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Abstract: The potential energy surfaces for stereomutation of spiropentBnand cis- and trans-1,2-
dimethylspiropentaned@nd?7) have been explored, using ab initio methods. In diradi2zat and6, which

are formed by cleavage of the peripheral bond between C-1 and C-2 in the spiropentanes, the weakly electron-
donating cyclopropane ring results in the lowest energy pathway for stereomutation of all three being computed
to be conrotatory. A larger preference for double over single rotation is compudeithém in7, in agreement

with the experimental results reported in 1980 by Gajewski and Chang. However, in contrast to the assumption
made by these authors, our calculations find thatsteesmethyl conformation in diradicab is lower in

energy than the-transmethyl conformation in diradicad, and moreovers is statistically favored oves by

a factor of 2. Thus, double rotation is both computed and found to be preferred by more in the stereomutation
of 4 than of 7 becausé& undergoesonrotatoryopening tdb, the lower energy diradical. A long-range attraction
between thes-cis methyl group at C-1 and the nonbondingzpAO at C-3 in6 is shown to contribute to
stabilizing this diradical.

The first study of the stereomutation of spiropentalbjeaas
published 30 years adoGilbert reported that, upon heating,

cis-1,2°Hy-spiropentane isomerizes ti@ns-1,2-°H,-spiropen- =
tane, prior to undergoing structural rearrangenieBubse-
quently, Gajewski and Burka pyrolyzed the proximal, medial,
and distal stereoisomers of 1,4-dimethylspiropentdaesl from
the kinetics of interconversion that they observed, they con- conl
cluded that fission of a peripheral bond, to form diradizais
preferred to cleavage of a radial bond, to form diradi8al
Stereomutation ofl by exclusive formation of 1,1-dimethyl- '
enecyclopropane?] is supported by the results of additional HaC N H ~dis
experiments by Gajewski. M CHy
6
K 1 1 Figure 1. Diradicals formed by con- and disrotatory ring opening of
: p . cis- andtrans-1,2-dimethylspiropentane.
1 2 3

hydrocarbons, G&C assumed that “outward” rotation of a methyl
Gajewski and Chang (G&C) investigated the pyrolyses of 9roup in4 and 7 is sterically less demanding than “inward”

syn4,42H,-cis-1,2-dimethylspiropentanet€H,) and of opti- rotat_ion. Therefore, they expected formation of dirad[&ab
cally active trans-1,2-dimethylspiropentane7) at 290 °C 52 provide a lower energy pathway for double rotation than
Coupled rotation was found to be slightly favored over formation of diradical6. This assumption, together with the
monorotation in both spiropentanes. modes of coupled rotation that connettand 7 to 5 and 6

G&C based their assignment of the mode of coupled rotation (Shown in Figure 1), resulted in G&C interpreting the experi-
that is preferred on the experimental finding that double rotation Mental ratios of single to double rotation4rand7 as indicating
is favored over monorotation by a factor of 3.6 in the pyrolysis that disrotation is preferred to conrotation in the stereomutations
of 4-2H, and by a factor of only 1.4 in the pyrolysis @f On of these spiropentanes. _ _
the basis of the experimental results in the pyrolyses of other The apparent preference for disrotation, rather than conro-
tation, in the pyrolyses ot and 7 was unexpected. In 1968
Hoffmann published the results of extended ckel (EH)

(1) Review: Gajewski, J. JHydrocarbon Thermal Isomerizations
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(3) Gajewski, J. J.; Burka, L. 0. Am. Chem. S0d.972 94, 8857. predicted a large preference for conrotation over both dis- and
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H H HH the 1,2,4-trimethylspiropentanes, we have undertaken ab initio
HH)\KH Hy N\ calculations of the potential surfaces for the stereomutations of
H H H o 1, 4, and7. We have also investigated why double rotation of

C-1 and C-2 in thérans-1,2,4-trimethylspiropentanes is slower

than epimerization at C-4. Herein we report the results of our

Figure 2. Idealized (0,0) and (0,90) conformations of trimethylene. calculations, which lead to a reinterpretation of the experimental

at C-2 into the in-phase {pcombination of pz AOs at the results of G&C?2

terminal carbons in the (0,0) conformation of the trimethylene

diradical (shown in Figure 2). Although subsequent ab initio Computational Methodology

calculat!ons have foundgmuc;h smaller preference than the EH All calculations were performed with the 6-31G* basis Set.

C?‘lCUIat,'onS for Conrotatlon.[VIa the (0,0) geometry] over both Geometries of alkanes were optimized at the RHF level of theory, and

disrotation and monorotation [via a (0,90) geometry], the geometries of monoradicals and triplet diradicals were optimized at

qualitative preference for conrotation does persist at the highestihe ROHF level. Singlet diradical geometries were optimized with

levels of theory. (2/2)CASSCF wave functions. The geometries of stationary points were
At least in the stabilization of carbocations, the straineddC located and vibrational analyses were performed with Gaussidh 94.

bonds of cyclopropane rings are known to be better hypercon- The geometries of all the stationary points are available as Supporting

(0,0) (0,90)

jugative electron donors than—& bonds® Therefore, if a Information. . . . .
preference for coupled rotation were observed in the stereomu- The effects of including dynamic electron correlatforwere
tation reactions of derivatives df such agt and7, one would investigated by performing CASPT2 calculatidhgor which the RHF,

; ROHF, and (2/2)CASSCF wave functions were used as the references.
have expected that the preferred mode of coupling would haveA CASPT2 calculation with an RHF wave function as the reference is

been found .to pe conrotato?yThus, If correct, t.he concl_u3|on an MP2 calculation, and our MP2 calculations were carried out with

that disrotation is preferred in the stereomutation reactiods of . <cian 923 Al the other CASPT2 calculations and some ROMP2

and7is surprising, especially in light of more recent calculations  ¢4jcylations on monoradicals were performed with the MOLCAS suite

which show that disrotation is expected only when the bonds of ab initio programd®

at C-2 that hyperconjugate with thespAOs at C-1 and C-3

are electroracceptorsnot donors'® The strong preference for  Results and Discussion

disrotation, predicted in the stereomutation of 1,1-difluorocy-

clopropanes, has, in fact, been experimentally confirthed.
Nevertheless, when G&C reinvestigated the thermal isomer-

