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a b s t r a c t

The bromination reaction of p-benzoquinone-fused norbornadiene was studied at various temperatures
(�78, �50, 0, 25, and 77 �C). At room temperature, the double bonds of the p-benzoquinone units were
mainly brominated. The double bond of the norbornene unit also underwent a bromination reaction in a
yield of only 2%. However, the reaction at �78 �C resulted in the formation of products derived from the
attack of bromine on the norbornene double bond with higher charge density. In contrast to the
bromination reaction, the epoxidation reaction of the same compound with m-chloroperbenzoic acid
and dimethyldioxirane exclusively resulted in the formation of products derived from the addition to the
double bond of norbornadiene. The regioselectivity observed was investigated and the results were
supported by theoretical calculations.

© 2017 Elsevier Ltd. All rights reserved.
1. Introduction

Bromination of alkenes is an important task in synthetic organic
chemistry. Bromine can stereospecifically add to alkenes and form
trans-adducts which serve as valuable precursors in the synthesis
of a variety of organic and organometallic species. The mechanism
of electrophilic addition of bromine to alkenes has been intensively
studied.1 Themechanism is based on the formation of a bromonium
ion and the formation of a trans-addition product by anti-attack of
bromide or tribromide ion to a cyclic ion.1,2 On the other hand, the
bromination of strained cyclic systems such as norbornadiene (1)
and benzonorbornadiene (5) is more complicated. Addition of
bromine to norbornadiene (1) at lower temperatures results in the
formation of products 2e4 derived from Wagner-Meerwein rear-
rangement and homoallylic conjugation (Scheme 1).3 The expected
trans-addition product was not detected.
astan), mbalci@metu.edu.tr
However, the electrophilic addition of bromine to benzo-
norbornadiene (5) at 10 �C exclusively gave the rearranged product
6 in quantitative yield.4 In the course of studying the bromination
reaction of unsaturated bicyclic systems we noted that the reaction
temperature has a dramatic influence on product distribution.
When the bromination reaction was carried out at higher tem-
peratures (77e150 �C) the formation of rearranged products was
suppressed and 1,2-addition products were formed in high yields.5

Kobayashi and Miki6 reacted norbornadiene-fused pyrazine de-
rivatives 7a with bromine to afford trans-adduct 8a as the major
product accompanied by an adduct 9a derived from Wagner-
Meerwein type rearrangement and cis-adduct 10a in a ratio of
20:5:1 (86%), respectively (Scheme 1). On the other hand, treat-
ment of dicyanopyrazine derivative 7b with bromine resulted
exclusively in the formation of a trans-adduct, 8b. Contrary to this
finding, a pyrazine-fused norbornadiene with an N-oxide electron
donating group only gave a rearranged product having the same
skeleton as 9. All this information shows that the charge density on
the ring fused to the norbornadiene unit has a dramatic effect on
the distribution of the products. As part of our ongoing research on
bromination of hydrocarbons we were interested in the bromina-
tion reaction of benzoquinone-fused norbornadiene 11 (Fig. 1) to
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Scheme 1. Bromination of norbornadiene and benzonorbornadiene derivatives 1, 5, and 7.

Fig. 1. Structure of benzoquinone-fused norbornadiene 11.
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investigate the effect of the p-benzoquinone unit on the mode of
the reaction. Furthermore, this compound 11 contains three
different double bonds that can undergo bromine addition. In this
context, we investigated the regioselectivity as well as the stereo-
selectivity of bromination and epoxidation reactions. Furthermore,
the effect of double bond pyramidalization on the outcome of the
bromination reaction is discussed.
2. Results and discussion

The starting material, 1,4-methanonaphthalene-5,8(1H,4H)-
dione (11), was synthesized as described in the literature.7 Ene-
dione 128 obtained from the Diels-Alder reaction of 1,4-
benzoquinone with cyclopenta-1,3-diene was aromatized over sil-
ica gel to afford the corresponding annulated hydroquinone-fused
norbornadiene 13. Subsequent oxidation of 13 with ceric ammo-
nium nitrate (CAN) gave p-benzoquinone-annulated norborna-
diene 11 in high yield (Scheme 2).

The addition of bromine to 11 was carried out in methylene
chloride at various temperatures. The analysis of the 1H NMR
spectrum obtained from the reaction at room temperature revealed
the presence of two major products 14 and 15, besides several
minor products, 16e19 (Scheme 3). The two major products, 14
(47%) and 15 (45%), were separated by crystallization of the reaction
Scheme 2. Synthesis of p-benzoquino
mixture from CH2Cl2/n-hexane. The residue was separated by silica
gel column chromatography.

