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ABSTRACT. Application of the differential activation energy approach suggests that the strong inward
opening tendency of the formyl group in 3,4-cyclopropano-7-formyl-bicyclo[4.2.0]octan-1,5-diene
and also 3,4-epoxy-7-formyl-bicyclo[4.2.0]octan-1,5-diene is either counter balanced to a level that
the reaction turns torquo-neutral or it rotates outward, depending upon the stereo-relationship of
the small ring unit with the formyl substituent. The NBO interaction approach, however, predicts
inward selectivity throughout. These molecules, therefore, can be used as excellent test examples to

judge the validity of one approach over the other.

Keywords. Torquoselectivity, 7-R-3,4-cyclopropano-bicyclo[4.2.0]octan-1,5-diene, 7-R-3,4-epoxy-
bicyclo[4.2.0]octan-1,5-diene, remote substituent effect, torquo-neutral, torquo-reversal

INTRODUCTION

The conrotatory ring opening of 7-carbomethoxy-bicyclo[4.20]octan-1,3,5-triene does not involve
Ticice-0 ¥ c7cs interaction as in the opening of 3-carbomethoxycyclobutene and that the reaction is an
eight-electron process rather than the more common four-electron phenomenon encountered with
simple 3-substituted cyclobutenes.’ An understanding of the operating orbital-orbital interactions in
the transition state (TS) structure guided us to study the conrotatory opening of the four-membered
ring in anti-7-carbomethoxy-3,4-cyclopropano-bicyclo[4.2.0]octan-1,5-diene, 1, and anti-7-
carbomethoxy-3,4-epoxy-bicyclo[4.2.0]octan-1,5-diene, 4. To study the effect of the remote small ring
units on torquoselectivity. Having included the ocscs and ocres electrons, both the substrates are

geared for an eight-electron process to form seven-membered ring products as shown in Scheme 1.

The shown location of the three-membered ring was considered necessary to allow the relay of
orbital-orbital interactions enroute the ring opening. The canted orbitals resident on C3 and C4 must
guarantee their overlap with the adjacent p orbitals to allow © bond formation between C2 and C3,
and C4 and C5 to form one or both the products.* The products 2 and 5, and 3 and 6 are formed from,
respectively, inward and outward openings. The reactions of the corresponding syn-derivatives,
wherein the methylene of cyclopropane and oxygen of oxirane are oriented syn to the ester group,

were also studied to explore whether this stereochemical change in the substrate had any bearing on
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the torquoselectivity of ring opening. The corresponding 7-formyl species were also studied to

estimate the effects of the small ring units on its strong inward opening tendency.* ®
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Scheme 1. Conrotatory ring opening reactions of 1 and 4
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We report herein the results from density functional calculations and demonstrate that the
conrotatory ring opening in each instance is clearly an eight-electron process as the orbital interaction

characteristic of the four-electron process is completely absent.

Computational methods

For all the structures, geometry optimizations and TS structure searches were carried out at 298.15 K
under 1 atm pressure using the hybrid meta-GGA M06-2X density functional and 6-31+G(d,p) basis
set.® The optimized structures were verified as minima or first order saddle points by harmonic
vibrational frequency analysis. In order to understand the strengths of the participating frontier orbital
interactions, the natural bond orbital (NBO) analysis was conducted using the NBO program.’
Calculations were carried out using the Gaussian 09 suite of programs.® All the energies reported

herein are Gibbs free energies (sum of Electronic and Thermal Free Energies) in kcal/mol.

RESULTS AND DISCUSSION

The activation barriers and important NBO interactions for the inward and outward openings of 1 are
collected in Table 1. The 1.0 kcal/mol difference in the activation energies predicts approximately
80:20 mixture predominating in outward opening. Since the inward and outward opening reactions
are exothermic by 3.3 and 6.8 kcal/mol, respectively, no equilibration through reversal is expected
under mild reaction conditions. The torquoselectivity determining oczcs—7*c=0 interaction, however,
argues otherwise as it favors inward opening predominantly. The said interaction in inward opening

