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For the synthesis of endo-configured cyclopropylidenes annelated to benzonorbornadiene, first the
exo-bridge hydrogen in benzonorbornadiene was blocked with ethyl, bromine, andmethoxy groups.
All efforts to add dichloro-, dibromo-, or fluorobromocarbenes to ethylbenzonorbornadiene failed.
However, addition of fluorobromocarbene to bromo- or methoxybenzonorbornadiene gave the
corresponding cyclopropane derivatives bearing two halogen atoms, which were submitted to the
Doering-Moore-Skattebøl reaction. The formed allene intermediates were trappedwith furan. The
reactivity of the double bonds in substituted benzonorbornadienes was analyzed by determination of
the pyramidalization angles. Furthermore, the relative energies of various carbenes and their
rearrangement to allene were studied at B3LYP/6-31G(d) level.

Introduction

Carbenes are neutral and highly reactive organic molecules
containing a carbonatomwith six valence electrons andhaving
the general formula R-C-R. Because of the electron deficiency
in the outer shell, carbenes react in various ways to complete
their valence shells, by intramolecular as well as intermolecular
reactions.1 Carbenes can undergo insertion reactions into

C-Hbonds, skeletal rearrangements, and additions to double
bonds. The reactivity and the mode of the reaction can be
strongly influenced by substituents.2

Cyclopropylidenes (carbenacyclopropanes) are the car-
benes or carbenoids of cyclopropanes and are also known as
interesting reactive intermediates.3 Moore and co-workers4

and Skatebøl5 discovered almost simultaneously that allenes

(1) Brinker, U. H., Ed. Advances in Carbene Chemistry; Elsevier: New
York, 2001; Vol. 3. (b) Kirmse, W. Angew. Chem., Int. Ed. 2003, 42, 1088–
1093. (c) Oku, A.; Harada, T. Advances in Carbene Chemistry; Elsevier:
New York, 2001; Vol. 3, 287-316.

(2) (a) Padwa, A.; Hornbuckle, S. F. Chem. Rev. 1991, 91, 263–309.
(b)Kirmse,W.Eur. J. Org. Chem. 2005, 237–260. (c)Mieusset, J. L.; Brinker,
U. H.Eur. J. Org. Chem. 2008, 3363–3368. (d)Mieusset, J. L.; Brinker, U.H.
J. Org. Chem. 2008, 73, 1553–1558.

(3) (a) De Meijere, A.; Faber, D.; Heinecke, U.; Walsh, R.; Muller, T.;
Apeloig, Y. Eur. J. Org. Chem. 2001, 4, 663–680. (b) Bakkes, J.; Brinker, U. H.
Methoden der Organischen Chemie (Houben-Weyl); Thieme: Stuttgart, 1989;
Vol. E19b, p 391. (c) Averina, E. B.; Karimov, R. R.; Sedenkova, K. N.; Grishin, Y.
K.; Kuznetzova, T. S.; Zefirov, N. S. Tetrahedron 2006, 62, 8814–8821.

(4) (a) Moore, W. R.; Ward, H. R. J. Org. Chem. 1960, 25, 2073–2073.
(b) Moore, W. R.; Ward, H. R.; Merritt, R. F. J. Am. Chem. Soc. 1961, 83,
2019–2020.

(5) Skattebøl, L. Tetrahedron Lett. 1961, 5, 167–172.
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were formed when 1,1-dihalocyclopropanes6 were exposed
to an alkyl lithium reagent at low temperature (-78 �C)
(Scheme 1). Doering and LaFlamme obtained allenes7 in fair
yields by treating the same cyclopropaneswith pieces ofmetals
(Na,Mg) at elevated temperatures. This reaction is now called
the Doering-Moore-Skattebøl reaction.

The reaction involves cyclopropylidene or cyclopropyli-
dene carbenoid intermediates, which usually open very easily
to allenes.4b,8,9Thismethod is themost efficient for generation
of cyclohexa-1,2-diene 210 but, paradoxically, was not suc-
cessful for the higher homologue 6a. K€obrich and Goyert11

isolated a mixture of insertion products 4 and 5 from the
reaction of 3a withMeLi (Scheme 1). Hence, Schleyer et al.12

have focused on the ring-opening of the carbene derived from
3a by using density functional theory computations at
B3LYP/DZPandTZP level. They found that the ringopening
to 6a has an unusually high activation energy of 14.6 kcal/mol
because of the unfavorable conformational changes in the
cyclohexane moiety. On the other hand, the activation bar-
riers for intramolecular CH-insertions to yield highly strained
hydrocarbons tricyclo[4.1.0.02,7]heptane (4) and tricyclo-
[4.1.0.03,7]heptane (5) were found to be 6.4 and 9.1 kcal/mol,
respectively. However, it is interesting to note that the Doer-
ing-Moore-Skattebøl reaction does successfully give 6b for
the methoxy derivative 3b.13 The formation of allenes from
gem-dihalocyclopropanes competes with the formation of
intramolecular CH-insertion products, usually bicyclobu-
tanes. The results of this competition usually depend on the
nature of the substituents attached to the cyclopropane ring.

More recently, we have investigated the ring-opening
reactions of substituted lithium bromocyclopropylidenoids

7 to allenes 8 and found that the electron-withdraw-
ing substituents impede the reaction, whereas electron-donat-
ing groups lower the barrier to allene formation (Scheme 2).14

In this paper, we were interested in the ring-opening reaction
of the isomeric carbenes exo-9 and endo-9. Herein, we report
the full details of the generationand the ring-openingbehavior
of endo-9 and computational studies on the ring-opening of
carbenoids and free carbenes exo-9 and endo-9 in connection
with remote substituents. For the synthesis of exo- and endo-
configured carbenes, norbornadiene skeleton was chosen as a
bicyclic alkene. To prevent the addition of the carbenes to two
double bonds in norbornadiene, one of these double bonds
was protected with the benzene ring.

Results and Discussion

Recently, we reported that the bromofluorocarbene ad-
duct 11 proved to be a reliable precursor for the generation of
exo-9.15 Treatment of 11withMeLi in ether at-25 �C in the
presence of furan as the trapping reagent afforded two
cycloaddition products 14 and 15 in 21% and 24% yield,
respectively (Scheme 3).15

To determine whether free carbene intermediate is initially
formed or not, theoretical calculations (B3LYP/6-31(d))
were carried out using density functional theory at both
the B3LYP/6-31(d) and B3LYP/ 6-311þþG(d,p) levels. We
were not able to find anyminima for the structure of carbene
exo-9. Isomerization of a carbenoid to an allene may occur
readily without the intermediacy of a free carbene.

The double bond in benzonorbornadiene 10 is pyra-
midalized in the endo-direction (endo refers to the motion
of the vinyl hydrogen to the side of the benzene ring)

SCHEME 1 SCHEME 2

SCHEME 3

(6) (a) Fedorynski, M. Chem. Rev. 2003, 103, 1099–1132. (b) Sydnes, L.
K. Chem. Rev. 2003, 103, 1133–1150.

