processes involving the C2H4O isomers 1-3 are dis
played in Figures 2 and 3. 

Discussion 
Equilibrium Structures. Our calculated structures (Table I) 

show the expected improvements compared with previously re
ported lower level results.7 For acetaldehyde (1) and vinyl alcohol 
(2), for which experimental information is available,15 our cal
culated MP2/6-31G(d) structural parameters (Table I) are very 
close to the experimental values. 

We find that structures calculated at the HF/6-31G(d) and 
HF/6-3 lG(d,p) levels are very similar. The largest changes occur 
for bridging C-H and 0 - H bond lengths, but even in these cases 
the differences are small. More significant structural changes 
are noticeable at the MP2/6-3lG(d) level, with a characteristic 
lengthening of bonds. As we shall see below, however, the effect 
of such structural differences (i.e. MP2/6-31G(d) or HF/6-
31G(d,p) compared with HF/6-31G(d)) on calculated relative 
energies is very small. 

We turn now to a consideration of relative energies (Table III) 
and examine first the energy difference between acetaldehyde (1) 
and vinyl alcohol (2). This energy difference is of importance 
since acetaldehyde and vinyl alcohol represent the prototypical 
keto-enol pair. The results appear to be surprisingly sensitive to 
the inclusion in the basis set of p functions on hydrogen, with a 
14 kJ mol-' change in going from HF/6-3 lG(d) to HF/6-3 IG-
(d,p). Our calculations also indicate that the energy difference 
between 2 and 1 decreases consistently as the size of the basis set 
increases. However, calculations at the MP2 level show no further 
change in going from the 6-311+G(2df,p) to the 6-311+G(3df,2p) 
basis set.16 Our best calculated relative energy of 47 kJ mol"1 
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Figure 1. C2H4O equilibrium structures (1-3) and transition structures 
(4-9). 

(in favor of acetaldehyde) is in good agreement with the exper
imental value17 of 41 ± 8 kJ mol"1. 

Two previous estimates of the energy difference between hy-
droxyethylidene (3) and acetaldehyde (1) have been reported. 
Rosenfeld and Weiner2* estimated a value of 251 kJ mol"1 on the 
basis of an ab initio energy difference between H2CO and HCOH 
and the use of Benson additivity terms. More recently, Yadav 
and Goddard78 proposed a value of 259 kJ mol"1, assuming ad
ditivity of CISD/3-21G and HF/6-31G(d) results. Our best 
estimate, at a substantially higher level of theory, is the lower value 
of 213 kJ mol"1. 

An assessment of the reliability of this value is provided by a 
consideration of the situation for the lower homologous pair, 
formaldehyde/hydroxymethylene, for which an experimental 
estimate of the energy difference is available from an ion-cyclo
tron-resonance experiment.18 The energy difference between the 

(17) Holmes, J. H.; Lossing, F. P. /. Am. Chem. Soc. 1982, 104, 2648. 
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Table I. Optimized Equilibrium Structures (1-3) and Trai 

parameter 

C1-C2 
C2-O 
C1-H1 

C1-H2 

C2-H4 

C1-C2 

C2-O 
C1-H, 
C1-H2 

C2-H4 

0 - H 3 

C1-C2 
C2-O 
C1-H1 

C1-H2 

0 - H 4 

C1-C2 
C2-O 
C1-H1 

C1-H2 

C1-H3 

C2-H4 

0 - H 3 

C1-C2 

C2-O 
C1-H1 

C1-H2 

C2-H4 

0 - H 4 

C1-C2 

C2-O 
C1-H1 

C1-H2 

C1-H3 

C2-H3 

0 - H 4 

C1-C2 

C2-O 
C1-H1 

C1-H2 

C1-H4 

C2-H4 

C1-C2 

C2-O 
C1-H1 

C1-H2 

C1-H4 

0 - H 4 

C1-C2 

C2-O 
C1-H1 

C1-H2 

C1-H3 

C2-H4 

H2-H4 

HF/ 
6-31G(d) 

1.504 
1.188 
1.082 
1.087 
1.095 

1.318 
1.347 
1.077 
1.073 
1.073 
0.948 

1.502 
1.306 
1.087 
1.087 
0.950 

1.421 
1.252 
1.085 
1.079 
1.518 
1.081 
1.234 

1.491 
1.275 
1.087 
1.086 
1.224 
1.171 

1.368 
1.358 
1.084 
1.075 
1.415 
1.240 
0.945 

2.067 
1.146 
1.084 
1.088 
1.666 
1.097 

1.887 
1.234 
1.102 
1.082 
1.442 
1.171 

1.374 
1.186 
1.077 
1.652 
1.072 
1.300 
1.000 

HF/ 
6-31G(d,p) 

