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Abstract
3‐Chloro‐1,2,3,4‐tetrahydro‐1,4‐epoxynaphthalen‐2‐yl)‐3‐hydroxy‐5,5‐dimethylcy-

clohex‐2‐en‐1‐one, synthesized by the reaction of oxabenzonorbornadiene with

Mn(OAc)3 and dimedone in the presence of HCl in acetic acid, was submitted to

ring‐opening reactions with BBr3 and H2SO4. Reaction with BBr3 yielded 2

products, a 5‐membered ring and an 8‐membered ring, with the former being the

major product. However, the H2SO4‐supported reaction exclusively formed an 8‐
membered ring. The mechanism of formation of these products was supported by

theoretical calculations.
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1 | INTRODUCTION

Heterobicyclic alkenes such as 7‐oxabicyclo[2.2.1]heptanes,
7‐oxabicyclo‐[2.2.1]heptenes, and their benzo derivatives
(1‐3) are valuable intermediates in the total synthesis of some
natural products and analogues.[1] These 7‐oxanorbornane
derivatives can be easily synthesized through Diels‐Alder
addition of furans to alkenes or benzynes.
The ring‐opening chemistry of oxabicyclic compounds
underwent significant growth in recent decades and so the
oxabicyclic template has become increasingly common as a
starting material in the preparation of both cyclic and acyclic
issue to celebrate the 80th
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compounds. A crucial synthetic transformation using these
intermediates involves the cleavage of the bridging carbon–
oxygen bond in these systems to produce functionalized
cyclohexenes or cyclohexenols. The ring‐opening reactions
can be triggered by acid catalysts,[2] bases,[3] and metals.[4]

For example, nucleophilic ring‐opening of 7‐
oxabenzonorbornadiene (3) provides different substituted
dihydronaphthalenol derivatives, depending on the catalysts
and nucleophiles.[4g]

The ring‐opening reaction of 7‐oxabenzonorbornene (3)
with phenyl iodide in the presence of Pd/BINAP catalyst
results in the formation of 4 and 5 (3:2 ratio) with cis
configuration in 85% yield (Scheme 1).[4g] Allylation of 7‐
oxabenzonorbornane derivatives was achieved with potas-
sium trifluoroborate in the presence of some metal catalysts.
Using CoBr2 mainly gave the ring‐opening product 7.[4a] An
interesting feature of these products is their syn configura-
tion. In the case of nucleophilic ring‐opening reactions, the
nucleophile can attack at the bridgehead carbon atom with
simultaneous cleavage of the C−O bond to give the ring‐
opening product 8. The position of the double bond is
retained after the ring‐opening process (Scheme 2). On the
other hand, an SN2' nucleophilic attack on the double bond
Copyright © 2017 John Wiley & Sons, Ltd./poc 1 of 10
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SCHEME 1 Metal‐catalyzed ring‐
opening reaction of oxabenzonorbornadiene
(3) with nucleophiles
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would generate the rearranged compound 9 with cis
configuration.

In this paper, we describe the BBr3‐catalyzed ring‐
opening reaction of 13 synthesized by the reaction of 7‐
oxabenzonornadiene (3) with dimedone in the presence of
Mn(OAc)3 and HCl.
2 | RESULTS AND DISCUSSION

Very recently, we were interested in the addition mechanism
of 1,3‐dicarbonyl compounds to double bonds in the pres-
ence of Mn(OAc)3.

[5,6] In particular, we chose bicyclic sys-
tems, which have great tendency for rearrangement. When
the reaction of oxabenzonorbornadiene (3) with dimedone
(10) was conducted in the presence of Mn(OAc)3 in acetic
SCHEME 2 Mechanism of the ring‐opening reaction of
oxabenzonorbornadiene (3) with nucleophiles
acid, the rearranged products 11 and 12 were formed in
56% and 14% yields, respectively (Scheme 3).

The formation of the rearranged products was not
expected because 7‐oxabenzonorbornadiene (3) mainly
undergoes a ring‐opening reaction upon treatment with elec-
trophiles.[3,7] We assume that the initially formed cation
undergoes Wagner‐Meerwein type rearrangement, thus
forming a new cation that is captured by the oxygen atom
of the carbonyl group in 10 to form 12. To hinder the
Wagner‐Meerwein type rearrangement, we decided to run
the same reaction in the presence of HCl so that the initially
formed cation can be captured by the chloride ion present
in the reaction media.

