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culated SCF result (15.64 kcal/mol). The nonadditivity correction 
based on the arctan equation is 3.94 kcal which gives a barrier 
(15.67 kcal/mol) in somewhat better agreement with Dedieu and 
Veillard's SCF result (15.64 kcal/mol). 

IV. Conclusions 
Equation 1 is based on the behavior5 of AE and neglects 

zero-point energies as well as enthalpy corrections from 0 K. We 
have found, using data of Aue and Bowers,8 that eq 1 and 6 work 
fairly well for AH°, and somewhat less well for AG0. This is not 
unreasonable21 since the progression from AE —*• AH0 -»• AG" 
involves introducing more thermodynamic information at each 
step. The degree of applicability of eq 1 to AH° or AG" will 
require further examination. Nonetheless, we find it significant 

(21) D. R. Stull, E. F. Westrum, Jr., and G. C. Sinke, "The Chemical 
Thermodynamics of Organic Compounds", Wiley, New York, 1969. 

I. Introduction 
It has long been recognized that (l,2)-hydrogen migrations are, 

at least in principle, viable pathways for rearrangement of alkyl 
radicals.1 Many attempts have been made to measure rate 
constants, activation energies and A factors for these rear
rangements in order to determine if these reactions play an im
portant role in the chemistry of free radicals.2"4 To our knowledge 
however none of these attempts have led to unambiguous results. 
The primary difficulty here is the extreme complexity of the 
chemical systems involved. The high reactivity of free radicals 
leads to a large number of possible reaction pathways, all of which 
must be considered in any meaningful analysis of the data.5 

In hydrocarbon combustion chemistry, the importance of (1,4)-
and (l,5)-hydrogen migrations in alkyl radicals is well recognized. 
However, the question of whether or not (1,2) and (1,3) migrations 
contribute significantly to the flame chemistry of alkyl radicals 
has not yet been satisfactorily answered. It has generally been 
assumed though that the rates of these arrangements are too slow 
to compete with bimolecular reactions under typical flame con
ditions.5"7 

A closely related question is whether or not (1,2) migrations 
occur in biradicals. Here the question is complicated by the 
existence of two nearly degenerate states, a singlet and a triplet. 
There is considerable evidence supporting the occurrence of (1,2) 
migrations in singlet biradicals, particularly in those rearrange
ments which are extremely exothermic.8 For example the thermal 

1 Work performed under the auspices of the Office of Basic Energy Sci
ences, Division of Chemical Sciences, U.S. Department of Energy. 

that the same equation (i.e., eq 1) which has been shown1 to 
account for barriers to group transfer reactions can also account 
for well depths of stable hydrogen-bonded intermediates. The 
role of multiple minima or maxima in altering the prediction of 
eq 1 remains an important question," and a more refined theo
retical treatment is in progress. 
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decomposition of cyclopropane9 has been shown to require an 
activation energy only slightly larger than that necessary to break 
the C-C bond. Assuming the mechanism involves a biradical, 

/ C H 2 \ / C H 2 
CH2 CH2 — - H2C — - H2C = CH CH3 ( 1 ) 

C H 2 

This would imply that the barrier to (1,2) migration in the bi
radical is near zero. 

For triplet biradicals the evidence for (l,2)-hydrogen migrations 
is less convincing. This may be due in part to the difficulty of 
generating triplet biradicals and to the rapidity with which these 
species cross to singlet surfaces. There are however several 
combustion reactions which presumably involve triplet biradicals 
for which (l,2)-hydrogen migrations have been postulated. One 

(1) Wilt, J. W. In "Free Radicals", Kochi, J. K., Ed.; Wiley: New York, 
1973; Vol. I, p 378. 

(2) Heller, C. A.; Gordon, A. S. /. Phys. Chem. 1958, 62, 709. 
(3) Jackson, W. M.; McNesby, J. R. J. Chem. Phys. 1962, 36, 2272. 
(4) Gordon, A. S.; Tardy, D. C; Ireton, R. J. Phys. Chem. 1976, 80, 1400. 
(5) Kaplan, L. In "Reactive Intermediates", Jones, M., Moss, R. A., Eds.; 

Wiley: New York, 1978; Vol. I, p 163. 
(6) Walker, R. W. In "Specialist Periodical Reports: Reaction Kinetics"; 

The Chemical Society, Burlington House: London, 1975; Vol. 1, p 161. 
(7) Walker, R. W., ref 6, Vol. 2, p 296. 
(8) Bergman, R. G. In "Free Radicals", Kochi, J. K., Ed.; Wiley: New 

York, 1973; Vol. 1, p 191. 
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p 117. 
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example here is the reaction of atomic oxygen with ethylene, the 
proposed mechanism for which is the following10"14 

0(3P) + C2H4 — ' [ - 0 - C H 2 - C H 2 - ] — 3 [ O = C H - C H 3 ] — 
CH3 + HCO (2) 

The initial addition forming the biradical is estimated to be ~30 
kcal/mol exothermic. Since the observed activation energy is ~ 1 
kcal/mol this mechanism would imply a barrier to migration of 
less than 31 kcal/mol. 

