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The bromination of 6,7,8,9-tetrahydrd455,9-ethenobenza][7]annulene yielded regio- and stereospe-
cifically formed dibromides arising from the alkyl shift where the bromine exclusively attacks the double
bond from theendoface of the double bond. DFT calculations on model compounds showed that the
pyramidalization of the double bond and steric repulsion caused by the methylene protons are responsible
for the stereo- and regioselective addition of bromine.

ization reactions to give benzocyclotrimers, which are interesting
compounds in view of the continuing subject of aromaticity
and because they represent fullerene substructures or even
subunits of new, hitherto unobserved carbon allotrdpRs- temperature, followed by HBr elimination. Repeating this
cently, we reported the trimerization of the following compounds  (eaction sequence resulted in the formation of the corresponding

1-3197 . . ) . vinyl dibromides. In this work, we were particularly interested
The vinyl bromides1—3 were synthesized by addition of 5 the synthesis 06, which is suitable for the trimerization
bromine to the double bond of the bicyclic olefins at high (eaction. Though the addition of bromine to a carboarbon
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double bond using molecular bromine is one of the simplest
reactions of unsaturated compourddshe bromination of
unsaturated bicyclic systems with molecular bromine generally
leads to rearrangement of the molecular skeléton.

In a previous report, we showed that bromination of ben-
zonorbornadiené at 10°C gives only the rearranged product
7. However, when the bromination reaction of this molecule is
carried out at 150C, the non-rearranged isomeric produdts
were formed in 77% yield along with the rearranged product
(Scheme 1}.Besides the temperatuféhe light! concentratiort?
neighboring group participation, and steric factéfslso affect
the structures of products formed in the bromination reactions.
In this paper, we will discuss the effect of the double bond
pyramidalization on the outcome of the bromination reaction.

Results and Discussion

The starting material, 6,7,8,9-tetrahydrd-5,9-ethenobenzo-
[a][7]annulene 4), was synthesized using a procedure described
in the literatur@ (Scheme 2). The addut6 was obtained from
the Diels-Alder reaction of cyclohepta-1,3-dien@) (with 1,4-
benzoquinone. Selective reductiondf with diisobutylalumi-
num hydride followed by reaction of the formed diol with
phosphorus oxychloride in pyridine resulted in the formation
of 4.

The electrophilic addition of bromine #was carried out in
methylene chloride solution at30 °C. TheH NMR spectral
studies of the crude product revealed the formation of two
isomeric rearranged productd and 12 in quantitative yield
and in a ratio of 46:54. The mixture was separated by silica gel
column chromatography. The dibromidé was isolated as the
first fraction in 48% yield. We observed that compoub?
isomerizes to compountll by standing at room temperature
as well as during column chromatography. The calculations
(B3LYP/6-31G(d)) show that the isoméd is 1.685 kcal/mol
more stable than the produt®. Therefore, the major product
12 formed initially could not be isolated in a pure state. The

(5) Dagan, A.; Demir, U; Balci, M. J. Org. Chem1994 59, 6534.

(6) (a) Balci, M.; Cakmak, O.; Fkelek, T.Tetrahedronl992 48, 3163.
(b) Altundas, A.; Dagan, A.; McKee, M. M.; Balci, M.Tetrahedror200Q
56, 6115. (c) Horasan, N.; Kara, Y.; Azizoglu, A.; Balci, Nletrahedron
2003 59, 3691. (d) Datan, A.; Taskesenligil, Y.; Tuner, F.; Balci, M.
Tetrahedronl996 52, 14005. (e) Dasn, A.; Balci, M.Tetrahedror2005
61, 5481.

(7) Tutar, A.; Balci, M.Tetrahedron2002 58, 8979.