1.503 
1.188 
1.082 
1.087 
1.097 

1.318 
1.346 
1.077 
1.073 
1.075 
0.944 

1.501 
1.305 
1.087 
1.087 
0.946 

1.421 
1.251 
1.084 
1.078 
1.502 
1.082 
1.228 

1.491 
1.275 
1.087 
1.086 
1.215 
1.169 

1.369 
1.357 
1.084 
1.076 
1.412 
1.240 
0.941 

2.050 
1.147 
1.084 
1.089 
1.649 
1.095 

1.877 
1.234 
1.102 
1.082 
1.423 
1.174 

1.372 
1.187 
1.077 
1.631 
1.073 
1.304 
0.998 

MP2/ 
6-31G(d) 

1.501 
1.222 
1.090 
1.095 
1.109 

1.336 
1.367 
1.086 
1.081 
1.085 
0.974 

1.499 
1.328 
1.096 
1.095 
0.977 

1.405 
1.294 
1.091 
1.086 
1.520 
1.092 
1.293 

1.490 
1.325 
1.096 
1.094 
1.285 
1.158 

1.391 
1.370 
1.095 
1.085 
1.355 
1.268 
0.970 

2.076 
1.186 
1.091 
1.095 
1.721 
1.093 

1.803 
1.287 
1.113 
1.089 
1.401 
1.214 

1.401 
1.205 
1.088 
1.629 
1.085 
1.343 
1.013 

isition Structures (4-9) 

exptl parameter 

acetaldehyde (1) 
1.501° 
1.216 
1.086 
1.086 
1.114 

<c,c2o 
<C2C1H, 
<C2C1H23 

<H2C,H3 

<C,C2H4 

vinyl alcohol (2) 
1.335* 
1.369 
1.084 
1.081 
1.080 
0.962 

<C,C 2 0 
<C2C|H! 
<C2C,H2 

<C,C2H4 

<C2OH3 

hydroxyethylidene (3) 

TS:2 — 

TS:3 — 

TS:3 — 

TS: 1 — CH4 

TS:3 — CH4 

<c,c2o 
<C2C1H, 
"^C2C1H23 

<H2C,H3 

<C2OH4 

1 (4) 
<C,C 20 
<C2C,H, 
<C2C,H2 

<C,C2H4 

<C 2 C,H/ 
<H,C1C2O 
<H2C,C20 
<H4C2C,0 
<H3C,C20 

1(5) 
<C,C 20 
<C2C,H, 
"^C2C1H23 

<H2C,H3 

<C2OH4 

2(6) 

<c,c2o 
<C2C,H, 
<C2C,H2 

<C2C,H3
C 

<C 20H 4 

<H,C,C 20 
< H2C ,C2O 
<H3C,C20 
<H4OC2C, 

+ CO (7) 
<C,C 20 
<C,C 2 H/ 
<C2C,H2 

<C2C,H13 

<H,C,H3 

+ CO (8) 
<C,C 20 
<C2OH4 

-CC2C1H1 

<C2C|H23 

<H2C,H3 

TS: 1 - C H 2 C O + H2 (9) 
<C,C 20 
<C2C,H, 
<C2C,H2 

<C2C,H3 

<C,C2H4 

<OC2C,H, 
<OC2C,H2 

<OC2C,H3 

<OC2C,H4 

HF/ 
6-31G(d) 

124.4 
110.3 
124.8 
107.2 
115.3 

126.9 
122.4 
120.1 
122.4 
110.4 

107.9 
114.8 
120.7 
106.0 
109.1 

109.2 
110.0 
120.7 
131.6 
65.6 
73.8 

-152.4 
177.2 
-7.9 

118.0 
110.3 
123.9 
107.1 
59.9 

112.2 
124.1 
118.4 
52.9 

108.1 
4.2 

179.7 
-109.0 

178.1 

110.0 
53.4 

123.8 
108.6 
110.8 

101.0 
72.4 

127.8 
110.2 
110.7 

141.9 
120.8 
53.9 

118.2 
101.2 

10.8 
-131.4 

172.6 
-165.0 

HF/ 
6-31G(d,p) 

