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Introduction 

Theoretical chemistry is in principle well suited to the study 
of organic free radicals and other highly reactive species. First 
of all, such species, while essential to any fundamental un
derstanding or organic chemistry, tend to be very elusive in the 
laboratory. Theoretical methods, although often imprecise, 
are as well suited to evanescent species as to ordinary stable 
molecules. Equally important, the most intriguing unstable 
intermediates are usually rather small molecules, making them 
frequently susceptible to the more reliable of theoretical 
methods.' 

Carbenes2 and nitrenes3 are certainly two of the most in
teresting classes of organic radicals. In the present paper we 
consider a type of unimolecular reaction which often leads to 
the disappearance of carbenes and nitrenes. This is the 1,2 
hydrogen shift reaction,4 which for carbenes takes the form 

R : ,R b HC-CR c —R : 1 R h C=CR c H (1) 
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and for vinylidenes 

R 3 H C = C -* R 3 C = C H (2) 

The reaction analogous to eq 1 for nitrenes is 

R a R b HC-N — R 3 RbC=NH (3) 

The existence at all of the species on the left-hand side of 
eq 1-3 of course requires some barrier between reactants and 
products. Otherwise these types of carbenes and nitrenes would 
immediately convert to the more thermodynamically stable 
products on the right-hand side. However, the magnitude of 
these barriers (or activation energies) is of crucial importance, 
as it provides a measure of just how unstable these species are. 
Since one of the primary goals of much current experimental 
research is to elucidate reaction pathways, it is also important 
to have firm theoretical predictions of the transition state 
geometries for reactions such as 1-3. 

The simplest prototypes for eq 1-3 are eq 4-6. 

C H 3 C H - C H 2 = C H 2 (4) 
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CH2=C — HC=CH (5) 

CH 3 N-^CH 2 =NH (6) 

Since both methylcarbene5 and methylnitrene6 have triplet 
ground states, one can immediately predict that these two 
ground state isomerizations should not be typical. This is due 
to the fact that the lowest triplet state of ethylene (and pre
sumably methylenimine as well) has a twisted equilibrium 
geometry and lies ~65 kcal7 above the ' A,g ground state. Thus, 
although the triplet reaction 4 is probably slightly exothermic,7 

one does not have the large energy release normally associated 
with 1,2 hydrogen shifts, nor the expected product olefin 
structure. We see that the conventional aspects of eq 4 and 6 
begin on excited potential energy surfaces. 

However, the vinylidene rearrangement (eq 5) is qualita
tively different, since CH2=C is expected to have a singlet 
ground state. Dewar and co-workers8 have predicted triplet 
vinylidene to lie 20.5 kcal above the lowest singlet state, and 
we qualitatively confirm their result in the present paper. Thus 
isomerization (eq 5) should proceed entirely along the singlet 
ground state potential surface. Hopefully it will serve as a 
prototype for the more general classes (eq 1-3) of singlet re
arrangements. 

Two other motivations for the present research should be 
mentioned. First, we have recently predicted9,10 that vinylidene 
is much more strongly bound (by ~40 kcal) to transition metal 
atoms than is the conventional ir-bonded acetylene. The re
cently determined crystal structures11^12 of several transition 
metal vinylidenes are consistent with this hypothesis. However, 
remaining question marks are the precise energy difference 
and barrier between CH2C and HCCH. In addition we report 
here model studies of the Li+-C2H2 systems, in a rough at
tempt to simulate the presence of a partially charged transition 
metal atom. 

A second motivation is our interest in a related reaction, the 
hydroxycarbene-formaldehyde rearrangement (eq 7). It has 

.OH 
:C —*• H2CO 

H 

(7) 

recently been suggested13 that CHOH may play a role in the 
photodissociation13'14 of formaldehyde, a process which is not 
satisfactorily understood at present. Our prediction here of a 
low barrier for eq 5 implies that eq 7 may also have a low 
barrier, quite possibly making hydroxycarbene accessible from 
the higher vibrational levels of the formaldehyde So ground 
state. 

There have been a number of previous theoretical stud
ies15-19 of 1,2 hydrogen shifts in carbenes and most of them 
refer specifically to the singlet methylcarbene rearrangement 
(eq 4). These studies have ranged from purely qualitative15 to 
ab initio19 and have tended to focus on the question of 
stereoelectronic control of migration.20 For the two studies in 
which numerical energetics were predicted, there seems to be 
little agreement. That is, Dewar18 predicts essentially no 
barrier at all for the singlet isomerization (eq 4), while 
Csizmadia19 suggests a sizable barrier, 27 kcal/mol. 

