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The lactones (Table XXVI) are quite strained. Considering 
the large energy difference between the cis and trans conformations 
of an ordinary ester, it is easy to understand why. Propiolactone 
has a strain energy of over 20 kcal/mol, and a-lactones are 
commonly seen only as reactive intermediates, rather than isolable 
species. Butyrolactone has a strain energy calculated to be 8.70 
kcal/mol, and this may seem surprisingly high, considering that 
7-hydroxy acids often spontaneously ring close to form 7-lactones. 
The driving force for such a ring closure is, however, not the 
stability (enthalpy) of the lactone so much as it is the large 
favorable translational entropy effect which results when the water 
molecule is also generated. While butyrolactones often close 
spontaneously, valerolactones usually do not, and the extra 1.5 
kcal/mol in strain of the valerolactone over the butyrolactone 
shows why. The seven- and eight-membered ring lactones contain 
relatively high strain, and such molecules are normally not ob
tained spontaneously, and indeed, they are obtained with con-

(74) Allinger, N. L.; Imam, M. R.; Frierson, M. R.; Yuh, Y. H.; Schafer, 
L. The Effect of Electronegativity on Bond Lengths in Molecular Mechanics 
Calculations. In Mathematics and Computational Concepts in Chemistry; 
Trinajstic, N., Ed.; E. Horwood: London, 1986; p 8. 

siderable difficulty, if at all, from most kinds of ring-closure 
reactions. 
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Abstract: The potential energy barrier for the isomerization of vinylidene, :C=CH2, to acetylene, HC=CH, has been calculated 
by the quadratic configuration interaction method using a 6s6p3d2f,4s2pld basis of atomic pair natural orbitals with extrapolation 
to the complete basis set limit (CBS-QCI/[...3d2f] APNO model). The calculated barrier (A£e* = 2.2 ± 0.5 kcal/mol) and 
energy change from vinylidene to acetylene (AE0

 = -43.9 ± 0.5 kcal/mol) are in excellent agreement with recent experimental 
values (AE,* = 2 kcal/mol, and AE0 = -44.1 ± 0.7 kcal/mol). In spite of the small barrier height for this strongly exothermic 
reaction, the transition state is located halfway between the reactant and product in apparent violation of the Hammond postulate. 
The potential energy surface for the isomerization can best be understood by considering two distinct processes. The location 
of the transition state is determined by the hydrogen migration, which has a significant barrier, whereas the exothermicity 
results from the conversion of the lone pair of vinylidene to a x bond in acetylene. Each of these processes individually satisfies 
the Hammond postulate. 

I. Introduction 

Over the years, there has been considerable interest in the 
chemistry of vinylidene, :C=CH2 , the simplest unsaturated 
carbene.1'2 Theoretical studies have focused on the question of 
whether vinylidene actually exists as a stable species,3"15 while 
numerous experimental studies have provided evidence for the 
participation of vinylidene as an intermediate in chemical reac
tions.16"" Lineberger and co-workers have recently observed 
vinylidene spectroscopically20'21 and thus provided the definitive 
answer to the question of the existence of vinylidene. Nevertheless, 
there are several aspects to this problem that warrant further 
investigation. 

Although the formation of acetylene, HC^CH, from vinylidene 
is strongly exothermic, the calculated geometry for the transition 
state is roughly halfway between the two,15 in apparent violation 
of the Hammond postulate,22 as first noted by Dykstra and 
Schaefer.3 The geometry of this transition state shows very little 
variation with the level of theory used.15 Such a well-defined 
transition state halfway between reactant and product is typical 

f Wesleyan University. 
' United Technologies Research Center. 

of reactions with large activation energies. However, it seems 
peculiar in the present case, since the barrier is very small and 
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Table I. Calculated and Observed Geometries for the Isomerization of Vinylidene to Acetylene" 

method/basis set 

AMI 
RHF/STO-3G 
RHF/DZ+P* 
RHF/TZ+2P" 

MP2/6-31G* 

CCSD/DZ+P* 
CCSD/TZ+2P* 

experiment* 

Rcc 
1.304 

1.305 
1.299 
1.286 

1.307 

1.322 
1.300 

vinylidene 

^ C H 

1.102 

1.079 
1.080 
1.075 

1.088 

1.090 
1.081 

ZHCH 

112.9 

117.9 
120.2 
120.5 

120.4 

119.5 
120.0 

-Rcc 
1.266 

1.249 
1.243 
1.230 

1.258 

1.271 
1.251 

^ C H b 

1.068 

1.074 
1.068 
1.060 

1.075 

1.080 
1.067 

transition state 

^CbH. 