124.4 
110.3 
124.7 
107.2 
115.3 

126.9 
122.3 
120.0 
122.2 
110.6 

107.9 
114.7 
120.5 
105.9 
109.2 

109.0 
110.0 
120.7 
131.6 
65.3 
73.8 

-151.9 
177.0 
-8.2 

118.1 
110.3 
123.8 
107.1 
59.4 

112.4 
124.1 
118.2 
52.9 

108.2 
4.1 

179.3 
-109.4 

177.9 

110.4 
53.3 

123.2 
109.3 
110.8 

101.0 
71.4 

126.2 
111.3 
111.0 

142.1 
120.8 
53.5 

118.1 
101.3 

9.5 
-131.8 

172.4 
-165.4 

MP2/ 
6-31G(d) 

124.4 
109.9 
124.9 
107.2 
115.3 

126.8 
122.3 
120.0 
122.9 
108.2 

106.3 
115.0 
120.0 
105.8 
106.9 

111.0 
112.9 
121.7 
130.6 
66.4 
65.3 

-153.6 
178.1 
-9.8 

115.1 
110.4 
123.6 
107.0 
61.9 

110.7 
123.9 
117.8 
55.0 

106.1 
4.1 

175.8 
-109.3 

174.4 

108.0 
55.9 

123.9 
104.9 
111.8 

103.7 
67.6 

126.9 
110.4 
111.5 

141.4 
120.2 
57.6 

115.8 
99.6 
13.6 

-130.0 
167.0 

-159.1 

Smith et al. 

exptl 

123.9 
110.6 
126.9 
108.3 
117.5 

126.0 
121.5 
119.5 
123.5 
108.5 

From ref 14. 'From ref 15. 'Nonindependent parameter. 
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Table II. Calculated Total Energies (hartrees) for Stationary Points on the C2H4O Potential Energy Surface" 

CH, -CH= 
1 

=0 CH2=CH-
2 

-OH CH3 -C-
3 

-OH TS:1 — 2 
4 

TS:I — 3 
5 

TS:2 — 3 
6 

HF/6-31G(d)//HF/6-31G(d) 
HF/6-31G(d,p)//HF/6-31G(d,p) 
MP2/6-31G(d)//MP2/6-31G(d)> 
MP2/6-31G(d,p)//HF/6-31G(d) 
MP2/6-31G(d,p)//HF/6-31G(d,p) 
MP2/6-31G(d,p)//MP2/6-31G(d) 
MP2/6-31 lG(d,p)//MP2/6-31G(d) 
MP3/6-31 lG(d,p)//MP2/6-31G(d) 
MP4/6-31 lG(d,p)//MP2/6-31G(d) 
QClSD(T)/6-311G(d,p)//MP2/6-31G(d) 
MP4/6-31 l+G(d,p)//MP2/6-31G(d) 
MP4/6-31 lG(2df,p)//MP2/6-31G(d) 
Gl' 

-152.91597 
-152.922 59 
-153.358 97 
-153.37635 
-153.37638 
-153.37842 
-153.44243 
-153.457 02 
-153.487 68 
-153.485 89 
-153.49481 
-153.566 99 
-153.57407 

-152.888 89 
-152.90100 
-153.33216 
-153.354 39 
-153.35415 
-153.355 50 
-153.42237 
-153.44034 
-153.46607 
-153.466 23 
-153.47401 
-153.547 26 
-153.55609 

-152.83291 
-152.844 24 
-153.26243 
-153.28477 
-153.284 57 
-153.28575 
-153.35507 
-153.37695 
-153.40363 
-153.40460 
-153.41209 
-153.48109 
-153.492 77 

-152.77082 
-152.78311 
-153.23771 
-153.25803 
-153.25801 
-153.26074 
-153.32909 
-153.33589 
-153.37325 
-153.37051 
-153.38094 
-153.45483 
-153.466 53 

-152.753 73 
-152.76643 
-153.21561 
-153.238 33 
-153.238 44 
-153.23967 
-153.308 10 
-153.31655 
-153.355 80 
-153.35291 
-153.36395 
-153.43481 
-153.447 83 

-152.77119 
-152.78555 
-153.21805 
-153.24416 
-153.24404 
-153.243 77 
-153.31467 
-153.33294 
-153.36025 
-153.36098 
-153.37005 
-153.43990 
-153.455 58 

"Frozen-core results reported unless otherwise noted. 6FuIl set of orbitals used in correlation treatment. 'Scaled zero-point vibrational energies 
are 53.52 (1), 54.53 (2), 53.01 (3), 48.41 (4), 47.50 (5), and 50.11 (6) mhartree; higher level correction is -55.26 mhartree. 