(8) (a) Limasova, T. I.; Rumyantseva, A. G.; Kollegova, M. I.; Chernya-
khovskaya, S. G.; Berus, E. |.; Barkhash, V. 2h. Org. Khim.197Q 7,
759. (b) Herges, R.; Neumann, Hebigs Ann1995 1283. (c) Datan, A.
J. Chem. Res. 002 591. (d) Kazaz, C.; Daan, A.; Balci, M. Magn.
Reson. ChenR005 43, 75. (e) Datan, A. Turk. J. Chem2004 28, 715.
(f) Uzundumlu, E.; Dasn, A.J. Chem. Re2005 348.

(9) Crooks, P. A.; Matheru, Bynth. Commur2002 32, 3813.
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spectral data for the isomé&2 were extracted from the NMR
spectra of thel1/12 mixture. Furthermore, bromoalcohdlS8
and14 were isolated in 3 and 21% vyields, respectively. Those
alcohols were formed by hydrolysis of the benzylic bromides
during column chromatography. Careful examination of the
crude reaction mixture did not reveal the formation of even trace
amount of the non-rearranged proddé&t

It is important to know the exact configurations of the
bromine atoms irL1 and12 for determining the mechanism of
formation of these isomers. We mainly used the coupling
constant between the bridge proton &ihd the benzylic proton
Hio to deduce the correct configuration of the bromine atoms
and hydroxy groups at & As a consequence of the rigid
geometries and reliability of the Karplus riflén [3.3.1]nonene,
the dihedral relationship of theghbroton to Hexo (40°) and to
H10endo (82° obtained from AM1 geometry optimization calcula-
tions) is sufficiently distinctive to be revealed by the magnitude
of the spin-spin interaction. Thus, the high value &f1o (J =
6.2 Hz) is only explained by thendoorientation of the bromine
atom bonded to the ¢ atom. There were no measurable
coupling constants between the related protons in compounds
12 and14. The formation mechanism of the products requires
the synorientation of the bromine atom at;{C The proposed
structures ofL1, 12, 13, and14 were also further supported by
chemical transformations. For example, when a mixture of
dibromides11 and 12 was hydrolyzed with CaCgH,O and
the formed hydroxy bromidd4 further reacted with Crg)
ketonel6 was formed in high yield (Scheme 3).

Since we were particularly interested in the formation of the
non-rearranged produci$, we performed bromine addition at
temperatures from 0 to 15%C. The mechanism of bromine
addition at higher temperatures is different than the mechanism
at low temperatures. We have already demonstrated that at high
temperatures bromine radicals are involvegince the radicals
have a very low tendency for rearrangement, mostly non-
rearranged products are formed during reactions done at high
temperature8lt was surprising to us that, even at 180, only
rearranged productkl and 12 were formed in a ratio of 2:1.

To rationalize the formation of the isomeric bromideig12
we propose the following mechanism. Electrophilic bromine can
attack the double bond hfrom both theendoandexoface of
the double bond. It is evident from the configuration of the
bromine atoms il 1/12 that the initial attack by bromine has
occurred from theendoface gndois referred to as the side of
the benzene ring) of the double bond to fotm (Scheme 4).
The formed bromonium ioth7 can rearrange to the non-classical
carbocatiornl8, which can be trapped by the bromide anion to
give the productl2. In the case of the formation of aaxo
bromonium ion, the system would undergo an aryl shift. Such
anexcbromonium ion has not been formed, as we have never
found any products which would be formed from the aryl shift.

Computational Methods: In order to understand the unusual
behavior of this hydrocarbofy we performed a series of density
functional theory calculations with Becke'’s three-hybrid method
(B3)!! and the Lee-Yang—Parr exchange functional (B3LYM,
as implemented in the GAUSSIAN 03W package progtam.
The geometry optimizations of studied molecules were achieved
at the B3LYP/6-31G(d) level, which is very successful in
modeling polycyclic system$and in predicting the degree of