Studies of hydrogen migrations in carbenes are also complicated 
by the existence of two low-lying states, a singlet and a triplet. 
A number of different experiments have shown that (l,2)-hydrogen 
migrations are relatively facile processes for singlet carbenes.15 

Hoffmann16 has pointed out the key role of the unoccupied p-like 
orbital of the singlet carbene in these migrations. The case of 
triplet carbenes appears to be more analogous to that of alkyl 
radicals. No low-lying unoccupied orbitals are present and ex
perimental evidence for the occurrence of a (1,2) migration in 
a triplet carbene is at best ambiguous. 

There have been a large number of ab initio calculations re
ported on the barriers to hydrogen migration in closed-shell 
molecules.17 Relatively little however has been reported on 
open-shell, radical or triplet molecules. One calculation on hy
drogen migration in triplet methyl carbene (forming triplet 
ethylene) has been reported.18 The barrier in the triplet process 
was found to be 88 kcal/mol while comparable calculations on 
the singlet surface led to a barrier of 27 kcal/mol. These cal
culations are however of more qualitative significance than 
quantitative value due to the limited size of the basis set and to 
the neglet of electron correlation. It has been shown, for example, 
that increasing the basis set size and including correlation effects 
lowers the barrier on the singlet surface to ~ 2 kcal/mol.19 

Comparable calculations have not been reported on the triplet 
state. Similar results have been obtained for the singlet and triplet 
states of vinylidene20 and for the formaldehyde radical cation.21'22 

Very recently, Dunning24 has reported results on the barrier 
to migration in the formyl radical. The COH isomer was found 
to lie 40 kcal/mol above the formyl radical. The calculated barrier 
for rearrangement of the COH isomer (29 kcal/mol) was found 
to be 13 kcal/mol above the barrier to formation of CO + H. This 
molecule is somewhat unusual however in that the COH isomer 
is predicted to lie 24 kcal/mol above the CO + H limit. 

In this paper we present the results of large basis set (polarized 
double- £ quality) calculations employing correlated wave functions 
on migrations 3-5, all of which involve open-shell species. In 

H 2 C=CH *± H C = C H 2 (3) 
H 3 C - C H 2 *± H 2 C - C H 3 (4) 

H 3 C - C H <=> H 2 C - C H 2 (triplet) (5) 

addition one rearrangement (reaction 6), involving a closed-shell 

(10) Cvetanovic, R. J. J. Chem. Phys. 1956, 23, 1375. 
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SCHEMATIC ORBITAL COUPLING DIAGRAMS 
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Figure 1. Comparison of valence bond orbital diagrams for the hydrogen 
abstraction, H2 + H -»• H + H2, and a (l,2)-hydrogen migration of an 
alkyl radical. Solid lines connecting orbitals denote singlet coupling while 
dotted lines denote triplet coupling. 
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if 
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Figure 2. Generalized valence bond orbitals for the reaction H2 + H - • 
H + H2. Positive contours are depicted with solid lines, negative contours 
with short dashed lines, and nodal planes with long dashed lines. The 
interval between contours is 0.05 au. 

molecule is reported for the purpose of comparing the calculational 
method used here to previously reported configuration interaction20 

and Moller-Plesset perturbation theory studies.25 

H C = C H ^ H 2 C=C: (6) 

The primary goals here are to obtain reliable predictions of the 
barriers to these rearrangements and to gain insight into the factors 
that determine the magnitude of these barriers. In section II a 
qualitative analysis of key electronic structure features involved 
in hydrogen migrations is presented. In section III the details 
of the calculation methods used are discussed and in section IV 
the quantitative results of the calculations are presented and 
discussed. 

II. Elementary Theoretical Considerations 
Hydrogen migrations in free radicals are unimolecular variants 

of free-radical, hydrogen-abstraction reactions. For this reason 

(25) Pople, J. A.; Krishnan, R.; Schlegel, H. B.; Binkely, J. S. Int. J. 
Quantum Chem. 1978, 14, 545. 
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Figure 3. Selected orbitals at the saddle point for (l,2)-hydrogen mi
gration in C2H3, C2H5, and C2H4 (triplet). Plotting conventions are the 
same as in Figure 2. 

it will prove useful to first consider some of the features of hy
drogen-abstraction reactions. Take as an example the simplest 
such reaction, 

H2 + H — H + H2 (7) 

Qualitatively the electronic structure changes which take place 
during this reaction may be illustrated schematically as shown 
in Figure 1. These diagrams show that the electronic structure 
of the reactants and products is well described as a singlet-coupled 
bond pair together with a radical center. In the region of the 
transition structure (TS) however the most accurate localized 
orbital description of the wave function is one in which the two 
outer orbitals are triplet coupled while the central orbital is coupled 
in to form an overall doublet.26 This permits a net bonding 
interaction between the central atom and both of the outer atoms 
at the expense of introducing a repulsive interaction between the 
two outer atoms.27 

