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Three transition structures have been located for each nucleophile.
Methyllithium is calculated to favor 1,2-addition over 1,4-addition
via either a four-membered or a six-membered cyclic transition
structure. In the case of methylcopper, a cyclic, six-membered
structure is found to be markedly preferred over the other two
addition modes. These results confirm the notion that the reactions
of the “hard” alkyllithium nucleophiles are charge-controlled,

whereas the alkylcopper reactions are controlled by orbital in-
teractions. Our calculations also show that conjugate addition
of methylcopper to acrolein proceeds to yield directly the metal
enolate, rather than the a-cuprio ketone, in agreement with recent
experimental observations.

Registry No. LiCHj, 917-54-4; MeCu, 1184-53-8; acrolein, 107-02-8.
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Abstract: The walk rearrangement in bicyclo[2.1.0]pent-2-ene has been examined by ab initio calculations at Hartree—Fock,
Maoller-Plesset, and multiconfigurational levels of theory. At the multiconfigurational level of theory, it is found that the
Woodward-Hoffman allowed reaction, occurring with inversion at the migrating carbon, is a concerted process, while that
occurring with retension proceeds via a biradical intermediate. The difference in activation energies for the two reaction pathways
is predicted to be at least 8 kcal/mol, favoring the Woodward—-Hoffmann allowed reaction. The activation energy calculated
at the MP2/6-31G* level for the reaction occurring with inversion agrees well with the value that can be estimated from
experimental data. Calculations using spin contaminated unrestricted Hartree~Fock wave functions are found to give deviating

results.

The migration of a divalent group, such as O, S, NR, or CR,,
which is part of a three-membered ring in a bicyclic molecule,
is commonly referred to as a “walk” rearrangement.! The re-
arrangement can formally be characterized according to the
Woodward-Hoffmann (W-H) rules as being a (1, #)-sigmatropic
rearrangement.? Of the neutral hydrocarbon systems,’ derivatives
of the three smallest homologs, bicyclo[2.1.0]pent-2-ene, bicy-
clo[4.1.0]hepta-2,4-diene, and bicyclo[6.1.0]nona-2,4,6-triene, have
been studied experimentally.’® These rearrangements can be
denoted as (1,3)-, (1,5)-, and (1,7)-sigmatropic shifts. For re-
actions occurring in a concerted manner, i.e., without any in-
termediates along the reaction pathway, the W-H rules predict
that the (1,3)- and (1,7)-migration should occur with inversion
of the cyclopropane ring, while the (1,5)-migration should occur
with retention of configuration. The walk rearrangement in the
parent bicyclo[2.1.0]pent-2-ene system is not observed since the
ring-opening reaction forming cyclopentadiene occurs at lower
temperature. For the larger homologs the ring-open and -closed
forms are in equilibrium, with the ring-open form favored in the
parent systems. For systems with electron-withdrawing groups
at the top position of the cyclopropane ring, such as cyano or esters,
the walk rearrangement can compete with ring-opening reactions.
For suitably substituted compounds belonging to the above three
systems, it is found that the walk rearrangement occurs exclusively
with inversion of configuration at the top carbon. For the bicy-
clo[4.1.0]hepta-2,4-diene system this is opposite to the prediction
based on the W—-H rules and is indeed one of the few known
exceptions.

Recently Skancke, Yamashita, and Morokuma (SYM) reported
ab initio calculations on the ring opening and walk rearrangements

(1) For a review of walk rearrangements, see: (a) Klarner, F.-G. Topics
Stereochem. 1984, 15, 1. (b) Childs, R. F. Tetrahedron 1982, 38, 567.

(2) Woodward, R. B.; Hoffmann, R. Angew. Chem., Int. Ed. Engl. 1969,
8, 781.

(3) For calculations related to similar cationic systems, see: (a) Hehre,
W. J. J. Am. Chem. Soc. 1972, 94, 8908. (b) Devaquet, A. J. P.; Hehre, W.
J. J. Am. Chem. Soc. 1974, 96, 3644. (c) Hehre, W. J. J. Am. Chem. Soc.
1974, 96, 5207. (d) Hehre, W. J.; Devaquet, A. J. P. J. Am. Chem. Soc. 1976,
98, 4370.

0002-7863/89/1511-4643%01.50/0

of the parent bicyclo[2.1.0]pent-2-ene.* Their conclusion was
that the walk rearrangement occurs with inversion but via a
biradical intermediate which was estimated to be 6 kcal/mol below
the transition state leading to it. The barrier for rotation of the
migrating CH, group in the intermediate was calculated to be
3 kcal/mol. The calculated activation energy for the walk re-
arrangement at the partial fourth-order Moller—Plesset level
(MP4(SDQ)/6-31G*) was 41 kcal/mol (the value at the
MP2/6-31G* level was 51 kcal/mol) compared to a value of 40
kecal/mol that can be estimated from experimental data.® In all
cases they used spin unrestricted Hartree—Fock and Mgller—Plesset
wave functions (UHF and UMP) which for ground-state molecules
are identical with spin restricted wave functions (RHF and RMP).