The structures of these compounds were determined on the
basis of 1D and 2D (COSY, HSQC, HMBC) spectral data. The dibro-
mides 14 and 19 were characterized easily because of the sym-
metrical structures, exhibiting six-line 13C NMR spectra. The
presence of four double bond proton resonances in the 1H NMR
spectra of 14 and 19 clearly indicated the addition of bromine atoms
to the central double bond with cis-configuration. To distinguish
between these isomers (14 and 19), we analyzed the 1H NMR
chemical shift of the bridge protons. It is well established that the
interactions related to the van der Waals effect cause a para-
magnetic contribution to the shielding constants. As a consequence
of this, the proton resonances are shifted to downfield.9 The
chemical shift difference between the endo methylene bridge
protons in 14 and 19 (Dd¼ 1.39 ppm) is very large and considerably
meaningful to determine the exact structures. In 14 and 19, a g-
gauche effect was observed depending on the configuration of
bromine atoms. The exo-orientation of the bromine atoms in 14
causes a remarkable downfield shift of the endo-bridge proton
(2.59 ppm) because of the steric repulsion caused by bromine
atoms (Fig. 2). However, in the case of 19 the endo-methylene
proton resonance is shifted to upfield (1.10 ppm) due to the pres-
ence of this proton in the shielding zone of the double bond as
shown in Fig. 2.

The existence of cyclopropane structures in 17 and 18 was
determined bymeasuring the relevant JCH coupling constants in the
proton coupled 13C NMR spectra of 17 and 18. The determined
coupling constants JCH (185.2 and 187.5 Hz) in the sp3-region were
decisive for the identification of cyclopropane rings.10 The config-
uration of the bromine atoms in 18 was assigned as described
above. The downfield chemical shifts of the endo-methylene proton
(2.50 ppm) as well as the exo-methylene proton (2.56 ppm) in 18
ne-annulated norbornadiene 11.



Scheme 3. Bromination of 11 at various temperatures.

Fig. 2. The 1H NMR data of the methylene protons in 14, 17, 18, and 19 and JCH coupling constants in 17.
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were in agreement with the exo-configuration of the bromine
atoms. The 1H NMR spectra of the regioisomers 15 and 16
revealed sufficient information for tentative assignments to be
made. The 11-line 13C NMR spectra of 15 and 16 in particular
confirm the presence of asymmetry in the molecule, in other
words, the trans-addition of the bromine atom to the correspond-
ing double bonds.

During the column chromatography of the reaction mixture, an
additional product 20 was isolated. We noted that this
compound was formed on a silica gel column by HBr elimination
from the major product 15. Independently, treatment of pure
dibromide 15 with silica gel yielded monobromide 2011 in quanti-
tative yield (Scheme 4).
Scheme 4. Formation of 20.
For the formation of stereoisomers 14 and 19, we propose the
following reactionmechanism. Formation of the products 14 and 19
is unexpected because the electrophilic addition of molecular
bromine to a double bond under ionic conditions generally gives
trans-dibromides. Electrophilic bromine can attack the central
double bond from the endo- as well as from the exo-face of the
double bond. It is evident from the configurations of the bromine
atoms in 14 that the initial attack occurred from the exo-face of the
double bond. The formed bromonium ion 21 can rearrange to the
non-classical carbocation 22 by an alkyl shift (Scheme 5). The
bromide anion present in the reaction media can attack the carbon
atoms C-5 (path a) and C-4 (path b) to form 14 and 23, respectively.
The product 14 with cis-configuration was formed as one of the
major products. However, the product 23 was not formed. We as-
sume that the attack of the bromide ion on the C-4 carbon atom is
hindered by the neighboring bromine atom as well as by the exo-
positioned bridge proton. Compounds 17 and 18, comprising
cyclopropane moieties, may also be formed through the same in-
termediate 22 by attacking of the bromide anion on the C-2 carbon
atom from the exo- and endo-faces (path c) where a double bond
shift is involved. The formation of 19 can be explained by the for-
mation of the endo-bromonium ion 24 in the sameway (Scheme 5).



Scheme 5. Mechanisms for formation of 14, 17, and 18.
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The configuration of the bromine atoms in 14 shows that the
exo-attack of bromine on the central double bond is favored. This is
due to the pyramidalization of the double bonds in 11. The double
bonds in norbornadiene are pyramidalized in the endo-direction.12

Norbornadiene and related compounds exclusively undergo an exo-
attack upon treatment with bromine. We calculated the pyramid-
alization angle of the double bonds in 1 and 11. We noted that there
is no dramatic change in the degree of pyramidalization when
going from 1 to 11 (Fig. 3). The double bonds in 11 are endo-pyr-
amidalized so that the attack of bromine mainly occurs from the
exo-face.

To determine the regioselectivity of bromine addition to 11
having three different double bonds, the compound was submitted
to a bromination reaction at lower temperatures. Unexpectedly, the
reaction at �78 �C gave three products 16, 17, and 18 with yields of
64%, 15%, and 14%, respectively (Scheme 3). The major product 16
was formed by trans-addition of bromine to the norbornene double
bond. The formation of a rearranged product with a structure
similar to 9a was not observed. We assume that the carbonyl
groups retarded the formation of a non-classical carbocation. The
bromination reaction at �50 �C gave similar results (Scheme 3).
However, when the reaction was carried out at 0 �C, the product
distribution was completely changed. We obtained products with
similar distribution as observed during the reaction at room
temperature.