Self-consistent generalized valence bond (GVB) orbitals for this 
reaction are shown in Figure 2. Two of these orbitals depict the 
three center bonding interaction described above. This involves 
an orbital localized on the central hydrogen and a symmetric 

63. 
(26) Goddard, W. A. Ill; Ladner, R. C. Int. J. Quantum Chem. 1969, 35, 

I. 
(27) Cashion, J. K.; Herschbach, D. R. / . Chem. Phys. 1969, 40, 2358. 
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Figure 4. Selected orbitals for the acetylene (1L8
+) ~* vinylidene (1A1) 

rearrangement. Plotting conventions are the same as in Figure 2. 

combination of orbitals centered on the outer hydrogens. The 
repulsive interaction mentioned above appears in the GVB cal
culations as the singlyoccupied orbital, which is an antisymmetric 
(antibonding) combination of orbitals centered on the outer hy
drogens. Note that the triplet-coupled localized orbitals, <fr and 
4>t, drawn schematically in Figure 1 can be equivalently represented 
as delocalized orbitals, cj>t and $u, since if 

$g = ~ F (01 + <t>r) 
V 2 

K = —p(.4>\ • *r) 

then it follows that 
fo,(l)*.(2) - 0u(l)0g(2)]a(l)a(2)= 

fa(l)*,(2) - *,(l)«,(2)la(l)a(2) 

In the H + H2 reaction the two outer hydrogen atoms are quite 
far apart in the TS (~2 A) and therefore the repulsive interaction 
that results from occupying the antibonding orbital is not large. 
Consider, however, an intramolecular version of this reaction in 
which the initial and final radical centers are connected by another 
bond(s). The schematic orbital diagrams for this are also shown 
in Figure 1. Now the two orbitals that become triplet coupled 
in the TS are constrained to be quite close and consequently the 
resulting repulsive interaction is much larger. In fact, if we ignore 
the hydrogen for the moment, the coupling of the remaining two 
orbitals is the same as that found in 3(ir -* ir*) states. Thus the 
electronic structure at the migration TS can be qualitatively viewed 
as bonding a hydrogen atom to the singly-occupied ir orbital of 
a 3(ir -* 7T*) state. 

Plots of the GVB orbitals at the TS for reactions 3-5 are shown 
in Figure 3. We find here, as in the H + H2 reaction, one pair 
of orbitals which depict a three center bonding interaction and 
a third, singly-occupied orbital which is an antibonding combi
nation of orbitals centered at the initial and final radical sites. 
These latter orbitals closely resemble olefmic n* orbitals obtained 
from calculations on 3(w —• w*) states. 

For comparison consider a (l,2)-hydrogen migration involving 
a closed-shell molecule with a low-lying unoccupied orbital such 
as a singlet carbene or a carbonium ion. As a particular example 
here we will take vinylidene, an unsaturated singlet carbene. The 
relevant GVB orbitals for vinylidene, acetylene, and the TS 
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connecting them are shown in Figure 4. The pair of orbitals 
describing the migrating C-H bond remain highly overlapping 
and strongly singlet coupled throughout this reaction. Similarly 
the pair of orbitals which are transformed from the in-plane ir 
bond of acetylene to the carbene lone pair of vinylidene also remain 
strongly singlet coupled throughout the reaction. In fact optim
izing the coupling of these four orbitals, as opposed to allowing 
only the singlet-singlet coupling, lowers the total energy by only 
2 kcal/mol. For comparison optimizing the coupling in the vinyl 
radical TS lowers the energy by 8 kcal/mol, a factor of 4 dif
ference. 

HI. Calculational Details 

Basis Set. In the calculations reported here the carbon basis 
consisted of the Dunning28 valence double- f contraction of the 
Huzinaga29 (9s,5p) set of primitive Gaussians. This was aug
mented by a single set of d-polarization functions (a = 0.75). For 
the nonmigrating hydrogen atoms, the (4s/2s) contraction 
scheme28 was used with a scale factor of 1.2. For the migrating 
hydrogen atom, a more flexible basis set was employed consisting 
of an unsealed (5s/3s) contraction30 with a single set of polarization 
functions (a = 1.1236).31 

SOGVB Wave Functions. Results of calculations incorporating 
varying degrees of electron correlation via configuration interaction 
(CI) are reported here. All of the CI calculations are based on 
strongly orthogonal generalized valence bond (SOGVB)32,33 

reference wave functions. For the purposes of clarifying the form 
of these wave functions we will use as an example the hydrogen 
migration reaction of the ethyl radical. As noted in section II, 
it is expected that as the molecule moves along the reaction path 
toward the transition structure (TS), the orbital coupling scheme 
of the "active" C-H bond and the radical orbitals will change 
greatly. For this reason it is important to choose a reference wave 
function in which the coupling scheme of these orbitals is varia-
tionally optimized. The simplest such wave function is the 
SOGVB(I) wave function in which the CHa bond is correlated. 
This is a three configuration, MC-SCF, wave function which can 
be written as follows, 

where ^00n = a product of doubly-occupied orbitals, 0, = the CHa 
bonding orbital, <t>b = the CHa correlating orbital, 4>r = the 
singly-occupied "radical" orbital, and x = the general (optimized) 
spin function. Preliminary calculations indicated that correlation 
effects involving the carbon-carbon bond pair(s) are also important 
in determining the barriers to hydrogen migration40 and for this 

(28) Dunning, T. H., Jr.; Hay, P. J. "Methods of Electronic Structure 
Theory"; Schaefer, H. F., Ill, Ed.; Plenum: New York, 1971; Chapter 1. 