The reaction of oxabenzonorbornadiene 3 with dimedone
(10) and Mn(OAc)3 in the presence of HCl in acetic acid gave
the adduct 13 in 82% yield (Scheme 3). Careful examination of
the reaction mixture did not reveal the formation of any trace
of rearranged products. The structure of 13 was unambigu-
ously determined by NMR spectral data. The exo configura-
tion of the chlorine atom and dimedone ring was confirmed
by measuring the coupling constants between H‐1 and H‐2
and between H‐3 and H‐4. The absence of any coupling
between the relevant protons confirms exclusively the endo
SCHEME 3 The reaction of
oxabenzonorbornadiene 3 with Mn(OAc)3 in
the presence and absence of HCl



SCHEME 4 The reaction of the adduct 13
with BBr3 in dichloromethane

FIGURE 1 X‐ray crystal structure of 14

FIGURE 2 Geometry optimized
structures of 15 and 16

TABLE 1 The dihedral angles, measured coupling constants, and calculated coupling constants for 15 and 16

15 16

Dihedral
Angle

Coupling Constant
Calculated, Hz

Coupling Constant
Experimental, Hz

Dihedral
Angle

Coupling Constant
Calculated, Hz

H‐C11‐
C12‐H

65.6o 2.3 2.6 44.5 o 5.0

H‐C12‐
C13‐H

69.6o 2.0 2.3 68.5 o 2.1

H‐C13‐C6‐
H

60.0 o 3.5 2.3 62.2 o 3.30
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orientation of the protons H‐2 and H‐3. In the case of exo
orientation of these protons, a high value of J1,2 and J3,4,
3.5‐5.0 Hz, would be expected.[7,8] Furthermore, 2 resonance
signals in the 13C‐NMR spectrum appearing at 196.7 and
173.8 ppm clearly indicate that one of the carbonyl groups
exists in its enol form.[9] Otherwise, the resonance frequencies
of the carbonyl groups would appear at higher than 200 ppm.
The formation of 13 was rationalized by a fast intramolecular
capture of the cation formed after the addition of dimedone
radical to the double bond followed by oxidation.

For further functionalization of the oxanorbornene unit,
the adduct 13 was submitted to a BBr3‐mediated ring‐
opening reaction. The reaction of 13 with BBr3 in dichloro-
methane gave 2 separable products, the ring‐opening products
14 and 15 in 55% and 10% yields, respectively (Scheme 4).
SCHEME 5 Ring‐opening reaction of 13 with H2SO4
Inspection of the proton nuclear magnetic resonance spectra
spectra of those compounds showed the presence of 2 consti-
tutional isomers.

Geometry optimization calculations (M06[10]/6‐311G
+(d,p) level in gas phase) for 14 show dihedral angles of
19.1°, 48.9°, and 58.3° between the vicinal protons H‐11a/
H‐6, H‐6a/H‐6, and H‐6/H‐5, respectively. We calculated
the vicinal coupling constants between the relevant protons
considering substituent electronegativities and found values
of 7.8, 4.4, and 2.5 Hz, respectively.[11] The experimentally
measured coupling constants of 10, 3.1, and 3.1 Hz are in
good agreement with the proposed structure. Finally, the
structure of 14 was further confirmed by X‐ray crystallo-
graphic analysis showing the cis configuration of the
dihydrofurane ring. (Figure 1).
SCHEME 6 BBr3 activated ring opening
reaction mechanism for the formation of 14
and 15
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The structure of the isomer 15 was assigned based on
its NMR spectra and geometry optimization calculations
(M06[10]/6‐311G+(d,p) level in gas phase) (Figure 2).
First, we determined the constitution of the molecule. To
assign the correct configuration (exo or endo) of the
bromine atom in 15, the dihedral angles for the vicinal
protons H‐C11‐C12‐H, H‐C12‐C13‐H, and H‐C13‐C6‐H
were calculated using the geometry optimized structures
15 and 16.[11]