(10) Karplus, M.J. Am. Chem. Sod 963 85, 2870.
(11) Becke, A. D.J. Chem. Phys1993 98, 5648.
(12) Lee, C.; Yang, W.; Parr, R. ®hys. Re. B 1988 37, 785.
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SCHEME 4 ring) about 3.35 and 5.20 respectively (Table 1). As the
pyramidalization angle, we will use the butterfly angiewhich
& s is defined asy = 180° — |D;|. The dihedral angle;) is
4 T . - > defined by the bonding sequence 2—3—4 (Figure 1). Nor-
Br B j Br Br bornadiene 19) and benzonorbornadiené)(exclusively un-
17 T8 I dergo arexoattack upon treatment with bromine. This observed
Br B?r exoselectivity'” in norbornene, norbornadiene, and benzonor-
bornadiene and related compounds is certainly not surprising
: -~ since both electronic and steric factors would be expected to
Br favor attack on the convex face of the pyramidalized double
1 12 bond?® By going from benzonorbornadieBeo benzobarrelene

22, the bending angle is changed from 5.2 to 2.3éd the

pyramidalization of the double boril Stationary points were dirgction of the pyramidalization remains constant. _The bromi-
characterized as minima or transition structures by way of an nation of benzobarreler2 at 0°C gave products derived from
analytic evaluation of harmonic vibrational frequencies at the theexoattack as well as thendoattack in a ratio of 3: 2. The

level of geometry o_ptimization. All energies reported in the (15) (a) Saracoglu, N.: Talaz, O.; Azizoglu, A.. Watson, W. H.: Balci,
results and discussions were calculated at the B3LYP/6-31G-M. J. Org. Chem.2005 70, 5403. (b) Can, H.: Zahn, D.; Balci, M.;

(d) level and include unscaled zero-point vibrational energies. Brickmann, JEur. J. Org. Chem2003 1111.

. . (16) (a) For a review of pyramidalized alkenes, see: Borden, \@h€m.
The double bonds in norbornadieh® and benzonorborna- Rev. 1989 89, 1095. (b) Houk, K. N. IrStereochemistry and Reaty of

diene6 are pyramidalizet in the endodirection gndorefers Systems Containing: Electrons Watson, W. H., Ed.; Verlag Chemie
to the motion of the vinyl hydrogens to the side of the benzene International: Deerfield Beach, FL, 1983; p 1.
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N.; Burant, J. C.; Millam, J. M.; lyengar, S. S.; Tomasi, J.; Barone, V.; (18) For recent works on double bond pyramidalization, see: (a)
Mennucci, B.; Cossi, M.; Scalmani, G.; Rega, N.; Petersson, G. A.; Mieusset, J.-L.; Brinker, U. HJ. Am. Chem. So2006 128 15843. (b)
Nakatsuji, H.; Hada, M.; Ehara, M.; Toyota, K.; Fukuda, R.; Hasegawa, J.; Abbasoglu, RJ. Mol. Model.2006 12, 991. (c) Abbasoglu, R.; Yilmaz, S.
Ishida, M.; Nakajima, T.; Honda, Y.; Kitao, O.; Nakai, H.; Klene, M.; Li,  S. Ind. J. Chem. B200§ 45B 1722. (d) Hoenigman, R. L.; Kato, S.;
X.; Knox, J. E.; Hratchian, H. P.; Cross, J. B.; Bakken, V.; Adamo, C.; Bierbaum, V. M.; Borden, W. TJ. Am. Chem. So@005 127, 17772. (e)
Jaramillo, J.; Gomperts, R.; Stratmann, R. E.; Yazyev, O.; Austin, A. J.; Margetic, D.; Murata, Y.; Komatsu, K.; Eckert-Maksic, KIrganometallics
Cammi, R.; Pomelli, C.; Ochterski, J. W.; Ayala, P. Y.; Morokuma, K.; 2006 25, 111. (f) Dolbier, W. R., Jr.; Zhai, Y.-A.; Battiste, M. A.; Abboud,
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G.; Clifford, S.; Cioslowski, J.; Stefanov, B. B.; Liu, G.; Liashenko, A.;  Allinger, N. L. J. Phys. Chem. 001, 105 8562. (j) Saracoglu, N.; Balci,
Piskorz, P.; Komaromi, |.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. Helv. Chim. Acta2001, 84, 707. (k) Williams, R. V.; Colvin, M. E.;
M. A.; Peng, C. Y.; Nanayakkara, A.; Challacombe, M.; Gill, P. M. W.;  Tran, N.; Warrener, R. N.; Margetid. Org. Chem.200Q 65, 562. (l)
Johnson, B.; Chen, W.; Wong, M. W.; Gonzalez, C.; Pople, Hdussian Saracoglu, N.; Menzek, A.; Sayan, S.; Salzner, U.; BalciJMDrg. Chem.