(29) Huzinaga, S. "Approximate Atomic Wave Functions. I", Chemistry 
Report, University of Alberta, Edmonton, Alberta, Canada, 1971. 

(30) Huzinaga, S. J. Chem. Phys. 1965, 42, 1293. 
(31) Walch, S. P.; Dunning, T. H., Jr.; Bobrowicz, F. W.; Raffenetti, R. 

C. / . Chem. Phys. 1980, 72, 406. 
(32) Bobrowicz, F. W„ Ph.D. Thesis, California Institute of Technology, 

1974. 
(33) Moss, B. J.; Bobrowicz, F. W.; and Goddard, W. A„ III / . Chem. 

Phys. 1975, 63, 4632. 
(34) Hay, P. J.; Dunning, T. H., Jr. J. Chem. Phys. 1976, 64, 5077. 
(35) Gershgorn, Z.; Shavitt, I. Int. J. Quantum Chem. 1968, 2, 751. 
(36) Dunning, T. H., Jr. Chem. Phys. 1979, 42, 249. 
(37) (a) Sloane, C. S.; Hase, W. L. Faraday Discuss. Chem. Soc. 1977, 

62, 210. (b) Hase, W. L.; Mrowka, G.; Brudzynski, R. J.; Sloane, C. S. J. 
Chem. Phys. 1978, 69, 3548. 

(38) Davis, J. H.; Goddard, W. A., Ill; Harding, L. B. J. Am. Chem. Soc. 
1977, 99, 2919. 

(39) Dkystra, C. E.; Arduengo, A. J.; Fukunaja, T. / . Am. Chem. Soc. 
1978, 100, 6007. 

(40) The reason for this is that at the saddle points, the orbitals involved 
in the migrations resemble n and x* orbitals. Analysis of the CI wave 
functions indicates that many-body effects between these electrons and the 
CQa (and x) bond pairs are more important than the corresponding effects 
involving the CH, bonds of the reactants or products. 

Table I. The Vinylidene-Acetylene Rearrangement. Comparison 
of Calculated Barriers and Energy Differences (kcal/mol) 

calculational method 
RHF/6-31G* 
RMP4(SDQ)/6-31G* 
RHF/DZ+P 
SCEP/DZ+P 
SOGVB/DZ+P 
POL-CI/DZ+P 
POL-CI (S+ D)/DZ+P 

barrier 
16.4 
8.1 

14.7 
8.6 

21.6 
5.0 
6.2 

£• (H2CC)-
£XHCCH) 

34.2 
41.9 
33.5 
40.0 
31.0 
41.7 
39.5 

reason a correlating orbital(s) for this pair(s) was also optimized. 
The SOGVB wave functions used then were the following, 

X(C2H5) = AIi00n[C1^
2 + C2<t>lb

2] X 
[C3^23

2 + C402b
2 + C5(02a'02b

1 - ^ a W ) R 1 X l 

X(C2H3) = ^{*core[C^la
2 + CW][C302a

2 + C4Wl X 
[C503a

2 + Cb03b
2 + C 7 W W - WW)]^r1X) 

X(C2H4) = ^ 0 0 n [ C 1 W + C W ] X 
[C3W + C3W + C5(WV - 021.W)KVx) 

In the C2H5 and C2H4 wave function the first correlated pair 
represents the carbon-carbon <r bonds. In C2H3 the first two pairs 
represent the carbon-carbon a and r bonds. 

CI Wave Functions. The SOGVB wave functions discussed in 
the previous section include important correlation effects and 
provide a conceptually simple description of the migration pro
cesses. However in order to obtain accurate relative energies it 
is necessary to take into account many-body effects neglected in 
the simple SOGVB wave function. Here, this is accomplished 
through the use of configuration interaction (CI) wave functions 
based on the SOGVB orbitals and reference configurations. The 
CI calculations reported here are of the POL-CI34 variety in which 
double excitations from each of the three SOGVB(I) configu
rations are allowed with the restriction that at most one electron 
be excited into the virtual orbitals. For the molecules H3C2, H5C2, 
and H4C2 this procedure leads to 8781, 9519, and 15046 sym
metry-selected spin eigenfunctions, respectively. For the H4C2 
calculations it was necessary to use the 2?k approximation with 
the reference set selected using the Ak scheme (applied to the three 
SOGVB(I) configurations) with a cumulative energy threshold 
of 0.010 hartree.35'36 For the H4C2 saddle point this calculation 
was repeated with a cumulative threshold of 0.001 hartree. The 
difference in total energies between the two calculations was 0.0008 
hartree or 0.5 kcal/mol. 

