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Abstract: The sequence of rearrangements of carbénleas been studied. Precursors 6owere 1-halo-3-
(n-halomethyl)bicyclo[1.1.1]pentane derivatives which were obtained by addition of polyhalomethanes to
the central bond of [1.1.1]propellane derivatit8 via radical chain processes. Reaction of compoutitls
with MeLi or sodium bis(trimethylsilylyJamide generates carbe6ewhich are stabilized by a carben®<{
bridgehead olefirrcarbene §) rearrangement, followed by an intramolecular CH insertion reaction of carbenes
9 to afford tetracyclononane derivativés in good yields. The carbené&sshow only slight preferences in the
rearrangement to alkengsand8. Both could be trapped with-methylstyrene as ene addué®and17. The
strongly twisted bridgehead olefihhas only the option to rearrange to carb&hehereas could give9 or

10, but prefers to give®, in accordance with results of DFT calculations. The tetracyclononbseand15d
contain halide atoms in the 1,3-positions; on treatment wBhLi both compounds form a new CC bond by
reductive dehalogenation giving rise to the formation of a [2.1.1]propellane derivaBwes short-lived
intermediate.

Introduction of carbene6, a or b, would migrate preferentially in the first
step of the reaction sequence? Which bond of all&end ¢
or d, would migrate preferentially to give carbeder 10? What
are the main stabilization modes of carbefesnd 10?

In addition to these problems, which could be attacked by
reaction has appeared recerfifhis method has also been product studigs, DFT caI(.:uIations.on the reactive intermediates
applied to generate highly strained alkenes, which are able toznOI the tr.ansmon states involved in the.se.rear'rangements have
undergo a second rearrangement forming a new carbene. A een carried out to obtain some deeper insight into the chemistry

prominent example of this reaction sequence is the rearrange-mc these systems. Furthermore, some of the products of the

ment of cubylcarbene to homocub-1(9)-ene, which in part is carbene-bridgehead olefirrcarbene rearrangement opened the
further converted into homocub-9-ylidefe ’ opportunity to generate [2.1.1]propellane derivatives. Reactions

We have recently shown that bicyclo[1.1.1]pentyl carbenoids on this line were also carried out.
1 on loss of lithium halide rearranged via carbeB@és bicyclo-

[2.1.1]hex-1-enes3 and that these highly strained twisted v s Y
bridgehead alkenes underwent a second 1,2-bond shift to give X c( L X éi X
2-bicyclo[2.1.1]hexylidened which reacted with appropriate Y oY

5 6 7

Carbenes, bound to a bridgehead position of a bicyclic or
polycyclic framework, tend to rearrange to bridgehead olefins.
This reaction has frequently been used by several groups to
generate short-lived bridgehead alkenes. A review of this

trapping reagents.We have extended this investigation to

Y
Y Y .
XAC{'“U XAQ{ Xﬂ X%Y ¢
\¥ 2 X % v X Y X v
1 2 3 4 i -
8 9 10

carbenoids of the tricyclo[4.2.(:0octane systenb. Special

attention was devoted to the following questions: Which bond o
X and Y as specified for 15

(1) Taken in part from Stfer, T., Dissertation, Humboldt-Universita
Berlin, 1997.

(2) Jones, M., Jr. IrAdvances in Carbene Chemistrgrinker, U. H., A. Synthesis Of_ 1-HaI0—8—ha|omethy|tricyclo[4.2.0.()1—
Ed.; Jai Press, Inc.: Stamford, 1998; Vol. 2, pp-BB. octanes 11.Polyhalidesll, to be used as precursors for the
522(336) léatton, PF-’ EE HAoffmelllnné KB-IU-AAm-C %hem-ssfélggg 11(133 iggg generation of the carbenoi&s were obtained by radical chain

. Eaton, P. E.; Appell, R. Bl. Am. Chem. So e 7 2,

4057, Eaton, P. E.. White, A. J. Org. Chem1990 55, 1321-1323. Chen,  ddition of halomethanek? to tetracyclo[4.2.0.8".0*Joctane
N.; Jones, M., Jr.; White, W. R.; Platz, M. $.Am. Chem. Sod991, 113 (13), which was prepared according to published procedures.
382153292. See also: Hrovat, D. A.; Borden, W.Nol. Phys.1997 91, In most cases chain initiation was not necessary; the reactions

(4) Buhz, U.; Herpich, W.; Podlech, J.; Polborn, K.; Pratzel, A.; (5) Belzner, J.; Gargi B.; Polborn, K.; Schmid, W.; Semmler, K.;
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Table 1. Yields of 11

1,12 X Y Z %yield 1,12 X Y Z %yield
a Br ClI ClI 67 d Br CI H 61
b Br Br Br 41 e | Cl H 67
c Br F Br 56 f Br Br H 59

run to completion within 2 days at room temperature. The
addition of dibromodifluoromethanel2¢ and bromodichlo-
romethane 12d) was initiated by irradiation with UV light

(A = 300 nm). The yields ofl1 are given in Table 1. All
compoundsl1 could be obtained pure and were characterized
by their NMR spectra.