Theoretical Aspects 

A double f (DZ) Gaussian basis set of Dunning-contracted21 

functions, carbon (9s 5p/4s 2p) and hydrogen (4s/2s), was 
used in the geometry optimizations. As selected geometries, 
calculations were performed with a larger double f plus po
larization (DZ -I- P) set which included hydrogen p functions 
with an exponent of 1.0 and carbon d functions with an expo
nent of 0.75. Geometry optimizations were performed by cy
clical optimization of individual structural parameters. Around 
the point of the barrier to rearrangement, the angle a (see 

Figure 1. Structural parameters for the vinylidene-acetylene rearrange
ment. 

Figure 1) was held fixed at various values and the remaining 
parameters were optimized. 

Correlation effects were included in this study by use of the 
new self-consistent electron pairs (SCEP) method.22-24 SCEP 
is an iterative scheme which achieves computational efficiency 
through the use of a simple operator formalism. The (unnor-
malized) SCEP wave function has the following form: 

i = ô + E */> + E CW 
P i.a 

(8) 

\pQ is a closed-shell reference determinant and \pp is a doubly 
substituted function for an internal pair of electrons (e.g., in 
the I/) and |y) orbitals, occupied in \po) with either singlet or 
triplet spin coupling. In all C2H2 calculations, the carbon Is 
orbitals were frozen to substitution, so that there were 25 \pps 
in the wave function. Each \[/p implicitly includes all double 
excitations of the internal pair orbitals with external or virtual 
orbitals and is represented by a pair coefficient matrix, C/>, 
which can be given directly in terms of basis functions. An it
erative approach which converges rapidly (owing to the use of 
sets of nonorthogonal external orbitals) is used to improve each 
Cp until all doubly excited configurations have zero (H-E) 
matrix elements with the total wave function, \p. Singly excited 
configurations are included only after convergence of the \pps 
(i.e., the doubly substituted configurations). This fixed-^o 
treatment23 neglects the very small effect of the singles on the 
doubles. Since each \[/p or C/> is processed individually, there 
is no explicit limit on the number of configurations which can 
be included in the expansion of the wave function, even for 
computer systems with limited memory. In fact, all calculations 
reported here were performed on the Harris Slash Four min
icomputer25 with 32K of 48-bit words, and the largest C2H2 
calculation was equivalent to a configuration expansion over 
8508 symmetry-adapted configurations. A further advantage 
of the method which has been recently incorporated into the 
SCEP computer program is that not all pairs need to be pro
cessed on each iteration. That is, some of the \pps or Cps are 
much closer to convergence on a given iteration than others and 
so can be skipped until, say, the last one or two iterations. Most 
of the SCEP calculations required 8 doubles iterations and 
typical computation times are given in Table I. 

The orbital occupancy for acetylene is, of course, 

1 ffg
2 1 <TU

2 2<Tg
2 2ffu

2 3crg
2 1 7TU

4 ( 9 ) 

For vinylidene, the closed-shell ground state has the occu
pancy 

Ia1
2 2a,2 3a,3 4a,2 Ib2

2 Ib1
2 (10) 

In the bridged intermediate forms (Figure 1) which have only 
C1 symmetry, both electron configurations become 

, '2 ?a/2 -\^1 Ao'2 W 2 AQ'2 1a"2 ( H ) 2a'2 3a'2 4a'2 5a'2 6a' 
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Table I. Representative Computation Times (min)" for a Single 
Point on the Vinylidene-Acetylene Potential Energy Surface 

DZ basis DZ + P basis 

Integrals 
calculation 

SCF* 
SCEP 
Total 

8 

4 
39 
51 

40 

14 
220 
274 

" Calculations performed on the Harris Slash Four minicomputer 
and times given are total elapsed time. This minicomputer is ~27 times 
slower than the CDC 7600. * Time required for six or seven SCF it
erations, which were typically required for convergence when begin
ning with an SCF set of orbitals from a nearby geometry. 

Table II. Optimized Structures of C2H2a 

flee RA 

Vinylidene 
90° 
93° 
96° 
98° 
101° 
Acetylene (= 180°) 

1.342 
1.294 
1.292 
1.290 
1.289 
1.286 
1.230 

1.553 
1.150 
1.153 
1.168 
1.176 
1.195 
1.685 

1.096 
1.078 
1.078 
1.079 
1.079 
1.080 
1.071 

58.94 
6.18 
4.93 
4.17 
3.89 
3.75 
0 

" DZ-SCEP energies were used to optimize structures at fixed 
values of a. Lengths are in angstroms and angles are in degrees. See 
Figure 1 for a definition of the five geometrical parameters. 