03, revision C.02; Gaussian, Inc.: Wallingford, CT, 2004. 1999 64, 6670. (m) Griesbeck, A. G.; Deufel, T.; Hohlneicher, G;
(14) (a) Gordillo, R.; Dudling, T.; Anderson, C. D.; Houk, K. Rrg. Rebentisch, R.; SteinwascherElr. J. Org. Chem1998 1759. (n) Haag,
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TABLE 1. Energies Including Zero-Point Vibrational Corrections (in hartree/particle) and Pyramidalization Angles of Optimized Molecules

at the B3LYP/6-31G(d) Level

N
A5 = | & | &5
19 6 20 22 4 23 4a 24
Compounds
Energy -271.348315 -424.967872 464277472 -463.058191 -503.563245 -502.334607 -503.562714 -502.336161
Dihedral angle
(CC2C3Hy) -176.65 -174.80 178.34 -178.64 177.60 179.95 178.38 178.63
Butterfly
bending angles 3.35 5.20 -1.66 1.36 -2.4 -0.05 -1.62 -1.37
Direction of
Pyramidalization endo endo exo endo exo exo exo exo
exo attack is the dominating route because of tledo &
pyramidalization of the double bond. The product distribution \CHQ
is in agreement with the direction of the pyramidalization of RS
Y
32
N1 1 TS(4-4a)

4 6

FIGURE 1. Definition of the dihedral angle.

the double bond i22. Recently, Smitt has reported the
bromination of diacetoxy dihydrobenzobarreletieand found
that a single stereospecifically dibromi@é was formed. The
double bond in the parent hydrocarb®@ is about 1.66 exo
pyramidalized. The formation &6 can be rationalized by the
exoattack of bromine despite thexo pyramidalization of the
double bond (Scheme 5).

SCHEME 5
Br
AcO AcO Br AcO
Br, Br Br
G CHCl3, 1t =i >
AcO 21 AcO 25 AcO 2

E=-503.55468 [1]

5.38 kcal/mol
O 4a
4 =-503.562714 [0]
E=-503.56325 [0

0.33 kcal/mol

FIGURE 2. The calculated inversion barrier d&f to 4a (energies
including zero-point corrections, in hartree/particle, and the number of
imaginary frequencies are in brackets).

we have replaced the propylene units 4nand 4a with a
cyclopropane ring to forn23 and 24 and have shown that
annelation of a cyclopropane ring decreases the pyramidalization

~ Smith has suggested an asynchronous concerted procesgngles to 0.05 and 1.37respectively, and the direction of the
involving an ion pair as the transition structure. Furthermore, it ,yramidalization is not changed.

has been shown that the energy gap between the transition state

derived from theexo attack and that oEndoattack is about
28.1 kcal/mol since the former one results directly in the
formation of phenonium ior25. These findings indicate that
the direction of the pyramidalization alone does not determine
the direction of the attack of bromine on the double bond. Other
factors also play important roles. Next, we have calculated the
pyramidalization of the double bond for the conformérand

4a

X

=5

27 X=CN
28 X =COOCH3;

Recently, we reported the bromination reaction®dfand

The calculated isomerization energy barrier and energy og and noticed that the products are formed only frendo
difference for these conformers are about 5.38 and 0.33 kcal/ 54t53ck20 The double bonds i0 and 24 have almost similar

mol, respectively, whereas thendo isomer 4 is favored
(Figure 2).