Stereomutation of Spiropentane (1) The geometry of was
optimized inDyy symmetry and was shown to be a minimum

izations of the four 1,2,4-trimethylspiropentarf@sising opti- by vibrational analysis. The (0,0) geometry of 1,1-dimethyl-
cally activetrans compounds$? they again found that, as i enecyclopropane2f was optimized irCz, symmetry, bug-(0,0)

and?7, the ratio of double to single rotation is about a factor of Was found to have three modes with imaginary frequencies.
3 larger in each of the twois stereoisomers than in each of the | €S€ modes involved syn and anti pyramidalization of the two

two trans compounds. This result was interpreted as additional adical centers and conrotation of both methylene groups.
evidence for the conclusion, drawn from the study of dimeth-  Other stationary points located on the potential surface for
ylspiropentaned and?7, that disrotation is preferred to conro-  the stereomutation dfwere aC; transition state for conrotation
tation in spiropentane stereomutation reactions. in diradical 2 (2-con), a Cs transition state for disrotation i

The trimethylspiropentane experiments also led to another (2-dis), and a diradical energy minimur@-nin), also withCs
unexpected observation. In each of the tirans compounds ~ Symmetry. The last of these stationary points connects two
epimerization of the C-4 methyl group (by some combination conrotatory transition states. The lowest frequency vibration in
of single rotation of C-4 and double rotation of C-4 in concert 2-Min is computed to be7 only 5 cm, so 2-min exists in a
with C-5, the unsubstituted carbon) is roughly a factor of 5 faster Very shallow energy well’ _
than double rotation of C-1 and C-2. This result is surprising ~AS shown in Table 1, the (2/2)CASSCF energie2afon
because epimerization at C-4 proceeds through a diradical thatind2-(0,0)are identical to within 0.1 kcal/mol. This is not too
has one primary center (C-5), while coupled rotation of C-1 SUrprising since the geometry @con differs from that of
and C-2 produces a dlradlcal_ with two _secondary centers. (12) Rariharan, P. C.; Pople, J. Aheor. Chim. ACtd 973 28, 213.

To try to understand why disrotation is apparently preferred  (13) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Gill, P. M. W.;
to conrotation in the pyrolyses of both the 1,2-dimethyl- and Johnson, B. G.; Robb, M. A.; Cheeseman, J. R.; Keith, T.; Petersson, G.
A.; Montgomery, J. A.; Raghavachari, K.; Al-Laham, M. A.; Zakrzewski,

(7) (a) Getty, S. J.; Davidson, E. R.; Borden, W.JT Am. Chem. Soc. V. G.; Ortiz, J. V.; Foresman, J. B.; Peng, C. Y.; Ayala, P. Y.; Chen, W.;
1992 114, 2085. (b) Baldwin, J. E.; Yamaguchi, Y.; Schaefer, H. F.,JlI. Wong, M. W.; Andres, J. L.; Replogle, E. S.; Gomperts, R.; Martin, R. L.;
Phys. Chem1994 98, 7513. (c) Doubleday, C., Jr.; Bolton, K.; Hase, W.  Fox, D. J.; Binkley, J. S.; Defrees, D. J.; Baker, J.; Stewart, J. P.; Head-
L. J. Am. Chem. S04997 119 5251. (d) Hrovat, D. A.; Fang, S.; Borden,  Gordon, M.; Gonzalez, C.; Pople, J. Baussian 94Revision B.3; Gaussian,

W. T.; Carpenter, B. KJ. Am. Chem. S0d.997, 119, 5253. References to Inc.: Pittsburgh, PA, 1995.
earlier ab initio calculations and to experimental studies of cyclopropane  (14) Review: Borden, W. T.; Davidson, E. Rcc. Chem. Re<s996
stereomutations are contained in these four papers. 29, 67.

(8) See, for example: Olah, G. A.; Reddy, P. V.; Prakash, G. K. S. in (15) Andersson, K.; Malmgqvist, P.-A.; Roos, B. .Chem. Physl992
The Chemistry of the Cyclopropyl GraguRappoport, Z., Ed.; John Wiley 96, 1218.
and Sons: New York, 1995; Vol. 2, pp 81859. (16) Andersson, K.; Blomberg, M. R. A.;"Baeher, M. P.; Karlstim,

(9) (a) The C-Si bonds in 2,2-disilyltrimethylene, which are much better ~ G.; Kelld, V.; Lindh, R.; Malmqvist, P.-A.; Noga, J.; Olsen, J.; Roos, B.
hyperconjugative electron donors thar-B bonds at C-2 in trimethylene, O.; Sadlej, A. J.; Siegbahn, P. E. M.; Urban, M.; Widmark, PMOLCAS-
have been calculated to greatly enhance the preference for conrotatory ring3; University of Lund: Lund, Sweden.
opening of 1,1-disilylcyclopropane, relative to the hydrocarbon. (b) Skancke,  (17) As is also the case on the (2/2)CASSCF reaction path of lowest

A.; Hrovat, D. A.; Borden, W. TJ. Am. Chem. Sod.998 120, 7079. energy for ring opening and closure of cyclopropatiee lowest frequency
(10) (a) Getty, S. J.; Hrovat, D. A.; Borden, W. J. Am. Chem. Soc mode in thisCs intermediate corresponds to a symmetry-breaking rotation
1994 116 1521. (b) Getty, S. J.; Hrovat, D. A,; Xu, J. D.; Barker, S. A.;  of the two methylene groups in the same direction. Formation of this
Borden, W. T.J. Chem. Soc., Faraday Tran994 90, 1689. (c) Xu, J. intermediate by deviation from a purely conrotatory path allows the inward
D.; Hrovat, D. A.; Borden, W. TJ. Am. Chem. S0d994 116 5425. rotating hydrogens on the methylene groups to minimize their steric

(11) Tian, F.; Lewis, S. B.; Bartberger, M. D.; Dolbier, W. R., Jr.; Borden, compression by avoiding the (0,0) geometry and passing sequentially
W. T.J. Am. Chem. S0d998 120, 6187. through the plane of the carbon atoms.