In the Li + -C 2 H 2 calculations, the DZ + P basis for C2H2 and 
a basis of 10s 4p Gaussian functions contracted to 5s 2p 
functions for Li26 were used, giving a total of 53 functions. As 
a rough model for the interaction OfC2H2 with Li+ , structures 
analogous to the vinyl cation forms studied by Weber, Yoshi-
mine, and McLean27 were used. The first of these was the 
"bridged form" where the optimum geometrical parameters 
of C2H2 with a = 90° were used. That is, the bridging hydro
gen of the a = 90° vinylidene structure was positioned to be 
symmetric with respect to the vinylidene terminal hydrogen 
and Li+ was placed symmetrically (C21,-) between the carbons 
(12). The "vinylidene form" consists of the optimized vinyli-

Li+ 

/ \ 
(12) 

H H 

dene geometry for the carbons and hydrogens with Li+ as
sumed collinear with the carbons (13). 

H 

/ 
:c—c—Li+ (13) 

H 

The Li distance was optimized using SCF energies. SCEP 
was used at the optimum Li distance with the energetically 
lowest two orbitals frozen to substitution, giving 36 \pPs in the 
wave function. An equivalent configuration expansion would 
include 10 419 symmetry-adapted configurations for the 
bridged form and 11 020 for the vinylidene form. (Since the 
current SCEP program does not take advantage of symmetry, 
a comparison can also be made with the equivalent number of 
configurations in Ci symmetry, which is 36 856.) 

Results and Discussion 

Ground State Surface. Optimized geometrical parameters 
for C2H2 are given in Table II. Spectroscopically determined 
equilibrium acetylene bond lengths28 are 1.203 A for the car
bon-carbon distance and 1.060 A for the carbon-hydrogen 
distance, which compare with the DZ SCEP lengths of 1.230 
and 1.071 A, respectively. The theoretical bond distances are 
somewhat longer than experiment because when correlation 
effects are included a more complete basis set including po
larization functions (which typically shorten bond length 
predictions) is necessary for a more precise agreement.'-29 

However, these structural parameters are sufficiently close to 
the true values that we may expect the geometrical features 
(e.g., the transition state structure) of the potential energy 
surface to be reliably predicted. 

The carbon-carbon bond length for vinylidene was deter
mined to be 1.342 A, typical of a C-C double bond. The car
bon-hydrogen bond distance of 1.096 A is somewhat longer 
than for acetylene and the HCH angle of 117.9° is typical of 

HCH angles in methylene carbons, for instance, ketene.30 A 
previous ab initio vinylidene geometry optimization by Hop-
kinson, Yates, and Csizmadia31 using an uncontracted C(7s 
3p), H(3s) basis set and one configuration SCF wave functions 
predicted a C-C length of 1.290 A, a C-H length of 1.074 A, 
and an HCH angle of 119°. The difference between these 
values and the results given here is almost entirely due to the 
inclusion of correlation effects in the present work. Not sur
prisingly, tests on nonplanar structures confirm that ground 
state vinylidene is planar. 

The location and characterization of the saddle point (or 
transition state) is a critical problem owing to its central role 
in simple kinetic theories32 and mechanistic discussions.1520 

In the region of the potential surface near the barrier, three 
distances and the angle, 0, were optimized for five selected 
values of a. Table II shows that the C-C length changes 
smoothly in this region while the C-H length /4B of the terminal 
hydrogen varies little. Interestingly, this terminal hydrogen 
is very nearly collinear with the carbons, a result not antici
pated from Hammond's postulate.33 Another feature of the 
surface is that at the transition state, which occurs essentially 
at a = 98°, the second hydrogen is close to being symmetrically 
located between the carbons, and indeed serves as a bridging 
hydrogen center. This transition state structure is sketched in 
Figure 2. 

It is interesting to compare the C2H2 barrier structure with 
the bridged vinyl cation, C 2H3+ , structure determined by 
Weber, Yoshimine, and McLean.27 In terms of the structural 
parameters as defined here, they found RQC = 1.210 A, .RB = 
1.073 A, RA = 1.276 A, /3 = 0.9° at a = 90°. Thus, except for 
the difference in C-C bond lengths, the bridged vinyl cation 
equilibrium structure which Weber et al.27 find to be 1 -2 kcal 
more stable than the classical vinyl cation structure is quite 
analogous to C2H2 at the rearrangement barrier. Clearly, 
protonation of C2H2 dramatically stabilizes the bridged 
structure, a point considered more fully below. 