TS structure is 21.6 kcal/mol larger than in outward opening.
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Table 1. Gibbs’ free energy of activation (AG*) and important NBO interaction energies (kcal/mol) for the inward

and outward ring openings of anti-7-carbomethoxy-3,4-cyclopropano-bicyclo[4.2.0]octan-1,5-diene, 1

TS AGH Tcice—6*crcs ocrcs— ¥ cics Gc7cs— ¥ =0 Tc=0—G*c7cs Gz2/3-G1
inward 30.6 48.7 55.8 46.3 1.4 -3.3
outward 29.6 45,5 51.7 24.7 4.8 -6.8

Table 2. Gibbs’ free energy of activation (AG*) and important NBO interaction energies (kcal/mol) for the inward
and outward ring openings of anti-7-carbomethoxy-3,4-epoxy-bicyclo[4.2.0]octan-1,5-diene, 4

TS AGH Tcice—6*crcs ocrcs— ¥ cics Gc7cs— ¥ =0 Tc=0—G*c7cs Gs/6-Ga
inward 34.4 445 51.0 45.1 0.8 -07.0
outward 33.2 41.6 47.7 23.7 4.8 -10.9

A similar argument is applicable to the opening of the epoxy species 4. From the data in Table 2, the
outward opening is favored over inward opening by a margin of 1.2 kcal/mol from a consideration of
activation energies. This activation energy difference corresponds to approximately 9:1 kinetic
distribution in favor of outward opening. Here also, the inward opening is supported by 6crcs—m*c=0

interaction, which is much the same as in the opening of the cyclopropyl species 1.

Three interesting observations emerge from the above discussions. (a) The activation barrier for ring
opening in 4 is 3.6-3.8 kcal/mol higher than 1. This may be due to less strain in oxirane than
cyclopropane and/or relatively inferior alignment of the canted orbitals with the adjacent p orbitals in
the oxirane than cyclopropane.’ (b) In comparison to the activation barriers for inward and outward
openings of 7-carbomethoxy-bicyclo[4.2.0]octan-1,3,5-triene that are, respectively, 42.9 and 40.6
kcal/mol strong, the activation barriers for the openings of both 1 and 4 are considerably reduced.
This may be due to the larger energy requirement for disrupting the ring aromaticity. (c) Though eight-
electron process, the diastereoselectivity controlling 6crcs—m*c-0 and mc-0o—6*c7cs interactions are
present in the openings of both 1 and 4, which is absent in the reactions of 7-carbomethoxy-

bicyclo[4.2.0]octan-1,3,5-triene.

Other significant NBO interactions are collected in Tables 3 and 4 for the reactions of 1 and 4,
respectively. Some features are notable. First, a good 7 character develops between C1 and C6 as this
bond length is decreased from 1.45 A in the ground state structures to 1.40 and 1.39 A in both the TS
structures for 1 and 4, respectively. Second, w character develops between C2 and C3, and C4 and C5,

and they both interact reasonably well with the developing m bond between C1 and C6. Third, and the

Page3



most surprising, the originally anticipated overlap of Gcsca bond with the adjacent t bonds 7tcic; and

Ticsce IS completely absent.

Table 3. Other significant NBO interactions (kcal/mol) present in the inward and outward opening TSs of anti-7-

carbomethoxy-3,4-cyclopropanobicyclo[4.2.0]octan-1,5-diene, 1

TS Tcic2—>C*c3ca | Tesce—0*caca Tcice—T*cac3 Tcac3—T*cice | Meice— T cacs | Teacs— ¥ cice
inward 0.0 0.0 14.4 17.3 12.7 09.4
outward 0.0 0.0 12.2 10.2 14.4 16.1

Table 4. Other significant NBO interactions (kcal/mol) present in the inward and outward opening TSs of anti-7-
carbomethoxy-3,4-epoxybicyclo[4.2.0]octan-1,5-diene, 4

TS Tcic2—6%c3cs | Mesce—0*caca Ticice— T cac3 Tc2c3— ¥ cice | Teice—T*cacs | Teacs—T*cics
inward 0.0 0.0 14.0 16.1 12.6 08.5
outward 0.0 0.0 11.8 09.3 13.8 14.9