1.393 

1.445 
1.467 
1.450 

1.413 

1.400 
1.386 

-Kc1H, 

1.338 

1.209 
1.174 
1.175 

1.187 

1.202 
1.201 

ZCCHb 

166.9 

178.1 
180.5 
180.3 

177.3 

178.7 
178.6 

acetyU 

/?cc 
1.195 

1.168 
1.191 
1.180 

1.216 

1.220 
1.201 

1.203 

:ne 

-^CH 

1.061 

1.065 
1.062 
1.054 

1.066 

1.072 
1.061 

1.060 

"Bond distances in angstroms and bond angles in degrees. 'Reference 15. 'Reference 44. 

is sensitive to the level of theory employed. 
In an attempt to resolve these apparent contradictions and 

obtain a more accurate value for the isomerization barrier, we 
have studied these species at several different levels of theory up 
to our complete basis set-quadratic configuration interaction 
atomic pair natural orbital CBS-QCI/[6s6p3d2f,4s2pld] APNO 
model chemistry, which consistently gives energy differences to 
an accuracy of ±0.5 kcal/mol.23"34 

II. Theoretical Methods 
The accurate calculation of a potential energy surface requires 

convergence with both the one-electron basis set and the config
uration interaction (CI) expansion. In our calculations, the former 
is accomplished by the CBS extrapolation.23"34 To address the 
latter, we have recently modified our method29"32 to include the 
quadratic CI (QCI) approach of Pople.35 In this work the 
QCISD(T) procedure, which includes a noniterative evaluation 
of the contribution of triple excitations, has been used. This 
procedure is essentially the coupled cluster singles and doubles 
limit36 (CCSD) with triple excitations correct through fourth order 
(i.e., CCSDT-I).37 

For the present study, we have used our largest basis set, 
consisting of (14s9p4d2f,6s3pld) Gaussian primitive functions 
contracted to [6s6p3d2f,4s2pld] atomic pair natural orbitals.29 

This model is designated the CBS-QCI/[...3d2f] APNO model 
chemistry. In earlier work, we demonstrated that CBS extrap
olations based on the asymptotic convergence of pair natural 
orbital expansions23,24 achieved an accuracy of 0.1 kcal/mol for 
the individual second-order Moller-Plesset38 pair correlation 
energies of atoms23"26 and molecules.27'28'30 A calibration study 
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Phys. 1991, 94, 6091. 
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zaris, J. Chem. Phys. Lett. 1990, 169, 497. 
(35) Pople, J. A.; Head-Gordon, M.; Raghavachari, K. J. Chem. Phys. 

1987, 87, 5968. 
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of the ionization potentials and electron affinities of the first-row 
atoms and the bond dissociation energies of the first-row diatomics 
and hydrides using the CBS-QCI/[...3d2f] APNO model chem
istry gave a root mean square error of 0.5 kcal/mol for the total 
energy changes in these chemical processes.30 This CBS model 
has also been applied to the calculation of the heat of formation 
of NH3 from N2 + H2 (-8.8 kcal/mol calcd; -9.34 ± 0.01 
kcal/mol obsd),32 the heat of formation of singlet CH2 (102.0 
kcal/mol calcd; 101.8 ± 0.5 kcal/mol obsd),33 and the bond 
dissociation energies of H-CCH (131.5 kcal/mol calcd; 131.3 ± 
0.7 kcal/mol obsd)31 and NF (76.1 kcal/mol calcd; 75.4 ± 0.5 
kcal/mol obsd).34 The small size of the barrier to isomerization 
of vinylidene and the sensitivity to the basis set used make this 
an obvious candidate for the application of our CBS-QCI/ [„.3d2f] 
APNO model. 

