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Abstract—We applied the geminal bond participation theory to cheletropic reactions. The interaction between �-orbital of the
inner bond and the �*-orbital of the N�N bond was predicted to be bonding, while that involving the outer bond should be
antibonding. The difference in the bonding/antibonding character of these interactions is due to the cyclic orbital interaction
between the �*-orbital of the N�N bond and the geminal bonds at the reaction center, which is influenced by the phase continuity
between the �*–�–�

����
orbitals. This prediction was confirmed by the bond model analysis of model compound 1a. These results

suggest that reactivity could be enhanced by substituting the inwardly rotating �-bond by a more electron-donating one, i.e.
inward rotation of a substituent with a more electropositive atom. Theoretical calculations were performed for systematically
substituted substrates. The prediction was confirmed except in the case of 1g, which was affected by the inductive effect of oxygen.
Silyl/methyl-substituted 1e was subjected to the bond model analysis to confirm that the preferred inward rotation of the silyl
group of 1e results from the geminal bond participation and little affected by steric effects.
© 2003 Elsevier Ltd. All rights reserved.

A theory for the participation of geminal bonds in
organic reactions was developed and applied to the
reactivity and selectivity in the Diels–Alder reaction,1

Cope rearrangement,2 sigmatropic [1,5]-hydrogen
shifts3 and electrocyclic reactions.4 The main point of
this theory is the participation of the �-bond geminal to
the reaction center (Fig. 1). For example, substitution
of a more electron-donating �-bond to the Z-position
of the diene termini enhances the reactivity in the
Diels–Alder reaction.1 A lower activation energy is
calculated when the inner �-bond is more electron-
donating in the Cope rearrangement2 and sigmatropic
[1,5]-hydrogen shifts.3 A preference for inward rotation
of the more �-bond electron-donating group was

predicted4 and observed5 in the ring-opening reaction of
the cyclobutene.6

These results arise from the bonding nature of the
geminal bond participation of the �-bond (Fig. 1).1–4 In
the transition state, the delocalization from the inner
�-bond to the dienophile acceptor is bonding in the
Diels–Alder reaction.1 On the other hand, that from the
outer �-bond is antibonding. Furthermore, delocaliza-
tion from the inner �-bond of the terminal olefin is
bonding in the Cope rearrangement, while that from
the outer �-bond is antibonding.2 The same trends were
observed for sigmatropic hydrogen shifts3 and the elec-
trocyclic reactions.4 In summary, the reactivity is

Figure 1. Geminal bond participation in (a) Diels–Alder reaction; (b) Cope rearrangement; (c) sigmatropic [1,5]-hydrogen shifts;
(d) electrocyclic reaction.
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enhanced when the inner position is occupied by a
more electron-donating �-bond geminal to a reacting
accepting bond.

Cyclic orbital interactions are involved in electron delo-
calization from the �-bonds geminal to a reacting
donor �-bond to another accepting reacting bond and
in the reverse delocalization to the geminal �-bonds
(Fig. 2). Cyclic orbital interactions are under the con-
trol of orbital phase continuity conditions:8 (i) electron-
donating orbitals are out-of-phase; (ii)
electron-donating and electron-accepting orbitals are
in-phase; and (iii) electron-accepting orbitals are in-
phase. When these conditions are simultaneously
satisfied, the cyclic interaction promotes electron
delocalization.

Electron delocalization from the geminal �-bonds to an
electron-accepting bond (A) involves the cyclic orbital
interactions among the two � bonding orbitals and the
accepting orbital (a*) (Fig. 2(a)). Phase continuity
requires the in-phase combination of the � and a*
orbitals and the out-of-phase combination of the �
orbitals. Cyclic interaction cannot satisfy these require-
ments simultaneously. This suggests that the stronger
��a* delocalization is bonding while the other is anti-
bonding. In contrast, the reverse delocalization from
the donating bond (D) to the �* orbitals of the geminal
bonds satisfies the phase continuity requirement: the d
and two �* orbitals of the geminal bonds are all
in-phase (Fig. 2(b)). Both d��* delocalizations should
effectively occur in a bonding manner. The bonding-
antibonding properties of the delocalization from the
geminal �-bonds are opposite to each other, while the
delocalization to the geminal bonds are both bonding.
Consequently, the delocalization from the geminal �-
bonds should differ greatly from that to the geminal
�-bonds.

After our successes,1–4 we wondered whether these
effects would be general and common in pericyclic

reactions. Thus, we examined the applicability of this
theory to torquoselectivity in cheletropic reactions.9,10

To the best of our knowledge, there have been no
previous reports on experimental results regarding
torquoselectivity in cheletropic reactions.10,11 We report
here our theoretical study to identify the common
features that control the reactivity and selectivity in
pericyclic reactions.