7768 J. Am. Chem. Soc., Vol. 121, No. 34, 1999

Table 1. Relative RHP: MP22 (2/2)CASSCP, and CASPT2, and
Zero-Point Energies, Heat Capacity Corrections at 298 K, and
Relative Enthalpies for the Stationary Points on the Singlet Potential
Surfaces for Spiropentane (all in kcal/mol)

sym- Co208 X AHz9s AHogg

species metry SCF PT2 ZPE 298K (SCF) (PT2)
1(*Ay) Dy —35.9 —528 58 —1.3 -—31.4 —483
2-con(*A) (o) 0.0 0.0 0.0 0.0 0.0 0.0
2-dis (*A") Cs 0.7 3.0 03 -0.2 0.8 3.1
2mono(fA) C, 08 28 04 -02 10 30
3(*A) Cy 6.6 10.7 15 -0.6 7.4 116
2-min(fA) C, -04 04 07 03 06 14
2-(0,00(A) Cn 01 —-02 —0.& -16 -17 -20
2-(0.90)(A") Cs 10 26-02 -0 01 18

aFor 1. PFor all diradicals® A vibrational analysis showed this
structure to have three modes with imaginary frequenéiésvibra-
tional analysis showed this structure to have two modes with imaginary
frequencies.

2-(0,0)by a mere 9.1 0f conrotation. As usual, upon including
dynamic electron correlation, the more delocalized structure is
selectively stabilized? and the CASPT2 energy &-(0,0)is
found to be slightly lower than those of bathconand2-min.

On the CASPT2 potential energy surfé&:¢€0,0), or a geometry
very close to it, is probably the transition state for conrotatory
opening and closure df.

The geometry of the (0,90) conformer »fvas optimized in
Cs symmetry, bu2-(0,90)was found to have two vibrational
modes with imaginary frequencies, corresponding to pyra-
midalization and rotation of the methylene group that lies in
the symmetry plane. Allowing this radical center to pyramidalize
led to the monorotatory transition sta-rfiong).

Using an optimized geometry for the radially cleaved triplet
diradical as a starting point, searching for a singlet transition
structure led to the (2/2)CASSCF geometry3ofThe relative
(2/2)CASSCF and CASPT2 energies{0,90) 2-monag and
3 are given in Table 1.

After corrections for the ZPE and heat capacity differences,
given in Table 1, the enthalpy of activation that we calculate at
the CASPT2 level of theory for isomerization &fvia rate-
determining passage througimono is AH¥9s = 51.3 kcal/
mol. This calculated value is in superb agreement with Gilbert's
experimental value ofAH*gg3 = 50.9 4+ 1.0 kcal/mol for
isomerization of cis-1,22Hy-spiropentane totrans-1,2-H,-
spiropentane. The (2/2)CASSCF value fod* is far too low,
due to the absence from these calculations of correlation for
the electrons in all three of the strainedbonds of the three-
membered ring that undergoes opening.

Also in agreement with experimeff,our calculations show
that breaking a peripheral bondirto form diradical2 requires
substantially less energy than cleaving a radial bond to form

Johnson et al.

those computed for stereomutation of cycloprop#rimyt they
are much smaller than those calculated at the same level of
theory for stereomutation of 1,1-disilylcyclopropaifeé?

Hyperconjugation in 2-(0,0). At least some of the energetic
preference for the (0,0) over the (0,90) conformation in diradical
2 has the same origin as the preference for the bisected (0) over
the staggered (90) GHconformation in cyclopropylcarbinyl
monoradical. The bisected conformation allows the singly
occupied p AO on the Cigroup to be stabilized by interacting
with both the bonding and antibonding Walsh orbitals of the
cyclopropane ring that also havé symmetry. The preference
for the (0) over the (90) Ckconformation in cyclopropylcar-
binyl radical is calculated to amount to 2.2 kcal/mol at the
CASPT2 level of theory® a value which is in very good
agreement with the experimental value of Z4.5 kcal/mol?3

In contrast, the (0) and (90) conformations of the 1-propyl
radical have the same energies to within 0.2 kcal/AffoThe
energy difference between the (0) and (90),@dnformations
in cyclopropylcarbinyl radical is thus ca. 2 kcal/mol larger than
in propyl radical, and this might have been expected to be the
amount by which the energy difference between the (0,0) and
(0,90) conformations is larger in diradicathan in trimethylene.
However, as already noted, the CASPT2 energy difference
between the (0,0) and (0,90) conformationiis only about
1 kcal/mol larger than in trimethylerté.