The observations with syn-7-carbomethoxy-3,4-cyclopropano-bicyclo[4.2.0]octan-1,5-diene 7 and
syn-7-carbomethoxy-3,4-epoxy-bicyclo[4.2.0]octan-1,5-diene 8 parallel the observations with the
corresponding anti species discussed above. It is clear from the TS structure data in Tables 5 and 6
that these substrates also prefer outward opening. The differential activation energy for ring opening
in 8 is the same as for 4 and larger for 7 (2.1 kcal/mol) than 1 (1.0 kcal/mol). This translates into same
selectivity for 8 and 4, but superior selectivity for 7 over 1. To the best of our knowledge, such a distant
stereochemical effect on torquoselectivity has not been studied before. From Gcrcs—7T*c-0 and

Tc.o—0*c7cginteractions data, 7 and 8 are also inward selective.

Table 5. Gibbs’ free energy of activation (AG*) and important NBO interaction energies (kcal/mol) for the inward
and outward ring openings of syn-7-carbomethoxy-3,4-cyclopropano-bicyclo[4.2.0]octan-1,5-diene, 7

3 2 1 COzMe
r <
4 6 8
5
TS AGH Ticice— G *c7cs ocrcs— ¥ cics ocrcs—T*c=0 | Mc=o—G*crcs G2/3-G1
inward 31.0 49.1 56.6 459 1.4 -3.7
outward 28.9 445 49.7 24.5 4.8 -5.9
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Table 6. Gibbs’ free energy of activation (AG*) and important NBO interaction energies (kcal/mol) for the inward
and outward ring openings of syn-7-carbomethoxy-3,4-epoxy-bicyclo[4.2.0]octan-1,5-diene, 8

s A 1, 0Me
s of I
4 6 8
5
TS AGH Tcice—G*crcs | Ocres—T*cice | Gcrcs—TM*c-0 | Mec-o—0*cres | Gs/6-Ga
inward 354 43.4 50.1 43.2 0.9 -07.0
outward 33.2 40.6 46.2 23.3 4.7 -08.6

The other NBO interactions in the TS structures for the openings of 7 and 8 are collected in Tables 7
and 8, respectively. These interactions are similar to those in the TS structures for 1 and 4. The
development of a good & character between C1 and C6, C2 and C3, and C4 and C5 must be noted. The
mutual interactions of these developing m bonds are sufficiently strong. Also, the sum of the
interactions Tcice—T*coc3 and Teacs— ¥ cice VS Tcice— ¥ cacs and Tecacs— ¥ cace Switch over between the
anti and syn species, i.e., if the sum of Tcice—T*cacs and Teacs— ¥ cacs interactions is larger than the
sum of mcice—m*cacs and mcacs— ¥ cacs interactions in the anti-isomer, it will be lower in the syn-isomer,
and vice versa.

Table 7. Other significant NBO interactions (kcal/mol) present in the inward and outward opening TS structures
of syn-7-carbomethoxy-3,4-cyclopropanobicyclo[4.2.0]octan-1,5-diene, 7

TS Tcic—6%c3ca | Mesce— 0% caca Ticice— T cac3 Tcac3— ¥ cice | Teice—T*cacs | Teacs— ¥ cics
inward 0.0 0.0 12.4 09.5 13.4 16.8
outward 0.0 0.0 13.9 18.1 13.6 09.7

Table 8. Other significant NBO interactions (kcal/mol) present in the inward and outward opening TS structures
of syn-7-carbomethoxy-3,4-epoxy-bicyclo[4.2.0]octan-1,5-diene, 8

TS mcic2—6%cca | Tesce—0* caca Ticice— T cac3 Tcac3— ¥ c1ce | Teice—T*cacs | Teacs—T*cics
inward 0.0 0.0 12.4 09.1 12.9 15.5
outward 0.0 0.0 13.5 16.7 13.4 08.8