In addition a second set of calculations were performed which 
included higher order correlation effects involving the two electrons 
of the CHa bond and the unpaired electron(s). This was accom
plished by adding to the POL-CI configuration list all those 
configurations generated by allowing double excitations into the 
full virtual space. The resulting wave functions will be referred 
to as POL-CI + ACTIVE(2). For the vinyl radical this procedure 
adds approximately 2000 spin eigenfunctions to the list. The 
rationale here is that during the course of these reactions only 
these three orbitals are undergoing dramatic changes and therefore 
it is expected that the most important changes in correlation energy 
will come from terms involving these orbitals. 

Geometry Optimizations. Partial geometry optimizations at 
the SOGVB level were carried out for all of the species. For the 
minimum energy structures two assumptions were made; the C-H 
bonds were taken to be 1.09 A and all trivalent carbons were 
assumed to be planar with 120° bond angles. For the TS opti
mizations it was assumed that the reaction coordinate is well 
represented by the C-M-H2 angle, where M is the midpoint of 
the carbon-carbon bond. The energy was then maximized with 
respect to this one parameter and minimized with respect to the 
other parameters. Again the C-H bonds not involved in the 
migration were frozen at 1.09 A. For reaction 3 the TS was 
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Table II. Calculated Barriers to Hydrogen Migration (kcal/mol)a 

method H2CCH H1CCH1 

H3CCH 
(3A") 

Table III. Calculated Barriers (Eb) and Dissociation Energies (De) 
for CH Bond Cleavage (kcal/mol) 

SOGVB 
POL-CI 
POL-CI + 

ACTIVE (2) 

65.3 
55.5 
57.0 

52.7 
45.5 
46.4 

60.0 
51.6 
53.3 

a The total SOGVB energies at the saddle points for C2H3, 
C2H5, and C2H4 are-77.33942,-78.54788, and-77.90209 
hartrees, respectively. The POL-CI energies are -77.441984, 
-78.62420, and -77.98631 hartrees, respectively. The POL-CI + 
ACTIVE (2) energies are -77.45221, -78.63605, and 
-77.99643 hartrees, respectively. 

initially assumed to be planar. However, at the optimum planar 
structure, nonplanar distortions were examined and were found 
to raise the energy. It was therefore concluded that the optimum 
TS for this reaction is of C21, symmetry. In reaction 4 the TS was 
constrained to be C20 (consistent with the UHF calculations of 
Hase)37 and in reaction 5 it was assumed that a plane of symmetry 
is maintained throughout the migration. 

For the vinylidene-acetylene rearrangement, the geometries 
used were those reported by Dykstra and Schaefer.20" 

Computer Codes. The Raffenetti BIGGMOLI, ORDER and 
TRAOMO programs were used to evaluate, sort, and transform the 
molecular integrals. The Bobrowicz SOGVB and crrwo programs 
were used to obtain the SOGVB and CI wave functions. The CI 
configuration lists were generated using the CIGEN program written 
by B. D. Olafsen. 

IV. Results and Discussion 

Acetylene-Vinylidene Rearrangement The acetylene-vinylidene 
rearrangement has been extensively examined by Dykstra and 
Schaefer,208 using self-consistent electron-pair theory (SCEP), and 
by Pople et al.,25 using the spin-restricted form of the Moller-
Plesset perturbation theory (RMPn). In both cases polarized 
double- f basis sets were used, comparable in quality to that used 
here. A comparison of the calculated barriers and energy dif
ferences is made in Table I. The agreement on the barrier height 
is quite good, with the results ranging from 5.0 kcal/mol for 
POL-CI to 8.6 kcal/mol for DZ + P - SCEP. Similarly the 
predicted vinylidene-acetylene energy differences in the various 
correlated calculations are found to agree to within ~ 2 kcal/mol. 

Two points should be noted here. First, both the RMP4 and 
the POL-CI calculations include configurations that are more 
than a double excitation away from the dominant configuration. 
The SCEP calculations do not. In the POL-CI calculations, the 
effect of these high-order excitations can be determined by deleting 
them from the configuration list, denoted POL-CI(S+D) in Table 
I. We find that these configurations decrease the barrier height 
by 1.2 kcal/mol and increase the acetylene-vinylidene energy 
difference by 2.2 kcal/mol. 

The second point is that the small disagreements in the relative 
energies are not necessarily due to differences in the methods used 
since the basis set differences are apparently significant. For 
example, with RHF wave functions the 6-31G* basis gives a 
barrier 1.7 kcal/mol above that reported by Dykstra.20a Thus the 
excellent agreement between the RMP4 and the SCEP barriers 
with these two basis sets must be somewhat fortuitous. The basis 
used in the POL-CI calculations is slightly more flexible than 
either of the other basis sets, since it employs a (5s/3s) contraction 
on the hydrogen whereas a (4s/2s) is used in both the RMP and 
the SCEP calculations. This may account for some of the 2 
kcal/mol difference between the POL-CI(S-HD) and both the 
SCEP and RMP4 results. 

