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ABSTRACT

A kinetic study has been made of the BF3-mediated ring opening of two rigid conformers (r and �) of m- and p-dimethyl-substituted
homobenzoquinone epoxides spiro-linked with a twist-boat dibenzocycloheptene ring as compared with the conformationally mobile epoxides
bearing diphenyl groups. The rates of the regioselective ring opening were dependent on the topological alignment of the dibenzocycloheptene
ring as well as the substitution pattern of the quinone dimethyl groups, indicating π-aryl participated orbital interaction with the vacant Walsh
orbital of the oxirane ring.

The acid-mediated ring-opening reactions of epoxides have
attracted continuous interest from the synthetic and mecha-
nistic viewpoints.1 These reactions generally proceed through
regio- and stereoselective ring cleavage via a SN2-type anti
nucleophilic displacement.2 These stereochemical features
are much affected by the steric environments in the oxirane
ring. Despite numerous investigations into the mechanistic
aspects, a possible role of the characteristic oxirane Walsh
orbital in the anti nucleophilic ring cleavage of epoxides
remains to be elucidated.

To clarify such an orbital interaction, we have investigated
the neighboring group participation that will affect the reac-
tivity by way of the geometrically controlled through-space
electronic interactions with the incipient cation center (or

the vacant orbital).3 In particular, π-aryl participation is
commonly recognized in the organic reactions of compounds
possessing the aromatic nucleus (or nuclei) adjacent to or in
the topological neighborhood, promoting reaction via a rate-
determining aryl-assisted transition state.4 In this regard, the
conformational effects in the ring opening of an appropriately
designed aryl-substituted epoxides will provide very useful
insights into the geometrical features of orbital interaction
with the oxirane Walsh orbital in the transition state.

In our previous paper, we reported that the reaction of
5-diazo-10,11-dihydro-5H-dibenzo[a,d]cycloheptene with p-
and m-dimethyl-substituted quinones gives the conforma-
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tionally less stable spiro-linked homobenzoquinones 1,2R
(hereafter called the R-conformer) as shown in Scheme 1.5

These compounds slowly underwent the conformational inver-
sion of the twist-boat dibenzocycloheptene ring to afford the
more stable distinct twist-boat forms 1,2� (called �-con-
former) at 80-100 °C (vide infra). Here, we assigned R and
� for the conformer in which the twist-boat dibenzocyclo-
heptene ring is folded in the opposite and the same side with
respect to the cyclopropane Me substituent, respectively.
These homobenzoquinones were found to be easily oxidized
to the conformationally retained corresponding epoxides 3,4R
and 3,4�, as verified by X-ray crystal analysis.6

As described previously,6b BF3-mediated reaction of these
R- and �-conformers of epoxides 3 and 4 resulted in the
regioselective oxirane ring opening at the Me-substituted
C-O bonds. The following intramolecular nucleophilic
attack (transannular cyclization) by the endo-aromatic nucleus

(SE2-Ar reaction) afforded the identical tricyclic diketoal-
cohols 8 and 9 as the primary products (Scheme 2). Here, it
is noted that the 3R and 4� were subjected to the whole
inversion of the twist-boat form in these reactions, as rep-
resented by X-ray crystal structure of 8.6b Similar SE2-Ar
reactions were also found for the conformationally mobile
related epoxides 5-7 to provide the corresponding tricyclic
diketo-alcohols via the regioselective ring cleavage followed
by a transannular cyclization.6b Due to the appreciable ther-
mal stability, the R- and �-conformers of epoxides 3 and 4
take advantage of evaluating the conformational effects (i.e.,
stereoelectronic effects) on the possible anti π-aryl participa-
tion in the oxirane ring cleavage. Therefore, we have made
a kinetic investigation of acid-mediated rearrangement of
each conformer of 3 and 4 in comparison with the reference
epoxides 5-7 (Scheme 1).