To check the regio- and stereoselectivity of bromine addition to
11, the bromination reaction was carried out at 77 �C. The high
Fig. 3. Pyramidalization angles of optimized molecules at the M06-2X/6-31 þ G(d,p)
level.
temperature bromination gave two non-rearranged products 14
and 15 in a ratio of 1:1 in quantitative yield (Scheme 3). The
mechanism of bromine addition at high temperatures is different
than the mechanism at low temperatures. We demonstrated that at
high temperatures bromine radicals are involved.5 Generally, the
radicals have a low tendency for rearrangements.

After completion of bromine addition to 11 we focused on the
epoxidation reaction of 11 to investigate again regio- and stereo-
selectivity. The reaction of 11 with m-chloroperbenzoic acid (m-
CPBA) was performed in methylene chloride at room temperature.
The 1H NMR spectral studies of the crude product showed the
formation of two isomeric epoxides 25 and 26 in almost quanti-
tative yield in a ratio of 4.6:1, respectively (Scheme 6). Similarly,
epoxidation of 11 with dimethyldioxirane (DMDO) also resulted in
the formation of the same isomeric mixture 25 and 26, in a ratio of
3:1. Contrary to the bromination reaction of 11, no trace of epoxi-
dation products derived from oxidation of the quinoid ring was
observed.
2.1. Computational methods

To support the unusual behavior of 11 against bromination and
epoxidation reactions we performed a series of density functional
theory calculations. All calculations were performed using the
Gaussian0913 program. The molecular geometries of all structures
for the formation of non-classical carbocations were fully opti-
mized with M06-2X14 hybrid functional combined with the 6-
31 þ G(d,p) basis set using the conductor-like polarizable contin-
uum solvation model (CPCM)15 in DCM.

The epoxidation reaction of triene 11 with m-chloroperbenzoic
acid (m-CPBA) was also investigated with the exchange-
correlation functional B3LYP16 at 6-31 þ G(d,p) theory level in
the gas phase. In order to include the solvent effect, single-point
calculations were carried out at the same level as the geometry
optimizations using the CPCM solvation model with DCM since it
was used in the experimental study. All stationary points along the
reaction paths were verified by harmonic vibrational frequencies
calculated using analytical second derivatives at 25 �C and 1 atm.



Scheme 6. Epoxidation of 11 with m-CPBA and DMDO at room temperature.

Table 1
Calculated relative enthalpy energies of six possible products using M06-2X/6-31 þ G(d,p) level in kcal/mol.

Table 2
Relative enthalpies of the bromine-cation complexes (in kcal/mol) for 21, 24, and 27e30 using M06-2X/6-31 þ G(d,p) level.
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Intrinsic reaction coordinate (IRC)17 analysis was performed to
ensure that the transition states led to the corresponding minima.
Natural bond orbital (NBO)18 analyses were applied to obtain the
atomic charges.

The p-quinone-fused norbornadiene 11 has three different
double bonds that can be attacked to form a bromonium ion, from
the endo- as well as the exo-faces. First we determined the relative
energies of the adducts formed during the reaction of 11 with
Fig. 4. Geometry optimized structure of 11 and atomic charge distribution (NBO analysis) ca
Å.
bromine at room temperature to find whether the thermodynam-
ically most stable compounds were formed as the major product or
not (Table 1).

We found that the cyclopropane derivatives 18 and 17 were the
thermodynamically most stable compounds followed by 16. The
products 14,15, and 19 derived from the addition of bromine to the
p-quinone unit are the less stable compounds. To explain the for-
mation of less stable compounds during the bromination reaction
rried out using the M06-2X method and a basis set 6-31 þ G(d,p). Distances are given in



Fig. 5. The calculated highest occupied (HOMO) and lowest unoccupied (LUMO) MOs
of 11.
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at room temperature we first determined the relative energies of
bromonium ions derived from different attacks (Table 2).

It was found that bromonium ion 21 derived from the exo-attack
of bromine on the central double bond and 27 and 28 derived from
the exo- and endo-attack on the norbornene double bond are the
most stable ones. However, only the formation of 21 was in
agreement with the products formed by the bromination reaction
of 11 at room temperature. Unfortunately, the product 16 derived
from the most stable intermediates 27 and 28, was isolated in 2%
yields. To address the question of why the major products were not
formed from the intermediates 27 and 28, we calculated the charge
distribution in 11. Geometry optimization and frequency calcula-
tion of 11were performed with the M06-2X/6-31þ G(d,p) method.
We found that the greater negative charges are located on the
C2eC3 and C6eC7 double bond carbon atoms (Fig. 4). Therefore,
one would expect that an electrophile, the bromonium ion, would
attack the more negatively charged carbon atoms in 11. The for-
mation of the product 15 is in agreement with the charge distri-
bution. However, an addition product 16 derived from the attack on
the norbornene double bond was formed in a yield of only 2%.