Migration Barriers. The calculated barriers to migration are 
summarized in Table II. Note that for reactions 3 and 4 the 
overall migrations are thermoneutral (reactants and products are 
indistinguishable) while reaction 5, in the direction written, is 0.2 
kcal/mol endothermic in the SOGVB calculations and 2.3 and 
1.7 kcal/mol exothermic in the POL-CI and POL-CI + AC-

method 
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Figure 5. Calculated SOGVB geometries for the reactants, saddle points, 
and products in the (l,2)-hydrogen migrations of C2H3, C2H5, and C2H4 
(triplet). 

TIVE(2) calculations respectively. 
The calculated barriers are all quite large ranging from 46 

kcal/mol for the ethyl radical to 57 kcal/mol for the vinyl radical. 
The size of these barriers indicates that these reactions should 
not be important in room-temperature radical chemistry. How
ever, in order to determine whether or not such migrations will 
occur at higher temperatures it is necessary to consider possible 
competing reactions. The most obvious candidate for a competing 
unimolecular reaction is the elimination of atomic hydrogen. For 
the vinyl and ethyl radicals the barriers to C-H bond cleavage 
have also been calculated, using the same methods, and the results 
are summarized in Table III. We see that in all three calculations 
for both reactions, the barriers to CH bond cleavage are signif
icantly less than those for migration. 

These predictions are in fair agreement with a recent experi
mental study4 of the relative rates for hydrogen migration vs. 
dissociation in the ethyl radical in which it was concluded that 
the activation energies for the two processes are identical (41 ± 
4 kcal/mol). Kaplan,5 however, has recently criticized the in
terpretation of these experiments, suggesting that the hydrogen 
migration rate is unobservably slow (presumably due to a higher 
activation energy). This latter conclusion is more consistent with 
the theoretical results, although the expected accuracy here is not 
sufficient to rule out the possibility that the barrier to migration 
in the ethyl radical may be equal to or even slightly below the 
CH cleavage barrier. 

At this point it is appropriate to compare briefly the results 
of the two sets of CI calculations in order to establish the effect 
of the higher order "active" correlations included in the POL-CI 
+ ACTIVE(2) calculations. From Table II we see that the 
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differences between the migration barriers predicted in the two 
CFs are all quite small (<2 kcal/mol). In Table III though we 
see that the added configurations increase the C-H bond energies 
by 3-5 kcal/mol and the barriers to cleavage by 2-4 kcal/mol. 
Apparently then as long as the hydrogen atom is fairly closely 
bound to the hydrocarbon fragment (as in the radicals and the 
migration TS) these higher order correlations nearly cancel. When 
the hydrogen atom is far removed from the hydrocarbon (as in 
the dissociated fragments or the TS leading to dissociation) these 
correlations are, not surprisingly, less important. Consequently 
inclusion of the higher order "active" correlation effects increases 
the bond energies and barriers to dissociation while it has little 
effect on the migration barriers. 

The effect of zero-point energies on the results discussed above 
should be considered. The main question here is whether or not 
ZPE will affect the relative heights of the barriers for migration 
and cleavage. Qualitatively, since the migration saddle points are 
predicted to be quite tight while the cleavage saddle points are 
predicted to be relatively loose (vide infra), we expect ZPE to 
decrease the barriers to cleavage relative to those to migration. 
For the cleavage reaction of vinyl radical, a normal mode analysis 
was carried out which indicates that ZPE decreases this barrier 
by 7.4 kcal/mol. Comparable calculations have not been carried 
out on the migration TS. However, from the results of Osamura 
et al.21 on the isoelectronic rearrangement of H2CO+, we expect 
ZPE to decrease this barrier by ~5 kcal/mol. The net effect then 
of including ZPE is to raise the migration barriers by a few 
kcal/mol relative to the cleavage barriers. 

Finally we note that the calculated barrier to migration in the 
vinyl radical, 57 kcal/mol, is significantly less than that obtained 
for the vinyl anion, 74 kcal/mol, by Dykstra et al.39 This is in 
line with the qualitative arguments of section II since in the anion 
the highly antibonding ir*-like orbital will necessarily be doubly 
occupied rather than singly occupied as in the radical. This trend 
was in fact predicted 20 years ago by Zimmerman.23 

Saddle-Point Geometries. The calculated geometries are sum
marized in Figure 5. Two features of the TS geometries should 
be noted. First the distance from the midpoint of the carbon-
carbon bond to the migrating hydrogen is quite short (1.1-1.3 A) 
indicating that this hydrogen is still quite tightly bound at least 
in a local sense. Hase et al.37 have already noted this result for 
the ethyl radical and have shown that the tightness of the migration 
TS leads to a fairly low A factor for migration (compared to CH 
bond cleavage). 