We have also employed several lower levels of theory in order 
to establish the effects of the individual components of the cal
culated energy. These methods include the Austin Model 1 (AMI) 
semiempirical method of Dewar39 and the restricted Hartree-Fock 
(RHF) and second-order Moller-Plesset (MP2) methods of Pople 
using STO-3G, 6-31G**, and 6-311+G** basis sets.40 We have 
included Pople's more recent Gl model chemistry41 as an inter
mediate level of theory. These calculations were performed with 
a modified version of the computer program Gaussian 90.42 Since 
this paper was originally submitted, Smith, Smernik, and Radom 
have published43 QCISD(T)/6-311++G(3df,2pd)//QCISD-
(T)/6-31 IG** calculations which fall between Pople's Gl model 
and our CBS-QCI/[...3d2f] APNO model. 

Gallo, Hamilton, and Schaefer15 have already published a very 
careful and thorough study of the convergence of both the tran
sition-state geometry and the energy with the basis set and the 
level of CI. They provide convincing evidence of geometry con
vergence to 0.002 A for vinylidene and acetylene and 0.01 A for 
the reaction coordinate of the transition state. They estimate that 
their best calculated value for the isomerization barrier, A/ie* = 
4.6 kcal/mol, would be reduced to 3.0 kcal/mol with the use of 
larger basis sets. The calculated harmonic vibrational frequencies 
for vinylidene15 are just a few percent larger than Lineberger's 
experimental frequencies,21 clearly demonstrating that theory and 
experiment are looking at the same species. The largest relative 
error occurs in the HCH rock, which is the reaction coordinate 
and thus highly anharmonic, but even this error is only 66 cm"1 

(0.19 kcal/mol). The calculated changes in the zero-point energies 
of vinylidene and the transition state appear to be accurate to ±0.1 
kcal/mol and clearly indicate a bound vibrational state for vi
nylidene in agreement with Lineberger's experimental observation 
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Table II. Calculated and Observed Energy Changes" for the Isomerization of Vinylidene to Acetylene 

method/basis set/geometry A£e' AE0 

AMI 
RHF/STO-3G 
RHF/6-31G*» 
RHF/TZ+2P 
CBS-RHF/ [...3d2f] //CCSD/TZ+2P 

MP2/6-31G** 
MP2/6-311+G*//MP2/6-31G»* 
CBS-MP2/[...3d2f]//CCSD/TZ+2P 

CCSDT-1/TZ-2P//CCSD/TZ+2P 
Gl 
QCISD(T)/6-31 l++G(3df,2pd)//QCISD(T)/6-31IG** 
QCISD(T)/[...3d2f]//CCSD/TZ+2P 
CBS-QCI/ [...3d2f] //CCSD/TZ+2P 
experiment 

21.95 
29.32 
14.70 
13.4* 
12.10 

1.07 
-0.94 
-2.96 

4.6* 
2.86 
2.63' 
2.72 
2.16 

2" 

-58.06 
-40.46 
-31.22 
-35.0* 
-35.19 

-48.66 
-49.33 
-51.59 

-42.1* 
-42.78 
-42.33' 
-42.81 
-43.91 

-44.1 ± 0.7*' 

"In kilocalories/mole. 'Reference 15. 'Reference 43. dReference 21. 'Reference 46 (upper bound). 

of the 2 <- 0 transition.21 On the basis of the observation of this 
transition, Lineberger infers a lower bound for the barrier of 1.3 
kcal/mol and estimates the barrier height to be about 2 kcal/mol. 

Using the accurate CCSD/TZ+2P optimized geometries of 
Gallo et al.,15 we have performed CBS-QCI/[...3d2f] APNO 
calculations for vinylidene and the transition state. The results, 
combined with our previously reported calculations on acetylene,31 

allow us to reduce the uncertainty in the calculated energy changes 
for the vinylidene-acetylene isomerization process to 0.5 kcal/mol. 

III. Results 
The calculated geometries of the reactant (vinylidene), the 

transition state, and the product (acetylene) are given in Table 
I. We did not attempt to improve upon the CCSD/TZ+2P 
geometries of Schaefer,15 but instead provide results from lower 
levels of theory for comparison. These calculations show that the 
geometries are fairly insensitive to the level of theory. Even the 
AMI semiempirical theory39 gives geometries which are in 
qualitative agreement with Schaefer's CCSD/TZ+2P ab initio 
results. This is rather surprising for the transition state, since the 
potential energy barrier, AEe*, for the reaction is only 2 kcal/mol 
(Table II), indicating a very flat potential energy surface (Figure 
1). The height of the calculated barrier is very sensitive to the 
level of calculation (Table H), but the position is not (Table I). 
Hence, we have an apparent contradiction of a well-defined 
transition state on a very flat potential. 