First, to assess the conformational stability of the less
stable R-conformers of 1-4, we carried out a kinetic study
of the nonmediated thermal interconversion into the corre-
sponding � isomers by 1H NMR in CDCl3 at 80 °C in a
sealed tube. Only the epoxide 3R established the equilibration
(R:� ) 4:96), whereas the other R-conformers were com-
pletely transformed into the corresponding �-isomers. The
first-order rate constants k1 thus obtained are given in Table
1. The estimated energy barriers from the k1 values for Rf
� conversion are 117-125 and 108-109 kJ mol-1 at 80 °C
for 1,2 and 3,4, respectively. These values are high enough
to prevent the conformational interconversion at ordinary
temperature, although the epoxidation slightly reduced the
energy barriers by ∼17 kJ mol-1. Thus the thermal stability
increases in the order of 2R > 1R > 3R > 4R. The
conformational locking for the intrinsically flexible parent
dibenzocycloheptene ring7 can be ascribed to the repulsive
van der Waals interaction between (1) the peri-hydrogen
atom of endo-aromatic ring and the quinone plane as well
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as (2) the peri-hydrogen atom of exo-aromatic ring and the
cyclopropane Me substituent.5

Keeping this in mind, we next investigated the kinetics of
acid-mediated reactions of the R- and �-families of the
conformationally locked 3 and 4 as well as the mobile 5-7.
The representative kinetic run was performed at 30 °C in a
NMR tube containing epoxide (6.9 mg) and BF3·OEt2 (28.8
mg, 0.296 M) in CDCl3 (0.65 mL) by following the decay
of the diagnostic Me group of the relevant epoxide (TMS as
an internal standard) over the second half-lives. During all
kinetic runs, no indication of the conformational isomeriza-
tion R f � was found by the NMR measurement, in
accordance with the significant thermal stability of these
R-conformers. The observed pseudo-first-order rate constants
(kobs) were divided by the concentration of the acid to obtain
the second-order rate constants k2. The values of k2 thus
obtained are listed along with the relative rate constants k2

rel

(vs the reference 5) in Table 1.

Table 1 indicates that the rates were accelerated or decelerated
depending on the conformation (R or �) of the dibenzocyclo-
heptene moiety and on the substitution pattern (p or m) of
quinone dimethyl substituents. The most striking feature of the
reactions of 3 and 4 is a reversal of the relative reactivity of R-
and �-conformers. Thus, for 3, the less stable R-conformer was
ca. 4 times more reactive than the stable �-conformer (entries
3 and 4), whereas for 4 the stable �-conformer was ca. 25 times
more reactive than the less stable R-conformer (entries 5 and
6) Additionally, the noticeable points are as follows: (1) the
conformationally locked 3 and 4 (except 4�) exhibited the
reactivity comparable to that for the related 5 and 6, and (2)

the m-dimethyl-substituted 4 and 6 tended to react faster than
the p-dimethyl-substituted 3 and 5 (entries 3-8).

These appreciable conformational effects can be explained
by assuming that the present acid-mediated regioselective
oxirane ring opening occurs via a SN2-like concerted mech-
anism.2 Indeed, the concerted mechanism was strongly
supported by the poor kinetic solvent effects in the MeSO3H-
mediated reaction of epoxide 58 as well as the appreciable
kinetic substituent effects.9 Specifically, it can be envisaged
that the reaction proceeds through the stereoelectronically
controlled π-aryl participated rate-determining transition state
with the aid of the vacant oxirane Walsh orbital (LUMO)10

as depicted in Figure 1. Here, we can also imagine that the
π-aryl participation would be significantly intensified in the
conformers in which the approaching aromatic π-orbital
(HOMO) performs the ideal head-to-head orbital overlapping
with the oxirane Walsh orbital. Such a through space orbital
interaction is favorably achieved for the conformers 3R and
4� (Figure 1, a and d), overriding the high inversion energy
cost (>108 kJ mol-1). This is a reason for the higher
reactivity of 3R and 4� than the corresponding isomers 3�
and 4R, respectively. By contrast, the corresponding orbital
interaction for the less reactive conformers 3� and 4R is
considerably reduced due to the rather insufficient orthogonal
orbital interaction (Figure 1, b and c), thus lowering the
reactivity irrespective of requiring no conformational inversion.

Accordingly, the 25-fold higher reactivity of the stable 4�
compared with that of 4R can be taken as strong evidence
for the occurrence of favored π-electron-donating interaction
with the oxirane vacant Walsh orbital as depicted in Figure
1d. As to 3R, however, the rather diminished 3.5-fold higher
lability compared with that of the �-isomer may be due to

(7) Weissensteiner, W.; Hofer, O.; Wagner, U. G. J. Org. Chem. 1988,
53, 3988.