We applied the geminal bond participation theory to
cheletropic reactions. We chose a model reaction of
3-pyrroline diazene 1a, which liberates nitrogen to give
butadiene. For comparison with other reactions, let us
use a product-like bond model of 1a, shown in Figure
3(b). If we apply the geminal bond participation theory
to this problem, the interaction from the �-orbital of
the inner bond to the �*-orbital of the N�N bond
should be bonding, while that from the outer bond
should be antibonding. A more electron-donating inner
�-bond leads to enhanced reactivity, and a functional
group with a more electron-donating �-bond rotates
inward to be located at the Z-position of the product.

We calculated the transition state for the release of
nitrogen from model compound 1a12 at the B3LYP/6-
31G* level.13 The activation energy (�E‡) for 1a is 5.5
kcal/mol (ZPE corrected). The electronic structure at
the RHF/6-31G* level using the located transition
structure was subjected to the bond model analysis.14

To estimate the interactions between the bond orbi-
tals, we used the interbond energy IBE.15 As expected,
the delocalization from the inner �-bond to the �*
orbital of the N�N bond shows a bonding nature
(IBE(�(CH)in��*N�H)=−0.0976 a.u.), while that from the
outer �-bond is antibonding (IBE(�out(CH)��*N�N)=
0.0559 a.u.) (Fig. 4). On the other hand, both delocal-
ization from �(N�N) to the �* orbitals of the inner
�-bond (IBE=−0.0153 a.u.) and outer �-bond (IBE=
−0.0420 a.u.) were bonding.

Based on these results, we can expect that a more
electron-donating �-bond substituent should prefer
inward rotation in a cheletropic reaction. To test our

Figure 2. Orbital phase properties in the cyclic interactions of
the geminal s bonds with an electron-accepting (A) and
donating s bonds (D). (a) the discontinuity in the inter-
action; (b) the continuity in the interaction.

Figure 3. Bond models for the transition state.

Figure 4. Geminal bond participation in the cheletropic reac-
tion.
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Table 1. Activation energies (in kcal mol−1 at B3LYP/6-
31G*) in the cheletropic reaction

Y �E‡
X-in �E‡

X-outSubst. ��E‡aX

CH3 2b 4.41b 3b 8.6H −4.2
1c H NH2 2c 2.9 3c 8.9 −6.0

OH 2d 6.5 3d 10.7 −4.21d H
CH3 2e 4.7SiH3 3e 8.11e −3.4

PH21f NH2 2f 3.0 3f 7.1 −4.1
OH 2g 8.5 3g 7.5 1.01g SH

a ��E‡=�E‡
X-in−�E‡

X-out.

3. Ikeda, H.; Ushioda, N.; Inagaki, S. Chem. Lett. 2001, 166.
4. Ikeda, H.; Kato, T.; Inagaki, S. Chem. Lett. 2001, 270.
5. (a) Murakami, M.; Miyamoto, Y.; Ito, Y. Angew. Chem.,

Int. Ed. Engl. 2001, 40, 189; (b) Murakami, M.; Miyamoto,
Y.; Ito, Y. J. Am. Chem. Soc. 2001, 123, 6441. Murakami
and Ito stated that interaction between the �-orbital of the
breaking �-bond and the �*-orbital of the �-bond on the
substituent rotating inward is important for torquoselectiv-
ity.5a See also: Shindo, M.; Matsumoto, K.; Mori, S.;
Shishido, K. J. Am. Chem. Soc. 2001, 124, 6840.

6. For torquoselectivty in the electrocyclic reactions, see
review: Dolbier, W. R., Jr.; Koroniak, H.; Houk, K. N.;
Sheu, C. Acc. Chem. Res. 1996, 29, 471 and references cited
therein7.

7. Houk stated that interaction between the �-orbital of the
breaking �-bond and the �*-orbital of the substituent
rotating inward is important for torquoselectivity.

8. (a) Fukui, K.; Inagaki, S. J. Am. Chem. Soc. 1975, 97, 4445.
Inagaki, S.; Fujimoto, H.; Fukui, K. J. Am. Chem. Soc.
1976, 98, 4693; (b) For recent applications, see: Ma, J.;
Inagaki, S. J. Phys. Chem. 2000, 104, 8989; Ma, J.; Ikeda,
H.; Inagaki, S. Bull. Chem. Soc. Jpn. 2001, 74, 273; Ma,
J.; Inagaki, S. J. Am. Chem. Soc. 2001, 123, 1193.