(7) Doering, W. v. E.; LaFlamme, P. M. Tetrahedron 1958, 2, 75–79.
(8) (a) Yıldız, Y. K.; €Ozt€urk, T.; Balci, M. Tetrahedron 1999, 55, 9317–

9324. (b) Balci, M., Taskesenligil, Y. Strained and Interesting Organic Mole-
cules; Halton, B., Ed.; JAI Press, Inc.: Stamford, CT, 2000; pp 43-81. (c)
Azizoglu, A.; €Ozen, R.; H€okelek, T.; Balci, M. J. Org. Chem. 2004, 69, 1202–
1206. (d) Kilbas, B.; Azizoglu, A.; Balci, M.Helv. Chim. Acta 2006, 89, 1449–
1456. (e) Azizoglu, A.; Demirkol, O.; Kilic, T.; Yildiz, Y. K. Tetrahedron 2007,
63, 2409–2413.

(9) (a) Christl,M.; Lang, R.; Lechner,M. Justus Liebigs Ann. Chem. 1980,
980–982. (b) Christl, M.; Braun,M.;M€uller, G.Angew. Chem., Int. Ed. Engl.
1992, 31, 473–476. (c) Christl, M.; Braun, M.; Fischer, H.; Groetsch, S.;
M€uller, G.; Leusser, D.; Deurlein, S.; Stalke, D.; Arnone,M.; Engels, B.Eur.
J. Org. Chem. 2006, 5045–5058.

(10) (a)Wittig,G.; Fritze, P. Justus Liebigs Ann. Chem. 1968, 82, 711–712.
(b)Moore,W. R.;Moser,W. R. J. Org. Chem. 1970, 35, 908–912. (c)Moore,
W. R.; Moser, W. R. J. Am. Chem. Soc. 1970, 92, 5469–5474.

(11) K€obrich, W.; Goyert, W. Tetrahedron 1968, 24, 4327–4342.
(12) Bettinger,H. F.; Schleyer, P. v. R.; Schreiner, P. R.; Schaefer,H. F. J.

Org. Chem. 1997, 62, 9267–9275.
(13) Taylor, K. G.; Hobbs, W. E.; Clark, Melvin S.; Chaney, J. J. Org.

Chem. 1972, 37, 2436–2443.

(14) Azizoglu, A.; Balci, M.; Mieusset, J.-L.; Brinker, U. J. Org. Chem.
2008, 73, 8182–8188.

(15) €Ozen, R.; Balci, M. Tetrahedron 2002, 58, 3079–3083.
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about 5.28�.16 As the pyramidalization angle, we will use the
butterfly angleΨ=180�- |D1|.

17 The dihedral angle (D1) is
defined by the bonding sequence 1-2-3-4 (Figure 1).

Benzonorbornadiene (10) exclusively undergoes an exo
attack upon treatment with the electrophiles. This observed
exo-selectivity18 in benzonorbornadiene and related com-
pounds such as norbornene and norbornadiene is certainly
not surprising, since both electronic and steric factors would
be expected to favor attack on the convex face of the
pyramidalized double bond. For the generation of endo-9,
the carbene addition (dibromo, dichloro, or bromofluoro
carbenes) to the double bond in 10must occur from the endo
face of the double bond. To achieve an addition from
the endo face, the exo face of the double bond should be
shielded by bulky groups. Therefore, we decided to block the
exo-face of the double bond with a methyl group. exo-
Bromobenzonorbornadiene 1619 was treated with methyl-
lithium and then with methyl bromide to achieve a substitu-
tion reaction.

Unfortunately, all efforts to replace the bromine atom
in 16 with a methyl group to form 17 failed. Then we
synthesized anti-ethylbenzonorbornadiene 18 starting from
the known ester 19 (Scheme 4).20 The ester was reduced to
alcohol 20 by reaction with LiAlH4 in THF. The alcohol
formed was reacted with thionyl chloride in chloroform
to give the desired chlorovinyl derivative 21 as described in
the literature.21 Catalytic hydrogenation of 21 with Pd/C in
EtOAc gave the reduced product 22 in 90% yield. Dehydro-
chlorination of 22 with potassium tert-butoxide in THF
afforded the symmetrical compound 18 in 67% yield.

All efforts to add dichloro-, dibromo-, or fluorobromo-
carbenes generated under the different conditions to 18 failed
to produce either endo- or exo-addition products. In order
to understand the failure of this reaction we calculated
the degree of the pyramidalization of the double bond
in 18. Actually, there is no dramatic change in the degree

of pyramidalization by going from 10 (butterfly bending
angle = 5.20�) to 18 (butterfly bending angle = 4.88�).

After the failure of this reactionwe turned our attention to
the other substituents, which can decrease the butterfly
bending angle of the double bond and block the addition
of the carbenes from the exo-face of the double bond. The
geometries of 24a and 26 were calculated in order to deter-
mine the effect of the bridge substituents on the degree of
pyramidalization (see Table 1). The butterfly bending angles
of the double bond in 24a and 26 were found to be 4.07� and
3.83�, respectively. Thismeans that the electronwithdrawing
groups attached to the bridge carbon atom decrease the
degree of pyramidalization and make the double bond more
flat. Therefore, we synthesized the bromo derivative 24a and
methoxy derivative 26 and studied the addition of the
relevant carbenes to the double bonds.

First, themonobromide 24a22 was prepared by addition of
bromine to benzonorbornadiene 10, followed by the potas-
sium tert-butoxide promoted elimination of hydrogen bro-
mide. Wilt and Chenier23 reported that both syn- and anti-
7-bromobenzonorbornadienes 24a and 25a solvolyze in aqu-
eous dioxane with retention of the configuration to yield 24b

and 25b, respectively. Christol and Nachtigal also reported
similar results in the acetolysis of the corresponding chloro
derivatives.24 We tried to solvolyze 24a in a mixture of metha-
nol and dioxane. The mixture was refluxed for 24 h, but there
was no evidence for the formation of 26. Even in a sealed tube
and at elevated temperatures the expected product 26 was not
detected. When the solvolysis reaction was performed in the
presence of silver nitrate in methanol at 0 �C, the desired
product 26 was formed in 48% yield along with the nitrate 27
(Scheme 5).

SCHEME 4

FIGURE 1. Definition of the dihedral angle.

(16) (a) Saracoglu, N.; Talaz, O.; Azizoglu, A.; Watson, W. H.; Balci, M.
J. Org. Chem. 2005, 70, 5403. (b) Can,H.; Zahn, D.; Balci,M.; Brickmann, J.
Eur. J. Org. Chem. 2003, 1111. (c) Balci, M.; G€uney, M.; Das-tan, A.;
Azizo�glu, A. J. Org. Chem. 2007, 72, 4756–4762.

(17) (a) For a review of pyramidalized alkenes, see: Borden,W. T.Chem.
Rev. 1989, 89, 1095. (b) Houk, K. N. In Stereochemistry and Reactivity of
Systems Containing π Electrons; Watson, W. H., Ed.; Verlag Chemie Interna-
tional: Deerfield Beach, FL, 1983; p 1. (c)Margetic, D.;Williams, R. V.;Warrener,
R. N. J. Org. Chem. 2003, 68, 9186–9190.