Thus, whether the cyclopropyl or oxirane ring is anti or syn to the ester group, the differential
activation energy supports outward opening in contrast to the torquoselectivity-controlling
Ocrcs—T*c=0 and TMc-o—G*crcs interactions that support inward opening. In a casual decision, we
switched to study the reactions of anti-7-formyl-3,4-cyclopropano-bicyclo[4.2.0]octan-1,5-diene 9 and

syn-7-formyl-3,4-cyclopropano-bicyclo[4.2.0]octan-1,5-diene 10 only because the formyl group is known

Page5



to rotate almost exclusively inward during the conrotatory opening of 3-formyl-cyclobutene.> The
activation barriers and important NBO interactions for the inward and outward openings of 9 and 10
are collected in Tables 9 and 10, respectively. A close inspection of the data in these tables reveals the
followings:
(a) Differential activation energy predicts the anti-species 9 to be torquo-neutral for the merely 0.2
kcal/mol difference. The syn-species 10, however, is predicted for largely outward opening for the
1.1 kcal/mol difference in its favor. The electronic effect conferred by the cyclopropane ring in 9
counterbalances the electronic effect of the formyl group to make it torquo-neutral. In 10, the
cyclopropane ring reverses the inward torquoselectivity trend normally exhibited by the formyl
group. These are the first reports on strong stereochemical effects of remote small ring systems
on torquoselectivity.
(b) The torquo-controlling oc7cs—n*c-0 and TMc-o—G*crcs interactions predict inward selectivity
irrespective of the anti or syn disposition of the cyclopropane ring. These substrates therefore
constitute good test cases to distinguish between the differential activation energy and NBO

based approaches to torquoselectivity.

Table 9. Gibbs’ free energy of activation (AG*) and important NBO interactions (kcal/mol) for the inward and
outward openings of anti-7-formyl-3,4-cyclopropano-bicyclo[4.2.0]octan-1,5-diene, 9

2
3 . CHO
o s I
4 6 8
5
TS AG* Ticice—6*crcs | ocrcs— ¥ cacs ocrcs—¥*c=0 | Te=o—>6*crcs G2/3-G1
inward 28.9 49.4 54.0 40.8 1.3 -3.6
outward 29.1 441 49.7 23.4 6.5 -6.8

Table 10. Gibbs’ free energy of activation (AG*) and important NBO interactions (kcal/mol) for the inward and

outward openings of syn-7-formyl-3,4-cyclopropano-bicyclo[4.2.0]octan-1,5-diene, 10

2
3 17 CHO
10
4 6 8
5
TS AGi TCC1C6—>G*C7C8 GC7C8—)TC*C1C6 GC7C8—)TC*C=O T[C=O—>6*C7C8 GZ/3'Gl
inward 29.6 50.0 54.7 40.7 1.5 -2.9
outward 28.5 42.7 47.2 23.2 6.5 -6.1
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Other significant NBO interactions in the inward and outward opening TS structures for 9 and 10 are
collected in Tables 11 and 12, respectively. The originally anticipated mcico—6*c3ca and mesce—6*caca

interactions are absent here as well.

Table 11. Other significant NBO interactions (kcal/mol) present in the inward and outward opening TS structures
of anti-7-formyl-3,4-cyclopropanobicyclo[4.2.0]octan-1,5-diene, 9

TS Tcic2—>G*c3ca | Tesce—0*caca Tcice—T*caca Tcac3—T*cace | Meice—T ¥ cacs Tcacs— ¥ cice
inward 0.0 0.0 14.0 12.8 12.8 09.6
outward 0.0 0.0 12.1 10.8 14.3 16.1

Table 12. Other significant NBO interactions (kcal/mol) present in the inward and outward opening TS structures
of syn-7-formyl-3,4-cyclopropanobicyclo[4.2.0]octan-1,5-diene, 10

TS Tcic2—G*c3ca | Tesce—0*caca Tcice—T*caca Tcac3—T*cace | Meice—T ¥ cacs Tcacs— ¥ cice
inward 0.0 0.0 121 09.9 13.4 16.9
outward 0.0 0.0 13.9 18.7 13.7 09.8

Encouraged from the results for 9 and 10, we next studied the corresponding epoxy derivatives 11 and
12. The activation free energies and torquo-controlling NBO interactions in the inward and outward
openings of 11 and 12 are collected in Tables 13 and 14, respectively. While 11 is torquo-neutral like
9, 12 is selective to outward opening like 10 from the differential activation energies. Like 9 and 10,
these substrates are also inward selective from the torquo-controlling 6c7cs—m*c-0 and mczo—6*crcs
interactions. Thus, 11 and 12 are also good candidates to weigh the validity of the differential
activation energy approach over the NBO approach. The other significant NBO interactions are given
in Tables 15 and 16. The consistency in the absence of mcicoc—6*c3ca and Tiescs—G* caca interactions is
retained.