The measured coupling constants and the calculated
coupling constants are given in Table 1. The measured cou-
pling constant, J11,12 = 2.3 Hz, in 15 is in good agreement
with the calculated one, J11,12 = 2.0 Hz. In the case of the
endo orientation of the bromine atom in 16, the calculated
dihedral angle is 44.5°. Here, one would expect a larger
coupling constant of J ≈ 5.0 Hz. On the basis of these
coupling constants, the exo configuration was assigned to
the bromine atom in 15. Furthermore, we found that the exo
isomer 15 is thermodynamically 5.1 kcal/mol more stable
than the endo isomer 16.
SCHEME 7 Proposed mechanism for the formation of 17
We then examined the scope of the ring‐opening reaction
for 13 with H2SO4 in methanol. A solution of 13 in methanol
was treated with H2SO4 at 0°C (Scheme 5). The regioselec-
tive ring‐opening product 17 was isolated as the sole isomer.
Treatment of 17 with BBr3 as described above resulted in the
exclusive formation of 15 with configuration retention in
quantitative yield.

The structure of 17 was determined with the help of 1D
(1H‐ and 13C‐) and 2D (COSY, HSQC, and HMBC) NMR
spectra. The HMBC spectrum shows that the carbon signal
resonating at 81.9 (C‐11) ppm correlates with the aromatic
protons as well as with methoxy protons appearing at
3.41 ppm. This finding clearly shows that the methoxy group
is bonded to the carbon atom C‐11. Furthermore, the double
bond carbon atom (C‐12a) resonating at high field
(107.5 ppm) correlates with the proton resonances of H‐11,
H‐12, and H‐13 and with the methylene protons in the ring.
This is in complete agreement with the suggested structure
17. The configuration of the methoxy group was again
assigned by measuring the coupling constant between the
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vicinal protons H11‐C‐C‐H12, and it was found that this cou-
pling is 2.6 Hz, exactly the same value as determined by 15.
Therefore, we assigned the exo configuration to the methoxy
group in 17.

The reaction of methoxy compound 17 with BBr3 in
chloroform under the same reaction conditions as shown
in Scheme 4 gave 15 in almost quantitative yield. The
TABLE 2 Optimized geometries of the stationary points of the formation

PATH

18
TS1

PATH B

18 TS2

TABLE 3 Optimized geometries of the stationary points of the formation

PATH

23
TS3

PATH B

23 TS4
configuration at the C‐11 carbon atom was retained. We
assume that the first step is the removal of the methoxy
group to form a benzylic cation that can be exclusively
captured from the exo face of the cation as the endo face
is partially blocked by the dimedone group. On the other
hand, geometry optimization calculations showed that the
exo isomer 15 is 5.1 kcal/mol more stable than the endo
of 19 and 21. Distances are given in angstroms

A

19

21

of 24 and 25. Distances are given in angstroms

A

24

25



TABLE 5 Optimized geometries of the stationary points of the formation of 26 and 27. Distances are given in angstroms. In path B, hydrogen
atoms are omitted for clarity

PATH A

24
TS7 26

PATH B

25
TS8 27

TABLE 4 Optimized geometries of the stationary points of the formation of 19 and 20. Distances are given in angstroms. In path B, hydrogen
atoms are omitted for clarity

PATH A

19 TS5 20

PATH B

21 TS6 22
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isomer. Therefore, we assume the thermodynamic stability
of the exo‐isomer is also the driving force for the exclu-
sive formation of the exo‐isomer 17.
3 | METHODOLOGY

All computations were performed using the Gaussian 09[12]

software package. The geometries of all the reactants,
transition states, intermediates, and products were fully
optimized by using ωB97XD[13]/6‐31G+(d,p) with the
conductor‐like polarizable continuum solvation model[14] in
methanol or chloroform, except otherwise indicated.
Frequency calculations were performed at the same level of
theory to verify whether the structures are minima or transi-
tion states. Thermodynamic calculations were conducted at
25°C and 1 atm. Structural representations were generated
using CYLview.[15]

Herein, we attempted to explore the regioselective ring‐
opening reaction mechanism of compound 13 by means of
density functional theory calculations, and the results
obtained from both mechanisms were compared to under-
stand the experimentally observed product distribution.