The somewhat smaller than expected energetic preference for
(0,0) over (0,90) in2 could be due to the hyperconjugative
interaction of the two radical centers with the cyclopropane ring
bonds in2-(0,0) being competitive, rather than cooperative.
Whether the hyperconjugative interaction of radical centers at
C-1 and C-3 with the exocyclic bonds to C-2 is competitive or
cooperative in a 1,3-diradical can be assessed by computing
the energy of the isodesmic reaction in eftLlf the reaction

R R

R R R R
2 X = XL

is calculated to be energetically favorable, the interaction is
cooperative, but if the reaction is calculated to be energetically
unfavorable, the interaction is competitive. Strongly electron
accepting bonds (e.g., R F) or strongly electron donating
bonds (e.g., R= SiRs) at C-2 result in a cooperative interaction
of the two radical centers. For example, foR- the CASPT2
energy of the reaction in eq 1 3.8 kcal/molt% and for R=
SiH; the reaction in eq 1 is computed to be energetically
favorable by—10.1 kcal/mol at this level of theof.In contrast,

for R = H, the reaction in eq 1 is computed to be unfavorable
by 0.7 kcal/mol at the CASPT2 level, showing that the radical
centers in (0,0)-trimethylene act competitively, rather than
cooperatively??:100

O]

diradical3. The former diradical possesses one more bondtoa For R—R = H,C—CHj the reaction in eq 1 is also computed
cyclopropyl ring carbon than the latter, and the large amount to be energetically unfavorable and actually by 0.4 kcal/mol
of 2s character in this bond makes it stronger than the bond tomore than in trimethylene. This result indicates that the

the s@ carbon that is absent i but present ir8.18.1°

Whether the energies &-con and 2-mono or 2-(0,0) and
2-(0,90)are compared, conrotation is computed to be preferred
over monorotation in the stereomutationloby 2.8 kcal/mol
at the CASPT2 level of theory. The CASPT2 energy of the
transition state for conrotation is lower than that for disrotation

cyclopropane ring ir2-(0,0)is certainly not a significantly better
hyperconjugative, two-electron donor than the € bonds at
C-2in (0,0)-trimethylene. This finding is quite surprising, since,
as already noted, the strainee-C bonds of cyclopropane rings
are knows to be much better hyperconjugative, two-electron
donors than &H bonds in the stabilization of carbocatiotfs.

by about the same amount. These preferences for conrotatory (20) The energy difference between the (0,0) and (0,90) conformations

ring opening ofl are a little more than 1 kcal/mol larger than

(18) Johnson, W. T. G.; Borden, W. J. Am. Chem. Sod.997, 119
5930.

(19) Baghal-Vayjooee, M. H.; Benson, S. \lM.Am. Chem. S0d.979
101, 2838.

of trimethylene is 1.2 kcal/mol at the SD-CI let®hnd 1.7 kcal/mol at
CASPT2

(21) Hrovat, D. A.; Borden, W. T. Unpublished results.

(22) Johnson, W. T. G.; Hrovat, D. A.; Skancke, A.; Borden, WTfeor.
Chim. Actal999 102 207.

(23) Walton, J. CMagn. Reson. Cheni987, 25, 998.
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Another indication of whether the-€R bonds at C-2 in a
1,3-diradical either accept electron pairs from or donate electron
pairs to the two radical centers is the singl&iplet energy
separation. Both the electron-accepting FEbonds in (0,0)-
2,2-difluorotrimethylene and the electron-donating & bonds
in (0,0)-2,2-disilyltrimethylene strongly lift the near degeneracy
of the b and 2 NBMOs in these diradicals and result in each
diradical being computed to have a singlet ground St
At the CASPT2 level of theoryAEst = — 4.8 in the formet25
and AEst = — 11.9 kcal/mol in the lattet®

In the (0,0) conformation of the parent trimethylene diradical
the interaction of the pe AOs at C-1 and C-3 with the weakly
electron-donating €H bonds at C-2 is not very effective in
lifting the degeneracy between the &nd a combinations of
these AOs. In the triplet diradical ROHF the orbital energy
difference between the land a NBMOs is only 4.1 kcal/mol
for R = H, which is only about 20% as large as the difference
of 18.9 kcal/mol for R= SiHs;. As a result, the occupation
numbers of the pand @ NBMOs in the (2/2)CASSCF singlet
wave function for R= H are, respectively, 0.91 and 1.09,
compared to 0.49 and 1.51 for R SiHs. Consequently, in
contrast to the singlet ground state witkEst = — 11.9
predicted for (0,0)-2,2-disilyltrimethylerf& a triplet ground state
with AEst = 0.7 kcal/mol is computed for (0,0)-trimethyle#.

In 2-(0,0)the h orbital of the cyclopropane ring is slightly
more effective than the;lcombination of C-H bonds in (0,0)-
trimethylene at lifting the degeneracy of thednd a NBMOs.
The ROHF orbital energies i8-(0,0) differ by 5.7 kcal/mol,
about 40% more than in (0,0)-trimethylene, and the occupation
numbers of the aand i NBMOs in 2-(0,0) are, respectively,
1.12 and 0.88, compared to 1.09 and 0.91 in (0,0)-trimethylene.
Nevertheless, not only i2-(0,0) predicted to have a triplet
ground state, but the CASPT2 valueAiEst = 2.0 kcal/mol in
2-(0,0)is nearly 3 times larger thahEst in (0,0)-trimethylené®

The value of AEst in a diradical depends not only on the
energy difference between the NBMOs but also on the degree
to which the GVB orbitals derived from them are disjcift.
The b combination of pr AOs at C-1 and C-3 interact more
strongly with both the bonding and the antibonding byclo-
propane Walsh orbitals i2-(0,0) than with the bonding and
antibonding C-H orbitals in (0,0)-trimethylene. The larger

(24) Our calculations do indeed find that two-electron, hyperconjugative
donation from the €C bonds of a cyclopropane ring into the emptyrp-
AO of a carbocation is highly stabilizing and to about the same extent as
hyperconjugative donation from the-Gi bonds of two geminal silyl groups.
Since our calculations also find that the cyclopropane ring bonds@0)
are much poorer hyperconjugative electron donors than the gemiral C
bonds in the (0,0) conformation of 2,2-disilylpropane-1,3-diyl, this difference
between the relative electron donating abilities of cyclopropane and geminal