(18) (a) Rondan,N.G.; Paddon-Row,M.N.; Caramella, P.; Houk,K.N.
J. Am. Chem. Soc. 1981, 103, 2436. (b) Ermer, O.; Bell, P.;Mason, A.Angew.
Chem., Int. Ed. Engl. 1989, 28, 1239. (c) Holthausen, M. C.; Koch, W. J.
Phys. Chem. 1993, 97, 10021.

(19) Dastan, A.; Balci, M. Tetrahedron 2005, 61, 5481–5488.
(20) Ghenciulescu, A.; Enescu, L.; Prasad,H. L.; Chiraleu, F.; Dinulescu,

I. G.; Avram, M. Rev. Roum. Chim. 1978, 23, 1441–1447.
(21) (a) Menzek, A.; Karakaya, M. Turk. J. Chem. 2004, 28, 141–148.

(b) Menzek, A.; Gokmen, M. Helv. Chim. Acta 2003, 86, 324–329.

(22) (e) Wilt, J. W.; Gutman, G.; Ranus, W. J.; Zigman, A. R. J. Org.
Chem. 1967, 32, 893–901.

(23) Wilt, J. W.; Chenier, P. J. J. Org. Chem. 1970, 35, 1571–1576.
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To determine the reactivity of the double bond in 26, the
methoxy derivative was reacted with dibromocarbene, gen-
erated from CHBr3 and NaOH under phase-transfer condi-
tions to give 29a as the only product, with the total yield of
57% (based on unrecovered starting material after two
sequential reactions) (Scheme 6).

The endo-configuration of the allylic bromine atom in
29a was apparent from the value J5,6 = 4.5 Hz. The corres-
ponding coupling constant for the exo-derivative is about
1.5-2.5 Hz depending on the nature of the halide.15,25 The
endo-orientation of the bromine atom implies endo-addition
of dihalocarbene. The initially formed dibromocyclopro-
pane 28a undergoes a ring-opening reaction due to the
increased strain and steric effects in the molecule, to afford
a ring-expanded dihalide 29a, which has been rationalized
in terms of orbital symmetry conservation (Woodward-
Hoffmann rules).26 This reaction involves the cyclopropyl
to allyl cation interconversion with participation of cyclo-
propyl bonding electrons from the face of the cyclopropyl
ring opposite that of the departing bromine anion. Collapse
of the resulting ion pair then affords the allylic halides 29. It
has been well established that the departing halide is the one
in the endo-position. Since chlorine is not as good a leaving
group as the bromine atom, we decided to add dichloro
carbene to 26 which unfortunately also resulted in the
formation of the ring-opening product 29b.

After the failure to isolate halocyclopropane derivatives
such as 28a and 28b we turned our attention to the addition

of fluorobromocarbene to 26 to prevent the ring-opening
reaction in at least one of the isomers.

Addition of fluorobromocarbene27 generated from CHF-
Br2

28 under conditions similar to those for 26 afforded the
expected addition products 30a, 31a, and the ring-opened
product 32a in a ratio of 3:1:2 and in a total yield of 18%
(Scheme 7). When the reaction was carried out with the
bromine compound 24a, similar results were obtained. The
isomer 31b was not observed. We assume that 31b was
isomerized to the ring-opening product 32b during the dis-
tillation process. Compounds 30a and 30b were stable at the

TABLE 1. Pyramidalization Angles of Optimized Molecules at the B3LYP/6-31G(d) and B3LYP/ 6-311þþG(d,p) (in Parentheses) Levels

aThe dihedral angle (D1) is defined by the bonding sequence 1-2-3-6. bΨ = 180� - |D1|.

SCHEME 5

SCHEME 6

SCHEME 7

SCHEME 8

(25) Wege, D. J. Org. Chem. 1990, 55, 1667–1670.
(26) Woodward, R. B.; Hoffman, R. The Conservation of Orbital Sym-

metry; Verlag Chemie, Academic Press: Weinheim, 1970; pp 46-48.

(27) (a) For similar addition, see: Algi, F.; €Ozen, R.; Balci, M. Tetra-
hedron Lett. 2002, 43, 3129–3131.

(28) Schlosser, M.; Heinz, G. Chem. Ber. 1971, 104, 1934–1941.
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reflux temperature of toluene, whereas the stereoisomer 31a
isomerized to 32a in quantitative yield.

The symmetrical structures of 30 and 31 were established
by the observation of five (six in the case of methoxy
derivative) signals in the 13C NMR spectra, as required by
the symmetry in themolecule. The endo-orientation of allylic
bromide in 32 was determined by measuring the coupling
constant between the bridgehead proton and the allylic
proton as described above.

After successful synthesis and characterization of dihalo-
cyclopropane derivatives 30a and 30b they were submitted
to the Doering-Moore-Skatebol reaction. Treatment of bro-
mofluorocyclopropanes 30a and 30b with MeLi in ether at
-25 �C followed by addition of furan at the same tempera-
ture as the trapping reagent afforded cycloaddition products
35 and 36 (Scheme 8). In the case of 30a we isolated a single
isomer35a, whereas in the case of30b two isomers (35band36b)
were formed. The addition of furan to the initially formed
allene may result in the formation of four possible isomers
exo,syn-35a (endo,exo refers to the hydrogen, syn,anti refers to
the oxygen andmethylene bridges), endo,anti-36a, exo,anti-37a,
and endo,syn-38a. Geometry optimization of the structures
35-38 at B3LYP/6-31G(d) level indicate that the dihedral
angle between protons H4a and H5 is 56-59� if the hydrogen
H4a has an exo-configuration (Figure 2). In case of the endo-
configuration of the hydrogen atom H4a, the dihedral angle
was calculated to be around 89-92�. The measured coupling
constant J4a,5 = 3.9 and 4.0 Hz clearly indicates the exo-
configuration of the hydrogen atom H4a in 35a and 35b.
The configuration of the oxygen bridge was determined by
measuring the coupling constant between the hydrogens H4a

and H4. Again, calculations predict that the dihedral angle
between the protons H4a and H4 is around 52-54� in 35

and 36, whereas this angle is 95-98� in 37 and 38. The deter-
mined coupling constant J4,4a=3.6 Hz in 35 and 36 supported
the suggested configuration of the oxygen bridge. After success-
ful determination of the structures, we propose that furan
approaches the double bond of the allene unit mainly from
the endo-face of the double bond in 34a. Probably, the
methoxyl group hinders the exo-addition of the furan ring
due to the free rotation of themethoxyl group about the C-C
bond. In the case of 34b, the double bond is attacked from
both sides however, the main attack occurs from the endo-
face. Furthermore, our calculations indicate that the most
stable isomer is 35.

Computational Methods. All structures were optimized
using the density functional theory (DFT)29 by apply-
ing the three-parameter hybrid functional by Becke (B3)30

and the correlation functional suggested by Lee, Yang, and
Parr (LYP).31 As the basis set we used 6-311þþG(d,p) and
6-31G(d) as recommended by Pople et al.,32 implemented in
Gaussian 03.33 The stationary points were characterized as
minima or transition structures by vibrational frequency
calculations, and all energies reported here are corrected
with unscaled zero-point vibrational energies. Carbenes
were considered as singlets because this represents the
ground-state of cyclopropylidenes.34 For molecules that
exist in several conformations, the most stable confor-
mer was first determined with conformational analysis
at the semiempirical AM1 level by using HyperChem 5.0
program.Natural atomic chargeswere also calculatedwithin
the natural bond orbital (NBO) analysis at the B3LYP/
6-311þþG(d,p) level.