Furthermore, we calculated the highest occupied (HOMO) and
lowest unoccupied (LUMO) molecular orbitals of 11 shown in Fig. 5.
In the case of HOMO, the charge is mainly accumulated on the
norbornene double bond. In contrast, the LUMO is located over the
benzoquinone ring.

After calculation of the relative energies of the bromonium ion
complexes 21 and 27, we calculated the transition structures for
formations of their non-classical carbocations 22 and 31 starting
from the exo-bromonium ions (Fig. 6). The formation of non-
classical carbocations via sigma bond participation was investi-
gated using M06-2X/6-31 þ G(d,p) level in DCM. For the formation
of 22, an activation energy of 0.44 kcal/mol (with respect to the
energy of 21) is required (Fig. 7). On the other hand, 2.92 kcal/mol is
required for the formation of 31 with respect to the energy of 27
(Fig. 7). Therefore, we assume that the lower activation barrier for
the formation of 22 is the driving force of this reaction and is also
responsible for the regioselectivity. At low temperature reactions
bromine exclusively attacks the norbornene double bond with the
Fig. 6. The structures of interm
higher charge density.
Epoxidation reactions of 11 with m-CPBA and DMDO were also

theoretically investigated. In contrast to the bromination reaction,
epoxidation of 11 took place exclusively on the norbornadiene
double bond C2eC3, forming the exo- and endo-products 25 and
26; 25was the major product. In both cases, exo-products were the
major products (Scheme 6). Interestingly, epoxidation took place
only on the norbornadiene double bond. There are three double
bonds in 11, which can be attacked from both sides of the double
bonds to give six possible epoxides; 25, 26, and 32e35. First, we
calculated the relative enthalpies of the six possible isomers at
B3LYP/6-31 þ G(d,p) level and found that the isomers 25 and 26
were the most thermodynamically stable (Table 3). The formation
of 25 as the major product can be explained by the endo-pyr-
amidalization of the double bond so that attack from the exo-face is
preferred. Furthermore, we investigated the activation barriers for
the formation of all six possible isomers 25, 26, and 32e35 in the
gas phase and dichloromethane. The values are tabulated in Table 3.

The calculated energy barriers were generally about 1 kcal/mol
lower in methylene chloride compared to the gas phase (Table 3).
The Gibbs free energy barriers for the formation of 32e35 were
about 6e10 kcal/mol higher than those for the formation for 25 and
26. Therefore, epoxidation of the norbornadiene double bond was
both thermodynamically and kinetically more favorable (Fig. 8).
The optimized structures of TS3 and TS4 are shown in Fig. 8 (for all
stationary points, see the Supporting Information). These compu-
tational results are in quite good agreement with the experimental
findings.

3. Conclusions

The electrophilic addition of bromine to 11 at room temperature
led to the formation of two major products 14 and 15. The cis-
configuration of the bromides in 14was explained by the formation
of a non-classical carbocation 22 by an alkyl shift. The exo-attack
was attributed to the double bond pyramidalization. Furthermore,
we determined that the lower activation barrier for the formation
of 22 is the driving force of this reaction and is also responsible for
the regioselectivity although the charge density at the central
double bondwas lower compared to that of the other double bonds.
Reaction at lower temperatures (�50 and �78 �C) gave 16 as the
major product arising from the attack of bromine on the norbor-
nene double bond with higher charge density. On the other hand,
epoxidation of 11 took place exclusively at the norbornadiene
double bond C2eC3, forming the exo- and endo-products 25 and 26,
where 25was the major product. The calculated activation barriers
showed that the barrier for the formation of 25 and 26 was about
6e10 kcal/mol lower than that for the formation of products
32e35.

4. Experimental section

4.1. General methods

Reactions were monitored using Thin Layer Chromatography
(TLC) using aluminium-backed Silica-Gel 60 F254 plates. Column
ediates 21, 22, 27, and 31.



Fig. 7. Optimized geometries of bromonium cation complexes (21 and 27), transition states, and non-classical carbocations at the M06-2X/6-31 þ G(d,p) level in DCM. Some critical
distances (Å) are given.
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chromatography was performed using Silica-Gel 60 (Merck). All
chromatography was carried out using a combination of n-hexane
and ethyl acetate as an eluent. Preparative TLC was performed us-
ing Silica-Gel 60 HF254 þ 366. Infrared spectra were recorded on a
Perkin Elmer FT-IR spectrometer with KBr pellets. NMR spectra
were recorded using a Bruker and Varian 400 MHz NMR instru-
ment (1H NMR at 400 MHz, 13C NMR at 100 MHz) in CDCl3. All
chemical shifts are reported in ppm and J values are quoted in Hz.
Elemental analyses were recorded on LECO 932 CHNS elemental
analyzer. Mass spectra were performed with ThermoFinnigan in-
strument (EI, 70 eV).