J. Am. Chem. Soc., Vol. 121, No. 34,77899

Table 2. Relative RHP MP22 (2/2)CASSCP, and CASPTZ2, and
Zero-Point Energies, Relative Heat Capacity Corrections at 560 K,
and Relative Enthalpies of the Stationary Points on the Singlet
Potential Surfaces for 1,2-Dimethylspiropentane, (all in kcal/mol)

sym- Cus60 X  AHseo AHseo
species metry SCF PT2 ZPE 560K (SCF) (PT2)
4 (A" Cs —-35.0 -51.7 3.6 —-03 —-31.7 —484
7(A) C, -364 -529 35 -03 -331 —49.6
6-con(*A) C 0.0 0.0 0.0 0.0 0.0 0.0
s-dis(tA) G 07 19 -02 01 05 1.7
8 (*A) C: -0.1 1.3 -04 0.1 -0.4 1.0
9 (*A) ¢ -03 15-03 01 -05 12
5-con(*A) C, 0.5 0.6 —0.5 0.2 0.2 0.3
6-dis(A) C 04 25-03 00 01 22
5-min (fA")  Cs 05 10 -01 12 15 20
5 (1A) C. 16 09-16& -3¢ -30 -37
6 ('A") C 09 —07 —14 —-1¢ -24 -39
10(*Ay) Ca 3.9 24 -1.0¢ —-2.¢ 09 -0.6

aFor 4 and7. ®For all diradicals® A vibrational analysis showed
this structure to have four vibrational modes with imaginary frequencies.
d A frequency analysis showed this structure to have three vibrational
modes with imaginary frequencies.

amount of orbital mixing that results from thipair of
interactions in2-(0,0) leads to its GVB orbitals being less
disjoint than those in (0,0)-trimethylefé.

Stereomutation of 1,2-Dimethylspiropentanes 4 and Ve
have previously found that, at the (2/2)CASSCF level of theory,
terminal methyl groups reduce the energy difference of 0.7 kcal/
mol between the (0,90) and (0,0) conformations of trimethylene
to a difference of only 0.2 kcal/mol between (0,90) and the
lowest energys-trans,s-trang0,0) conformation of pentane-
2,4-diyl 1 A similar effect is seen on comparison of the
(2/2)CASSCF energies in Tables 1 and 2. At this level of theory
the s-cis (8) ands-trans(9) monorotatory transition states for
interconversion ofcis- and trans-1,2-dimethylspiropentane
(4 and 7) are actually lower in energy than any of the other
stationary points that we located on the potential surface for
stereomutation of and7. Presumably, hyperconjugation of the
terminal methyl groups with the radical centers in diradigls
6, 8, and9 reduces the importance of hyperconjugation of these
centers with the strained-@C bonds of the cyclopropane ring.

aan
o

CHj Hs _H

10

Hiyz
HyC

Huys
CHy HaC

However, in addition to this electronic effect, Table 2 shows

C—Si bonds in carbocations and in 1,3-diradicals presents an apparentthere are apparently also some steric effects on the relative

paradox. We believe that the resolution of this paradox is that hypercon-
jugative electron donation i-(0,0)necessitates charge separation, whereas,
even in 2,2-disilylpropane, the -€Si bonds are highly polarized, with
positive charges on silicon and a negative charge at the carbon to which
they are attached. Consequently, hyperconjugative stabilization in 2,2-
disilylpropane-1,3-diyl largely involves delocalization of negative charge,
already at C-2 in 2,2-disilylpropane, to C-1 and C-3, rather than creation
of charge separation, as required for hyperconjugative electron donation in
2-(0,0)

(25) As predicted? the ground state of a cyclic derivative of 2,2-
difluorotrimethylene has been shown experimentally to be a singlet: Adam,
W.; Borden, W. T.; Burda, C.; Foster, H.; Heidenfelder, T.; Heubes, M.;
Hrovat, D. A,; Kita, F.; Lewis, S. B.; Scheutzow, D.; WirzJJ.Am. Chem.

Soc 1998 120, 593.

(26) (a) Borden, W. T.; Davidson, E. R. Am. Chem. Sod 977, 99,
4587. (b) Borden, W. T. InDiradicals, Borden, W. T., Ed.; Wiley-
Interscience: New York, 1982; pp-T2. (c) Borden, W. T. InThe
Encyclopedia of Computational ChemistBchleyer, P. v. R., Ed.; Wiley:
New York, 1998; pp 70822. (d) Borden, W. T. IfVlagnetic Properties
of Organic Materials Lahti, P. M. Ed.; Marcel Dekker: New York, in press.

energies of these diradical conformers, due to the presence of
the cyclopropane ring. These effects make #heismethyl
conformation relatively more favorable i6 and 8 than in
pentane-2,4-diyl. In the latter diradical teeranss-trans(0,0)
conformation is favored oves-ciss-trans(0,0) by 1.2 kcal/
mol at the (2/2)CASSCEF level of theot{ In contrast,8 is
calculated to be within 0.2 kcal/mol ¢ at both the (2/2)-
CASSCF and CASPT2 levels of theory, aledis actually
calculated to be lower in energy th&nby 0.7 kcal/mol at
(2/2)CASSCF and by 1.6 kcal/mol at CASPT2. With inclusion
of dynamic electron correlation at the latter level of thedy,
becomes the lowest energy diradical stationary point that we
located?®

(27) Goldberg, A. H.; Dougherty, D. Al. Am. Chem. Sod.983 105,
284.
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The rather surprising finding that tteecis,s-tranconforma-
tion of diradical6 is lower in energy than the-trans,s-trans
conformation of diradicab prompted us also to compute the
energy of thes-cis,s-cisconformation of diradicallO. In the
latter conformation there is considerable steric crowding between
the two “inward-rotated” methyl groups. Consequently, as
shown in Table 210 is computed to be higher in energy than
either5 or 6 at both the (2/2)CASSCF and CASPT2 levels of
theory.