The total energies for the two basis sets and for SCF and 
SCEP wave functions are given in Table III and the relative 
energies are summarized in Table IV. The DZ SCF energy 
difference between vinylidene and acetylene is essentially the 
same as obtained in analogous calculations of Csizmadia and 
co-workers.31 In addition the DZ SCF barrier (26 kcal) pre
dicted for reaction(s) is essentially indistinguishable from the 
27 kcal predicted by Csizmadia19 for the methylcarbene re
arrangement (eq 4). 

Correlation effects lower the barrier by about 8 kcal and 
stabilize acetylene relative to vinylidene. However, polarization 
functions, even with a one-configuration wave function, are 
important for the vinylidene structure and absolutely necessary 
to describe the system at the barrier. The lowering of the 
barrier with the inclusion of polarization functions is around 
10 kcal and is roughly additive with the correlation effect 
lowering. For the vinylidene-acetylene energy difference, 
correlation and polarization effects tend to cancel indicating 
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Table III. Calculated Energies (hartree Atomic Units) for the Different Optimized Structures of C2H2 

DZ-SCF DZ-SCEP DZ+ P-SCF DZ + P-SCEP 

Vinvlidene 
90° 
93° 
96° 
98° 
101° 
Acetylene 

-76.740 19 
-76.701 79 
-76.700 37 
-76.699 24 
-76.698 72 
-76.698 58 
-76.797 10 

-76.904 62 
-76.877 49 
-76.876 58 
-76.876 07 
-76.876 05 
-76.876 58 
-76.977 38 

-76.775 94 

-76 753 18 
-76.752 44 

-76.829 27 

-77.018 06 

-77.004 87 
-77.004 37 

-77.081 73 

Table IV. C2H2 Energetic Summary (kcal) Table V. Vinylidene Vertical Excitation Energies" 

Rearrangement Vinylidene-acetylene energy 
barrier differences 

35.7 
45.7 
33.5 
40.0 

DZ-SCF 
DZ-SCEP 
DZ + P-SCF 
DZ + P-SCEP 

26.0 
17.9 
14.7 
8.6 

>/ 57.2» \% 

176.1° 
Figure 2. Transition state structure for the vinylidene-acetylene isomer-
ization. 

that the DZ SCF calculation can give a reasonable value. That, 
however, is not surprising since it is well known1 that DZ SCF 
wave functions are quite appropriate for equilibrium structures 
of organic molecules. The finally determined rearrangement 
barrier is 8.6 kcal/mol, a low value which is consistent with an 
experimentally postulated34 fast rearrangement. In light of the 
striking similarity of reactions 4 and 5 at the DZ SCF level, 
we can also predict with some confidence that the barrier 
height for the singlet methylcarbene isomerization should as 
well be in the range 5-10 kcal. This important prediction is 
possible because of the expected uniformity of correlation ef
fects within closely related chemical entities. For the same 
reasons, we expect the hydroxycarbene-formaldehyde barrier 
to be considerably less than the ~50 kcal reported by AIt-
mann.35 

Excited States. The excited states of vinylidene were studied 
using the DZ basis since the inclusion of polarization functions 
should not greatly change the relative energies of the lowest 
valence states.1-30 Vertical excitation energies given in Table 
V were determined from one-configuration SCF results and 
correlation effects should slightly increase these energies owing 
to relatively greater electron correlation in the closed shell 
ground state. Orbital energies given in Table VI suggest that 
the lowest excited state would result from promoting a lbi 
electron into the 2b2 virtual orbital. However, the 5ai orbital 
is energetically close to the lbi orbital, and the lowest excited 
state is, in fact, a 3Eh arising from the 5aj —• 2b2 promotion. 
The singlet-triplet separations of the B2 and A2 states have a 
relationship similar to n^-x* and 7r—"-7T* carbonyl states.30 

That is, an in-plane electron promotion (e.g., ai —* bi, 7r—*TT*, 
a—-a*) typically produces larger separations of the resulting 
singlet and triplet states than opposite type promotions (e.g., 

Excitation 

5ai - * 2b2 
lb , - * 2 b 2 

lbi ^ 2 b 2 

5ai - • 2b2 
g.s. 

State 

'B 2 
1A2 
3A2 
3B2 
1A, 

State energy, 
au 

-76.5969 
-76.6588 
-76.6728 
-76.6969 
-76.7402 

Excitation energy, 
cm - 1 

31 500 
17 900 
14 800 

9500 

" One-configuration SCF results. 

a.u. 
-77.00 

-7703 

-77.06 

-77.09 

<L 

I 

^c = 

d. 