Table III. Calculated Relative Energies (kJ mol"1) for Stationary Points on the C2H4O Potential Energy Surface" 

CH3- -CH=O 
1 

C H 2 = C H - O H CH5 -C-
3 

OH TS:1 — 2 
4 

TS:1 — 3 
5 

TS:2 — 3 
6 

HF/6-31G(d)//HF/6-31G(d) 
HF/6-31G(d,p)//HF/6-31G(d,p) 
MP2/6-31G(d)//MP2/6-31G(d) 
MP2/6-31G(d,p)//HF/6-31G(d) 
MP2/6-31G(d,p)//HF/6-31G(d,p) 
MP2/6-31G(d,p)//MP2/6-31G(d) 
MP2/6-31 lG(d,p)//MP2/6-31G(d) 
MP3/6-31 lG(d,p)//MP2/6-31G(d) 
MP4/6-31 lG(d,p)//MP2/6-31G(d) 
QCISD(T)/6-311G(d,p)//MP2/6-3lG(d) 
MP4/6-31 l+G(d,p)//MP2/6-31G(d) 
MP4/6-31 lG(2df,p)//MP2/6-31G(d) 
Gl 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

71 
57 
70 
58 
58 
60 
53 
44 
57 
52 
55 
52 
47 

218 
206 
253 
240 
241 
243 
229 
210 
221 
213 
217 
226 
213 

381 
366 
318 
311 
311 
309 
298 
318 
300 
303 
299 
294 
282 

462 
410 
376 
362 
362 
364 
353 
369 
346 
349 
344 
347 
331 

380 
360 
370 
347 
347 
354 
335 
326 
335 
328 
328 
334 
311 

"Calculated from total energies in Table II. 

Table IV. Gl Energies (£(G1), hartrees) and Experimental Heats of 
Formation (AHf0, kJ mol"') for Acetaldehyde (1) and C2H4O 
Dissociation Products 

Table V. Comparison of Calculated (Gl) and Experimental Relative 
Energies (kJ mol"') OfC2H4O Dissociation Products" 

species 

CH3CHO 
CH3CO" 
CH2CHO" 
CH2CO 
HCO* 
CO 

£(G1)" 

-153.57407' 
-152.932 79rf 

-152.92186* 
-152.36841'' 
-113.697 46 
-113.17722 

AWr0O* 

-155 .0 
- 1 6 . 5 ' ^ 

19.9** 
-44 .6 

44.4* 
-113.8 

species 

C H 2 C H * 
OH" 
CH4 

CH 3 " 
H2 
H-

£(G1)" 

-77.738 48' 
-75.64214 
-40.407 72 
-39.742 54 
-1.16501 
-0.50000 

A//f°o* 

292.0> 
38.4 

-66.8 
149.0 

0 
216.0 

"Taken from ref 14 unless otherwise noted. 'Taken from ref 20 
unless otherwise noted. 'Present work. dReference 27. 'Reference 21. 
•'Temperature correction to experimental AH°2n values to give AHf0 

values obtained from calculated vibrational frequencies. 'Reference 
28. *Reference 22. 'Reference 26. ^Reference 23. 

two H2CO isomers, calculated at the Gl level,19 is 220 kJ mol"1 

and this agrees well with the experimental value of 227 ± 8 kJ 
mol"1. This good agreement lends confidence to our predicted 
energy difference for the acetaldehyde/hydroxyethylidene pair. 

Fragmentation Products. Calculated relative energies for 
various possible fragmentation products are compared with ex
perimental values20"24 in Table V. In general, the agreement 

(18) Pan, C. F.; Hehre, W. J. J. Phys. Chem. 1982, 86, 1252. 
(19) ForCH20, E(GI) =-114.33729 hartree (ref 14). Relevant results 

for HCOH are: £(MP4) - -114.177 82 hartree, A(+) - -6.92, A(2df) = 
-56.73, A(OCI) = -0.97, A(HLC) - -36.84, A(ZPVE) = 25.84 mhartree, 
leading to £(G1) - -114.253 44 hartree. 