A second interesting feature of the calculated geometries is that 
the saddle point, carbon-carbon bond lengths are all shorter than 
those of either the reactants or products. This might at first seem 
surprising in light of the C-C antibonding nature of the singly-
occupied orbital at the saddle point. Consider though a comparison 
between these saddle-point bond lengths and those of the species 
in which the migrating hydrogen has been removed completely. 
For the vinyl radical, the saddle-point bond length is 1.29 A; if 
we remove the hydrogen we have acetylene which has a calculated 
C-C bond length of 1.20 A (0.09 A shorter). Similarly for the 
ethyl radical the TS bond length is 1.49 A while for ethylene the 
value is 1.35 A. For methylcarbene the comparison is saddle point 
1.46 A, vinyl radical 1.31 A. The effect then of bringing up the 
hydrogen atom and its electron is to increase the C-C bond lengths 
by 0.09-0.15 A. The reason that there is a net decrease on going 
from reactants (or products) to the saddle points is due to the three 
center bonding interaction discussed in section II. Indeed, from 
Figure 3 we see that in each case, one of the TS orbitals resembles 
a C-C ir-bonding orbital, occupation of which should shorten the 
bond length. 

One signficant difference between the results here and those 
of Conrad and Schaefer20b on triplet vinylidene should be noted. 
For the 3B2 state of vinylidene it was found that allowing the TS 
to become nonplanar led to a decrease of ~20 kcal/mol in the 
barrier height. It was also found that the C-C bond length of 
the nonplanar TS was much longer than that of the planar 
structure. Of the reactions considered here the one most closely 
related to triplet vinylidene is the vinyl radical. As was noted in 

section III, nonplanar structures were examined in this reaction 
and found to be higher in energy. 

The key difference between these two molecules is that in 
vinylidene there is a second low-lying triplet state, 3A2, less than 
1 eV above the 3B2 state.20,38 Schematic diagrams for these two 
states are given below. The electronic structure of the 3B2 state 

"„H° H
HHb 

3 B 2
 3 A 2 

is similar to that of a saturated triplet carbene. The structure 
of the 3A2 state however is more analogous to that of a singlet 
carbene. Note in particular that the carbene-like center of the 
3A2 state has a doubly-occupied lone pair and an unoccupied p-r 
orbital. Given this orbital structure, three qualitative conclusions 
can be drawn immediately: 

(1) The 3A2 state should possess a low barrier to hydrogen 
migration analogous to that of other single carbenes. 

(2) The TS for this migration should be highly nonplanar since 
the migrating C-H bond will be stabilized by delocalization into 
the empty p-ir orbital. 

(3) The C-C bond length of the 3A2 state should be longer than 
that of the 3B2 state since it is a double bond in the 3B2 state while 
it is only a single bond in the 3A2 state. This longer bond length 
can be expected to persist in the TS for migration. 

For nonplanar geometries the 3B2 and 3A2 states can interact 
and thus an avoided crossing will occur leading to the observed 
nonplanar TS for migration from the 3B2 state. These conclusions, 
based on the assumption of an avoided crossing between the 3B2 
and 3A2 states, are all consistent with the results reported by 
Conrad and Schaefer. 

An Alternative Pathway for Migration. In the calculations 
presented above we have considered a relatively tight TS for 
migration with a singly-occupied orbital of C-C, ir*-like character. 
For the vinyl and ethyl radicals the overall symmetry of this state 
is 2B2. Since the 2B2 barriers are quite large, an alternative, one 
in which the singly-occupied orbital is of a! symmetry, should be 
considered. The electronic structure of this state may be sche
matically represented as follows. Comparison to the diagrams 

0 

U 
in Figure 1 reveals that the difference between the 2B2 and 2A1 
states is that in the 2B2 state the in-plane, ir-like orbitals are triplet 
coupled while in the 2Ai state these orbitals are singlet coupled. 
Thus in the 2A1 state we have eliminated the repulsive interaction 
between the two carbon centered orbitals at the expense of in
troducing a repulsive interaction between the hydrogen atom and 
the x-like orbitals. 

For the vinyl radical a search was made for a TS of 2A1 sym
metry, however it was found that variation of the distance between 
the migrating hydrogen and the CC bond midpoint leads to a 
purely repulsive potential curve. More extensive calculations would 
undoubtedly find a weak van der Waals minimum at large sep
aration, however this saddle point (if it is a saddle point) will be 
located further out than the TS for CH bond cleavage. Therefore 
the energetic requirements for migration on the 2A1 surface should 
be the same as that for CH bond cleavage followed by reat
tachment. 

V. Conclusions 
The primary conclusion to be drawn from the calculations 

presented here is that in simple alkyl radicals and triplet carbenes 
the lowest energy pathway for (l,2)-hydrogen migration will in 
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most cases be CH bond cleavage followed by reattachment. It 
is the case that migration saddle-point structures exist in which 
the migrating hydrogen remains tightly bound, however the en
ergies of these structures are predicted to be significantly above 
the barriers to CH bond cleavage. 