C 

i 
90° 

a — 

J 
180° 

- C S C -

kca 
50 

40 

30 

20 

IO 

0 

bi, n- • ( 7 * ) . 

Figure 3. Energetics of the C2Fh rearrangement as determined from DZ 
+ P-SCEP results. 

The fairly large 3 I^- 3 A 2 separation, about 6000 cm - 1 , tends 
to ensure that even with a more accurate treatment, the 3B2 

state is the lowest excited state. Studying the rearrangement 
of carbenes such as reaction 1 is complicated because excited 
potential energy surfaces are usually involved. To be sure that 
an excited state surface is not, say, thermally accessible in the 
vinylidene rearrangement, the equilibrium geometry of the 3B2 
state was determined. Since SCEP has not been fully extended 
to open-shell systems, the configuration interaction (CI) ap
proach developed in the program B E R K E L E Y 3 6 by Lucchese 
et al. was used to include correlation effects in the 3B2 state 
energy. The DZ basis was used and all singly and doubly 
substituted configurations relative to the 3B2 SCF reference 
configuration were included in the wave function. The lai and 
2a 1 orbitals were frozen to substitution. The 3B2 (CI) energy 
at the ground equilibrium geometry was —76.8529 for a ver
tical of 11 500 c m - ' . Optimization of the structure of the 3B2 
state gave a C-C bond length of 1.353 A, a C-H bond length 
of 1.097 A, and an H - C - H angle of 118.0°. The CI energy at 
the equilibrium structure was —76.8531. It seems clear that 
the excited state structure is nearly the same as the ground 
state. Furthermore, since the lowest point on the potential 
surface of the 3B2 state is more than 32 kcal above the ground 
state and more than 23 kcal above the 1A' transition state, 
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Table VI. Vinylidene Orbital Energies" 

Orbital 

3b, 
8a, 
3b2 

7a, 
6a, 
2b, 
2b2 

e, 
au 

0.469 
0.432 
0.419 
0.296 
0.266 
0.141 
0.062 

Orbital 

lb, 
5a, 
Ib2 

4a, 
3a, 
2a, 
Ia1 

(, 
au 

-0 .406 
-0.457 
-0.619 
-0.734 
-1.059 

-11.256 
-11.332 

" Improved virtual orbitals [W. J. Hunt and W. A. Goddard, Chem. 
Phys. Leu., 3, 414 (1969)] were used for virtual orbital energies. 

Table VII. A Comparison of Two Forms of Li+-C2H2 

SCF SCEP 

Optimized distance between 
Li and the C-C bond midpoint 
Bridged form 2.36 A 
Vinylidene form 3.45 A 

Energy 
Bridged form -84.080 12 au 
Vinylidene form -84.067 84 au 

Energy difference 7.7 kcal 

-84.351 12 au 
-84.322 67 au 

17.9 kcal 

excited state potential surfaces are not likely to be important 
in the thermal rearrangement. 

The Interaction OfLi+ with C2H2. The results of the calcu
lations done on the Li+-C2H2 system are given in Table VII. 
It can be seen that the bridged form is more stable and that 
correlation effects are more important in the bridged form. 
This is consistent with the results of Weber et al.,27 who found 
the bridged form of 02H 3

+ to be more stable by a few kilo-
calories. A study of Be and Be+ with acetylene by Swope and 
Schaefer37 showed that formation of a x complex was almost 
completely due to electrostatic effects. In 02H 3

+ the positive 
charge is nearly equivalently distributed onto the three hy
drogen centers.27 However, in Li+-C2H2, the partial charge 
on the lithium center is about 0.8, so that the 7r-complex elec
trostatic interaction is greater, and therefore the bridged 
structure is stabilized by several more kilocalories than in the 
vinyl cation. Clearly, in going from a charged center to a 
neutral center, the stability of the vinylidene complex will in
crease as the electrostatic interaction is reduced. The unan
swered point in this analysis is the barrier to rearrangement 
from bridged to vinylidene complex. In the vinyl cation where 
the electrostatic interaction is apparently reduced by d e r 
ealization of the positive charge, the barrier is quite small, 
about 1 kcal.27 If we construe this to mean that a small but not 
dominant electrostatic interaction is necessary for a low bar
rier, then formation of a stable vinylidene complex is most 
probable for a neutral system where the metal center has, at 
least in the bridging position, a partial positive charge. In view 
of this, it is interesting to realize that the experimentally ob
served vinylidene transition metal complexes1 '-12 were formed 
with acetylenes substituted with electron-withdrawing groups, 
which promote TT back-bonding and electron transfer away 
from the metal.38 
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