For this regioselective ring‐opening process of 13, we
suggest the following reaction mechanism (Schemes 6 and 7).
The first step is the coordination of boron tribromide to
the bridge oxygen atom to form the zwitter‐ionic intermedi-
ate 18. There are 2 possible modes of ring‐opening for the
intermediate 18; paths A and B.

The calculated Gibbs free energy barriers for ring‐
opening reactions of paths A and B are 3.9 and 3.7 kcal/mol,
respectively, which demonstrates, that kinetically, both paths
are almost identical. The optimized structures are depicted in
Table 2. In path A, O1‐C2 distance is lengthened from
2.00 Å in transition state TS1 to 3.32 Å in 19. On the other
hand, in path B, the distance of O1‐C3 is lengthened from
1.99Å in transition state TS2 to 3.15 Å in 21. Calculations
show that the carbocation 19 formed in path A is
6.9 kcal/mol more stable than the carbocation 21 formed in
path B. This may be due to the inductive effect of the chlorine,
which destabilizes the cationic intermediate 21. In addition,
interaction between the hydroxyl oxygen atom and positively
charged C2 (the distance is 2.68 Å) contributes to the stability
of the intermediate 19. This energy difference is in agreement
with the experimental observation that the major product 14 is
formed by the most stable intermediate.

Similarly, the first step of the reaction of 13 using H2SO4

was also investigated. The computed activation barriers for
paths A and B are 10.0 and 12.5 kcal/mol, respectively. The
optimized structures are shown in Table 3.

Once the carbocations were formed, 2 probable pathways
were proposed for the ring closure step, shown in Table 4. In
path A, a nucleophilic attack of the hydroxyl oxygen atom on
C2 carbon atom takes place via TS5. The Gibbs free
activation barrier for this step is calculated to be 10.2 kcal/
mol. On the other hand, in path B, nucleophilic attack of
the hydroxyl oxygen atom on C3 carbon atom takes place
via TS6. The calculated Gibbs free activation barrier for path
B is 4.1 kcal/mol.

Similarly, the second step of the reaction of 13 with
H2SO4 was also investigated. Optimized structures are
depicted in Table 5. This step involves the nucleophilic attack
of hydroxyl oxygen on either C2 or C3 carbon atoms. The
Gibbs free energy barrier associated with transition state
TS7 is 9.7 kcal/mol. On the other hand, the calculated Gibbs
free activation energy for path B is only 4.9 kcal/mol, which
is much lower than that of path A. TS7 could be unfavorable
due to formation of a strained 5‐membered ring instead of 8‐
membered ring. This energy difference is in agreement with
the experimental observation.
4 | CONCLUSION

The reaction of oxabenzonorbornadiene 3 with dimedone
(10) and Mn(OAc)3 in the presence of HCl in acetic acid gave
the adduct 13. For further functionalization, 13 was submit-
ted to a ring‐opening reaction in the presence of BBr3 and
H2SO4. The BBr3‐supported ring‐opening reaction of 13
resulted in the formation of a 5‐membered ring 14 and 15
as the minor product. However, the ring‐opening reaction
with H2SO4 exclusively resulted in the formation of 17, a
bicyclic system that was further converted to 15 upon reac-
tion with BBr3. The structures were determined with the help
of NMR spectra, and the mechanism of formation of the
products was supported by theoretical calculations.
5 | EXPERIMENTAL SECTION

5.1 | General

Proton nuclear magnetic resonance spectra were recorded on
a 400 MHz instrument. The 13C NMR spectra were recorded
on a 100 MHz instrument. Column chromatography was
performed on silica gel (60 mesh). High‐resolution mass
spectra were recorded by LC‐MS TOF electrospray ioniza-
tion. Infrared (IR) spectra were recorded in the range 4000
to 600 cm‐1 via attenuated total reflection diamond. Melting
points were measured using a melting point apparatus and
were uncorrected.
5.2 | Oxidative addition of dimedone (2) to 7‐
oxabenzonorbornadiene (3) in the presence of
Mn(OAc)3 and HCl