A fairly large barrier is obtained unless electron correlation 
is included (Table II). Both the AMI semiempirical surface and 
the RHF/STO-3G ab initio surface give barriers that are much 
too large. A larger basis set lowers the RHF barrier until the 
complete basis limit (12.1 kcal/mol) is reached. The convergence 
of the isomerization energy, AE0, to the complete basis set RHF 
limit is more erratic, but in both cases the 6-3IG** level basis 
set gives fairly good results. 

The MP2 calculations converge smoothly to the complete basis 
set limit for both the activation barrier, AEC*, and the isomerization 
energy, AE0. Both the transition state and the acetylene product 
involve more crowding of electrons around the carbon-carbon bond 
and hence have larger correlation energies than vinylidene. 
Higher-order corrections reduce this correlation effect by about 
5 kcal/mol in both cases. Although the barrier disappears at the 
MP2 level, it returns when the higher-order correlation effects 
are included. 

Our best estimates, obtained from our CBS-QCI/[...3d2f] 
APNO calculations, for the classical barrier (AEC* = 2.16 ± 0.5 
kcal/mol) and the vinylidene to acetylene isomerization energy 
(AE0 = -43.91 ± 0.5 kcal/mol) are consistent with earlier cal
culations using finite basis sets and are in excellent agreement 
with the experimental results of Lineberger20'2'-45 (AEt* - 2 

(44) Harmony, M. D.; Laurie, V. W.; Kuezkowski, R. L.; Schwendenman, 
R. H.; Ramsay, D. A.; Lovas, F. J.; Lafferty, W. J.; Maki, A. G. J. Phys. 
Chem. Ref. Data 1979, S, 619. 

i.-C'-

H : Hh 

T-
C 
III 
C 

A . 

c 0 

Figure 1. The potential energy along the reaction path for the isomeri
zation of vinylidene to acetylene. The classical reaction barrier, AEt*, 
does not include changes in the zero-point energy. The isomerization 
energy, AE0, does include the zero-point energy corrections. 

kcal/mol and AE0 = -47.4 ± 4.0 kcal/mol) and Field46-47 (-AE0 

< 44.4 ± 0.3 kcal/mol). The overlap of the two experimental 
ranges gives AE0 = -44.1 ± 0.7 kcal/mol. Our CBS-QCI/ 
[...3d2f] result for AE0 includes vibrational zero-point energies 
calculated from scaled RHF/6-31G* harmonic vibrational fre
quencies.41 The zero-point correction to the isomerization barrier 
calculated by this procedure agrees to 0.1 kcal/mol with the 
CCSD/TZ+2P result reported by Schaefer and should be of 
comparable accuracy for the correction to the isomerization energy. 
We have accomplished our first goal of refining the calculated 
energy changes for this reaction. Now we shall examine the 
peculiar nature of this potential energy surface. 

In order to provide a quantitative framework to discuss the 
behavior of the potential energy surface for the vinylidene isom
erization, we have determined the reaction path and the energy 
profile along this path at several levels of theory (Figure 2). Once 
the stationary points on the surface were located, the transition 

(45) Ervin, K. M.; Gronert, S.; Barlow, S. E.; Gilles, M. K.; Harrison, A. 
G.; Bierbaum, V. M.; DePuy, C. H.; Lineberger, W. C; Ellison, G. B. /. Am. 
Chem. Soc. 1990, 112, 5750. 

(46) Chen, Y.; Jonas, D. M.; Hamilton, C. E.; Green, P. G.; Kinsey, J. L.; 
Field, R. W. Ber. Bunsen-Ges. Phys. Chem. 1988, 92, 329. 