Our finding that thes-ciss-trans(0,0) diradical conformation
(6) is lower in energy than the-transs-trans(0,0) conformation
(5) has profound implications for interpreting the experiments
of G&C.%@ As discussed above, these experiments found that
the ratio of double to single rotation is higher4nthan in7,
and G&C correctly interpreted this finding as being duetto
undergoing ring opening to the more stable (0,0) diradical
conformation. However, G&C made the reasonable but errone-
ous assumption that diradicals lower in energy tha. Since,
as shown in Figure 14 must open tdb by disrotation, G&C
concluded that disrotation is preferred to conrotation in the
stereomutations of and 7.

Our calculations find, in contrast to what G&C assumed, not
only that6 is lower in energy tha®, but, in addition, that the
s-cis,s-trangonformation of6 is favored by a statistical factor
of 2 over thes-trans,s-tranconformation ofc. Therefore, we
reinterpret the results of G&C’s experiments as having shown
that the ratio of double to single rotation is higherithan in
7, becausd preferentially undergoes ring openingtto 5 but
to 6.29 Since, as illustrated in Figure X4 opens to6 by
conrotation, we conclude that conrotation is preferred to
disrotation in the stereomutations 4fand7.

This conclusion is in accord with the expectation, based on
qualitative theory and discussed above, that since the cyclo
propane ring irb and6 is a hyperconjugative electron donor,
conrotatory ring opening of these spiropentanes should be
preferred. Our reinterpretation of the experimental results of
G&C is also consistent with the results of our calculations on
the stereomutation reactionshf4, and7. As shown in Tables
1 and 2, we find that at the CASPT2//(2/2)CASSCF level of
theory the disrotatory transition states are3?kcal/mol higher
in energy than their conrotatory counterparts.

In agreement with the experimental results of G&C is our
finding that at the CASPT2//(2/2)CASSCF level of theory
transition state® and9 for effecting the interconversion af
and 7 by monorotation are both higher in energy than the
preferred transition states for ring openingdaind?7 by double
rotation®® In addition, and also as found experimentally by

(28) On the basis of the energies in Table 2, it seems likely that the
(0,0) diradical geometrie§ and 6, would be found to be closer than the
(2/2)CASSCF conrotatory transition structur&scon and 6-con to the
geometries of the CASPT2 conrotatory transition states. Unfortunately,
analytical gradients have not yet been implemented in MOLCAS for
CASPT2 wave functions, so currently, this conjecture cannot be easily
verified.

(29) Even though the (2/2)CASSCF geometrie$-afonand6-conare
probably not the transition structures for conrotatory ring opening of,
respectively7 and4 on the CASPT2 surfacs,comparison of the enthalpies
of 5-conand6-conis more meaningful than comparison of the enthalpies
of diradicals5 and®6, since at the (2/2)CASSCF level the former diradical
has one more imaginary vibrational mode than the latter.

(30) To compute the actual ratios of double to single rotations in the
stereomutations ot and 7, reaction dynamics calculations would be
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H CH,

/
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12a, R=CHs R'=H
b,R=H, R =CHj
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HeC  H
11 \

Figure 3. Pathway for stereomutation éfans-1,2,4-trimethylspiro-
pentane 11) to 13 by cleavage of the bond between C-4 and C-5 and
to 13, the enantiomer ofLl3, by conrotatory cleavage of the bond
between C-1 and C-2 il

HsC H

G&C, our calculations predict that the ratio of double to single
rotation should be larger i4 than in7.

As shown in Table 2, at both the CASSCF and CASPT2
levels6-con the preferred transition structure for double rotation
in the ring opening o#4, is computed to be slightly lower in
energy tharb-con the preferred transition structure for double
rotation in the ring opening df.2° Since monorotation transition
structures3 and 9 are each accessible from bothand 7, the
0.3 kcal/mol lower enthalpy d-con, relative to5-con predicts
that at 560 K the ratio of conrotation to monorotation should
be a factor of just 1.3 larger ih than in7. However,6-conis
also statistically favored oves-con by a factor of 2, so that
our calculations predict that the ratio of conrotation to mono-
rotation at 560 K should actually be a factor of 2.6 largedin
than in7. Probably fortuitously, this i®xactlythe factor by
which the experiments of G&E found the ratio of double to
single rotations to be larger in the stereomutatior ¢fian of
7_30

1,2,4-Trimethylspiropentanes.As discussed in the Introduc-
tion, the experiments of G&C also found that epimerization of
C-4 in 11 and 13, the two trans stereoisomers of 1,2,4-
trimethylspiropentane, is about 5 times faster than the rate of
double rotation of C-1 and C-2. Presumably, this unexpected
finding that the less substituted peripheral bond preferentially
cleaves is due to bothl and 13 undergoing conrotatory ring
opening to ans-transs-trans(0,0) diradical geometry upon
cleavage of the more substituted peripheral bond. In contrast,
cleavage of the less substituted peripheral bond allows the C-4
methyl to epimerize via ar-cis(0,0) geometry 12a). On the
basis of the relative CASPT2 energiesbadnd6 in Table 2, an
s-cismethyl group should be preferred to artransmethyl
group by 1.6 kcal/mol, and the tw&transmethyl groups in
diradical14 might prove sufficient to favor conrotation of C-4
and C-5 over conrotation of C-1 and C-2 in the ring opening of
11

To test whether this is indeed the case, we carried out
calculations ons-cis (128 and s-trans (12b), the two (0,0)
conformations of the diradical formed by cleavage of the bond
between C-4 and C-5 in 1,2,4-trimethylspiropentab® @nd
on 14, the (0,0)s-transs-trans conformation of the diradical
formed by conrotatory cleavage of the bond between C-1 and

necessary. Dynamics calculations on the stereomutation of cyclopropaneC-2 in 11 (Figure 3). Diradicalsl2a and 12b are the two

have found that molecules which undergo disrotatory ring opening do not,
as predicted by transition state theory, contribute to net monorotation by
undergoing preferential conrotatory clostité€.Instead, dynamical effects
favor molecules which undergo disrotatory ring opening contributing to
double rotation by undergoing disrotatory closure.

idealized transition structures for interconversioriafand13

by double rotations, and diradich4 is the idealized transition
structure for the preferred mode of double rotation by which
11 isomerizes to the enantiomer 8 (13).