The geometry optimizations of molecules 10, 18, 24a, and
26 were achieved to understand the effect of substituents on
the degree of pyramidalization of fused double bond at the
B3LYP/6-31G(d) and B3LYP/6-311þþG(d,p) levels.

The results in Table 1 indicate that introduction of the
electronegative substituents such as bromine and methoxyl
group into the bridge carbon (24a and 26) decreases the
degree of the double bond from 5.27� to 3.90 and 3.68�,
respectively. Probably, the flattening of the double bond
about 1.3-1.6� is suitable for addition of the carbene from the
exo-face of the double bond. These can be investigated effec-
tively at higher level of theory (B3LYP/6-311þþG(d,p)).

FIGURE 2. Optimized structures of 35a, 36a, 37a, and 38a at the B3LYP/6-31G(d) level and their relative energies in kcal/mol.

SCHEME 9

(29) (a) Parr, R. G.; Yang, W. Density Functional Theory of Atoms and
Molecules; Oxford University Press: Oxford, U.K., 1989. (b) Kosch, W.;
Holthausen, M. C. A Chemist’s Guide to Density Functional Theory; Wiley-
VCH: Weinheim, Germany, 2000.

(30) Becke, A. D. J. Chem. Phys. 1993, 98, 5648–5652.
(31) Lee, C.; Yang, W.; Parr, R. G. Phys. Rev. B 1988, 37, 785–789.
(32) Krishnan, R.; Binkley, J. S.; Seeger, R.; Pople, J. A. J. Chem. Phys.

1980, 72, 650.
(33) Frisch, M. J. et al. Gaussian 03, revision C.2; Gaussian, Inc.:

Wallingford, CT, 2004.
(34) (a) Cramer, C. J.; Worthington, S. E. J. Phys. Chem. 1995, 99, 1462–

1465. (b) Kakkar, R.; Padhi, B. S. Int. J. Quantum Chem. 1996, 58, 389–398.
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As discussed above, the ethyl group does not change the
pyramidalization very much. Therefore, all efforts to add
carbenes to 18 failed.

Initially, we performed B3LYP/6-311þþG** calculations
on carbenes exo-9a and endo-9a and related transition states
for their rearrangements to allene 34a (Scheme 9) and found
that the cyclopropylidene structure exo-9a cannot be found
as a minimum (Table 2).

Instead, all attempts to locate a minimum for structure
exo-9a lead directly to the corresponding allene 34a. Accord-
ingly, noTS exo-9a structure was found. The carbene exo-9a
has a rigid and boatlike structure and can undergo ring-
opening without conformational changes. This finding is in
good agreement with the value of 0.2 kcal/mol determined
for the ring-opening process of the carbene formed from 1.12

However, the structure endo-9a was minimized and the
activation barrier for the ring-opening of endo-9a to 34a

was determined to be -0.1 kcal/mol relatively low for this
type of reaction.

Furthermore, we investigated the influence of various
substituents attached at the bridge carbon on these rearran-
gements. Energy results in Table 2 indicate that all substit-
uents (X=F, -Cl, -Br, -OCH3, and -Me) stabilize the
carbene structures exo-9’s, which have lower energy than
endo-9’s in the range of 6.0-8.1 kcal/mol. The calculated
activation barriers for rearrangement of exo- and endo-
carbenes to allene are generally low. However, the methoxy
group retards the ring-opening of carbene exo-9e to 34ewith
the activation barrier of 5.9 kcal/mol more effectively than
the other groups. The calculated distances between the
carbenic center and halogen and oxygen atoms for exo9b,
exo-9c, exo-9d, and exo-9e are 247, 252, 253, and 173 pm,
respectively. The results indicate that there is a strong

electronic interaction between the nonbonding electrons of
the oxygen atomand the carbene carbon in exo-9e. However,
theminimized structure for the carbene endo-9e as well as the
related transition structure for the rearrangement to allene
could not be optimized.

NBO is a method for determining the charge distribution
in molecules based on creating atomic natural orbitals.35

Analysis of NBO charges on the carbenic carbon for exo-
9a-f, endo-9a-f, and their transition states given in Table 3
reveals that substituents attached to the bridge carbon
interact with the carbenic carbon of cyclopropylidenes exo-
9b-f and enrich them with electrons. Moreover, the stabili-
zation resulting fromelectron donation from the oxygen lone
pair into the LP* of the carbene occurs more effectively than
the other substituents. The bridging interaction of a halogen
lone pair with a carbenic site makes an important stabilizing
contribution to 34b-d. However, electrons of carbenic car-
bon of endo-9a-f fluctuating with substituents were not
observed.

The delocalization can also be tracked by a natural bond
orbital (NBO) analysis. For exo-9b-f, different deviations
from the Lewis structure are calculated. All valence carbon
atom NBOs are occupied by more than 1.95 e- with the
exception of aromatic ring carbon atoms with occupancy of
1.67 e-.However, lone pairs (LP) of halogen andoxygen atoms
are differently populated for exo-9b, exo-9c, exo-9d, and exo-9e
with occupancies of (1.99, 1.97, 1.94 e-), (1.99, 1.97, 1.82 e-),
(1.99, 1.97, 1.75 e-), and (1.96, 1.68 e-), respectively. Accord-
ingly, the non-Lewis lone pairs NBO (LP*) at the carbenic
centers for exo-9b, exo-9c, exo-9d, and exo-9e are partly filled
with occupancies of 0.22, 0.30, 0.36, and 0.35 e-, respectively.A
second-order perturbation analysis of the Fock matrix esti-
mates the orbital interaction energies between the donorNBOs
(LPs of halogen and oxygen atoms) and the acceptor NBO
(LP*of carbenic centers) for exo-9b, exo-9c, exo-9d, and exo-9e,
to be 6.6, 31.0, 48.4, 150.7 kcal/mol, respectively. The results
depict that the strongest donating interaction to the LP*
carbene carbon comes from the lone pair of the oxygen atom.
In exo-9f, carbene is mainly stabilized by donating interactions
between the C-Hbond of methyl group (occupied by 1.87 e-)
and the LP* at the carbenic center (occupied by 0.30 e-). Their
orbital interaction energy is 23.4 kcal/mol. On the contrary, it is

TABLE 2. Absolute Energies (E, in Hartree/Particle), Number of Imagi-

nary Frequencies (in Brackets), Zero-Point Vibrational Energies (ZPVE,
in kcal/mol), and Energies Relative to the Corresponding CarbeneGround

State Including Zero-Point Corrections (in kcal/mol) for exo-9a-f and
endo-9a-f and Related Transition States at B3LYP/6-311þþG(d,p)