(47) Chen, Y.; Jonas, D. M.; Kinsey, J. L.; Field, R. W. J. Chem. Phys. 
1989, 91, 3976. 
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Figure 2. Calculated energy profiles along the reaction path for the 
isomerization of vinylidene. Results at the RHF/STO-3G (circles), 
RHF/6-31G** (triangles), and MP2/6-31G** (squares) levels of theory 
are shown. The calculated CBS-QCI/[...3d2f] APNO energies of the 
reactant, transition state, and product are indicated by horizontal lines. 
The position of the transition state is indicated by arrows. 

states were verified to be first-order saddle points and the local 
minima were identified as such by a harmonic frequency analysis. 
We have used the conventional definition of the reaction path (i.e., 
following the minimum energy path from the transition state to 
the reactant or product).48"51 The mass-weighted reaction path, 
or intrinsic reaction coordinate (IRC), is the appropriate coordinate 
for consideration of molecular dynamics or kinetics and is readily 
available through the program Gaussian 90.42,52 The IRC clearly 
demonstrates the near invariance of the position of the transition 
state on the reaction path (Figure 2). Our results above suggest 
that the MP2/6-31G** energy profile along the IRC in Figure 
2 should be qualitatively similar to the energy profile of the exact 
potential energy surface. However, the very shallow local min
imum (0.9 kcal/mol below vinylidene) between vinylidene and 
the transition state disappears at higher levels of theory.43 

The Hammond postulate was originally formulated to describe 
the energy profile along the reaction coordinate (Figure 1 of ref 
22); and thus Figure 2 clearly violates the Hammond postulate. 
Although it has been suggested that the Hammond postulate 
should be interpreted as applying to the overlap of the transition 
state wave function with those of the reactant or product,53'54 this 
interpretation removes all connection with reaction dynamics and 
kinetics, and hence we feel that it is more useful to try to un
derstand why there is a breakdown using the conventional in
terpretation. 

IV. Discussion 
The apparent contradictions presented by the isomerization of 

vinylidene to acetylene can be easily understood if we consider 
a simple idealized model of the hybrid atomic orbitals involved 
in the bonding (Figure 3). The 120° HCC angle of vinylidene 
(Table I) indicates sp2 hybridization for the methylene carbon. 
This angle has already opened to 180° in the transition state (Table 
I), indicating that the hybridization of this carbon is sp in both 
the transition state and the acetylene product. The hybridization 
of the carbon bearing the vinylidene lone pair is clearly sp in 
vinylidene and acetylene, but should be sp2 in the transition state 
since it is beginning to bond to the migrating hydrogen while still 

(48) Truhlar, D. G.; Duff, J. W. J. Chem. Phys. 1975, 62, 2477. 
(49) Ishida, K.; Morokuma, K.; Kormornicki, A. J. Chem. Phys. 1977, 66, 

2153. 
(50) Fukui, K.; Tachibana, A.; Yamashita, K. Int. J. Quantum Chem. 

1981,575,621. 
(51) Fukui, K. Ace. Chem. Res. 1981, 14, 363. 
(52) Gonzalez, C; Schlegel, H. B. J. Phys. Chem. 1990, 94, 5523. 
(53) Silvestre, J.; Hoffmann, R. HeIv. Chim. Acta 1985, 68, 1461. 
(54) Cioslowski, J. J. Am. Chem. Soc. 1991, 113, 6756. 

Figure 3. An idealized hybrid atomic orbital description of the isomer
ization of vinylidene. The x orbitals perpendicular to the plane of the 
molecule have been omitted. The hybridization of the methylene carbon 
has been selected to be consistent with the H-C-C angle for the non-
migrating hydrogen from Table I. The hybridization of the lone pair 
carbon has been selected to be consistent with the number of atoms and 
lone pairs associated with this atom. 
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Figure 4. An idealized molecular orbital energy level diagram for the 
migrating C-H bond orbital and the lone pair orbital during the vinyl
idene isomerization. Both of these idealized orbital energies satisfy the 
Hammond postulate individually, but their sum does not. 

holding the lone pair (Figure 3). 
Note that in the transition state the migrating hydrogen is closer 

to the terminal carbon atom (Table I), but midway between the 
hybrid AOs of the two carbon atoms (Figure 3). The energy of 
the MO representing this migrating C-H bond is clearly a 
maximum in the transition state (Figure 4). This explains the 
fact that the geometry of the transition state is so well defined 
and relatively independent of the level of theory employed. Since 
the migration of the hydrogen breaks one C-H bond but creates 
another, the process is neither significantly exothermic nor en-
dothermic.55 According to the Hammond postulate,22 the tran
sition state for such a reaction should be midway between reactant 
and product as in Figure 4. 