(20) Lias, S. G.; Bartmess, J. E.; Liebman, J. F.; Holmes, J. L.; Levin, R. 
D.; Mallard, W. G. J. Phys. Chem. Ref. Data 1988, 117, Suppl. 1. 

(21) Nimlos, M. R.; Soderquist, J. A.; Ellison, G. B. J. Am. Chem. Soc. 
1989, / / / , 7675. 

(22) Ellison, G. B.; Engelking, P. C; Lineberger, W. C. J. Phys. Chem. 
1982, 86, 4873. 

species theor exptl 

CH3CHO 
CH4 + CO 
CH2CO + H2 

CH3- + HCO* 
CH3CO* + H* 
CH2CHO* + H-
CH3- + CO + H-
CH2CH- + OH-

0 
-29 
107 
352 
371 
400 
405 
508 

0 
-26 
110 
348 
355 
391 
406 
485 

"Calculated from energies in Table IV. 

between theory and experiment is satisfactory. Discrepancies 
greater than the target accuracy of 0.15 eV (15 kJ mol"1) for Gl 
theory14,25 are found for comparisons involving the vinyl radical 
and acetyl radical. In the case of the vinyl radical, it has been 
suggested23'26 that the experimental23 A// f°0 , calculated from the 
measured adiabatic ionization energy, may be too low by about 
15 kJ mol"1 because of difficulties in observing the 0-*0 transition, 
which in turn has been attributed to the markedly different 
structures of the vinyl radical (open) and vinyl cation (bridged). 
Such a correction would bring the theoretical and experimental 
relative energies in the present situation into good agreement. For 
dissociation to the acetyl radical, the discrepancy between theory 

(23) Berkowitz, J.; Mayhew, C. A.; Ruscic, B. /. Chem. Phys. 1988, 88, 
7396. 

(24) Relative energies are quoted at 0 K. Where AHf0 values are not 
available in the literature, these have been obtained by correcting the ex
perimental A//r°29g values with our calculated ab initio frequencies. 

(25) Curtiss, L. A.; Jones, C; Trucks, G. W.; Raghavachari, K.; Pople, J. 
A. J. Chem. Phys. 1990, 93, 2537. 

(26) Curtiss, L. A.; Pople, J. A. J. Chem. Phys. 1988, 88, 7405. 
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3 

CH1CH-* OH' 
508 

CH2CHO' + H' 
400 

47 

CH2=CHOH 

Figure 2. Schematic potential energy profile (Gl level) for unimolecular rearrangements among C2H4O isomers (1-3) and their simple fragmentation 
reactions. 

and experimental energies is again just outside the target accuracy. 
On the basis of this and other results,27'28 it would seem that the 
current experimental heat of formation for the acetyl radical21 

may be slightly too low. 
Rearrangement Reactions. A schematic energy profile showing 

the rearrangement processes connecting the isomers 1, 2, and 3 
and their dissociation reactions is shown in Figure 2. Calculated 
relative energies at a number of levels of theory are included in 
Table III. Our calculations are consistent with the experiment5 

in predicting that hydroxyethylidene (3), despite its very high 
energy (213 kJ mol"1 above 1), should be observable. It is sep
arated from the lower energy isomers acetaldehyde (1) and vinyl 
alcohol (2) by significant barriers (of 118 and 98 kJ mol-1, re
spectively). 

Our calculations are, however, not consistent with the ordering 
of energies of the transition structures 4, 5, and 6, as deduced from 
the experiment. At all levels of theory that incorporate electron 
correlation (Table IV), we find the energy ordering 4 < 6 < 5. 
This is precisely the reverse of the ordering proposed by Wes-
demiotis and McLafferty,5 and also is in conflict with the con
clusion of Rosenfeld and Weiner2 that 3 rearranges to 1 but not 
to 2. 

Our best values for the relative energies of transition structures 
4, 5, and 6 are 282, 331, and 311 kJ mol"1, respectively, compared 
with experimental estimates5 for the latter two of approximately 
314 and 335 kJ mol"1, respectively. Thus, we predict that rear
rangement of hydroxyethylidene (3) to vinyl alcohol (2) requires 
a smaller barrier (by 20 kJ mol"1) than rearrangement to acet
aldehyde (1). The transition structure 4 for rearrangement of 
vinyl alcohol (2) to acetaldehyde (1) lies a further 29 kJ mol"1 

lower in energy. 
In the light of the apparent conflict between theory and ex

periment, it is important to investigate possible sources of un
certainty in the theoretical results. Examination of Table III 
reveals the following points: 

(i) The variation in relative energies associated with calculations 
(at the MP2/6-31G(d,p) level) at HF/6-31G(d), HF/6-31G(d,p), 
and MP2/6-31G(d) optimized geometries is very small, producing 
differences typically less than 3 kJ mol"1. Thus, we believe it to 
be unlikely that reoptimization of geometries at still higher levels 
of theory will be important. 