4.2. Synthesis of 1,4-dihydro-1,4-methanonaphthalene-5,8-dione
(11)

A solution of freshly distilled cyclopentadiene (6.60 g,
0.10 mol) in dichloromethane (10 mL) was added to a solution of
1,4-benzoquinone (10.80 g, 0.10 mol) in dichloromethane (30 mL)
at 0 �C dropwise. Then, the solution was stirred at room tem-
perature for 2 h to give product 12 (17.0 g, 97%). The addition
product 12 (10.0 g 57.4 mmol) was dissolved in dichloromethane
(50 mL) and silica gel (60-mesh, 50.0 g) was added. The resulting
mixture was stirred at room temperature for 0.5 h to promote
adsorption of 12 onto the silica gel surface. The resulting sus-
pension was placed onto a silica gel column (100 g, dimensions
80 cm � 3 cm) and then was allowed to stand on the column
overnight. The formed hydroquinone derivative 13 was obtained
in quantitative yield (10.0 g, 100%) by elution with ethyl acetate/
n-hexane (1:3) solution. A solution of ceric ammonium nitrate
(Ce(NH4)2(NO3)6, 78.70 g, 143.5 mmol) in water (100 mL) was
added to a solution of 13 (10.0 g, 57.4 mmol) in CH3CN (100 mL)
at 0 �C and the resulting mixture was stirred at room tempera-
ture for 1 h. After adding water (100 mL) the reaction mixture
was extracted with ether (3 � 100 mL). The combined organic
layers were washed with brine (50 mL), dried over Na2SO4, and
filtered. The solvent was evaporated under reduced pressure and
the residue was purified via column chromatography on silica gel
(100 g) by eluting with EtOAc/n-hexane (3:17). The product 11
was obtained as a yellow solid (9.0 g, 91%); m.p. 62e64 �C (Lit.
m.p. 65e67 �C7).

4.3. Bromination of 1,4-dihydro-1,4-methanonaphthalene-5,8-
dione (11) at room temperature

To a magnetically stirred solution of 11 (1.72 g, 10.0 mmol) in
30 mL of dry methylene chloride was added a solution of bromine
(1.68 g, 10.5 mmol) in methylene chloride (5 mL) at room tem-
perature over a period of 5 min. The resulting reaction mixture was
stirred for 10 min. The solvent was evaporated under reduced
pressure and the residue was recrystallized from methylene chlo-
ride/n-hexane (2:1). Major products 14 and 15were separated. The
remaining part was submitted to column chromatography (silica
gel, 100 g) eluting with EtOAc/n-hexane (1:9). The products were
separated in the following order:



Table 3
Relative energies of the possible epoxides 25, 26, and 32e35 derived from the reaction of m-CPBA (in kcal/mol) with 11 at B3LYP/6-31 þ G(d,p) level.

Epoxides

Relative Energies �10.2 �6.8 �2.6 0.0 �0.4 þ1.4
Activation energies in Gas Phase 16.5 18.8 22.9 23.1 23.5 26.7
Activation energies in CH2Cl2 14.0 15.9 22.7 22.1 22.5 26.5
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4.3.1. rel-(1R,4S)-6-Bromo-1,4-methanonaphthalene-5,8(1H,4H)-
dione (20)11

(0.525 g, 21%); m.p. 95e96 �C Lit. m.p. 101e103 �C. 1H NMR
(400MHz, CDCl3): d¼ 7.09 (s, 1H), 6.90e6.83 (m, 2H), 4.18e4.15 (m,
1H), 4.12e4.09 (m, 1H), 2.35 (dt, A-part of AB system, J ¼ 7.2 and
1.3 Hz, 1H), 2.30 (bd, B-part of AB system, J ¼ 7.2 Hz, 1H). 13C NMR
(100 MHz, CDCl3): d ¼ 181.3, 175.8, 161.7, 160.3, 142.5, 142.4, 136.9,
136.8, 74.0, 49.3, 48.6. IR (KBr, cm�1): ṽmax ¼ 3048, 3003, 2975,
2943, 2873, 1700, 1569, 1453, 1360, 1304, 1256, 1218, 1074, 1005,
883. MS (EI, 70 eV): (MH)þ ¼ 252.9/250.9 (35), 171.9 (100), 143.9
(25), 114.7 (20).