E ZPVE rel energy

exo-9a a

endo-9a -463.03943 [0] 111.5
exo-9b -562.32830 [0] 107.1 0.0
endo-9b -562.31880 [0] 106.6 6.0
exo-9c -922.68585 [0] 106.5 0.0
endo-9c -922.67430 [0] 105.7 7.3
exo-9d -3036.60806 [0] 106.1 0.0
endo-9d -3036.59516 [0] 105.3 8.1
exo-9e -577.58157 [0] 133.5
endo-9e a

exo-9f -502.35091 [0] 129.2 0.0
endo-9f -502.33803 [0] 128.8 8.1
TS (exo-9af34a) a b

TS (endo-9af34a) -463.03955 [1] 111.4 -0.1 b

TS (exo-9bf34b) -562.32796 [1] 106.8 0.2 b

TS (endo-9bf34b) -562.31892 [1] 106.5 -0.08 b

TS (exo-9cf34c) -922.68381 [1] 105.9 1.3 b

TS (endo-9cf34c) -922.67430 [1] 105.6 0.0 b

TS (exo-9df34d) -3036.60477 [1] 105.5 2.1 b

TS (endo-9df34d) -3036.59509 [1] 105.2 -0.04 b

TS (exo-9ef34e) -577.57216 [1] 131.9 5.9 b

TS (endo-9ef34e) a b

TS (exo-9ff34f) -502.34953 [1] 129.1 0.9 b

TS (endo-9ff34f) -502.33813 [1] 128.7 -0.06 b

aIsomerization to allene occurs during optimization. bEnergies rela-
tive to exo-9a-f and endo-9a-f, respectively.

TABLE 3. NBO Charges on the Carbenic Carbon Atoms of exo-9b-f,
endo-9b-f, and Their Transition States for Corresponding Allene
Isomerization at the B3LYP/6-311þþG(d,p) Level

structure
charge on carbenic

carbon
transition
structure

charge on carbenic
carbon

exo-9a TS exo-9a
exo-9b 0.149 TS exo-9b 0.029
exo-9c 0.057 TS exo-9c -0.017
exo-9d -0.008 TS exo-9d -0.034
exo-9e -0.023 TS exo-9e -0.046
exo-9f 0.046 TS exo-9f -0.025
endo-9a 0.195 TS endo-9a 0.159
endo-9b 0.187 TS endo-9b 0.149
endo-9c 0.201 TS endo-9c 0.135
endo-9d 0.202 TS endo-9d 0.128
endo-9e TS endo-9e
endo-9f 0.182 TS endo-9f 0.164

(35) (a) Reed, A. E.; Curtius, L. A.; Weinhold, F. Chem. Rev. 1988, 88,
899–926. (b) Reed, A. E.; Schleyer, P. v. R. J. Am. Chem. Soc. 1990, 112,
1434–1445.
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found that there is no drastic effects of substituents attached to
the bridge carbon atom of benzonorbornadiene on the stability
of endo-9a-f carbene by a second-order perturbation theory
analysis of the Fock matrix.

Experimental Section

(1S,2R,4R,9R)-rel-2-Chloro-9-ethyl-1,2,3,4-tetrahydro-1,4-
methanonaphthalene (22). Into a 50 mL, two-necked, round-
bottomed flask were placed Pd/C (10%) (100 mg) catalyst and
21

20 (1.0 g, 4.88 mmol) in EtOAc (20 mL). One of the necks was
attached to hydrogen gas with a three-way stopcock, and the
other neckwas cappedwith a rubber septum. The reactants were
degassed and flushed with hydrogen gas while stirring magne-
tically. After 4 h, the solution was decanted from the catalyst.
Evaporation of the solvent provided 22 as a colorless liquid
(0.9 g, 4.35mmol, 90%). For analytical purposes the residuewas
chromatographed on silica gel (20 g) eluting with hexane:
colorless liquid; 1H NMR (400 MHz, CDCl3) δ 7.19-7.00
(m, 4H), 3.79 (dd, J=7.1 and 3.8 Hz, 1H), 3.40 (br s, 1H),
3.22 (br d, J=3.4 Hz, 1H), 2.30 (dt, A-part of the AB system,
J=13.4, 3.8 Hz, 1H), 2.11-2.02 (m, 2H), 1.87-1.74 (dqui,
A-part of the AB system, J=14.6, 7.3, 1H), 1.74-1.60 (dqui,
B-part of the AB system, J=14.6, 7.3, 1H), 0.98 (t, J=7.3 Hz,
3H); 13C NMR (100 MHz, CDCl3) δ 148.7, 146.4, 126.5,
126.2, 121.4, 121.1, 63.8, 58.7, 54.5, 47.2, 37.3, 22.7, 12.8; IR
(KBr, cm-1) 2968, 2872, 1463, 1378, 1296, 1265, 1013, 964, 888,
747. Anal. Calcd for C13H15Cl: C, 75.53; H, 7.31. Found: C,
75.86; H, 7.64.

anti-9-Ethyl-1,4-dihydro-1,4-methanonaphthalene (18). To a
stirred solution of 22 (0.9 g, 4.35 mmol) in dry THF (35 mL) was
added t-BuOK (2.44 g, 21.75 mmol) at reflux temperature. The
mixture was stirred for 3 days. After evaporation of the solvent,
H2O (40 mL) was added. The mixture was extracted with CHCl3
(3 � 30 mL). The combined organic layer was washed with
saturated aqNaHCO3 solutionanddried (CaCl2).After evapora-
tion of the solvent, the residue was submitted to column chro-
matography eluting with hexane. Compound 18was obtained as
a colorless liquid (0.5 g, 2.91 mmol, 67%): 1H NMR (400 MHz,
CDCl3) δ 7.21-6.84 (AA0BB0 system, 4H), 6.56 (s, 2H), 3.66
(d, J=1.3Hz, 2H), 2.56 (t, J=7.4Hz, 1H), 1.46 (qui, J=7.4Hz,
2H), 0.84 (t, J=7.4 Hz, 3H); 13C NMR (100 MHz, CDCl3) δ
152.5, 139.4, 124.0, 121.2, 84.1, 53.7, 21.5, 12.6; IR (KBr, cm-1)
3068, 2960, 1453, 1377, 1318, 1299, 789, 742, 697.Anal. Calcd. for
C13H14: C, 91.71; H, 8.29. Found: C, 91.96; H, 8.43.

Solvolysis of 7-anti-Bromobenzonorbornadiene 24a with Silver

Nitrate. To a magnetically stirred solution of AgNO3 (1.8 g,
10.6 mmol) in 100 mL of methanol cooled to 0 �C was added
dropwise a solution of 24a (2.3 g, 10.4 mmol) in 50 mL of
methanol over 1 h. After the addition was completed, the
solution was allowed to warm to room temperature and stirred
for 5 h at that temperature. Then, the silver bromide was filtered
off and washed well with ether. Water was added to the filtrate
and extracted with ether. The combined organic phases were
washed with water, dried, and concentrated. The oily residue
was passed through silica gel (75 g) eluting with n-hexane. The
nitrate (27) was isolated as the first fraction. Eluting with
hexane-ethyl acetate (10:1) gave the desired compound 26 as
colorless liquid (0.86 g, 48%).