(4) Skancke, P. N.; Yamashita, K.; Morokuma, K. J. 4m. Chem. Soc.
1987, 109, 4157.

(5) The activation energy for the walk rearrangement in bicyclo[2.1.0]-
pent-2-ene is estimated as follows. A lower bound of 28 kcal/mol for the
activation energy (AG?*) can be determined from the parent system since the
activation energy for the ring-opening reaction is 24.9 kcal/mol, and none of
the product expected from a walk rearrangement is observed (assuming a 1%
detection limit, which corresponds to 3 kcal/mol at the reaction temperature).®
The activation energy for the walk rearrangement in the substituted system
5-cyano-1,5-dimethylbicyclo[2.1.0] pent-2-ene is 21.9 kcal/mol.” To correct
for the effects of a cyano and a methyl group, we utilize data taken from the
interconversion of cis and trans isomers of cyclopropanes. For this presumably
similar reaction the stabilizing effect of a cyano group is found to be 8.9 =
1.0 keal /mol, while that of a CH; group is 2.0 kcal/mol.® Assuming similar
effects for the walk rearrangement we have AGy, = 21.9 + 8.9 + 2.0 = 35
keal/mol. To make comparison with the calculated values in Table VI, we
have to correct for the entropic contribution to AG* and for vibrational
contributions to AH*. AS* for the reaction is probably slightly positive (the
calculated value using the CAS1/STO-3G frequencies is 5.8 cal/mol-K, and
the experimental value for cis—trans isomerization in 1,2-dicyanocyclopropane
is 6.6 cal/mol-K) and AH* is consequently =2 kcal/mol higher than AG*. The
correction for zero-point energy differences is typically 2-3 kecal/mol (the
calculated value here is 3.4 kcal/mol), thus the final estimate of AH?® to be
directly compared to the calculated values is =40 kcal/mol. To estimate the
energy difference between reaction occurring with inversion and retention we
note that in 5-cyano-1,5-dimethylbicyclo[2.1.0]pent-2-ene only the reaction
taking place with inversion is observed, thus the energy difference in this
compound must be >3 keal/mol (again assuming a 1% detection limit).” Since
the cyano and methyl groups probably stabilize preferentially the reaction
occurring with retention, the 3 kcal/mol lower bound should also hold for the
parent bicyclo[2.1.0]pent-2-ene.

© 1989 American Chemical Society
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Chart 1

There are two things in the work of SYM that we find sur-
prising. In connection with other work,® we have calculated the
transition structure for the walk rearrangement corresponding to
inversion of configuration in bicyclo[2.1.0]pent-2-ene using an
RHF wave function and found that it occurs in a concerted
manner, i.e., without an intermediate. The activation energy at
the RMP2/6-31G* level was calculated to be 35 kcal/mol in
contrast to the 51 kcal/mol at the UMP/6-31G* level reported
by SYM. Furthermore if the reaction occurs via an intermediate
which lies in a potential well of 6 kcal/mol with a barrier for
rotation of only 3 kcal/mol, as concluded by SYM, it becomes
difficult to explain why the walk rearrangement of substituted
systems give products exclusively with inversion at Cs, as is ex-
perimentally observed. In order to clarify these apparently di-
vergent conclusions, we wish here to report additional calculations
at a number of different levels of theory.

Calculations

onfiguration interaction (CI) and multiconfigurational self-consistent
field (MCSCF) calculations were carried out with the GAMESS pro-
gram,'® and second-order Moller-Plesset (MP2) calculations were done
using the Gaussian-82 program package.!! For structure 2 spin re-
stricted wave functions are of the usual RHF type,'? while for structure
3 they are of the spin restricted open shell (ROHF) type.!* Spin un-
restricted wave functions were calculated using the procedure of Pople
and Nesbet.!"* A description of the basis sets used can be found in ref
28. The MCSCF calculations were of the complete active space
(CASSCF) type.!® Two different sizes of the active space were used,
which are denoted CAS1 and CAS2. The CASI consists of four elec-
trons in four orbitals (i.e., the orbitals which are composed mainly of the
interacting carbon p-orbitals), for a total of 12 configurations of A’
symmetry and eight configurations of A’ symmetry. The CAS2 has
eight electrons distributed in eight orbitals for a total of 900 configura-
tions of A’ symmetry and 864 configurations of A” symmetry. The
corresponding CI methods are labeled CI1 and CI2. Stationary points
on the potential energy surface (PES) were characterized by diagonal-
izing the mass-weighted force constant matrix to obtain harmonic vi-
brational frequencies. The force constants were calculated using an
analytical method at the HF level and by finite differences of the ana-
lytical first derivatives at the MCSCEF level. Single-point calculations
at the CAS2/STO-3G and CAS1/3-21G levels were done at the
CAS|1/STO-3G optimized geometries for structures 2 and 3, while the
RHF/3-21G geometry was used for 1. Semiempirical calculations were
done using the AMPAC program.!§

(6) (a) Andrews, G. D.; Baldwin, J. E. J. Am, Chem. Soc. 1977, 99, 4853.
(b) Brauman, J. I.; Golden, D. M. J. Am. Chem. Soc. 1968, 90, 1920, (c)
Brauman, J. I; Golden, D. M. Trans. Faraday Soc. 1969, 65, 464.