9. Part of this work was presented at the 32nd UCRS meeting,
Gifu, Oct 2001, 2P20.

10. Recent work on cheletropic reactions: Unruh, G. R.;
Birney, D. M. J. Am. Chem. Soc. 2003, 125, 8529 and
references cited therein. For a general review: Imoto, M.
Kagaku 1977, 32, 141; Imoto, M. Kagaku 1977, 32, 228;
Mock, W. L. Org. Chem. 1977, 35, Pt 2, 141. Stereospecifi-
city in cheletropic reactions, see: (a) Lamal, D. M.;
McGregor, S. D. J. Am. Chem. Soc. 1966, 88, 1335; (b)
Mock, W. L. J. Am. Chem. Soc. 1966, 88, 2857; (c)
McGregor, S. D.; Lamal, D. M. J. Am. Chem. Soc. 1966,
88, 2858.

11. Yamabe and Minato noted geminal bond participation in
the decomposition of diazetine to ethylene and nitrogen:
Yamabe, S.; Minato, T. J. Phys. Chem. A 2001, 105, 7281.

12. Other cheletropic reactions include carbon monoxide
exclusion from 3-cyclopentenone and sulfur dioxide elim-
ination from 3-sulfolene. The former reaction occurs under
more harsh conditions in which E-/Z-isomerization could
not be prevented.10 In fact, the activation energies for
3-cyclopentenone and 3-sulfolene reactions are 49.1 kcal/
mol and 38.9 kcal/mol, respectively, at the B3LYP/6-31G*
level (ZPE corrected).

13. GAUSSIAN98 Revision A.7 Frisch, M. J.; Trucks, G. W.;
Schlegel, H. B.; Scuseria, G. E.; Robb, M. A.; Cheeseman,
J. R.; Zakrzewski, V. G.; Montgomery, J. A., Jr.; Strat-
mann, R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.;
Daniels, A. D.; Kudin, K. N.; Strain, M. C.; Farkas, O.;
Tomasi, J.; Barone, V.; Cossi, M.; Cammi, R.; Mennucci,
B.; Pomelli, C.; Adamo, C.; Clifford, S.; Ochterski, J.;
Petersson, G. A.; Ayala, P. Y.; Cui, Q.; Morokuma, K.;
Malick, D. K.; Rabuck, A. D.; Raghavachari, K.; Fores-
man, J. B.; Cioslowski, J.; Ortiz, J. V.; Baboul, A. G.;
Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz, P.;
Komaromi, I.; Gomperts, R.; Martin, R. L.; Fox, D. J.;
Keith, T.; Al-Laham, M. A.; Peng, C. Y.; Nanayakkara,
A.; Gonzalez, C.; Challacombe, M.; Gill, P. M. W.;
Johnson, B.; Chen, W.; Wong, M. W.; Andres, J. L.;
Gonzalez, C.; Head-Gordon, M.; Replogle, E. S.; Pople,
J. A. Gaussian, Inc., Pittsburgh PA, 1998.

prediction, we calculated the transition states in the
reactions of systematically substituted substrates 1b–g.
The Si atom (1.9) is less electronegative than carbon
(2.6). Within the same group, a �-bond with a heavier
atom should be more electron-donating. Thus, the silyl
group should occupy the Z-position in the product of
1e. In an analogous fashion, the phosphino and mer-
capto groups in 1f and 1g, respectively, should rotate
inward. The results are summarized in Table 1. We
confirmed our prediction, except for 1g. For hydroxyl-
and mercapto-substituted 1g, the C�S bond is less
electron-donating than the C�O bond because of the
inductive effect from the hydroxyl group, as is observed
for other pericyclic reactions.1–4

We subjected the electronic structures at the transition
states in the inward and outward rotation of 1e to the
bond model analysis. The total interaction of �in(C�Si)�
�*(N�N) in the SiH3-inward transition state is bonding
(IBE=−0.1879 a.u.), while that of the outward-rotating
�-bond �out(C�C)��*(N�N) (IBE=0.0746 a.u.) is anti-
bonding. Furthermore, the interaction of �in(C�Si)�
�*(N�N) is more bonding than that of �in(C�C)��*(N�N) at
the CH3-inward transition state (IBE=−0.1310 a.u.).
These results suggest that, as expected, geminal bond
participation is under the control of the phase continu-
ity, and that more �in��*(N�N) delocalization occurs
with the more electron-donating C�Si bond in the
transition state that prefers SiH3-inward rotation.

Notably, the more sterically demanding silyl group16

prefers inward rotation in the reaction of 1e. The total
IBE (0.1463 a.u.) at the transition state between the
bonds of the inward rotating silyl group and the C�H
bond on the other side is more repulsive than that
(IBE=0.1129 a.u.) between the bonds of the inward
rotating methyl group and the C�H bond. The steric
bulkiness of the substituents contributes less to the
reaction of 1e than geminal bond participation.

We have demonstrated that geminal bond participation
is general and common for pericyclic reactions. Further
application of this theory to other reactions is currently
underway in our laboratory.
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