The pyramidalization angle in trendoisomer4 is 2.4, and
in the case of theexoisomer4a, it is 1.62, and the double
bonds in both cases aexo pyramidalized. For comparison,

pyramidalization angles (1.66 and 1°37and they are bent in
the exodirection. Theendoattack on the double bonds &¥

(20) Menzek, A.; Saracoglu, N.; Dastan, A.; Balci, M.; Abbasoglu, R.
Tetrahedron1997, 53, 14451.
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TABLE 2. Energies of the Bromine-Cation Complexes (in hartree/particle) Including Zero-Point Corrections and Energy Differences (in
kcal/mol) for Molecule Isomers (29-32, 33-36) and Molecule Pairs (3738, 39-40, 41-42, 43-44) at the B3LYP/6-31G(d) Level

B Br+ B Br+
e | Sy W | oy | Yy oW | oy
Complexes i I 12 4 ‘
29 B 30 31 Br a3 B 34 35 Br 36
Energy Values -3075.00553  -3075.00118 | -3075.00223  -3074.99260 | -3073.77566 -3073.77958 | -3073.76865 -3073,76801
Energy
Differences 0.00 2.73 2.07 8.11 2.46 0.00 6.86 7.26
. . Er ‘ / Er Er %"
Bromine-Cation @& @EL/ / 2 @b 2Ry A
Complexes 37 ‘g"r 38 39 ‘é’r 40 41 ‘gl'r 42 43 ‘é‘r 44
Energy Values -3035.71370  -3035.71825 | -3034.49892  -3034.50110 | -2996.39786 -2996.41420 | -2842.77825  -2842.79120
Energy
Differences 2.85 0.00 1.37 0.00 10.25 0.00 8.13 0.00
E? Br
TS30B
-3074.98778 [1]
S
Ts20A  OF
-3074.99873 [1] &
. -]~ 8.41 kcalimol
Br SN
A TS30A
™ 7 -3074.99903[1]
30 T [
] 15208 Br 427 kcal/mol -3075.00118 [0] 1.35k$allmol\
A -3075.00048 [1]
2% ¢ 317 Kentmol 2.73 kcalimol
-3075.00553 [0] ' 7.74 kcal/mol
!! \\Br
30A
-3075.03313 0]
17.92 kcal/mol
o
29B Br
-3075.03408 [0]

FIGURE 3. The possible reaction paths for the bromonium i@8sand 31 (energies including zero-point corrections, in hartree/particle, and

number of imaginary frequencies are in brackets).

and 28 cannot be only attributed to thexo pyramidalization.
The cyclopropane rings i”27/28 prevent theexo attack of

bromine to the double bond. However, the diacetoxy derivative
21 (a derivative of20) exclusively undergoesxo attack.

Both of the double bonds in the conformetsand 4a are
pyramidalized in theexo direction. The propylene unit ida
would prevent theexoattack as in the case @7 and28. The
conformer4 shows a higher degree of the pyramidalization
(2.2°) of the double bond in thexodirection. Therefore, it is
expected that bromine would attack the double bond firom

the endo face of the double bond. As discussed abo¥e,
exclusively undergoesndoattack. Furthermore, we assume that bond in4 (2.4°) with the bending angle i20, the exclusively

4760 J. Org. Chem.Vol. 72, No. 13, 2007

H H

H /- exo-attack

20

the methylenic hydrogens #halso hinder the approach of the
bromine from theexoface of the double bond.