(7) Klarner, F.-G.; Adamsky, F. Chem. Ber. 1983, 116, 299.

(8) Doering, W. v. E.; Horowitz, G.; Sachdev, K. Tetrahedron 1977, 33,
273.

(9) Jensen, F.; Houk, K. N., unpublished results.
(10) Dupuis, M.; Spangler, D.; Wendoloski, J. J. NRCC Software Catalog,
1980, Vol. 1, Program GGO1, as modified by M. Schmidt and S. Elbert.

(11) Binkley, J. A.; Frisch, M. J.; DeFrees, D. J.; Raghavachari, K.;
Whiteside, R. A.; Schlegel, H. B.; Pople, J. A. GAUSSIAN-82, Carnegie
Mellon University, Pittsburgh, PA.

(12) (a) Roothaan, C. C. J. Rev. Mod. Phys. 1951, 23, 69. (b) Hall, G.
C. Proc. R. Soc. London A 1951, A205, 541.

(13) (a) Roothaan, C. C. J. Rev. Mod. Phys. 1960, 32, 179. (b) Davidson,
E. R. Chem. Phys. Let1. 1973, 21, 565.

(14) Pople, J. A.; Nesbet, R. K. J. Chem. Phys. 1954, 22, 571.

(15) (a) Roos, B. O. Adv. Chem. Phys. 1987, 69, 399. (b) Roos, B. O,;
Taylor, P. R.; Siegbahn, P. E. M. Chem. Phys. 1980, 48, 157. (c) Siegbahn,
P.; Heiberg, A.; Roos, B. Phys. Scr. 1980, 21, 323, (d) Roos, B. O. Inz. J.
Quant. Chem. Symp. 1980, 14, 175.

(16) Quantum Chemistry Program Exchange (QCPE) program No. 506.
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Figure 1. Orbital interaction diagram for structures 2 and 3.

Results and Discussion

The walk rearrangement in the parent bicyclo[2.1.0]pent-2-ene
system is degenerate (reactant and product are identical), and
consequently the C,; symmetric optimized structures 2 and 3
corresponding to the reaction occurring with inversion or retention
at Cs are stationary points on the potential energy surface (PES).!

The symmetries of the frontier orbitals of structures 2 and 3
can be derived by considering them as linear combinations of an
allyl system and the p-orbital on the migrating carbon, as shown
in Figure 1. For structure 2 the orbital symmetries are a’, a”,
a”, and a’. With four electrons both the lowest closed shell
configuration (a’)%(a”)? and the biradical configuration (a’)2-
(a”)!(a”)! have overall A’ symmetry. For structure 3, however,
the biradical configuration (a’)%(a”)!(a”)! will be of A”” symmetry,
while the closed shell configuration will have A’ symmetry. A
priori we cannot know which configuration is lowest in energy,
but, as shown below, the A’ configuration is significantly more
stable than the A’ configuration.

The distinction between a concerted (one-step) and a noncon-
certed reaction (occurring via an intermediate) can be made by
determining whether structures 2 and 3 are maxima or minima
on the PES. Computationally this can be done by optimizing the
structures constrained to C,; symmetry and evaluating the vibra-
tional frequencies at the optimized geometries. A minimum will
have all real frequencies, while a transition structure will have
exactly one imaginary frequency. Previously we have optimized
structures 2 and 3 at the RHF level of theory using the minimal
STO-3G basis.® At this level it was found that structure 2 was
a transition structure with one imaginary frequency (»; = 825i
cm™) corresponding to the motion expected for a migration of
the CH, group. The same result is obtained at the RHF/3-21G
level (»; = 536i cm™). For structure 3 it was found that the lowest
energy RHF/STO-3G wave function (corresponding to the con-
figuration (a’)%(a”)?) had only C; symmetry even though the
nuclear framework has C; symmetry. This is an example of a
so-called symmetry broken wave function!® and usually indicates
that the level of theory is insufficient for even a qualitative de-
scription of the wave function. Indeed when the more flexible
UHF wave function is used, the wave function obtained has A"
symmetry. At the UHF/STO-3G level, structure 2 is a transition
structure (»; = 331i cm™) for the rotation of the migrating CH,
group, while structure 3 is a minimum on the PES (lowest fre-
quency is 143 cm™). These UHF wave functions are, however,
very heavily contaminated with higher spin states as seen from
the (S2) values of 1.36-1.37 ((S2) = O for a singlet wave function).
The values after annihilation of the triplet state are 2.34-2.4]
indicating that significant amounts of spin states other than the
triplet are mixed into the singlet state. In contrast to these results,
SYM report that at the UHF/3-21G level structure 2 is a min-

(17) (a) Salem, L. Acc. Chem. Res. 1971, 4, 322. (b) Mclver, J. W, 4cc.
Chem. Res. 1974, 7, 72. (c) Salem, L.; Durup, J.; Bergeron, G.; Cazes, D.;
Chapuisat, X.; Kagan, H. J. Am. Chem. Soc. 1970, 92, 4472.