4.3.2. rel-(1R,4S,4aR,8aS)-4a,8a-dibromo-1,4,4a,8a-tetrahydro-1,4-
methanonaphthalene-5,8-dione (14)

(0.30 g þ 1.25 g from crystallization, 47%); m.p. 186e187 �C. 1H
NMR (400 MHz, CDCl3): d ¼ 6.83 (s, 2H), 6.15e6.14 (m, 2H),
3.73e3.71 (m, 2H), 2.59 (bd, A-part of AB system, J ¼ 9.9 Hz, 1H),
2.10 (dt, B-part of AB system, J¼ 9.9 Hz and J¼ 1.7 Hz, 1H). 13C NMR
(100 MHz, CDCl3): d ¼ 188.6, 140.6, 137.7, 70.2, 55.2, 45.3. IR (KBr,
cm�1): ṽmax ¼ 3064, 2992, 2952, 1682, 1365, 1266, 1242, 1099, 987,
905, 857. MS (EI, 70 eV): (MH)þ ¼ 334.9/332.9/331 (50%), 304.8
(75), 252.9/250.9 (60), 224.9/222.9 (60), 143.7 (100), 114.8 (55).
Anal. Calcd. for C11H8Br2O2: C, 39.80; H, 2.43%. Found: C, 39.67; H,
2.41.

4.3.3. rel-(1R,4S,4aS,8aR)-4a,8a-dibromo-1,4,4a,8a-tetrahydro-1,4-
methanonaphthalene-5,8-dione (19)

The dibromide 19 was isolated as a mixture with 14 (33.0 mg,
1%) in a ratio of (2:5). 1H NMR (400 MHz, CDCl3): d ¼ 6.99 (s, 2H),
Fig. 8. Optimized geometries of transition states for the formation of 25 and 2
6.47e6.46 (m, 2H), 3.93e3.91 (m, 2H), 1.84 (dt, A-part of AB system,
J ¼ 11.0 and 1.8 Hz, 1H), 1.16 (bd, B-part of AB system, J ¼ 11.0 Hz,
1H). 13C NMR (100 MHz, CDCl3): d ¼ 187.4, 140.8, 138.0, 70.3, 51.0,
44.7. IR (KBr, cm�1): ṽmax ¼ 3064, 3048, 2986, 2953, 1689, 1603,
1449, 1365, 1265, 1098, 987. MS (EI, 70 eV): (MH)þ ¼ 334.2/332.6/
331 (50), 304.9 (75), 253/250.9 (50), 224.9/222.9 (60), 143.8 (100),
115.8/114.7 (70). Anal. Calcd. for C11H8Br2O2: C, 39.80; H, 2.43%.
Found: C, 39.76; H, 2.38.

4.3.4. rel-(1aS,2S,3S,3aS,7aR)-2,3a-dibromo-1a,2,3,3a-tetrahydro-
1H-1,3-methanocyclo-propa-[c]indene-4,7-dione (18)

(34.0 mg,1%), colorless wax. 1H NMR (400MHz, CDCl3): d¼ 6.82
(d, A-part of AB system, J ¼ 10.5 Hz, 1H), 6.73 (d, B-part of AB
system, J ¼ 10.5 Hz, 1H), 4.14 (bs, 1H), 2.97e2.95 (m, 1H), 2.89 (bd,
J ¼ 5.1 Hz, 1H), 2.56 (bd, A-part of AB system, J ¼ 12.0 Hz, 1H), 2.50
(bd, B-part of AB system, J¼ 12.0 Hz,1H), 2.30 (dt, J¼ 5.1 and 1.0 Hz,
1H). 13C NMR (100 MHz, CDCl3): d ¼ 190.1, 188.7, 141.1, 139.4, 66.1,
46.3, 45.9, 41.2, 37.7, 31.6, 23.0. IR (KBr, cm�1): ṽmax ¼ 3081, 2958,
2964, 1689, 1586, 1455, 1393, 1295, 1259, 1126, 1039, 982, 851. MS
(EI, 70 eV): m/z 333/330.9 (35), 251/252.3 (100), 222.9 (25), 170.9
(70), 146.8 (25). Anal. Calcd. for C11H8Br2O2: C, 39.80; H, 2.43%.
Found: C, 39.86; H, 2.65.

4.3.5. rel-(1aS,2R,3S,3aS,7aR)-2,3a-dibromo-1a,2,3,3a-tetrahydro-
1H-1,3-methanocyclo-propa-[c]indene-4,7-dione (17)

(60.0 mg 2%). Colorless wax. 1H NMR (400 MHz, CDCl3): d¼ 6.77
(d, A-part of AB system, J ¼ 10.6 Hz, 1H), 6.69 (d, B-part of AB
system, J ¼ 10.6 Hz, 1H), 4.86 (bs, 1H), 3.04 (d, J ¼ 5.2 Hz, 1H),
2.92e2.91 (m, 1H), 2.26 (bd, A-part of AB system, J ¼ 12.6 Hz, 1H),
6 at the B3LYP/6-31 þ G(d,p) level. Some critical distances (Å) are given.
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2.15 (dd, J ¼ 5.2 Hz and 1.1 Hz, 1H), 1.92 (bd, B-part of AB system,
J ¼ 12.6 Hz, 1He). 13C NMR (100 MHz, CDCl3): d ¼ 190.1, 187.9, 140.7,
138.7, 68.2, 52.1, 46.1, 41.3, 32.6, 29.4, 28.8. IR (KBr, cm�1):
ṽmax ¼ 3048, 2958, 2924, 2846, 1701, 1587, 1459, 1400, 1256, 1123,
1088, 1016, 910, 851. MS (EI, 70 eV): (MH)þ ¼ 333/334.3 (20), 253.1/
252.3/254.1 (50), 171/173 (60), 146.8 (100), 114.9 (20). Anal. Calcd.
for C11H8Br2O2: C, 39.80; H, 2.43%. Found: C, 39.70; H, 2.66.