A solution of 7‐oxabenzonorbornadiene (3) (0.72 g,
5.0 mmol) and dimedone (10) (0.7 g, 5.0 mmol) in
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15 mL of glacial AcOH was added to a solution of
Mn(OAc)3•2H2O (2.68 g, 10.0 mmol) and HCl (1 mL,
37 %) in 50 mL of glacial AcOH. The resulting mixture
was stirred under N2 at 50°C for 3 hours. When the reac-
tion was complete, the solution was concentrated under
reduced pressure and quenched with 100 mL saturated
aqueous NaHCO3 solution. The mixture was extracted
with CH2Cl2. The combined organic layers were washed
several times with H2O and dried (MgSO4). The chroma-
tography of the residue on silica gel eluting with (hexane/
EtOAc, 3:1) gave 1.3 g of 13 (82 %).
5.3 | 2‐((1S,2R,3R,4S)‐3‐chloro‐1,2,3,4‐
tetrahydro‐1,4‐epoxynaphthalen‐2‐yl)‐3‐
hydroxy‐5,5‐dimethylcyclohex‐2‐enone (13)
Colorless crystals, mp 145 to 147°C; 1H‐NMR (400 MHz,
CDCl3) δ 10.03 (s, 1H), 7.37 to 7.24 (m, 4H), 5.58 (s, 1H),
5.41 (s, 1H), 4.30 (d, J = 7.6 Hz, 1H), 3.94 (d, J = 7.6 Hz,
1H), 2.51 (d, A part of AB system, J = 17.4 Hz, 1H), 2.44
(d, B part of AB system, J = 17.4 Hz, 1H), 2.28 (s, 2H),
1.12 (s, 6H); 13C‐NMR (100 MHz, CDCl3) δ 196.7, 173.8,
144.2, 141.0, 128.8, 128.4, 120.7, 120.2, 111.3, 89.0, 84.2,
62.9, 50.5, 44.8, 41.3, 32.0, 29.1, 28.5; IR (KBr, cm‐1):
3511, 2925, 2910, 1722, 1684, 1397, 1365, 974, 936, 776,
716, 647; HRMS‐TOF [M + H]+: Calcd for C18H20O3Cl:
319.1138, found: 319.1101.
5.4 | Reaction of 13 with BBr3
Boron tribromide (1.94 mL, 5.05 g, 20.2 mmol) was added
dropwise to a solution of 13 (0.31 g, 10 mmol in dry dichlo-
romethane (25 mL) at 0°C. After 1 hour, the solution was
concentrated under reduced pressure and quenched with
100 mL saturated aqueous NaHCO3 solution. The mixture
was extracted with CH2Cl2. The combined organic layers
were washed several times with H2O and dried (MgSO4).
The chromatography of the residue on silica gel (65.0 g) elut-
ing with hexane/EtOAc (3:1) gave 15 (0.03 g, 10 %) as the
first fraction. The isomer 14 (0.21 g, 55 %) was isolated as
the second fraction.
5.5 | rel‐(5R(S),6R(S),6aR(S),11aS(R))‐5‐
bromo‐6‐chloro‐9,9‐dimethyl‐6,6a,8,9,10,11a‐
hexahydro‐naphtho[1,2‐b]benzofuran‐7(5H)‐
one (14)

Colorless crystals, mp 111 to 114°C; 1H‐NMR (400 MHz,
CDCl3) δ 7.62 to 7.36 (m, 4H), 5.32 (d, J = 10.0 Hz, 1H,
H‐11a) 5.45 (d, J = 3.1 Hz, 1H, H‐5), 5.11 (t, J = 3.1 Hz,
1H, H‐6), 4.45 (dd, J = 10.0 and 3.1 Hz, 1H, H‐6a), 2.44
(dd, A part of AB system, J = 17.8 and 1.6 Hz, 1H, CH2),
2.35 (d, A part of AB system, J = 16.1 Hz, 1H, CH2), 2.33
(d, B part of AB system, J = 16.1 Hz, 1H, CH2), 2.25 (d, B
part of AB system, J = 17.8 Hz, 1H, CH2), 1.17 (s, 3H,
CH3), 1.12 (s, 3H, CH3);