(18) (a) Davidson, E. R.; Borden, W. T. J. Chem. Phys. 1983, 87, 4783
(b) McLean, A. D.; Lengsfield, B. H.; Pacansky, J.; Ellinger, Y. J. Chem.
Phys. 1985, 83, 3567.



Walk Rearrangement in Bicyclo[2.1.0]pent-2-ene

Table I. Number of Imaginary Vibrational Frequencies and
Corresponding Motion in Structures 2 and 3 at Different Levels of
Theory

level 2 3

RHF/STO-3G 1 (migration)

UHF/STO-3G 1 (rotation) 0
RHF/3-21G | (migration)

UHF/3-21G* 0 1 (rotation)
CASI1/STO-3G 1 (migration)

RHF/AMI1 1 (migration)

UHF/AM1 1 (rotation) 0

e Reference 4.

imum and 3 is a transition structure for rotation of the CH, group
(y; = 134i cm™). Although SYM do not report the (S?) value
for these UHF wave functions, our calculations show that they
are 1.25 and 1.75 after annihilation of the triplet state, i.e., the
more flexible basis set gives a slightly less contaminated wave
function, especially the contamination by spin states higher than
the triplet is reduced. The UHF method thus predicts that the
reaction is nonconcerted, although different basis sets disagree
on whether 2 or 3 is the actual minimum on the PES. The
semiempirical method AM1!? gives results similar to those ob-
tained with the STO-3G basis, thus, at the RHF/AMI level,
structure 2 is a transition structure for migration, while at the
UHF/AMI level it is a transition structure for rotation of the
CH, group, and structure 3 is a minimum on the PES.

To treat both closed shell and biradical states on an equal
footing and obtain pure spin functions, one has to use the mul-
ticonfigurational self-consistent field (MCSCF) method. In the
present case we have used MCSCF wave functions of the complete
active space (CASSCF) type.!* For the optimization and char-
acterization of stationary points on the PES, we have used an active
space with four electrons distributed in all possible ways in four
orbitals, denoted CASI, using the minimal STO-3G basis. This
configurational space should be sufficient for a correct description
of both biradical and closed shell species of interest here. As shown
below, the larger CAS2 (eight electrons in eight orbitals) gives
virtually identical electronic structures. The minimal STO-3G
basis set has been found to favor biradical states in other MCSCF
studies,?® but geometries are usually very close to those obtained
with better basis sets.2>22  The CAS1/STO-3G calculations show
that structure 2 is a transition structure with an imaginary fre-
quency of 479i em™. The atomic displacements for this frequency
correspond to those expected for migration of the CH, group. The
lowest energy wave function for structure 3 has A” symmetry and
represents a2 minimum on the PES (lowest frequency is 110 cm™,
corresponding to rotation of the CH, group and presumably
leading to ring closure to 123). The A’ symmetric wave function
is 60-80 kcal/mol higher in energy, depending on the geometry
used. Since structure 3 is a minimum on the PES, there must
be a transition structure leading to it with C; symmetry (actually
two equivalent structures). Various attempts to locate this TS
were unsuccessful; the PES in this region is very flat with several
eigenvalues of the hessian being less than 0.1. From the magnitude
of the lowest frequency of structure 3 (110 cm™), it is likely that
the minimum on the PES is very shallow. These results are
summerized in Table I.

(19) Dewar, M. J. S.; Zoebisch, E. G.; Henly, E. F.; Steward, J. J. P. J.
Am. Chem. Soc. 1985, 107, 3902.

(20) (a) McDouall, J. J. W,; Robb, M. A, Naizi, U,; Bernardi, F,;
Schlegel, H. B. J. Am. Chem. Soc. 1987, 109, 4642. (b) Bernardi, F.; Bottoni,
A.; Field, M. J,; Guest, M. F; Hillier, . H.; Robb, M. A_; Venturini, A. J.
Am. Chem. Soc. 1988, 110, 3050.

(21) (a) Bernardi, F.; Bottoni, A.; Robb, M. A,; Schlegel, H. B.; Tonachini,
G. J. Am. Chem. Soc. 1985, 107, 2260. (b) Bernardi, F.; Bottoni, A.; Mo-
livucci, M.; Robb, M. A,; Schlegel, H. B.; Tonachini, G. J. Am. Chem. Soc.
1988, 110, 5993.

(22) Bernardi, F.; Robb, M. A,; Schlegel, B. H.; Tonachini, G. J. Am.
Chem. Soc. 1984, 106, 1198.