The second part of the vinylidene isomerization reaction is the 
migration of the lone pair MO of vinylidene to form the second 
7T bond of acetylene (Figure 3). The C-C bond length of the 
transition state is almost exactly halfway between the length of 
the C-C double bond in vinylidene and the length of the C-C triple 
bond in acetylene (Table I). This indicates that the formation 
of the new ir bond is well under way in the transition state and 
thus the energy of this MO should also be about halfway between 
the vinylidene lone pair energy and the acetylene r bond energy 
(Figure 4). The "transition state" for the lone pair migration must 
then be more like vinylidene than acetylene. Thus the energy of 

(55) The dissociation energy (ref 45) of an sp-hybridized C-H bond in 
acetylene (131 kcal/mol) is somewhat greater than that of an sp2-hybridized 
C-H bond in ethylene (I IO kcal/mol). 
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Figure 5. Contour maps of the four ab initio molecular orbitals in the 
plane of vinylidene, the transition state, and acetylene. The C-H bond 
orbitals have been localized. The C-C a bond is the canonical orbital, 
but the migrating C-H bond and the lone pair have been rotated by 22.5° 
(see Figure 6) in the transition state. 

the lone pair orbital would appear to obey the Hammond postulate, 
which states that for an exothermic reaction, the transition state 
should more closely resemble the reactant than the product. 

The vinylidene isomerization is then the sum of two separate 
process: the hydrogen migration and the w bond formation. Each 
process individually satisfies the Hammond postulate (Figure 4). 
However, the sum of the two simultaneous processes appears to 
violate the Hammond postulate (Figure 1 and Figure 2). We 
conclude that, at least in this case, the Hammond postulate should 
be applied to the energies of individual orbitals or bonds, but 
not to the total energy directly. The behavior of the total energy 
must be deduced by application of the Hammond postulate to each 
of the separate processes individually and then considering the 
sum of the energy changes from the separate processes. Although 
we have not yet examined additional examples, this generalization 
of the Hammond postulate to reactions with complex or concerted 
mechanisms seems so natural and obvious that we would be very 
surprised if it did not turn out to be generally applicable. 

The calculated MOs of the reactant, transition state, and 
product (Figure 5) are consistent with the above AO hybridization 
scheme. The C-Ha bond orbital of vinylidene has moved with 
Ha in the transition state and shows a weak bonding interaction 
to both carbons. The lone pair orbital of vinylidene has begun 
to form the IT bond in the transition state, but also alters the weak 
bonds of the two carbons to Ha. The it bond that is perpendicular 
to the plane of the molecule has been omitted from Figure 5, since 
it does not participate in the reaction. The C-C <r bond and the 
nonmigrating C-H bond are also largely unaffected by the 
isomerization. Only the migrating C-H bond and the carbon lone 
pair show major changes during the reaction. These changes are 
consistent with our idealized AO hybridization picture. In par
ticular, we note that the directions of the local maxima for these 
orbitals indicate that lone pair carbon uses sp2 hybrid orbitals in 
the transition state. However, there is a subjective element in the 
calculated MOs of Figure 5. 

Since the SCF wave function is invariant to unitary transfor
mations among the occupied MOs, we are free to select any such 
transformation that proves useful in conceptualizing the isom
erization process. We have therefore elected to localize the 
canonical orbitals representing the C-H bonds in both vinylidene 
and acetylene. This seems straightforward and unambiguous. 

lone pair 
- ( C - C ) , 

C-H, 

Figure 6. The effects of unitary transformations (rotations by 0°, 22.5°, 
and 45°) on the ab initio molecular orbitals representing the migrating 
C-H bond and the lone pair in the transition state for the vinylidene 
isomerization. 

Table III. Calculated SCF Orbital Energies0 

orbital 
C - C T 
C: 
C-H 
C-H 
C-C a 
C Is 
C Is 
sum 
£(SCF) 

vinylidene 
-0.41409 
-0.461 89 
-0.628 96 
-0.73015 
-1.059 37 

-11.238 38 
-11.30083 
-51.64156 
-76.799 18 

transition 
state 

-0.433 35 
-0.447 35 
-0.56174 
-0.778 75 
-1.10476 

-11.25267 
-11.286 39 
-51.51462 
-76.779 82 

acetylene 
-0.411 11 
-0.411 11 
-0.682 39 
-0.768 63 
-1.03047 

-11.238 33 
-11.24215 
-51.568 38 
-76.85482 

carbon 
-0.43905 (2p) 

-0.70629 (2s) 

-11.32305(Is) 

-25.93678 
-37.693 59 

" In hartrees. 