Data for anti-9-nitrooxy-1,4-dihydro-1,4-methanonaphthalene
(27): 1HNMR (400MHz, CDCl3) δ 7.34-7.13 (AA0BB0 system,
4H), 6.66 (s, 2H), 4.90 (s, 1H), 4.14 (s, 2H); 13CNMR (100MHz,
CDCl3) δ 146.0, 138.1, 126.4, 123.2, 101.7, 52.6; IR (NaCl,
cm-1) 3076, 3007, 2898, 1712, 1635, 1455, 1357, 1309, 1284,
1181, 1021, 987, 919, 867, 795, 750, 704, 620. Anal. Calcd.
for C11H9NO3: C, 65.02; H, 4.46; N, 6.89. Found: C, 64.90; H,
4.40; N, 6.67.

Data for anti-9-methoxy-1,4-dihydro-1,4-methanonaphthalene

(26): 1HNMR (400MHz, CDCl3) δ 7.24-7.02 (AA0BB0 system,
4H), 6.63 (s, 2H), 3.98 (s, 2H), 3.74 (s, 1H), 3.31 (s, 3H); 13C
NMR (100 MHz, CDCl3) δ 147.7, 137.8, 125.5, 122.7, 107.4,
57.0, 53.8; IR (KBr, cm-1) 3071, 2985, 2930, 2881, 2826, 1632,
1568, 1455, 1361, 1361, 1310, 1232, 1213, 1003, 899, 829, 789,
745, 693; MS m/z 171 (M - 1)þ,73), 155 (19), 141 (100), 129
(100), 115 (79), 102 (56), 77 (47), 63(47), 51(48). Anal. Calcd. for
C12H12O: C, 83.69; H, 7.02. Found: C, 83.51; H, 6.94.

Addition of Dibromocarbene to anti-7-Methoxybenzonorbor-
nadiene (26).Amixture of anti-7-methoxybenzonorbornadiene 26
(3.1 g, 18mmol), 15mL of CHBr3, 50%NaOH solution (20mL),
and benzyltriethylammonium chloride (0.5 g, 2.2 mmol) was
vigorously stirred at 50 �C for 5 h. The mixture was diluted with
water and extracted with ether, and the combined extracts were
washed with water, dried, and evaporated. Unreacted alkene
was recovered by distillation (97-99 �C/5 mm), and the distilla-
tion residue was saved. The recovered alkene 26 was resubmit-
ted to the same reaction, using the same quantities of CHBr3,
NaOH, and phase-transfer catalyst. Workup was as before, and
distillation afforded unchanged anti-7-methoxybenzonorborna-
diene 26 (0.8 g). The combineddistillation residueswere submitted
to rapid silica gel (60 g) filtration eluting with hexane-ethyl
acetate (10:1) to yield 2.62 g (57% based on unrecovered starting
material) 29a as the sole product, which was crystallized from
hexane-CH2Cl2 to give colorless crystals, mp 165-166 �C.

Data for (5R,6R,9R,10R)-rel-6,7-dibromo-10-methoxy-6,9-di-

hydro-5,9-methano-5H-benzocycloheptene (29a): 1H NMR
(400 MHz, CDCl3) δ 7.46-7.44 (m, 1H), 7.21-7.18 (m,
2H), 7.14-7.12 (m, 1H), 6.43 (d, J=7.0 Hz, 1H), 5.09 (d,
J=4.9 Hz, 1H), 4.04 (t, J = 4.0 Hz, 1H), 3.67 (t, J=4.6 Hz,
1H), 3.48 (1H, overlapped with -OCH3 resonance), 3.45
(s, 3H); 13C NMR (100 MHz, CDCl3) δ 146.6, 139.2, 132.4,
128.5, 128.3, 127.1, 122.3, 121.9, 86.3, 57.3, 53.7, 51.7, 44.9;
IR (KBr) 2957, 2924, 2879, 2825, 1638, 1451, 1338, 1301,
1261, 1202, 1144, 1107, 1019, 993, 963, 946, 843, 795, 755;
MS m/z 346/344/342 (Mþ, 3), 263/265 (79), 219 (39), 184
(100), 169 (48), 140 (83), 115 (53), 88 (19), 75 (29), 62 (31).
Anal. Calcd for C13H12Br2O: C, 45.38; H, 3.52. Found:
C, 45.26; H, 3.37.

Addition of Dichlorocarbene to anti-7-Methoxybenzonorbor-

nadiene (26). A mixture of 26 (3.4 g, 19.8 mmol), chloroform
(15 mL), 50% NaOH solution (20 mL), and benzyltriethylam-
monium chloride (0.5 g, 2.2 mmol) was vigorously stirred at
40 �C for 5 h. The reaction mixture was worked up as described
above. Crystallization from hexane/dichloromethane gave 29b
as colorless crystals (3.56 g, 63%, based on unrecovered starting
material), mp 128-129 �C.

Data for (5R,6R,9R,10R)-rel-6,7-dichloro-10-methoxy-6,9-di-

hydro-5,9-methano-5H-benzocycloheptene (29b): 1H NMR
(400 MHz, CDCl3) δ 7.45-7.42 (m, 1H), 7.24-7.22 (m, 2H),
7.19-7.16 (m, 1H), 6.22 (d, J=7.1 Hz, 1H), 4.89 (d, J=5.1
Hz, 1H), 4.10 (t, J=4.0Hz, 1H), 3.66 (t, J=4.6 Hz, 1H), 3.54
(dd, J=4.2, 6.6 Hz, 1H), 3.46 (s, 3H); 13C NMR (100 MHz,
CDCl3) δ 147.3, 138.3, 130.6, 128.6, 128.5, 128.2, 127.2,
122.3, 86.6, 59.0, 57.3, 50.9, 43.7; IR (KBr, cm-1) 2951, 2932,
2834, 1620, 1466, 1348, 1211, 1117, 1011, 891, 794, 762, 695;
MS m/z 254 (Mþ, 39), 219 (100), 203 (32), 187 (60), 177 (100),
162 (75), 152 (100), 139 (100), 127 (38), 115 (98), 102 (20), 89
(40), 75 (51), 63 (60), 45 (44). Anal. Calcd for C13H12Cl2O: C,
61.20; H, 4.74. Found: C, 61.12; H, 4.71.

Addition of Fluorobromocarbene to anti-7-Methoxybenzonor-
bornadiene (26). To a magnetically stirred solution of anti-7-
methoxybenzonorbornadiene (26) (5.8 g, 33.7 mmol), benzyl-
tributylammonium chloride (1.0 g, 4.4 mmol), and dibromo-
fluoromethane (10 g, 52 mmol) heated to 50 �C was added
dropwise a solution of 50% NaOH (20 mL) over 4 h. After the
completion of addition, the reaction mixture was stirred for 2 h.
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Then, the solution was allowed to cool to room temperature.
The mixture was diluted with water and thoroughly extracted
with methylene chloride, and the combined extracts were
washed with water, dried, and concentrated. Unreacted alkene
was recovered by distillation (97-99 �C/5 mm). The recovered
alkene 26 was resubmitted again to the same reaction, using
the same quantities of CHBr2F, NaOH, and phase-transfer
catalyst. Workup was as before and distillation afforded
unchanged anti-7-methoxybenzonorbornadiene (26) (3.9 g).
The combined distillation residues were submitted to rapid
silica gel filtration (120 g) eluting with hexane-ethyl acetate
(10:1). Three products were isolated 30a (0.28 g, 9%), 31a

(0.094 g, 3%), and 32a (0.19 g, 6%) in that order from the
column chromatography.