(ii) There is comparatively little variation among relative en
ergies calculated at the various correlated levels: MP2, MP3, 
MP4, and QCISD(T). Most importantly, the ordering of the 

(27) Smith, B. J.; Radom, L. Int. J. Mass Spectrom. Ion Processes 1990, 
101. 209. 

(28) Smith, B. J.; Radom, L. Unpublished work. 
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relative energies of the minima and transition structures does not 
change at any level of theory. This suggests that more precise 
treatments of electron correlation are unlikely to have a significant 
effect on relative energies and, in particular, are unlikely to affect 
the energy ordering. 

(iii) The energies relative to that of 1 are found to change only 
slightly (<7 kJ mol"1) with inclusion of diffuse functions in the 
basis set or with the addition of a second set of d functions and 
an f function set. On this basis, we conclude that further basis 
set enhancement is also unlikely to change the ordering of the 
energies of transition structures 4-6. 

Thus, we find that an analysis of our present theoretical results 
gives no indication that a change in ordering of the energies of 
the rearrangement transition structures is likely to occur at higher 
levels of theory. The apparent discrepancy between theory and 
experiment2,5 with respect to the energy ordering of 4, 5, and 6 
remains. It is therefore desirable to reexamine the experimental 
results, and we make some preliminary brief comments here. 
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S 

CH2CO + H. 

CH4 + CO 

Figure 3. Schematic potential energy profile (Gl level) showing elimination reactions involving C2H4O isomers (1-3). 

Table VI. Gl Energy Contributions from Transition Structures" 

TS:CH3CHO — CH4 + CO 7 
TS:CH3COH — CH4 + CO 8 
TSiCH3CHO — CH2CO + H2 9 

MP4 
-153.35226 
-153.31427 
-153.34994 

A(+) 
-5.89 
-5.90 
-7.86 

A(2df) 
-79.19 
-77.64 
-82.02 

A(QCI) 
4.07 
3.14 
4.98 

A(HLC) 
-55.26 
-55.26 
-55.26 

A(ZPVE) 
46.84 
44.60 
45.11 

E[Gl) 
-153.44169 
-153.405 33 
-153.44499 

A£* 
347 
443 
339 

"Units are hartrees for total energies and millihartrees for energy differences unless otherwise noted. 'Energies relative to CH3CHO (1) (kj 
mol"'). 

For the thermal decomposition to pyruvic acid to produce 
acetaldehyde (1) + CO2, two mechanisms have been proposed.2"4 

The preferred mechanism (Scheme I) involves hydroxyethylidene 
(3) as an intermediate. When O-d-labeled pyruvic acid is used 
as starting material, CH2DCHO is not observed, which rules out 
the intermediacy of vinyl alcohol (2), and leads to the conclusion 
that rearrangement of 3 to 1 occurs more readily than to 2 (and 
hence that 5 lies lower in energy than 6). 

The alternative mechanism for the pyruvic acid decar
boxylation2"4 involves a direct intramolecular rearrangement with 
a four-membered cyclic transition structure (7) (Scheme II). If 
this is in fact the preferred reaction pathway,3,4 the observation 
of CH3CDO but not CH2DCHO does not have any implications 
concerning rearrangement barriers involving 3, and the apparent 
conflict with theory is removed. It is relevant to note, however, 
that recent calculations29 probing the decarboxylation of the lower 
homologue, glyoxylic acid (HCOCOOH), showed that the transfer 
of the hydroxy hydrogen to the oxygen center in a process with 
HOCHCO2 as an intermediate, which then produces hydroxy-
methylene, HCOH, and subsequently formaldehyde, H2CO, is 
more favorable than transfer to the carbon, which generates 
formaldehyde directly. We are currently examining the energy 
requirements of these two competing mechanisms in pyruvic acid. 