(23) Note that since the energy of 3, which is 2 minimum, is higher than
the energy of 2 (Table VI), which is a transition structure, it is unlikely that
there exists a transition structure corresponding to a rotation of the CH, group,
connecting two equivalent structures 3.
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Figure 2. Optimized geometries for structures 1 (RHF/3-21G), 2, and
3 (CAS1/STO-3G).

Table II. Selected Structural Parameters from Figure 2¢

str level C-Cs C,-C, C,-C; C,-Cs «£CiC(Cs
2 RHF/STO-3G 1.444 1515 1.390 2.167 94.7
RHF/3-21G 1.447 1.532 1.398 2237 98.4

UHF/STO-3G 1517 1544 1414 2.602 1263
UHF/3-21G® 1495 1.557 1409 2.530 1200

CASI1/STO-3G  1.506 1.541 1.410 2.542 118.9
RHF/AMI 1432 1.538 1409 2338 107.7
UHF/AM1 1.456 1536 1.415 2.528 1254

3 ROHF/STO-3G 1.522 1.538 1.381 2.622 128.8
UHF/STO-3G 1.521 1.544 1.414 2618 128.3

UHF/3-21G 1.498 1.561 1.409 2.581 124.3
CASI1/STO-3G  1.522 1.542 1.408 2.622 129.8
UHF/AMI 1.452 1.534 1415 2548 128.4

2Bond lengths in A, angle in deg. ®Reference 4.

The optimized geometries of 1, 2, and 3 are shown in Figure
2, and selected bond lengths and angles are shown in Table II.
The only major difference between the structures optimized at
the different levels is the smaller angle C;C,C; obtained at the
RHEF level for 2 as compared to the CAS1 and UHF values. The
AM1 method gives results similar to those at the ab initio levels,
except that the C;~C; bond length is calculated to be slightly
shorter.

The electronic structures of 2 and 3 are of some interest in
connection with substituent effects on the two different pathways.
Of special interest here is the amount of biradical character that
these structures have. Although the biradical character is a
commonly used concept in physical organic chemistry there is no
unique way of defining it from first principles. An often used
quantity is based on the square of the coefficient of the HF
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Table III. Total Energies and Configurational Coefficients? Using
Different Orbitals with the STO-3G Basis

Jensen

Table V. Biradical Indexes for Structures 1, 2, and 3 at Different
Levels of Theory?

str level =Eotal Cow G Cue Cin

2 CII/RHF 190.35595 080 053 0.03 0.12
Cll/a-UHF 190.24818 0.19 0.11 0.84 047
CI1/8-UHF 190.22376 020 0.15 0.80 0.52
CASI1/RHF 19038525 0.77 0.55 0.03 0.13

CAS1/a-UHF 190.38525 0.18 0.02 083 0.51
CASI1/8-UHF 190.38525 0.18 0.02 083 0.52

3 CII/ROHF 190.368 35 096 0.25
CIl /a-UHF 190.21687 - - 0.82 0.47
CIl/B8-UHF 190.26497 - - 0.87 045
CASI/ROHF 190.38220 - - 095 0.27
CASI/a-UHF 190.38220 - - 0.82 044
CASI1/8-UHF 190.38220 - - 0.85 0.44

@Subscripts on configurational coefficients refer to the electron oc-
cupation. A dash indicates that the coefficient is identically zero due
to symmetry.

Table IV. Occupation Numbers for the MCSCF Natural Orbitals?

str level m M2 LB N4 N5 L3 LE Mg
1 CASI/STO-3G - - 1.98 1.87 0.13 0.02 - -
CAS2/STO-3G 1.99 1.98 1.96 1.88 0.13 0.04 0.02 0.1
CAS1/3-21G - - 1.99 191 0.10 0.01 - -
2 CASI/STO-3G - - 1.86 1.30 0.70 0.14 - -
CAS2/STO-3G 1.98 1.97 1.87 1.31 0.69 0.13 0.03 0.02
CAS1/3-21G - - 1.90 1.45 0.55 0.10 - -
3 CASI1/STO-3G - - 1.86 1.00 1.00 0.14 - -
CAS2/STO-3G 1.98 1.97 1.87 1.00 1.00 0.13 0.03 0.02
CAS1/3-21G - 1.89 1.00 1.00 0.11 - -

9 A dash indicates that the occupation number is identically 2 or 0
due to the constraints on the wave function.

configuration in a CI or MCSCF expansion.?>?* For a simple
two configurational wave function