H
H
H

T 2.40°
4

endo-attack

However, if we compare the bending angle of the double
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TS38B
-3035.70059 [1]

TS38A
-3035.70554 [1]

|

7.98 kcal/mol

10.82 kcal/mol

+

?ﬁr

38
-3035.71825 [0]

i

-3035.71370 [0]

JOC Article

<

TS37A  Br
-3035.69727 [1]

TS37B  Br 10.31
-3035.70858 [1]

kcal/mol

Br
+

\
\

37 3.21 kcal/mol

2.85 kcal/mol

l

38A
-3035.72948

7.05 kcal/mol @Br

17.09 kcal/mol

A

37l Br
) -3035.74094 [0]

FIGURE 4. The possible reaction paths for the bromonium i8@sand 38 (energies including zero-point corrections, in hartree/particle, and

number of imaginary frequencies are in brackets).

exoattack on the double bond B0 cannot be interpreted based

with respect to the energy @B. However, for the formation of

on the double bond pyramidalization. The absence of productsthe phenonium ionT S30A requires an activation energy of only

derived from theendoattack on the double bond &0 indicates
that the formation of a phenonium ion such2isis the major
driving force for the formation o26. We assume that the steric
hindrance caused by the propylene unitgtias well as inda
hinders the formation of a phenonium ion suchasin other
words theexo attack.

1.35 kcal/mol. This process would generate a classical carboca-
tion 30A, which would be trapped by a bromide anion. Such a
product was not detected in the reaction products. Therefore,
we assume that the bromine attacks the double bond in
exclusively from theendoface of the molecule.

We ran similar calculations for bromonium o83 and 38

Furthermore, we have calculated the reaction paths for theand determined the related transition structu®838A and

bromination of4 and 20. First, we determined the relative
energies of the bromonium ions derived from #reoas well
as theexoattacks of bromine on the different conformersdof
and4a; this was also carried out on compou2@ It was found
that the bromonium iong9 derived from theendo attack of
bromine on the conforme¥and38 derived from theexoattack

TS37B, having imaginary frequency 1. The formation of
phenonium ioriTS38A needs less energy (7.98 kcal/mol) than
the formation ofTS38B, which requires 10.82 kcal/mol so its
formation is more plausible. Thendobromonium ion37 can
undergo only an alkyl shift to form a non-classical carbocation.
The activation barrier for the corresponding transition state

on 20 are the most stable ones, which is in agreement with the TS37B is 3.21 kcal/mol. One would expect that the reaction

products formed in the bromination reaction 4fand 20

would follow this reaction path and generate benzylic cation

(Table 2). The calculations of the relative energies of the other 37B. Such a product was also not found in the reaction products.

bromine-cation complexes for molecule isome33—38, 39—
40, 41-42, and 43—44, at the B3LYP/6-31G(d) level also

In summary, theexopyramidalization of the double bond in
4 and the steric hindrance caused by the propylene group

indicated that the bromination reactions proceed from the mosttogether are respons|b|e for the exclus“/ebdoselect“/lty of

stable bromonium ions (Table 2). After this, the transition
structures for formations of their phenonium ions and non-
classical carbocations starting from teedo-and exobromo-
nium ions29 and30 (Figure 3) and37 and 38 (Figure 4) were
calculated.

For the bromonium io29, we found that the related transition
structures, TS29A and TS29B, have imaginary frequency 1.
For the formation o29B, an activation energy of 3.17 kcal/
mol (with respect to the energy @b€) is required. On the other
hand, 4.27 kcal/mol is required for the formation D829A

the double bond i4, as opposed to benzonorbornadiérend
dihydrobenzobarreler20, where exclusivelyexoselectivity is
observed. The configurations that initially formed bromonium
ions determine the outcome of the reactions.

Experimental Section

Caution: It has been reporté that of the three laboratory
workers who have used dibromides and a bromohydrin derived from
norbornadiene two later developed pulmonary disorders, which
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contributed to their subsequent deaths. The third person exhibitedliquid) 3375, 2933, 2853, 1490, 1453, 1443, 1287, 1261, 1044,
a minor skin sensitivity reaction. In the case of dibromide derived 1027, 960. Anal. Calcd for gH1sBrO: C, 58.44; H, 5.66. Found:
from benzonorbornadiene, there is no report in the literature about C, 58.25; H, 5.33.

the toxicological effects. However, we recommend that the

compounds must be handled with extreme caution.
Bromination of 6,7,8,9-Tetrahydro-5H-5,9-ethenobenzd][7]-
annulene (4):To a magnetically stirred solution @f (1.5 g, 8.81
mmol) in 40 mL of dry CHCI, at —30 °C was added dropwise a
cold solution of bromine (1.41 g, 8.81 mmol) in 2 mL of g&,.