For the NRMS study,5 the conclusions concerning the relative 
barrier heights for the rearrangement reactions are based largely 
on subtle differences between the various spectra, on which we 
cannot usefully comment. However, one of our results that may 
shed light on some of the experimental observations is the cal
culation of the mechanism and barrier for the production of carbon 
monoxide from acetaldehyde (1) (Figure 3). We predict that 
a single-step elimination of methane30 (rather than stepwise loss 

(29) Bock, C. W.; Redington, R. L. J. Phys. Chem. 1988, 92, 1178. 
(30) The elimination of CH4 and H2 from acetaldehyde has been inves

tigated previously: (a) Yadav, J. S.; Goddard, J. D. J. Chem. Phys. 1986,84, 
2682. (b) Yu, H.; Goddard, J. D. To be published. 

(31) Note Added in Proof: We find, at the G2 level (Curtiss, L. A.; 
Raghavachari, K.; Trucks, G. W.; Pople, J. A. J. Chem. Phys. 1991, 94,7221), 
total energies for 1-6 of-153.57682,-153,55902,-153.49592,-153.46884, 
-153.451 05, and -153.458 75 hartree, respectively, and relative energies of 
O, 47, 212, 283, 330, and 310 kJ mol"', respectively, very close to the Gl 
results. 

of CH3 ' and H*) occurs via transition structure 7 with a barrier 
of 347 kJ mol"1. This is the lowest energy pathway for production 
of CO from acetaldehyde, and the calculated exothermicity (29 
kJ mol"') is very close to the experimental value (26 kJ mol"1) 
(Table V). The fact that the energy of the transition structure 
7 for methane elimination lies higher than the energies of transition 
structures 4-6 for interconversion of the three stable isomers 1-3 
suggests that reaction via 7 represents the rate-determining step 
for the formation of the CO observed in the NRMS spectra of 
any of the isomers 1-3. 

The prediction of a rate-determining methane elimination re
action for 1-3 has important consequences with respect to the 
observation of significant isotope effects in NRMS experiments 
in which the neutrals are collisionally activated.5 For example, 
the observation in such experiments of decreased formation of CO 
from CH3CDO compared with CH3CHO is consistent with this 
mechanism. Significantly, the observation5 of a similar reduction 
in the production of CO from CH2=CD—OH but not for 
CH 2=CH—OD is again consistent with this mechanism, indi
cating an initial non-rate-determining 1,3-hydrogen (or deuterium) 
shift giving CH 3CD=O or CH2DCH=O, respectively, followed 
by the rate-determining elimination of methane (Figure 3). Under 
this interpretation, the rearrangement of vinyl alcohol (2) to 
acetaldehyde (1) does indeed occur in the collisionally activated 
NRMS experiments,5 removing part of the apparent discrepancy 
between theory and experiment. 

We note that direct methane elimination from CH3COH (3) 
is significantly more costly energetically than the process in which 
there is initial rearrangement of 3 to 1 followed by methane 
elimination from 1 via 7. The energy of the transition structure 
8 for the direct elimination process is 443 kJ mol"1 (relative to 
1) as opposed to 347 kJ mol"1 for 7, the transition structure for 
the rearrangement-elimination reaction (Figure 3). The rear
rangement of CH3COH (3) to CH3CHO (1) can take place either 
in a one-step process via transition structure 5 or in a two-step 
process via vinyl alcohol (2) and the transition structures 6 and 
4. The latter pathway has a slightly lower energy requirement 
(311 kJ mol"') than the former (331 kJ mol"'). Intriguingly, the 
predicted isotope effect for methane elimination from CH3COD 
depends on the pathway undertaken. Rearrangement of CH3COD 
via 5 would produce CH3CDO, which would show an isotope effect 
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for methane elimination, whereas rearrangement via 6, 2, and 4 
would produce CH2DCHO, which would not. It would be of 
interest to see whether experimental isotope effects support the 
lower energy two-step pathway or the higher energy one-step 
rearrangement of 3 to 1. 

Our calculations indicate that elimination of molecular hydrogen 
from acetaldehyde30 via transition structure 9 has a marginally 
lower energy requirement (339 kJ mol"1) than the methane 
elimination via 7 (347 kJ mol"1). 

Concluding Remarks 

(i) We find that vinyl alcohol (2) lies 47 kJ mol"1 higher and 
hydroxyethylidene (3) 213 kJ mol"1 higher in energy than acet
aldehyde. 

(ii) Hydroxyethylidene (3), although a high-energy species, is 
predicted to be separated by significant barriers (118 and 98 kJ 
mol"1, respectively) from its lower energy isomers 1 and 2; it should 
thus be observable, consistent with experiment. 