However, the separation of the migrating C-H bond from the 
migrating lone pair in the transition state is somewhat ambiguous 
and therefore subjective. The canonical orbitals for the transition 
state (0 = 0° in Figure 6) isolate the bonding to the migrating 
hydrogen in one orbital, since the other MO has a node passing 
through this hydrogen. However, this migrating hydrogen MO 
also has considerable C-C T character (Figure 6). If we rotate 
this pair of transition state MOs by 45°, the C-C ir bonding 
becomes isolated in the lone pair MO, but the bonding to the 
migrating hydrogen is distributed equally between the two MOs. 
We therefore elected to include the compromise picture obtained 
with a rotation by 22.5° in Figure 5. 

Our simple idealized AO hybridization scheme in Figure 3 
seems clearly justified by the actual calculated MOs in Figure 
5. Unfortunately, our idealized MO energy level diagram in 
Figure 4 is not on such firm ground. It is rather frustrating that, 
although such orbital energy level diagrams have proven enor
mously useful in the interpretation of chemical reactions, no firm 
connection with ab initio electronic structure calculations has been 
established. The calculated SCF orbital energies (Table III) 
describe the ionization potentials very well,56 but do not add up 
to the calculated total energy and thus must be interpreted with 
caution. Although the SCF eigenvalue associated with one of the 
C-H bonds shows a pronounced increase in energy in the transition 
state and appears to justify this part of Figure 4, the sp-hybridized 
lone pair of vinylidene increases in energy as it becomes a pure 
p-hybridized IT bond of acetylene. The individual calculated SCF 
orbital energies are dominated by changes in hybridization. The 
total energy is largely unaffected, since the C-C a bond and the 
C-H bond acquire the s character that has been lost by the lone 
pair. A possible justification for diagrams such as Figure 4 is 
offered by comparison of the molecular SCF orbital energies with 
the corresponding atomic hybrid orbital energies. Table IV gives 
the adjusted orbital energies e/ = 6,(QH2) - <((Chybrid) computed 
with the 6s6p3d2f APNO basis set. These orbital energies indicate 

(56) Koopmans, B. Physica 1934, /, 104. 
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Table IV. Calculated Changes" in Molecular Orbital Energies 
Relative to Atomic Hybrid Orbitals 

H2C-CH* -• HC-CH2
+ reaction path 

orbital 
C: 
C hybrid 

C-H 
C hybrid 

" In hartrees. 

vinylidene 
-0.46189 
+0.572 67 sp 

0.11078 

-0.628 96 
+0.528 13 sp2 

-0.10083 

transition state 
-0.447 35 
+0.505 86 

0.058 51 

-0.56174 
+0.55040 
-0.01134 

acetylene 
-0.411 11 
+0.43905 p 

0.027 94 

-0.682 39 
+0.57267 sp 
-0.10972 

the effect on bonding of the removal of a particular electron, 
assuming that the hybridization will adjust to fully occupy the 
low-energy 2s orbital. We have used these orbital energies to 
construct Figure 4. The effects of electron correlation (not in
cluded in Figure 4) would lower the energies of the transition state 
and product relative to vinylidene (Table II). We fully recognize 
the lack of rigor in that our orbital energies do not sum to the 
calculated total energy. Nevertheless, we believe that Figure 4 
offers a very useful interpretation of the calculated potential energy 
surface for the isomerization of vinylidene to acetylene. 