¥rc = Cy(core)(HOMO)X(LUMO)® +
C,(core)(HOMO)Y(LUMO)? (1)

a biradical index (BR1) can be defined as 2(1-C3). This will be
zero when the wave function is the HF wave function and one
for an equal mixture of the two configurations. The same ex-
pression is normally used for wave functions with more than two
configurations. For an open shell species described by a spin
restricted open shell (ROHF) wave function, (core)(SOMO)!-
(SOMO)!, where SOMO stands for singly occupied molecular
orbital, the corresponding index is directly the square of the
Hartree-Fock configuration, C}r. SYM reported that the
CAS1/3-21G wave function for structure 2 has the dominant
configuration (core)(13a”)2(5a”)1(6a”)! with a coefficient of 0.86.
This would indicate that 2 has a biradical character of 74%. The
configurational coefficients in a CASSCF wave function, however,
are not unique.”> They depend on the coefficients obtained from
the starting CI calculation, which in turn depend on how the
molecular orbitals were generated. Table III shows the config-
urational coefficients for the CASI wave functions for 2 and 3
obtained with different orbitals (RHF, ROHF, and UHF). The
UHF orbitals are already heavily polarized with the highest oc-
cupied molecular orbital (HOMO) for the « spin localized on the
migrating carbon, while the HOMO for the 8 spin consist of the
antisymmetric combination of the p-orbitals on carbons 2 and 4.
Thus the UHF orbitals already show significant biradical character
and the dominance of the configuration (core)(13a’)?(5a”)!(6a”)!
is not an indication of biradical character when UHF orbitals are
used. When spin restricted orbitals (RHF or ROHF) are used,
however, the coefficient of the HF configuration in a CI expansion
provides a well-defined quantity for discussing biradical character,
as does the occupation number of the MCSCF natural orbitals.2

(24) (a) Osamura, Y.; Kato, S.; Morukuma, K.; Feller, D.; Davidson, E.
R.; Borden, W. T. J. Am. Chem. Soc. 1984, 106, 3362. (b) Hayes, E. F,; Siu,
A. K. Q. J. Am. Chem. Soc. 1973, 95, 2090.

(25) This is due to the energy invariance with respect to orbital rotation
within the active space of a CASSCF wave function.

1 2 3
level BR1 BR2 BRI BR2 BRI BR2
[4e,40]/STO-3G 006 0.13 0.73 070 091 1.00
[8¢,80]/STO-3G  0.15 0.13 077 0.69 091 1.00
[4e,40]/3-21G 0.03 009 052 055 094 1.00
2BRI1 is defined as 2(1-Ckg) for structures 1 and 2 and as Cp for
structure 3 using the CI configurational coefficients and RHF
(ROHF) orbitals. BR2 is defined as 2-ny from the CAS wave func-
tions, see text for discussion.

Table VI. Total and Relative Energies for Structures 1, 2, and 3
level Epu(1)®  AE'®  AAEY

RHF/STO-3G -190.37800  85.5 —68.2
RHF/3-21G -191.62165 450 -51.9
RHF/6-31G*//RHF/3-21G -192.70891  48.5
RHF/6-31G*//CAS1/STO-3G 61.4
RMP2/6-31G*//RHF/3-21G  -193.34986  34.8
RMP2/6-31G*//CAS1/STO-3G 411
UHF/STO-3G -190.37800 7.3 0.2
UHF/3-21G* -190.62165 47 2.7
UMP2/6-31G*//UHF/3-21G°  -193.34986  51.1
CI1/STO-3G4 -190.39902 270 7.8
CI2/STO-3G# -190.43780  39.6  -5.7
Cl1/3-21G -191.62949 162  -2.1

CAS1/STO-3G¢
CAS2/STO-3G¢

-190.43329 30.1 1
—190.47266 26.9 1
-191.66118 17.6 7.

CAS1/3-21G¢

RHF/AMI 98.4 429
UHF/AMI 98.4 45  -08
Cl1/AMI1//UHF/AMI 89.4 158 0.8
estimated exp.’ =40. >3

9Total energies are given in Hartrees for ab initio methods and in
kcal/mol for semiempirical methods (heat of formation). Relative en-
ergies are given in kcal/mol. ®AE! = activation energy for reaction
occurring with inversion = E(2) — E(1). AAE*is the energy difference
between 3 and 2 = E(3) - E(2). Note that all spin restricted calcula-
tions for 3 are of the ROHF type. °Taken from ref 4. “Using the
RHF/3-21G optimized geometry for structure 1 and CAS1/STO-3G
optimized geometries for structures 2 and 3. CI configurations are
built from RHF (1 and 2) or ROHF (3) orbitals.

A definition of biradical character based on MCSCF natural
orbitals could be BR2 = 2 — ny, where ny is the occupation number
of the natural orbital corresponding to the HOMO.?” Table IV
shows the occupation number of the natural orbitals for the CAS]
and CAS2 wave functions, and the corresponding biradical indexes
are shown in Table V. There is no significant difference between
the two definitions, but the definition based on 5y appears less
sensitive to the size of the configuration space and is independent
of the choice of starting orbitals. The results indicate that structure
3 is an almost pure biradical, while structure 2 has approximately
50% biradical character. By these definitions structure 1 has
5-10% biradical character. The minimal STO-3G basis over-
estimates the biradical character, which has been found in other
cases as well.%0

The radical character of structure 2 is in qualitative agreement
with the experimental observation that a cyano group at Cs lowers
the activation energy for the walk rearrangement. At the HF/
3-21G level the stabilizing effect of a cyano group on the CH,
radical has been calculated to be 11 kcal/mol, while the effect
on ethane is 2 kcal/mol,?® thus the stabilization expected for 2
based on 50% biradical character is 6.5 kcal/mol.?* This value
may be compared with an experimental value of 8.9 = 1.0
keal/mol found for the stabilizing effect of a cyano group in the

(26) Morokuma, K.; Borden, W. T.; Hrovat, D. A. J. Am. Chem. Soc.
1988, 110, 4474.