Calculations of Spiropentane Stereomutations

Our calculations find thal2ais favored overl2b, by 3.0
kcal/mol at the (2/2)CASSCF level and by 4.0 at CASPT2.
These energy differences are larger than those betvaad5

J. Am. Chem. Soc., Vol. 121, No. 34,7999

Table 3. Relative ROHF, (2/2)CASSCF, ROMP2, and
(2/2)CASPT2 Energies for the-cis— s-translsomerization
of Radicals15 and 16 and of Diradicalsb, 6, 17, and18

at these two levels of theory, which, as shown in Table 2,
amount to only 0.7 and 1.6 kcal/mol, respectively. The larger

energy differences betwed&2aand12b can be ascribed in part
to the presence in these two diradicals of thens-methyl
groups, one of which sterically destabilizes gxaansmethyl
group in12b more than thes-cismethyl group in12a

The same type of steric interaction is presenirtoo, and
it also serves to destabilizé4, relative to 12a The (2/2)-
CASSCF energy ofl2ais computed to be lower than that of
14 by 2.7 kcal/mol, and CASPT2 calculations find this energy
difference to increase to 3.8 kcal/mol. The size of the calculated
energy difference between these two diradicals is large enough

ROHF, ROMP2,
reaction (2/2)CASSCE (2/2)CASPT2
18a—17a 1.2 0.3
16a— 15a 2.2 2.0
18a+ 15a— 17a+ 16a —-1.0 —-1.7
18b—17b 3.5 4.1
16b— 15b 2.1 2.2
18b+ 15b— 17b+ 16b 1.4 1.9
18c— 17c —4.6 —6.4°
16¢c— 15c -0.5 -0.5
18c+ 15¢— 17c+ 16¢ —4.1° —5.9
5—6 -0.7 -1.6
16d— 15d 0.4 0.7
5+ 15d— 6+ 16d -1.1 —-2.3

to account easily for the factor of 5 by which G&C found the
rate of interconversion of1 and 13 to be faster than the rate
of interconversion ofl1 and13 at 290°C.

Why Is the s-cisMethyl in 6 Preferred to the s-trans
Methyl in 5? Previous studies have provided evidence for a
long-range electronic interaction betweersatismethyl at C-1
and the nonbonding p-AO at C-3 in 1,3-diradical$?® With
hyperconjugatively electron accepting-€ bonds at C-2, this
interaction is computed to be destabilizing. This leads to a large
preference for (0,03-transs-transover (0,0)s-ciss-transtransi-
tion structures being both predict€dand found! in the
stereomutations of 1,1-difluoro-2,3-dialkylcyclopropanes.

However, with hyperconjugatively electron donating bonds
at C-2, the long-range electronic interaction betweeis-ais
methyl at C-1 and the nonbondingmpAO at C-3 is expected
to be stabilizing:®° Thus, the weakly electron donating-El
bonds at C-3 in pentane-2,4-diyl result in the energy difference
between thes-ciss-trans and thes-transs-trans(0,0) confor-
mations being computed to be 3 times smaller in the hydro-
carbon than in the fluorocarbon diradié&.

As shown by the relative energies®and6 in Table 2, the
(0,0)s-ciss-transconformation of the latter is actually lower
in energy than the (0,0-transs-trans conformation of the
former. This reversal in conformational preference from that
calculated for the (0,0) diradicals formed by conrotatory opening
of cis-andtrans-1,2-dimethylcyclopropane could be due either
to steric destabilization of as-transmethyl group in5 or to
electronic stabilization of the-cismethyl group in6 or to a
combination of both these effects.

To assess the relative contributions of electronic and steric
effects to the energetic preference over5, we compared
the size of the energy difference between them to that between
the s-cis (15d) and s-trans (16d) conformations of a closely
related monoradical. In bothsd and16d a C—H bond at C-3

a ROHF for radicals and (2/2)CASSCF for diradicdlROMP2 for
radicals and (2/2)CASPT2 for diradical-or R = SiH; the lower
energy conformation is the one in which a methyti& bond eclipses

the C-C rather than the €H bond at the radical center.

R
H
Hr] 20
Hn'"' . H
H H
16a, R=H
b,R=F
C, R= SIHg
d, R-R = HyC-CH,
R
H H
HsC R, %
H
H H
17a,R=H 18a, R=H
b,R=F b,R=F
¢, R = SiH, ¢, R =SiH,

6, R-R = HoC-CH, 5, R-R = H,C-CH,

Figure 4. s-cis (15) and s-trans(16) monoradical and-cis,s-trans
(17 and6) ands-trans,s-trang18 and5) diradical conformations.

is favored over the-cisconformation in15 by about the same
amount for R= H and R= F. For R—-R = H,C—CH,, the
more sterically demanding ethano group at C-2 makes confor-
mation15d only slightly higher in energy thah6d. The larger

still geminal silyl groups irl5candl16clead to thes-cismethyl
conformation of the former actually being favored. The energy
differences between conformatiod$ and 16 are nearly the
same at both the ROHF and ROMP2 levels, as might be

was constrained to eclipse the bond between C-1 and C-2, seexpected for energy differences that are largely steric in origin.

that the orientation of the inward hydrogen at C-3Lid and
16d was similar to that of the hydrogen at C-36rand5. We
also compared the energy differences betweensthis and

In diradicals6 and 17 only for R = F is the preference for
ans-transmethyl conformation enhanced, relative to that in the
corresponding monoradical. As already noted, with hypercon-

s-transmethyl conformations of the analogous monoradicals and jugatively electron accepting-€F bonds at C-2, the long-range

diradicals with geminal hydrogens, fluorines, and silyl substit-
uents at C-2. The results of these calculations are given in Table
3.