4.3.6. rel-(1R,2R,3R,4S)-2,3-dibromo-1,2,3,4-tetrahydro-1,4-
methanonaphthalene-5,8-dione (16)

(70.0 mg, 2%). Colorless wax. 1H NMR (400MHz, CDCl3): d¼ 6.71
(bs, 2H), 4.58 (dd, J ¼ 3.8 and 2.5 Hz, 1H), 3.87e3.83 (m, 2H),
3.72e3.69 (m,1H), 2.38 (dt, A-part of AB system, J¼ 10.3 and 1.2 Hz,
1H), 2.16 (ddt, B-part of AB system J ¼ 10.3, 2.5, and 1.7 Hz, 1H). 13C
NMR (100 MHz, CDCl3): d ¼ 183.3, 183.0, 151.4, 148.8, 136.4, 136.3,
53.8, 52.3, 50.2, 49.5, 46.2. IR (KBr, cm�1): ṽmax ¼ 3053, 2986, 2956,
2880, 1657, 1584, 1495, 1458, 1399, 1322, 1175, 1084, 1015, 960. MS
(EI, 70 eV) (MH)þ ¼ 334.9/332.9/330.8 (30), 252.8/253.9 (40), 224.9
(10), 170.9 (50), 146.8/145.8 (100), 114.8 (10). Anal. Calcd. for
C11H8Br2O2: C, 39.88; H, 2.36; Found: C, 39.80; H, 2.43%.

4.3.7. rel-(1R,4S,6S,7S)-6,7-dibromo-6,7-dihydro-1,4-
methanonaphthalene-5,8(1H,4H)-dione (15)

(0.80 g þ 0.70 g from crystallization) 45%; m.p.139e140 �C. 1H
NMR (400 MHz, CDCl3) d¼ 6.92 (dd, A-part of AB system, J¼ 4.0 Hz
and 3.1 Hz, 1H), 6.89 (dd, B-part of AB system, J ¼ 4.0 Hz and 3.1 Hz,
1H), 4.79 (d, A-part of AB system, J ¼ 2.8 Hz, 1H), 4.77 (d, B- part of
AB system, J¼ 2.7 Hz,1H), 4.14 (bs, 1H), 4.07 (bs, 1H), 2.38e2.36 (bs,
2H). 13C NMR: d ¼ (100 MHz, CDCl3) d ¼ 184.4, 183.8, 161.23, 161.16,
142.2141.7, 73.3, 49.2, 49.1, 47.4, 46.6. IR (KBr, cm�1): ṽmax ¼ 2980,
2936, 2868, 1675, 1583, 1561, 1362, 1281, 1222, 1197, 1150. MS (EI,
70 eV): m/z 252.9/251.0 (Mþ-Br, 50), 171.8 (100), 143.8/142.7 (35),
114.7 (20). Anal. Calcd. for C11H8Br2O2: C, 39.80; H, 2.43%. Found: C,
39.94; H, 2.49.

4.4. Bromination of 1,4-dihydro-l,4-methanonaphthalene-5,8-
dione (11) at 0, �50 and �78 �C

To a magnetically stirred solution of 11 (0.344 g, 2.0 mmol) in
10 mL of dry methylene chloride at 0, -50 or �78 �C was added a
solution of bromine (336.0 mg, 2.1 mmol) in 2 mL of dry methylene
chloride over a period of 5 min. The resulting reaction mixture was
allowed to warm up to room temperature and the solvent was
evaporated. The product ratio was determined by 1H NMR analysis.

4.5. Bromination of 1,4-dihydro-1,4-methanonaphthalene-5,8-
dione (11) at 77 �C

A hot (~60 �C) solution of bromine (0.335 g, 2.10 mmol) in car-
bon tetrachloride (CAUTION: toxic!) (2 mL) was added to a
magnetically stirred solution of 11 (345 mg, 2.0 mmol) in carbon
tetrachloride (10 mL) at reflux in a 25 mL flask, over a period of
2 min. The resulting reaction mixture was kept at reflux tempera-
ture for 5 min. After evaporation of the solvent the residue was
chromatographed on silica gel (30.0 g), eluting with EtOAc/n-hex-
ane (1:9) to give 20 (251.0 mg, 50%) as the first fraction. The com-
pound 14 (332 mg, 50%) was isolated as the second fraction.