13C‐NMR (100 MHz, CDCl3) δ
194.1, 177.1, 132.9, 130.4, 129.7, 129.6, 129.2, 126.0,
113.5, 79.8, 57.7, 50.9, 47.8, 39.5, 37.7, 34.4, 29.5, 28.1;
IR (KBr, cm‐1): 2958, 2865, 2124, 2748, 1722, 1637, 855,
749, 632, 518; HRMS‐TOF [M + H]+: Calcd for
C18H19O2BrCl 381.0257, found: 381.0273.
5.6 | rel‐(6S(R),11R(S),12S(R),13R(S))‐11‐
bromo‐13‐chloro‐3,3‐dimethyl‐2,3,4,6,11,12‐
hexa‐hydro‐1H‐6,12‐methanodibenzo[b,f]
oxocin‐1‐one (15)
Colorless crystals, mp 127 to 129°C; 1H‐NMR (400 MHz,
CDCl3) δ 7.38 to 7.33 (m, 4H, arom.), 5.46 (d, J = 2.6 Hz,
1H, H‐11), 5.29 (t, J = 2.3 Hz, 1H‐6), 5.0 (t, J = 2.3 Hz,
1H, H‐13), 3.64 (bs, 1H, H‐12), 2.25 (d, A part of AB
system, J = 16.8 Hz, 1H), 2.18 (d, B part of AB system,
J = 16.8 Hz, 1H), 2.18 (d, A part of AB
system, J = 17.3 Hz, 1H), 2.04 (d, B part of AB system,
J = 17.3 Hz, 1H), 1.06 (s, 3H), 9.01 (s, 3H); 13C‐NMR
(100 MHz, CDCl3) δ 196.7, 167.7, 135.1, 130.6, 130.5,
130.4, 130.2, 127.2, 108.5, 75.9, 51.6, 50.3, 50.0, 41.6,
39.8, 32.4, 29.7, 29.1, 29.9; IR (KBr, cm‐1): 2922, 2881,
2746, 1769, 1651, 916, 768, 663, 495; HRMS‐TOF
[M + H]+: Calcd for C18H19O2Cl 381.0257, found:
381.0258.
5.7 | Reaction of 13 with H2SO4

Compound 13 (0.5 g, 1.5 mmol) was treated with a cold solu-
tion of conc. H2SO4 (20 mL) in MeOH (400 mL). The mix-
ture was heated under reflux for 24 hours. MeOH was
evaporated; water (100 mL) was added to the residue and
then extracted with CH2Cl2. The combined organic layers
were washed several times with H2O, NaHCO3 solution,
and dried (MgSO4). The chromatography of the residue
(40.0 g) on silica gel eluting with hexane/EtOAc (3:1) gave
17 (0.49 g, (95 %) as the sole product.
5.8 | rel‐(6S(R),11R(S),12R(S),13R(S))‐13‐
chloro‐11‐methoxy‐3,3‐dimethyl‐2,3,4,6,11,12‐
hexahydro‐1H‐6,12‐methanodibenzo[b,f]
oxocin‐1‐one (17)
Colorless crystals, mp 123 to 125°C; 1H‐NMR (400 MHz,
C6D6) δ 7.10 to 6.95 (m, 4H, arom.), 4.82 (t, J = 2.3 Hz,
1H, H‐6), 4.79 (t, J = 2.3 Hz, 1H, H‐13), 4.52 (d,
J = 2.6 Hz, 1H, H‐11), 3.98 (bs, 1H, H‐12), 3.41 (s, 3H,
OCH3), 2.03 (dd, A part of AB system, J = 16.1 and
1.5 Hz, 1H, CH2), 1.72 (dt, A part of AB system, J = 17.1
and 1.5 Hz, 1H, CH2), 1.92 (dt, B part of AB system,
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J = 16.1 Hz, 1H, CH2), 1.56 (d, B part of AB system,
J = 17.1 Hz, 1H, CH2), 0.78 (s, 3H, CH3), 0.43 (s, 3H,
CH3);

13C‐NMR (100 MHz, C6D6) δ 195.3, 166.3, 134.8,
132.3, 130.8, 130.7, 129.6, 128.4, 107.5, 81.8, 76.1, 57.4,
50.5, 50.1, 41.2, 35.3, 31.7, 28.5, 26.5; IR (KBr, cm‐1):
3045, 2875, 2819, 2647, 2468, 1643, 1438, 874, 657, 531;
HRMS‐TOF [M + H]+: Calcd for C19H22O3Cl 333.1257,
found: 333.1270.
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