The differences in energy between theis(15) ands-trans
(16) conformations of the monoradicals should largely reflect
the differences in the diradicals between the steric interactions
of thes-cismethyl at C-1 in6 and17 with the in-plane hydrogen
at C-3 and of thes-transmethyl in5 and 18 with the geminal
substituents, R, at C-2 (Figure 4). The results in Table 3 for the
monoradicals show that ttetransmethyl conformation irl6

interaction between thecismethyl at C-1 and the nonbonding
p-r AO at C-3 is destabilizing% This destabilizing electronic
interaction inl7bresults in a 1.41.9 kcal/mol greater energetic
preference for the-transconformation in diradicall8b than
in monoradicall6b.

For electron donating €R bonds at C-2 in the 1,3-diradicals

the long-range interaction between theismethyl at C-1 and
the nonbonding ps AO at C-3 is stabilizind® As already

discussed in the comparison of diradi@aith trimethylene,
C—H bonds and cyclopropane—C bonds at C-2 appear to
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have nearly comparable electron donating abilities in 1,3-
diradicals, and both of these types of bonds at C-2 are
significantly less effective hyperconjugative electron donors than
C—Si bonds. Therefore, it is not surprising that, fo=RH and

for R—R = H,C—CHy, the preferences for thecisconforma-
tion in diradicals17a and 6 are only slightly greater than in
monoradicaldl5aand 15d, amounting to ca. 1 kcal/mol at the
(2/2)CASSCF,ROHF levels and 2 kcal/mol at (2/2)CASPT2,-
ROMP2. However, for R= SiHs, the preference for ag-cis
methyl conformation is much larger in diradica¥c than in

the monoradical, amounting to 5.9 kcal/mol at the (2/2)-
CASPT2,ROMP2 leveldt

Johnson et al.

neither the energies calculated for the isodesmic reaction in eq
1 for R=H and for R-R = H,C—CHj; nor the sizes oAEsr
computed in2 and in (0,0)-trimethylene indicate that the
cyclopropane ring in the former diradical is a significantly better
hyperconjugative electron donor than the-l& bonds in the
latter24

The weak electron donation from the cyclopropane ring in
diradical 2 is further reduced by the presence of the methyl
groups in diradical® and6. Nevertheless, at the CASPT2 level
of theory, conrotation is the preferred pathway for ring opening
of cis-1,2-dimethylspiropentand) and of thetransisomer ().
The larger computed preference for double rotation over

As shown in Table 3, the difference between the preferencesmonorotatory ring opening i4 than in7 is in agreement with

for s-cismethyl conformations in the diradicals and in the
monoradicals increases on going from (2/2)CASSCF,ROHF to
(2/12)CASPT2,ROMP2. This increase is-2 times larger for

R = SiHz than for R= H and R-R = H,C—CH,. Inclusion of

dynamic electron correlation generally enhances electron de-

localization!* and delocalization increases the attractive interac-
tion between ars-cisimethyl at C-1 and the nonbondingmp-

AO at C-3 in the diradicals. The enhancement of this attraction
by inclusion of dynamic electron correlation is greatest for

the experimental results of G&&.

However, in contrast to the assumption made by these authors,
our calculations find that diradicd is lower in energy than
diradical5, and in additiong is statistically favored oves by
a factor of 22° Consequently, the reason double rotation is both
computed and found to be preferred by more in the stereomu-
tation of4 than of7 is not that4 undergoes disrotatory opening
to 5, as concluded by G&C. Quite the opposite, the larger
preference for double rotation found4ns due to the fact that

geminal silyl groups at C-2, because hyperconjugative donation the transition structures¢con) for conrotatoryopening of4 to

of electrons from the €R bonds at this carbon to the in-phase
combination of pgr AOs at C-1 and C-3 is much larger for
R = SiH;3 than for R= H or R—R = H,C—CH..

Conclusions

Our calculations find that spiropentarig prefers conrotatory
over monorotatory and disrotatory ring opening by only a
slightly larger amount than cyclopropane. Moreover, at least
part of this increased preference for conrotatory ring opening
of 1 to the (0,0) conformation of diradic& resides in the
preference for a bisected (0) conformation in cyclopropylcar-
binyl monoradical. Despite the well-known ability of cyclopro-
pane C-C bonds to stabilize carbocations hyperconjugati¥ely,

(31) The stabilization associated with the long-range attraction between

ans-cismethyl group at C-1 and the nonbondingrpAO at C-3 in17 can

be reduced by rotating trecismethyl group such that the combination

of C—H bonds points away from the C-3 radical center. For botis RI

and R-R = H,C—CHj, rotating thes-cismethyl group in this fashion costs
ca. 1.5 kcal/mol, and for R= SiHjs, this rotation raises the energy by 2.6
kcal/mol. For R= F, rotating thes-cismethyl group costs only 0.4 kcal/
mol, because irl7b the long-range interaction between theismethyl
group at C-1 and the nonbondingmpAO at C-3 is repulsive rather than
attractivelo®

diradical6 has a lower free energy than the transition structure
(5-con) for conrotatoryopening of7 to diradical5.
Contributing to the lower electronic energy of theismethyl
conformation inG, relative to thes-transmethyl conformation
in 5, is a weak long-range attraction between sheismethyl
group and the nonbondingpAO at C-3. Our calculatons find
that the much more strongly electron donating & bonds at
C-2 in 17c make the long-range attraction between $heis-
methyl and the pg AO at C-3 much stronger in this diradical
than in6, whereas the electron accepting E bonds at C-2 in
17b make the interaction between teeismethyl and pr AO
at C-3 repulsive in this diradical.
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