In order to further test the central role of the vinylidene lone 
pair in our analysis of the apparent violation of the Hammond 
postulate, we have examined the vinyl carbenium ion, H2C=CH+, 
in which the lone pair has been protonated and thus excluded from 
participation in the isomerization to the protonated acetylene form. 
This reaction should obey the conventional form of the Hammond 
postulate, since only one orbital (the migrating hydrogen) is in
volved. The stationary points on the surface were located, the 
transition states were verified to be first-order saddle points, and 
the local minima were identified as such by a harmonic frequency 
analysis. The mass-weighted minimum energy path (i.e., the IRC) 
was then followed from the transition states to the local minima. 
At the RHF/STO-3G level, the protonated acetylene form is a 
saddle point 18.1 kcal/mol above the protonated vinylidene form 
(Figure 7). If the basis set is increased to 6-31G**, the acetylene 
form becomes a local minimum 6 kcal/mol above the vinylidene 
form, and the transition state moves about '/4 of the way to the 
vinylidene form. As the basis set is increased and electron cor
relation is included, the energy of the acetylene form continues 
to lower until it is below the vinylidene form and the transition 
state continues its journey to the vinylidene form of the ion (Figure 
7). As the transition state approaches the protonated vinylidene 
structure, the barrier becomes very small (0.18 kcal/mol at the 
MP2/6-31G** level). This is precisely the behavior predicted 
by the Hammond postulate! The behavior of the vinyl carbenium 
ion (Figure 7) is completely consistent with our interpretation of 
the vinylidene isomerization (Figure 4). Just as for neutral vi
nylidene, the MP2/6-31G** results for the protonated species are 
in qualitative agreement with single-point calculations at a much 
higher level of theory.57 The ACPF/ [6s5p3d2f,4s3p2d] ANO 
isomerization energy of Lindh, Rice, and Lee57 is included in 
Figure 7. 

Since a partition of the total energy into orbital energies cannot 
be unique, neither ab initio nor semiempirical methods can offer 
a rigorous interpretation of the source of the changes in the total 
energy. Their usefulness must instead rest on the insight they 
provide. The above ab initio description of the vinylidene isom
erization is straightforward and directly connected to the changes 
in bonding, but its real strength is the interpretation it provides 
for the peculiar behavior of the potential energy surface: (1) the 
apparent violation of the Hammond postulate; (2) the shape of 
the lone pair orbital; (3) the very small barrier to isomerization; 
(4) the near invariance of the transition-state geometry; (5) the 

(57) Lindh, R.; Rice, J. E.; Lee, T. J. J. Chem. Phys. 1991, 94, 8008. 
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Figure 7. Calculated energy profiles along the reaction path for the 
isomerization of protonated vinylidene. Results at the RHF/STO-3G 
(circles), RHF/6-31G** (triangles), and MP2/6-31G** (squares) levels 
of theory are shown. The calculated ACPF energy difference (ref 57) 
between the reactant and product is indicated by a horizontal line. The 
position of the transition state is indicated by arrows. 

position of the migrating hydrogen; (6) the position of the non-
migrating hydrogen; (7) the length of the C-C bond. If one 
attributes53 the first three observations to the similarity of the 
transition-state lone pair orbital to the vinylidene lone pair orbital 
(Figure 5), then observations 4-7 remain unexplained. 

V. Conclusions 
The calculated CBS-QCI/[...3d2f] APNO barrier (A£e* = 2.2 

± 0.5 kcal/mol) and isomerization energy change (AE0 = -43.9 
± 0.5 kcal/mol) are in excellent agreement with recent experi
mental values (AEe* = 2 kcal/mol, and A£0 = -44.1 ± 0.7 
kcal/mol). There is no doubt that both experimentally and 
computationally vinylidene is a stable species with a bound vi
brational state. 

Although the formation of acetylene, HC=CH, from vinylidene 
is strongly exothermic, the calculated geometry for the transition 
state is roughly halfway between the two, in apparent violation 
of the Hammond postulate. The geometry of this transition state 
shows very little variation with the level of theory used. Such a 
well-defined transition state halfway between reactant and product 
is typical of reactions with large activation energies. However, 
in the present case, the barrier is very small and is sensitive to 
the level of theory employed. 

The potential energy surface for the isomerization can best be 
understood by considering two distinct processes. The location 
of the transition state is determined by the hydrogen migration, 
which has a significant barrier, whereas the exothermicity results 
from the conversion of the lone pair of vinylidene to a ir bond in 
acetylene. Each of these processes individually satisfies the 
Hammond postulate. 

Acknowledgment. This work was supported in part by the 
AFOSR under Contract F49620-89-C-0019 (UTRC) and by the 
State of Connecticut Department of Higher Education under 
Apollos Kinsley Collaborative Grant No. 91K008 (Wesleyan). 
We are grateful to M. S. Gordon and M. W. Schmidt for the use 
of the PLTORB orbital plotting program and to Joseph W. Ochterski 
for preparation of the figures. We are indebted to Peter S. 
Wharton and Joseph W. Bruno for their probing questions and 
thoughtful discussions of this manuscript. 

Registry No. Vinylidene, 2143-69-3. 