Y
/ Y
X G ‘
\ pA X- C“ Z
Y Y
11 12 13

B. Generation of Type 5 Carbenoids from Halides 11 and
Their Reactions. Carbenoids of typ& were generated either
by lithium halogen exchange starting frobia or 11b or by
metalation ofl1d, 11g or 11f, using sodium bistrimethylsilyl-
amide (4) as a base. The reaction mixtures were kept at room

temperature for several hours. In all cases, the isolated products

contained the carbon skeleton 1, tetracyclo[4.3.0.85.0%7-
nonane, indicating that the expected carbemgdgehead ole-
fin—carbene rearrangement had taken place, followed bytd C
insertion reaction of carber@ It should be noticed that CH
insertion of the carbenic center $hinto the C4-H bond can
only occur from conformatio®syn Yields and formation of

J. Am. Chem. Soc., Vol. 121, No. 33, 180

or, if olefin 8 is also formedB shows a significant preference
for bond ¢ over bond d migration to the Y-carrying C atom.
With this premise, it is conceivable thatnight not be involved
at all.

Carbenoid formation by metalation starting frdkiid, 11e
or 11f and using the bas&4 gives higher yields ol5 free of
side products. To the best of our knowledge, the carbon
framework of15 has not been synthesized so far. The reaction
shown here is an efficient access to this tetracyclic system. The
hydrocarbon tetracyclo[4.3.G:80*"Jnonane {56 was obtained
from dibromidel5cin 73% yield by reduction with tri-butyltin
hydride under irradiation for 8 h. Shorter reaction times led to
15e and a mixture of the monobromidd$f and 15g which
could not be separated.

The structure of the new carbon skeleton rests on the NMR
spectra. The most significant evidence for structlifewas
obtained from an INADEQUATE experiment @baand15c
The3C13C coupling constants d5aand15care given in Table
3.

Table 3. 13C1C Coupling Constants df5A and 15c (in Hz)

J(*CtC) J(*3CtC)
bonding pair 15a 15¢ bonding pair 15a 15¢
Cil-Cc2 265 265 C4C5 283 283
C1-C6 30.1 318 C4C7 28.3 283
C1-C9 283 283 C5C6 30.1 283
Cc2-C3 336 336 Ce6C7 23.0 212
C2-C8 248 248 C*C8 372 a
C3-C4 31.8 318 C8C9 318 30.1

aThis coupling constant could not be determined with certainty.

The formation ofL5bin the reaction ofillawith MeLi, salt-

byproducts depended strongly on the reagents used for generatiree or mixed with LiBr (first and second entry of Table 2),

ing carbenoidb. The results of various experiments f with
strong bases are given in Table 2.

Table 2. Reaction ofl1 with Bases

11 base solvent productss (% yield)
a MelLi salt-free ether 15a(46), 15b(9)
a MeLi/LiBr ether 15a(20), 15b (8), 15c(21)
b MelLi salt-free ether 15c¢(54), (trace of15b)
d 14 THF/ether  15a(64)
e 14 THF/ether  15d(73)
f 14 THF/ether  15c(88)
NaN[Si(CH3)3]>
14 15
15 | X Y
a |Br Cl Y
b |B Me X
c | Br Br 7-‘
d |l c
e |H H 4 H
f |H Br
g [Br H H
h|H c 9syn

As seen from Table 2, all isolated compounds are derived
from 15, indicating that carben® was heavily involved in
product formation. No evidence for the intermediacy of carbene
10 was obtained from our product studies. This could mean
that only bridgehead olefiris involved in the reaction sequence

needs some comment. In a control experiment, in whish
was reacted with an excess of MeLi/LiBr, and which led to the
re-isolation of 15¢ in 90% vyield, it was shown that the
introduction of the methyl group did not take place &g

but on an earlier stage of the reaction sequence. Presumably it
is carbenoidb, which will react with MeLi, either directly by
exchange of bromide against methyl, or via carbénéy
addition of MeLi. In either case, the intermediate carbenoid
could lose lithium halide and produce the modified carb&ne
(X = Br, Y = Me), which could undergo the sequence of
rearrangements discussed above and afftst. We have
recently shown that this is the major route for Me incorporation
when 1 or 2 is generated in the presence of Mé&LThe
formation of15cin the reaction ofllawith MeLi/LiBr (second
entry of Table 2) can be interpreted on the same line.