Table 13. Gibbs’ free energy of activation (AG*) and important NBO interactions (kcal/mol) for the inward and
outward openings of anti-7-formyl-3,4-epoxy-bicyclo[4.2.0]octan-1,5-diene, 11

2
3 17 CHO
11 O>:/©j
4 6 8
5
TS AGi TCC1C6—>G*C7C8 GC7C8—)TC*C1C6 GC7C8—)TC*C=O T[C=O—>6*C7C8 GZ/3'Gl
inward 32.5 44.9 49.0 39.9 1.3 -07.7
outward 32.5 40.3 45.7 22.3 6.5 -11.6
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Table 14. Gibbs’ free energy of activation (AG*) and important NBO interactions (kcal/mol) for the inward and
outward openings of syn-7-formyl-3,4-epoxy-bicyclo[4.2.0]octan-1,5-diene, 12

3 2 1 7 CHO
12 O
4 6 8
5
TS AGH Tcice—6*crcs ocrcs— ¥ cics Gc7cs— ¥ =0 Tc=0—>G*c7cs Gz2/3-G1
inward 33.8 43.6 48.1 38.7 1.4 -7.8
outward 32.1 39.1 44.0 22.0 6.4 -11.7

Table 15. Other significant NBO interactions (kcal/mol) present in the inward and outward opening TS
structures of anti-7-formyl-3,4-epoxy-bicyclo[4.2.0]octan-1,5-diene, 11

TS Tcic2—>G*c3ca | Tesce—0*caca Tcice—>T*cac3 Tcac3— ¥ cice Tcice—T* cacs Tcacs— ¥ cice
inward 0.0 0.0 13.6 16.8 12.8 08.6
outward 0.0 0.0 11.8 09.7 13.7 14.1

Table 16. Other significant NBO interactions (kcal/mol) present in the inward and outward opening TS
structures of syn-7-formyl-3,4-epoxy-bicyclo[4.2.0]octan-1,5-diene, 12

TS mcic2—6%cca | Tescs—0* caca Ticice— T cac3 Tc2c3— ¥ c1cs Tcic6— T *cacs Ticacs— T c1cs
inward 0.0 0.0 12.2 09.6 13.0 15.6
outward 0.0 0.0 13.5 17.2 13.4 08.9

CONCLUSIONS

From the studies of 3,4-cyclopropano-7-formyl-bicyclo[4.2.0]octan-1,5-diene and also 3,4-epoxy-7-
formyl-bicyclo[4.2.0]octan-1,5-diene and using the differential activation energy approach, we have
shown that the strong inward opening tendency of the formyl group is either counter balanced to a
level that the reaction turns torquo-neutral or it rotates outward, depending upon the anti or syn
relationship of the small ring system with the formyl substituent, respectively. However, all along, the
NBO interaction approach predicts inward selectivity. Thus, the molecules 9-12 can be used as

excellent test substrates to determine the validity of one approach over the other.

The strong stereochemical effect of the remote small ring unit on the torquoselectivity of conrotatory
ring opening is demonstrated for the first time. The display of torquo-neutral behaviour to reversal in

the trend of normally observed torquoselectivity is interesting.
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The strong inward opening tendency of the formyl group in 3,4-cyclopropano-7-formyl-
bicyclo[4.2.0]octan-1,5-diene and also 3,4-epoxy-7-formyl-bicyclo[4.2.0]octan-1,5-diene is either
counter balanced to a level that the reaction turns torquo-neutral or it rotates outward, depending

upon the stereo-relationship of the small ring unit with the formyl substituent.
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