Data for (1aS,2S,7R,7aR)-1-exo-bromo-1-fluoro-8-methoxy-

1a,2,7,7a-tetrahydro-2,7-methano-1H-cyclopropa[b]naphthalene
(30a): colorless liquid; 1H NMR (400 MHz, CDCl3) δ
7.17-7.11 (AA0BB0 system, 4H), 3.83 (s, 1H), 3.70 (quasi d,
A-part of AA0BB0 system, 2H), 3.37 (s, 3H), 2.57 (quasi t,
B-part of AA0BB0 system, 2H); 13C NMR (100 MHz, CDCl3)
δ 141.7 (d, JCF=3.4 Hz, 2C), 127.3 (2C), 122.9 (2C), 107.0
(d, JCF=4.6 Hz), 93.0 (d, JCF=340 Hz), 56.7 (2C), 48.6 (2C),
37.3 (d, JCF=13.2 Hz, 2C); IR (NaCl) 2985, 2928, 2826, 1642,
1561, 1458, 1357, 1211, 1106, 1041, 994, 798, 718, 592.; MS
m/z 282/284 (Mþ, 7%), 262/264 (23), 247/249 (33), 239 (10),
219/221 (24), 203 (39), 189 (12), 171 (80), 159 (100), 139 (49),
128 (85), 115 (26), 95 (43), 81 (37), 67 (19). Anal. Calcd for
C13H12BrFO: C, 55.15; H, 4.27. Found: C, 55.09; H, 4.15.

Data for (1aS,2S,7R,7aR)-1-endo-bromo-1-fluoro-8-methoxy-
1a,2,7,7a-tetrahydro-2,7-methano-1H-cyclopropa[b]naphthalene
(31a:). colorless liquid; 1H NMR (400 MHz, CDCl3) δ
7.19-7.16 (A-part of AA0BB0 system, 2H), 7.09-7.06 (B-part
of AA0BB0 system, 2H), 3.81 (s, 2H), 3.20 (s, 3H), 3.19 (s, 1H),
1.87 (s, 2H); 13CNMR (100MHz, CDCl3) δ 146.5, 126.7, 122.4,
97.4 (d, JCF=351 Hz), 86.6, 56.9, 48.9 (d, JCF=2 Hz), 42.0
(d, JCF= 16 Hz,); IR (NaCl, cm-1) 3030, 2975, 2927, 2872,
2825, 1642, 1466, 1396, 1371, 1250, 1217, 1195, 1015, 997, 949,
894, 802, 755, 722;MSm/z 284/282 (Mþ, 4) 219 (3), 203 (15), 159
(100), 133 (23), 115 (7). Anal. Calcd for C13H12BrFO: C, 55.15;
H, 4.27. Found: C, 55.07; H, 4.18.

Data for (5S,6S,9S,10S)-rel-6-bromo-7-fluoro-10-methoxy-

6,9-dihydro-5,9-methano-5H-benzocycloheptene (32a): colorless
crystals; mp 133-135 �C; 1H NMR (400 MHz, CDCl3) δ
7.45-7.42 (m, 1H), 7.23-7.14 (m, 3H), 5.63 (dd, J=12.4 and
7.3 Hz, 1H), 5.07 (d, J=5.2 Hz, 1H), 3.95 (bs, 1H), 3.64 (dt, J=
11.9 and 5.2 Hz, 1H), 3.49 (ddd, J=3.5, 7.1, and 10.5 Hz, 1H),
3.40 (s, 3H); 13CNMR (100MHz, CDCl3) δ 153.8 (d, JCF=259
Hz), 147.1, 138.2, 127.9, 127.8, 126.4, 121.9, 106.7 (d, JCF=14.3
Hz), 85.8 (d, JCF=1.3 Hz), 56.7, 50.0 (d, JCF=4.3 Hz), 45.1
(d, JCF=21.3Hz), 40.6 (d, JCF=6.3Hz); IR (KBr, cm-1) 2981,
2922, 2761, 1643, 1504, 1361, 1119, 997, 827, 754, 698; MS m/z
284/282 (Mþ, 56), 237 (9), 219(16), 203 (100), 171 (81), 132 (37),
114 (13), 102 (7). Anal. Calcd for C13H12BrFO: C, 55.15; H,
4.27. Found: C, 55.13; H, 4.21.

Addition of Fluorobromocarbene to anti-7-Bromobenzo-
norbornadiene (24a). To a magnetically stirred solution of
anti-7-bromobenzonorbornadiene (24a) (10.0 g, 45.23 mmol),
benzyltributylammonium chloride (1.0 g, 2.8 mmol), and dibro-
mofluoromethane (20 g, 104 mmol) heated to 50 �C was added
dropwise a solution of 60% NaOH (30 mL) over 4 h. After the
completion of addition, the reaction mixture was stirred for 2 h.
Workup was carried out as described above. Unreacted alkene
was recovered by distillation (110-115 �C/5 mm), which was
submitted twice to the same reaction conditions. At the end of
three sequential reactions, 6.1 g of the starting material was
recovered. The combined distillation residues were submitted
to rapid silica filtration using silica gel (120 g) eluting with
hexane. Three products were isolated in the order 24a (700 mg),

30b (512 mg, 10.7%), and 32b (250 mg, 5.3%) from the column
chromatography.

Data for (1aS,2S,7R,7aR)-1-exo,8-dibromo-1-fluoro-1a,2,7,7a-
tetrahydro-2,7-methano-1H-cyclopropa[b]naphthalene (30b): col-
orless crystal; mp 135-137 �C; 1H NMR (400 MHz, CDCl3)
δ 7.15-7.02 (AA0BB0 system, 4H), 4.22 (s, 1H), 3.71 (bs, 2H), 2.71
(bs, 2H). 13C NMR (100 MHz, CDCl3) δ 142.0 (d, J= 4.1 Hz),
127.5, 122.0, 94.7 (d, J = 339.7 Hz), 72.4 (d, J = 7.5 Hz), 51.9,
37.8 (d, J = 13.3 Hz); IR (KBr, cm-1) 3042, 2996, 1461, 1365,
1230, 1193, 1006, 956, 907, 783, 737. Anal. Calcd for C12H9Br2F:
C, 43.41; H, 2.73. Found: C, 43.43; H, 2.78.