(27) Other definitions are possible, e.g., nLumo or & sum of occupation
numbers for all orbitals that are unoccupied in the HF wave function.

(28) Hehre, W. J; Radom, L.; Schleyer, P. v. R.; Pople, J. A. 4b Initio
Molecular Orbital Theory; Wiley-Interscience: 1986.

(29) We note that the stabilization of a cyano group at the 5 position was
calculated to be 7 keal/mol by SYM for structure 2 at the UHF/3-21G level.
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interconversion of cis- and trans-1,2-dicyanocyclopropane.! Note
also that the present results indicate that the W-H forbidden
reaction should be stabilized more than the allowed pathway by
a radical stabilizing substituent.’

The total and relative energies of structures 1, 2, and 3 at various
levels of theory are shown in Table VI.3!  Spin restricted wave
functions for 2 are of the RHF type, while those for 3 are of the
ROHF type. The calculated activation energy for the reaction
proceeding with inversion, AE*, is too large at the RHF level, as
is usually the case.? Inclusion of electron correlation at the MP2
level at the CAS1/STO-3G geometry brings the calculated ac-
tivation energy very close to the value that can be estimated from
experimental data.’> The almost quantitative agreement is probably
in part due to the fortuitous cancellation of errors by the com-
bination of inclusion of electron correlation to only second order
in the perturbation series and the use of a medium size basis set.’?
The activation energies at the UHF level are clearly much too
low. This is due to the spin contamination which allows the
incorporation of some (nondynamic) electron correlation into the
UHF wave function. The activation energy calculated by CI or
CASSCF methods is also too low. This is not unexpected since
very little of the dynamical electron correlation is recovered by
these methods, i.e., the number of electron pairs is different in
structures 1 and 2. The energy difference between structures 2
and 3 should be less affected by inclusion of dynamic electron
correlation (beyond that included in the CASI) than that between
1 and 2, since 2 and 3 have approximately the same distribution
of electrons not included in the CAS. At the RHF (ROHF) and
ClI levels, 3 is calculated to be too stable relative to 2 as compared
to the MCSCEF results. This is understandable since the ROHF
orbitals for 3 are close to optimum, while the RHF orbitals for
2 are less so (Table III and IV). The energy difference between
structures 2 and 3 at the UHF level is found to be small, 0.2
keal/mol with the STO-3G basis and 2.7 kcal/mol with the 3-21G
basis, favoring structure 2. These values are similar to the CAS1
and CAS2 values, 1.9 and 1.4, found with the STO-3G basis, but
this basis usually overestimates the stability of biradicals and
indeed the better basis, 3-21G, favors structure 2 by 7.7 kcal/mol
with the CAS] wave function. The next improvement of the basis
set that can be expected to give results different from the 3-21G
would be addition of polarization functions on all carbons, i.e.,
a DZP type basis such as 6-31G*. Even at the CASI level such
a basis set is currently too large to handle with the programs
available to us. The semiempirical AM1 method gives results
similar to those obtained with the 3-21G basis set, both at the
HF and CII levels. The CI result is similar to what was found
by Schoeller using the MINDO/2 method followed by a 2 X 2
CI, where structure 3 is 4 kcal/mol lower in energy than 2.3

As mentioned above, SYM concluded that the C, symmetric
structure 2 was an intermediate, necessitating a transition structure
with C; symmetry. This was located using an UHF wave function,
and the relative energy of the C; TS and the C; minimum was
evaluated at the UMP2, UMP3, and UMP4(SDQ) levels with
the 6-31G* basis set. At the UHF level, structure 2 was 12
kcal/mol lower in energy than the TS. At the correlated levels,
however, structure 2 was higher in energy than the TS by 1-4
kcal/mol. This implies that 2 is actually a transition structure
at the correlated levels and not a minimum as found at the UHF
level. In an attempt to evaluate what changes could be expected
at higher levels of theory, SYM reoptimized the structures at the
UHF/6-31G* and UMP/3-21G levels and extrapolated these

(30) That substituents should have a larger effect on the W-H forbidden
reaction than the allowed one has been concluded by others as well, see, e.g.:
(a) Carpenter, B. K. Tetrahedron 1978, 34, 1897. (b) Epiotis, N. D. J. Am.
Chem. Soc. 1973, 95, 1191, 1200, 1206, 1214.