In our previous two reports,' an extended scheme of the mo
lecular mechanics calculation was presented with illustrative 
simulations of vibrational spectra of «-alkanes and n-alkyl ethers. 
The empirical force field used in these works includes the Coulomb 
potential parameters in the form of effective charges of the atoms 
and their fluxes through the bonds on the change of bond lengths 
and valence angles (ECCF model2). The charge fluxes represent 
the deformability of the atomic charges during the nuclear 
motions.2'3 These atomic charges and charge fluxes were used 
also as parameters for predicting the infrared absorption intensities. 
The enthalpies, entropies, and structures of /i-alkanes and aliphatic 
ethers were successfully derived from this potential model.1 

The present work has been undertaken to apply this method 
to formic acid monomer and dimer, which have been taken as 
suitable starting materials for dealing with the carboxyl group 
and hydrogen-bonded systems. Carboxylic acids are typical polar 
molecules, whose atomic charges and charge fluxes should play 
much more important roles in determining molecular structures 
and infrared absorption intensities than in the cases of n-alkanes 
and «-alkyl ethers. Formic acid is thus expected to afford severe 

(1) (a) Machida, K.; Noma, H.; Miwa, Y. Indian J. Pure Appl. Phys. 
1988, 26, 197. (b) Miwa, Y.; Machida, K. J. Am. Chem. Soc. 1988, 110, 
5183. (c) Miwa, Y.; Machida, K. /bid. 1989, / / / , 7733. 

(2) Decius, J. C. J. Mol. Spectrosc. 1975, 57, 348. 
(3) Gussoni, M.; Castiglioni, C; Zerbi, G. J. Phys. Chem. 1984, 88, 600. 

(iii) The energy ordering of the transition structures (4, 5, and 
6, respectively) for the rearrangements 1 —• 2, 1 - • 3, and 2 —• 
3 is 4 < 6 < 5. This is in apparent conflict with conclusions based 
on experimental observations. 

(iv) The rate-determining step for the production of CO from 
any of the three isomers 1-3 is predicted to correspond to the 
elimination of methane from acetaldehyde (1) (preceded in the 
case of both 2 and 3 by lower energy rearrangements to 1), and 
this is consistent with isotope effects observed in NRMS studies. 
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criteria for testing whether any set of Coulomb potential param
eters can elucidate the experimental data of these physical 
properties with reasonable accuracy. It is well known that car
boxylic acid molecules are hydrogen-bonded pairwise to form cyclic 
centrosymmetric dimers. An estimation of the potential param
eters and vibrational intensity parameters for such a system should 
be useful for further extension of our approach in molecular 
mechanics to compounds of biological interest. 

Calculation 
The potential model used in our approach1 consists of six sums 

of terms each containing one or two variables. Each term in the 

V = ZD1 expj-a.C-,- - r,0))[expK(r,. - '/>)! - 2] + 

ZVjFtR1 - R1
0)2 + ZFU(R, - Rf)(Rj -Rj0) + ZZ%Vm{\ -

< ij i n 

(-1)" cos nrj + Zy2VNB^j) + T>MA{\/*tfu) (D 
ij 'J 

first sum in eq 1 represents the Morse potential for the change 
of the bond length r,. The parameters D, were first taken as the 
standard bond energies calculated from the thermodynamic data 
in the literature,4'5 and so adjusted as to fit the heat of formation 

(4) CODATA recommended key values for thermodynamics, 1977: / . 
Chem. Thermodyn. 1978, 10, 903. 
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Abstract: The molecular mechanics simulation of infrared absorption spectra utilizing the effective atomic charges and charge 
fluxes as both the potential and the intensity parameters has been applied to formic acid monomer and dimer. The thermodynamic 
properties, optimized geometries, vibrational frequencies, and infrared absorption intensities are consistently derived from the 
potential models in which the difference between the monomer and the dimer is empirically taken into account. The large 
splitting between the Ag and the B11 cabonyl stretching frequencies of the dimer and the extension of the carbonyl bond on 
the dimerization are simultaneously reproduced by introducing two charge fluxes ^o-c/^c—o ar,d ^O-H/^C—O- The charge 
flux dq0H/drOH is responsible for the large frequency shift and intensification of the OH stretching band on the dimerization. 

0002-7863/91 /1513-6458502.50/0 ©1991 American Chemical Society 