Table 1. Rate Constants for Conformational Inversion of 1R and
2R at 80 °C in CDCl3 and BF3-Mediated Ring Opening of
Epoxides 3-4R,� and 5-7 at 30 °C in CDCl3

ring opening of epoxide

run compd R1, R2

inversion 105 ×
k1 (s-1)

104 × k2
a

(M-1 s-1) k2
rel

1 1R H, Me 4.05b

2 2R Me, H 0.27b

3 3R H, Me 59.5c 6.98 1.4
4 3� H, Me 2.72d 1.84 0.4
5 4R Me, H 89.3b 3.99 0.8
6 4� Me, H 98.0 19.0
7 5 H, Me 5.16 1.0
8 6 Me, H 15.1 2.9
9 7 H, Me 4.64 0.9

a Second-order rate constants were obtained by dividing the pseudo-
first-order rate constants kobs (at 30 °C in CDCl3) by the catalyst concen-
tration (0.296 M). b Completely inverted into the corresponding �-isomer. c The
k values at different temperatures (60 and 70 °C) are 7.66 and 23.2 (× 10-5

s-1), respectively, and give the extrapolated k value of 2.18 (× 10-6 s-1) at 30
°C as well as the activation parameters (∆H‡ ) 97.9 kJ mol-1, ∆S‡ ) -35.3
J K-1 mol-1, ∆G‡ ) 108.6 kJ mol-1 at 80 °C). d Calculated from the
equilibrium constant (K ) 0.046 at 80 °C) for 3R a 3�.

Figure 1. A possible orbital interaction between HOMO (aromatic
ring) and LUMO (Walsh orbital of epoxide) in transition states:
(a, d) favorable interaction for 3R and 4� and (b, c) less favorable
interaction for 3� and 4R. For clarity, the ethano-bridge and the
exoaromatic ring are omitted.
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the additional steric interaction between the cyclopropane
Me substituent and the exo-aromatic ring (B). As a result,
the rates of epoxide ring opening of 3 and 4 are goverened
by the critical balance between the attractive π-aryl partici-
pated orbital interaction and the repulsive van der Waals
congestion associated with the conformational inversion of
dibenzocycloheptene ring.

Incidentally, alternative SN1-like two-step mechanism may
contradict the present kinetic results because the more
reactive conformers 3R and 4� have the capturing aryl orbital
unfavorably reacting across the ring system to engage the
carbocation p-orbital (rehybridized from the Walsh orbital),
whereas the less reactive 3� and 4R enjoy the capture on

the same side of the ring system. This would predict the
result opposite to that deduced from the consideration of
Walsh orbital.

In summary, based on the kinetics and conformational
effects in acid-mediated reactions of the present homoben-
zoquinone epoxides, we have found that the π-aryl partici-
pated electron-donating interaction with the vacant oxirane
Walsh orbital plays a prominent role in the epoxide ring
opening. The present findings will provide very useful
insights into the mechanistic understanding of the acid-
catalyzed ring opening of epoxides.

Acknowledgment. H.A. expresses special thanks for The
Global COE (center of excellence) program “Global Educa-
tion and Research Center for Bio-Environmental Chemistry”
of Osaka University.

Supporting Information Available: Selected spectra for
new compounds. This material is available free of charge
via the Internet at http://pubs.acs.org.

OL800535C

(8) Oshima, T.; Asahara, H.; Koizumi, T.; Miyamoto, S. Chem. Commun.
2008, 15, 1804.

(9) A preliminary kinetic study indicated that the introduction of p,p′-
dimethyl or p,p′-dichloro substituents results in an approximately 11-fold
increase or 33-fold decrease in the rate of the parent epoxide 5; further
details will be described elsewhere.

(10) (a) Mollere, P. D.; Houk, K. N. J. Am. Chem. Soc. 1977, 99, 3226.
(b) Iwamura, H.; Sugawara, T.; Kawada, Y.; Tori, K.; Muneyuki, R.; Noyori,
R. Tetrahedron Lett. 1979, 3449. (c) Bach, R. D.; Wolber, G. J. J. Am.
Chem. Soc. 1984, 106, 1410.

2416 Org. Lett., Vol. 10, No. 12, 2008