The reaction mixture was stirred for an additional 25 min at

—30 °C. The solvent was evaporated. TH¢ NMR spectrum of
the residue showed the formationf and12in a ratio of 46:54,

Bromination of 4 at 150 °C: 300 mg (1.76 mmol) o# was
dissolved in 4 mL of decalin in a 25 mL two-necked flask. The
flask was equipped with a reflux condenser and an inlet glass tube
touching the bottom of the reaction flask. The inlet glass tube was
connectedd a 2 mLround-bottom flask that contained 282 mg
(1.76 mmol) of bromine. Bromine vapors, obtained by heating of
the flask to 100°C, were transferred directly to a decalin solution,
which was heated to 15, for 20 min while stirring magnetically.
The color due to the bromine disappeared immediately. The solvent

respectively. The residue was chromatographed on silica gel (40was removed under reduced presséireNMR analysis indicated

g) eluting withn-hexane.

The first fraction: (5S(R),95(R),10R(S),11R(S))-10,11-dibromo-
5,6,7,8,9,10-hexahydro-5,9-methanobenaj[8]annulene (11):
Yield 1.4 g, 48%;H NMR (400 MHz, CDC}) 6 7.72 (br d,J =
7.7 Hz, 1H,), 7.3+7.23 (m, 2H), 6.98 (br dJ = 7.2 Hz, 1H),
6.06 (d,Jg10= 6.2 Hz, 1H), 4.75 (tJ511 = Jo11 = 3.1 Hz, 1H),
3.37 (m, 1H), 2.67 (m, 2H), 2.00 (m, 1H, 1H), 1.82 (m, 2H), +43
1.20 (m, 2H);}3C NMR (100 MHz, CDC}) ¢ 137.5, 136.7, 130.2,

the formation ofl1 and12 in a ratio of 2:1, respectively.
Hydrolyses of Dibromides 11/12:A suspension of dibromides
11/12 (374 mg, 1.13 mmol) and CaG@410 mg, 4.10 mmol) in
THF (5 mL) and HO (5 mL) was refluxed for 30 h. After the
reaction mixture was cooled to room temperature, the insoluble
materials were separated by filtration. The filtrate was extracted
with chloroform (2x 50 mL), washed with water, and dried over
MgSQy. The residue was removed, and the hydroxy broniide

128.5, 128.5, 127.3, 57.5, 54.8, 44.5, 42.4, 35.4, 32.9, 15.8; IR Was formed as the sole product (272 mg, 90%).

(NaBr, liquid) 3020, 2934, 1488, 1445, 1453, 1286, 1271, 1260,

1176, 1075, 959. Anal. Calcd for,@H,,Br,: C, 47.31; H, 4.28.
Found: C, 47.07; H, 4.23.

TheH NMR spectral data fot2 were extracted from a mixture
of 11 and 12. (5S(R),9S(R),10S(R),11R(S))-10,11-dibromo-
5,6,7,8,9,10-hexahydro-5,9-methanobenza}[8]annulene (12):
1H NMR (400 MHz, CDC}) 6 7.66 (br d,J = 7.7 Hz, 1H), 7.3+
7.23 (m, 2H), 7.06 (br d) = 7.3 Hz), 5.42 (s, 1H), 4.65 (850 =
Jo11 = 2.8 Hz, 1H), 3.50 (m, 1H), 3.17 (m, 1H), 1.90.90
(m, 6H);3C NMR (100 MHz, CDC}) 6 137.5, 136.7, 130.2, 128.5,
128.5, 127.3, 57.5, 54.8, 44.7, 42.5, 35.4, 32.9, 15.7.