Data for (5S,6S,9S,10S)-rel-6,10-dibromo-7-fluoro-6,9-dihy-

dro-5,9-methano-5H-benzocycloheptene (32b): colorless crystals;,
mp 76-78 �C: 1HNMR(400MHz,CDCl3) δ 7.46-7.16 (m, 4H),
5.73 (dd, J=12.0, 7.2 Hz, 1H), 5.20 (d, J = 5.2 Hz, 1H), 4.56
(t, J=4.0Hz, 1H), 3.66 (q-like, J=5.2Hz, 1H), 3.59 (dt, J=7.2,
3.2 Hz, 1H). 13C NMR (100 MHz, CDCl3) δ 154.8 (d, J=260.5
Hz), 147.8, 138.5, 128.8, 127.9, 127.2, 121.6, 109.3 (d, J=15.0Hz),
54.3, 52.5 (d, J= 7.1 Hz), 45.2, 44.9; IR (KBr) 2947, 1670, 1465,
1357, 1283, 1236, 1132, 1100, 951, 862, 797, 759. Anal. Calcd for
C12H9Br2F: C, 43.41; H, 2.73. Found: C, 43.22; H, 2.69.

Reaction of 30awithMeLi.To amagnetically stirring solution
of 30a (0.83 g, 2.93 mmol) in ether was added dropwise
a solution of 1.6 M MeLi (7.20 mmol, 4.5 mL) in ether over
10min at-25 �Cunder nitrogen atmosphere. Then, furan (0.2 g,
3 mmol) was added dropwise over 5 min at the same tempera-
ture. The reactionmixture was stirred continuously and allowed
to warm to room temperature over 4 h. The reaction mixture
was quenched carefully with water. The mixture was extracted
with ether, and the organic layer was washed with saturated
NaCl, dried over MgSO4, and concentrated under reduced
pressure. The oily residue was submitted to a neutral aluminum
oxide column (100 g, grade III) elutingwith hexane-ethyl acetate
(10:1) to give 35a as the only product (0.17 g, 23%): colorless
crystals; mp 93.5-94.7 �C.

Data for (1S,4R,4aR,5R,10S,12R)-rel-1,4-epoxy-5,10-methano-
12-methoxy-4,4a,5,10-tetrahydro-1H-dibenzo[a,d]cycloheptene
(35a): 1H NMR (400 MHz, CDCl3) δ 7.2 (bd, J=6.6 Hz, 1H),
7.14-7.10 (m, 3H), 6.28 (dd, A-part of AB-system, J=5.6 and
1.5 Hz, 1H), 6.09 (dd, B-part of AB-system, J=5.6 and 1.3 Hz,
1H), 5.78 (dd, J=7.1 and 2.3 Hz, 1H), 5.04 (d, J=3.7 Hz, 1H),
5.02 (bs, 1H), 3.86 (t, J= 3.9 Hz, 1H), 3.57 (dd, J=7.1 and 4.0
Hz, 1H), 3.16 (bs, 1H), 3.15 (s, 3H), 2.46 (t, J=3.1Hz, 1H); 13C
NMR (100 MHz, CDCl3) δ 146.4, 144.1, 142.6, 134.7, 130.5,
127.1, 126.7, 123.2, 122.1, 117.3, 84.2, 81.8, 80.3, 55.5, 44.4, 42.7,
41.0; IR (KBr, cm-1) 2975, 2931, 2866, 2732, 1731, 1653, 1501,
1372, 1125, 1009, 833, 778, 748, 704; MS m/z 252 (Mþ, 8), 220
(38), 191 (100), 178 (62), 165 (46), 152 (22), 128 (11), 115 (19), 95
(15), 81 (17), 67 (10). Anal. Calcd for C17H16O2: C, 80.93; H,
6.39. Found: C, 80.81; H 6.28.

Reaction of 30b withMeLi. To amagnetically stirring solution
of30b (500mg, 1.51mmol) in etherwas addeddropwise a solution
of 1.6 MMeLi (5.28 mmol, 3.30 mL) in ether over a period of 10
min at -25 �C under nitrogen atmosphere. Then furan (250 mg,
3.70 mmol) was added dropwise over 5 min at the same tempera-
ture. The reaction mixture was stirred continuously and allowed
to warm to room temperature over 4 h. The reaction mixture was
quenched carefully withwater andworked up as described above.
The oily residuewas submitted to column chromatography (120 g
SiO2) elutingwithCH2Cl2/hexane (8:92) to give 35b (85mg, 20%)
and 36b (29 mg, 5%), consecutively.

Data for (1S,4R,4aR,5R,10S,12R)-rel-1,4-epoxy-5,10-metha-
no-12-bromo-4,4a,5,10-tetrahydro-1H-dibenzo[a,d]cycloheptene
(35b): colorless crystals from ether; mp 140-142 �C; 1H NMR
(400 MHz, CDCl3) δ 7.15 (d, J=7.2 Hz, 1H), 7.09 (dt, J=7.2,
1.2 Hz, lH), 7.0 (dt, J=7.2, 1.2 Hz, 1H), 6.85 (d, J=v 7.2 Hz,
1H), 5.50 (dd, A-part of AB system J=5.6, 1.6, 1H), 5.44 (m,
1H), 5.36 (dd, B-part ofAB system, J=5.6, 1.2Hz, 1H), 5.03 (d,
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J=0.8 Hz, 1H), 4.92 (d, J=v 3.6 Hz, 1H), 4.45 (t, J v=4.4 Hz,
1H), 3.54 (t, J= 4.4 Hz, 1H), 3.49 (t, J= 4.0 Hz, 1H), 3.27 (q-
like, J=3.6 Hz, 1H); 13C NMR (100 MHz, CDCl3) δ 146.1,
138.1, 134.1, 130.3, 130.0, 127.6, 125.6, 125.1, 119.4, 116.9, 80.4,
79.9, 53.0, 48.1, 45.4, 41.2; IR (KBr, cm-1) 3004, 2931, 2895,
1462, 1308, 1283, 1287, 891, 848, 820, 777. Anal. Calcd for
C16H13BrO: C, 63.81; H, 4.35. Found: C, 64.04; H 4.43.

Data for (1R,4S,4aS,5R,10S,12R)-rel-1,4-epoxy-5,10-metha-

no-12-bromo-4,4a,5,10-tetrahydro-1H-dibenzo[a,d]cycloheptene
(36b): colorless crystals; mp 146-148 �C; 1H NMR (400 MHz,
CDCl3) δ 7.22-7.13 (m, 4H), 6.32 (dd, A-part of AB system, J=
5.6, 1.6 Hz, 1H), 6.30 (dd, B-part of AB system, J=5.6, 1.2 Hz,
1H), 5.89 (dd, J = 6.8, 2.8, 1H), 5.12 (s, 1H), 5.09
(d, J=4.0 Hz, 1H), 4.46 (t, J = 3.6, 1H), 3.65 (dd, J=6.8, 3.6,
1H), 3.33 (d, J=3.6Hz, 1H), 2.60 (t, J=3.6Hz, 1H); 13CNMR
(100 MHz, CDCl3) δ 146.9, 143.3, 139.5, 134.1, 130.9, 126.5,

126.3, 121.5, 119.8, 115.9, 80.5, 79.4, 48.55, 44.6, 44.1, 43.3; IR
(KBr, cm-1) 2923, 1463, 1378, 1262, 1141, 724. Anal. Calcd for
C16H13BrO: C, 63.81; H, 4.35. Found: C, 64.18; H 4.53.
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