Hexaphenylethane (1), a molecule of historic importance2 and 
a focal point of chemical interest since Gomberg's initial inves
tigation of "triphenylmethyl" at the turn of the century,3 has thus 
far resisted all attempts at synthesis. We recently reported4 a 
computational study of this elusive molecule, using full relaxation 
empirical force field (EFF) calculations.5 A search of the potential 
energy hypersurface too low-lying minima, one corresponding to 
a D3 structure composed of two essentially eclipsed homochiral 
trityl propellers, and the other to a S6 structure composed of two 
staggered heterochiral propellers. The D3 form was computed 
to be the more stable by 2.55 kcal mol"1, a conclusion which was 
qualitatively confirmed by a hybrid EFF-EHMO calculation.6 

That both forms were under substantial internal strain was 
manifest from the marked deviations of some of the calculated 
structural parameters from standard values. Most strikingly, the 
central C-C bond lengths calculated for the D3 and S6 forms, 1.639 
and 1.636 A, were abnormally long compared to the standard value 
of 1.53 A,7 evidently as the result of a severe nonbonded repulsion 

(1) (a) Hokkaido University, (b) Princeton University. 
(2) (a) Sholle, V. D.; Rozantsev, E. G. Russ. Chem. Rev. {Engl. Trans!.) 

1973, 42, 1011. (b) McBride, J. M. Tetrahedron, 1974, 30, 2009. 
(3) Gomberg, M. / . Am. Chem. Soc. 1900, 22, 757; Ber. Dtsch. Chem. 

Ges. 1900, 33, 3150. 
(4) Hounshell, W. D.; Dougherty, D. A.; Hummel, J. P.; Mislow, K. / . Am. 

Chem. Soc. 1977, 99, 1916. 
(5) For recent reviews of the EFF method, see: (a) Dunitz, J. D.; Biirgi, 

H. B. MTP Int. Rev. ScL; Org. Chem., Ser. One 1976, 81. (b) Ermer, O. 
Struct. Bonding (Berlin) 1976, 27, 161. (c) Allinger, N. L. Adv. Phys. Org. 
Chem. 1976, 13, 1. (d) Altona, C; Faber, D. H. Fortschr. Chem. Forsch. 
1974, 45, 1. (e) Osawa, E.; Musso, H. Top. Stereochem. in press. 

(6) Dougherty, D. A.; Mislow, K. J. Am. Chem. Soc. 1979, 101, 1401. 

The electronic structure at these migration saddle points is 
analogous to that found in hydrogen-abstraction reactions. 
Furthermore the cause of the high barriers can be traced to a 
geometric constraint placed on the electronic wave function which 
forces two triplet coupled orbitals to be proximate. 

between the two trityl moieties {front strain). 
Against this background, the subsequent announcement8 by 

Stein, Winter, and Rieker of the synthesis and X-ray structure 
of the first, and so far only, unbridged hexaarylethane, hexa-
kis(2,6-di-/e/-f-butyl-4-biphenylyl)ethane (2), was an event of 
singular import,9 not least because much emphasis was placed on 
the allegation that our predictions4 were badly off the mark. First, 
the finding of an S6 conformation for 2 was considered contra
dictory to our prediction of D3 symmetry for the ground state of 
1; second, 2, was reported to have the surprisingly short central 
C-C bond length of 1.47 (2) A and a CethaM-Cphe„yi bond length 
(average value) of 1.65 (3) A, in marked contrast to the values 
of 1.636 and 1.576 A calculated4 for S6-I. The authors suggested8 

that the presence of the terf-butyl groups in 2 might be responsible 
for these large discrepancies between their findings and our 
predictions. 
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Crystallogr., Sect. B. 1980, B36, 2491. 1.671 A: Polishchuk, V. R.; Antipin, 
M. Yu.; Bakhmutov, V. I.; Bubnov, N. N.; Solodovnikov, S. P.; Timofeeva, 
T. V.; Struchkov, Yu. T.; Tumanskii, B. L.; Knunyants, I. L. Dokl. Acad. 
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Abstract: In corroboration of previous work,4 full relaxation calculations on the D3 and S6 conformers of hexaphenylethane 
(1) by several empirical force field (EFF) schemes (MMI, MMPI, MM2), as well as by the MNDO SCF MO method, show 
that the D3 form is 2-5 kcal mol-1 more stable than the S6 conformer, and that the central C-C bond length has a value of 
1.60-1.64 (EFF) or 1.68 (MNDO) A. EFF calculations (MMPI, MM2) on hexakis(2,6-di-tert-butyl-4-biphenylyl)ethane 
(2) show that the bonding parameters in the hexaphenylethane portion of this structure differ in no significant way from the 
corresponding parameters in 1. We thus conclude that either the central bond length of 1.47 (2) A reported8 in a recent X-ray 
study of 2 is grossly in error, or a novel shrinkage effect is operative in 2, and by implication in 1, which is not taken account 
of in the parametrization of any of the above computational schemes. The chemical implications of the discrepancy between 
the observed and calculated central C-C bond length are sufficiently important to call for a confirmation of the X-ray structure. 
The D3 conformer of 2 is calculated to be more stable than the S6 form by 4-6 kcal mol"1; given the enormous size of this 
molecule (C122H150), such a conformational energy difference is quite small, and the observation8 of molecular S6 symmetry 
can be readily ascribed to a crystal packing effect. 
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