The next fraction was identified g8S(R),9R(S),10R(S),11R-
(S))-11-bromo-5,6,7,8,9,10-hexahydro-5,9-methanobenzi8]-
annulen-10-ol (14):Yield 494 mg, 21%; mp 6566 °C, colorless
crystals from chlorofornm-hexane (1:1)*H NMR (400 MHz, COy-
OD) ¢ 7.53 (br d,J = 7.4 Hz, 1H), 7.36-7.22 (m, 2H), 7.08 (br
d, J=70 HZ), 4.72 (t,]5’11: Jg’]_l: 3.0 HZ), 4.57 (S, 1H), 3.38
(m, 1H), 2.69 (m, 1H), 1.961.65 (m, 4H), 1.29 (m, 1H), 0.91 (m,
1H); 13C NMR (100 MHz, CQOD) ¢ 138.7, 136.8, 128.7, 128.4,

127.8, 126.7, 70.7, 52.7, 45.0, 45.0, 34.2, 33.4, 16.0; IR (NaBr,
liquid) 3557, 3448, 2931, 2861, 1487, 1455, 1397, 1256, 1229,

1024, 958. Anal. Calcd for GH;sBrO: C, 58.44; H, 5.66. Found:
C, 58.32; H, 5.45.

The last fraction wag¢5S(R),9R(S),105(R),11R(S))-11-bromo-
5,6,7,8,9,10-hexahydro-5,9-methanobenzijB]annulen-10-ol (13):
Yield 71 mg, 3%;'H NMR (200 MHz, CDC}) 6 7.62 (br d,J =
7.6 Hz, 1H), 7.3%-7.24 (m, 2H), 7.05 (br dJ = 7.0 Hz, 1H), 5.36
(d, J9,10= 6.6 Hz, 1H), 4.74 (tJ5’11= J9’11= 3.3 Hz, 1H), 3.38 (m,
1H), 2.60 (m, 1H), 2.27 (br dJ = 11.9 Hz, 1H), 1.970.90 (m,
5H); 13C NMR (50 MHz, CDC}) ¢ 141.3, 138.8, 130.1, 129.8,

129.0, 127.8, 71.2, 59.6, 46.3, 43.2, 37.7, 30.0, 18.3; IR (NaBr,

(21) Winstein, SJ. Am. Chem. Sod 961 83, 1516.
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Oxidation of 14: A solution of CrQ (341 mg, 3.41 mmol) in
pyridine/CHCI, (2 mL, 1:1) was cooled to OC. Then hydroxy
bromide 14 (140 mg, 0.53 mmol) in CkCl, (4 mL) was added
dropwise. The mixture was stirred at’C for 2 h and then rt for
24 h, and then the solvent was evaporated. The residue was filtered
over silica gel (5 g) eluting witm-hexane/EtOAc (95:5) to give
pure ketonel6 (120 mg, 86%)(5S(R),9R(S),11S(R))-11-Bromo-
6,7,8,9-tetrahydro-5,9-methanobenz@][8]annulen-10(5H)-
one (16):mp 93-94 °C, pale yellow crystals from chloroform/
hexane (1:2)'H NMR (200 MHz, CDC}) ¢ 8.00 (br d,J = 7.6
Hz, 1H), 7.50 (m, 1H), 7.32 (m, 1H), 7.18 (br 3= 7.7 Hz, 1H),
4.68 (t,J511 = Jo11 = 3.0 Hz, 1H), 3.51 (m, 1H), 3.09 (m, 1H),
2.03-1.73 (m, 4H), 1.38 (m, 1H), 1.11 (m, 1H)*C NMR (50
MHz, CDCl) 6 199.8, 144.9, 136.4, 135.2, 130.8, 129.3, 127.8,
58.0, 54.0, 46.2, 34.6, 33.5, 18.1; IR (KBr, th2937, 2858, 1687,
1599, 1457, 1293, 1250, 988. Anal. Calcd fqgdsBrO: C, 58.89;

H, 4.94. Found: C, 58.60; H, 4.76.
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