4.6. Reaction of 1,4-dihydro-l,4-methanonaphthalene-5,8-dione
(11) with m-chloroperbenzoic acid (m-CPBA) at 0 �C

To a magnetically stirred solution of 11 (0.345 g, 2.0 mmol) in
methylene chloride (10 mL) at was added m-CPBA (0.380 g,
2.20 mmol) portionwise at 0 �C. The reaction mixture was stirred
for 15 h at room temperature. After adding water (25 mL), the
mixture was extracted with methylene chloride (3 � 20 mL). The
combined organic layers were washed with saturated brine
(2� 10 mL), water, dried over Na2SO4, and filtered. The solvent was
removed in vacuo. The residue was purified via column chroma-
tography on silica gel (30.0 g) by eluting with EtOAc/n-hexane
(3:17). The monoepoxides 25 and 26 were separated.

4.6.1. rel-(1aR,2R,7S,7aS)-1a,2,7,7a-tetrahydro-2,7-
methanonaphtho[2,3-b]oxirene-3,6-dione (25)

The epoxide 25 was isolated as the first fraction. Orange solid
(0.310 g, 82%) decom. >120 �C. 1H NMR (400 MHz, CDCl3): d ¼ 6.65
(s, 2H), 3.59e3.58 (m, 2H), 3.58e3.57 (m, 2H), 1.97 (bd, A-part of AB
system, J¼ 9.2 Hz,1H), 1.58 (bd, B-part of AB system, J¼ 9.2 Hz,1H).
13C NMR (100 MHz, CDCl3): d ¼ 183.8, 157.4, 136.0, 57.6, 42.5, 39.9.
IR (KBr, cm�1): ṽmax ¼ 3048, 3008, 2971, 2353, 2336, 1650, 1572,
1499, 1446, 1379, 1315, 1278, 1231, 1194, 1136, 1077, 999. MS (EI,
70 eV): (MH)þ ¼ 188.9 (5), 170.9/172 (100) 158.9/159.9/160.9 (100),
142.8 (30), 130.8/132.8/133.9 (80), 114.8/117 (75), 102.8/103.7/104.7
(60), 77(10). Anal. Calcd. for C11H8O3: C, 70.21; H, 4.29%. Found:
C,70.53; H, 4.21.

4.6.2. rel-(1aR,2S,7R,7aS)-1a,2,7,7a-tetrahydro-2,7-
methanonaphtho[2,3-b]oxirene-3,6-dione (26)

The epoxide 26was isolated as the second fraction. Orange solid
(66.0 mg 18%), decom. >160 �C: 1H NMR (400MHz, CDCl3): d¼ 6.65
(s, 2H), 3.92 (d, J¼ 3.0 Hz, 2H), 3.45e3.43 (m, 2H), 2.33 (dt, A-part of
AB system, J ¼ 8.9 and 1.6 Hz, 1H), 2.22 (bd, B-part of AB system,
J ¼ 8.9 Hz, 1H). 13C NMR (100 MHz, CDCl3): d ¼ 184.3, 146.6, 136.2,
60.5, 52.7, 41.8. IR (KBr, cm�1): ṽmax ¼ 2952, 2913, 2857, 2347, 1656,
1575, 1455, 1357, 1264, 1055. MS (EI, 70 eV): (MH)þ ¼ 188.7 (20),
170.9/172 (100), 158.9/160.2/161 (80), 142.9 (20), 130.9/133 (30),
114.7/117.1 (25), 102.9 (20), 76.7 (20). Anal. Calcd. for C11H8O3: C,
70.21; H, 4.29%. Found: C, 70.38; H, 4.42.

4.7. Preparation of dimethyldioxirane (DMDO)19

Sodium bicarbonate (29.0 g, 345.0 mmol) was dissolved in
225 mL of acetone-water (4:5/225 mL) at 5 �C. Potassium perox-
ymonosulfate (60.0 g,195.0 mmol) was added to the solution in five
portions at 3 min intervals. After 5 min the cooling bath was
removed and a moderate vacuum (80e100 torr) was applied while
vigorously stirring. The DMDO/acetone distillate was collected in
the cooled (�78 �C) receiving flask. (The concentration of DMDO
can be determined by oxidation of methyl phenyl sulfide to its
sulfoxide.)

4.8. Reaction of 1,4-dihydro-l,4-methanonaphthalene-5,8-dione
(11) with DMDO

To a magnetically stirred solution of 11 (0.10 g, 0.58 mmol) in
10 mL of methylene chloride was added a solution (excess amount)
of DMDO/acetone (25 mL, 0.58 mmol) dropwise at �30 �C. The
cooling bath was removed and the reaction mixture was stirred for
30 min at room temperature. The solvent was removed under
reduced pressure and the residue was purified via column chro-
matography on silica gel (20.0 g) eluting with EtOAc/n-hexane
(3:17). The products 25 and 26 were obtained in quantitative yield
in a ratio 3:1, respectively.
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