(31) We note that our CASSCF/3-21G energy for 1 is 6.5 kcal /mol higher
than that reported by SYM at the RHF/3-21G optimized geometry. The
origin of this discrepancy is unknown but could be due to the use of slightly
different geometries or, as suggested by a referee, because two different
orbitals are being correlated by SYM and us.

(32) (a) Jensen, F.; Houk, K. N. J. Am. Chem. Soc. 1987, 109, 3139. (b)
Spellmeyer, D. C; Houk, K. H. J. Am. Chem. Soc. 1988, 110, 3412.

(33) Schoeller, W. W. J. Am. Chem. Soc. 1975, 97, 1978.
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results to obtain approximate MP2/6-31G* geometries. At this
level of theory they concluded that structure 2 should be 6
kcal/mol lower in energy than the TS.

As seen in Table VI, the UHF wave functions give abnormally
low energies as compared to RHF energies. This is a combination
of two effects: the UHF method allows some electron correlation
to be taken into account, thus lowering the energy, but the mixing
in of higher spin states raises the energy. At the single determinant
level the net effect is an energy lowering. At levels where electron
correlation is explicitly taken into account, only the destabilization
due to spin contamination remains (the MP procedure reduce the
spin contamination only slightly3#), and the energy is higher than
the corresponding energy obtained using an RHF wave function
as the reference.® The C; TS reported by SYM presumably has
a lower (S2) value than structure 2 (the value was not reported),
and thus a switch of the relative ordering of 2 and the TS when
electron correlation is included is exactly what would be expected.
Also, the MP2 procedure usually reduces the spin contamination
slightly,* and indeed the C; TS geometry obtained by SYM at
the UMP2/3-21G level is closer to C, symmetry than at the UHF
level. The straightforward test for whether spin contamination,
and not nonideal geometries, is the cause of the switch in relative
energies would be to perform calculations which project out the
unwanted spin states from the UMP wave functions. However,
the spin contamination of the UMP wave functions in these cases
involves several spin states, and the correction for removal of all
higher spin states is complicated.%3’

Conclusion

We have found that the walk rearrangement for the parent
bicyclo[2.1.0]pent-2-ene occurring with inversion at Cs (the
Woodward-Hoffmann allowed reaction) has a transition structure
with C; symmetry and is thus concerted. The reaction corre-
sponding to retention of configuration, on the other hand, occurs
via an intermediate, also of C, symmetry. The electronic structures
of the two stationary points on the PES suggest that the former
is approximately 50% biradical, while the latter is a pure biradical.
At our best level of theory, CAS1/3-21G, the reaction occurring
with inversion of configuration at Cs is favored by more than 7.7
keal/mol,?® which agrees with experimental results for substituted
systems where only inversion is observed. The use of spin con-
taminated UHF wave functions for studying this reaction is found
to give deviating results, both for energies and for characterization
of stationary points on the PES. Thus the results and conclusions
drawn on the basis of spin contaminated UHF and UMP wave
functions should be viewed with skepticism.
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(34) Schlegel, B. H. J. Chem. Phys. 1986, 84, 4530.

(35) See, e.g.: Schleyer, P. v. R.; Reed, A. E. J. Am. Chem. Soc. 1988,
110, 4453.

(36) (a) Lowdin, P.-O. Phys. Rev. 1955, 97, 1509. (b) Knowles, P. J.;
Handy, N. C. J. Chem. Phys. 1988, 88, 6991.

(37) There has been recent interest in the problems associated with spin
contamination of UMP wave functions and their convergence properties as
compared to RMP and to spin projected UMP wave functions. For bonds
stretched to less than approximately 1.5 times their equilibrium length (R,),
the RMP method is to be preferred over the corresponding UMP method. In
these cases it has been shown that at the RMP4 level the perturbation series
is close to being converged (residual error typical less than a few kcal/mol).
For systems where bonds are stretched beyond 1.5R,, single determinant
methods are insufficient unless going to very high order in the perturbation
series, and MCSCF methods are to be preferred. Typical transition structures
for unimolecular reactions have bond lengths stretched to less than 1.5R, and
should be adequately described by RMP methods, as ref 32 also shows. For
some references on the MP convergence, see ref 34, 36, and the following: (a)
Knowles, P. J.; Handy, N. C. J. Phys. Chem. 1988, 92, 3097. (b) Schlegel,
B. H. J. Phys. Chem. 1988, 92, 3075. (c) Gill, P. M. W,; Wong, M. W;
Nobes, R. H.; Radom, L. Chem. Phys. Lett. 1988, 148, 541. (d) Lepetit, M.
B.; Pelissier, M.; Malrieu, J. P. J. Chem. Phys. 1988, 89, 998.

(38) Since the transition structure leading to 3 must be higher in energy
than 3, the 7.7 kcal /mol energy difference between 2 and 3 is a lower bound
for the energy difference between reaction occurring with inversion or reten-
tion.