C. Trapping Experiments of Intermediates in the Rear-
rangement SequenceSo far, carben@ is the only intermediate
whose existence has been established by the intramolecular CH
insertion to affordl5. In earlier related investigations, we were
able to show that typ@ carbenes could be trapped by suitable
reagentd.For this reasonl1b and MeLi/LiBr were allowed to
react in the presence of cyclohexene or tetramethylethylene.
NMR analysis of the products gave no indication for the
formation of cycloadducts of carben@sr 10 to cyclohexene
or tetramethylethylene.

Recently, generation of bicyclo[2.1.1]hex-1-enes in the pres-
ence ofo-methylstyrene afforded a 1:1 adduct produced by an
ene reactiof. The same trapping reagent was added to the
reaction ofl1b with MeLi (salt-free) and on standard workup,

a 6% vyield of an approximate 1:1 mixture of the formal ene

(6) Straer, Th.; Jarosch, O.; Szeimies, Bur. J. Chem1999 5, 2046—
2055.
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adductsl6 and17 was isolated. HPLC separation afforded these olefins7h/8h the unrestricted procedure was used. All transition
compounds sufficiently pure to obtain NMR spectra from which states gave®[lvalues of zero and identical results as the
the structures could be determined by one- and two-dimensionalrestricted formalism. Due to the biradical nature of the bridghead

A
CH»
Br- %
CHz- C\
Ph
16
Ph Me
Br Br
Me Ph
Cl Cl
18 19

COSY and HETCOR pulse sequences. In additiod@and
17, the stereoisomef8 and19 were also observed in low yield,
whose formation is attributed to the addition of carberiar
carbenes (X = Br, Y = Cl) to a-methylstyrene.

The formation of16 and 17 indicates that both bridgehead
olefins 7 and 8 are involved in the reaction paths.

D. DFT Calculations on the Carbene 6h-Bridgehead
Olefin 7h/8h—Carbene 9h/10h RearrangementWe have
shown experimentally that carbefi@earranges via two routes
to the bridgehead olefing and 8. Whereas olefir7 can only
lead to carben®, 8 obviously prefers one of the two possible
rearrangements and selectively forms carl@mfen alternative
possibility could be that all of carber®ecomes from alken&
and that alken& would not rearrange further. The following
calculations were carried out on the reactive intermediéles
7h/8h,and 9h/10h, on the transition states separating these
molecules, and on the final products to learn more about the
energetics of the interchanging molecules and on the barriers
of interconversion. The Gaussian 94 program packhgs been
used preferentially. Density functional theory (DET}°with
Becke’s three-parameter hybrid method and the exchange
functional of Lee, Yang, and Parr was employed. Geometry
optimizations were carried out with the 6-31G(d) basis set and
frequency calculations were performed at the same level of
theory, allowing the characterization of the stationary points as
minima or transition structures. The energies of the stationary
points were recalculated with the 6-311G(d, p) basis set on the
6-31G(d) structures. These energies were corrected for the
6-31G(d) zero-point energies, which were scaled by a factor of
0.9804, as recommended in the literattiré-or carbenesh
and 9h/10h and for productsl5h, 20, and 21, the restricted
formalism was employed. For transition states and for bridghead

(7) Gaussian 94Revision D.3); Frisch, M. J.; Trucks, G. W.; Schlegel,
H. B.; Gill, P. M. W.; Johnson, B. G.; Robb, M. A.; Cheeseman, J. R
Keith, T.; Petersson, G. A.; Montgomery, J. A.; Raghavachari, K;
Al-Laham, M. A.; Zakrzewski, V. G.; Ortiz, J. V.; Foresman, J. B,;
Cioslowski, J.; Stefanov, B. B.; Nanayakkara, A.; Challacombe, M.; Peng,
C.Y.; Ayala, P. Y.; Chen, W.; Wong, M. W.; Andres, J. L.; Replogle, E.
S.; Gomperts, R.; Martin, R. L.; Fox, D. J.; Binkley, J. S.; Defrees, D. J,;
Baker, J.; Stewart, J. P.; Head-Gordon, M.; Gonzalez, C.; Pople, J. A.
Gaussian, Inc.: Pittsburgh, PA, 1995.

(8) Kohn, W.; Becke, A. D.; Parr, R. Gl. Phys. Chem1996 100
12974-12980.

olefins, [$[§ values (before spin annihilation) of close to 1.0
were computed. After spin annihilatiof$’(§ values dropped

to 0.03-0.06, indicating that the projected wave function might
be regarded as reasonable for the singlet state of the twisted
alkenes7h and 8h.12 The results, including® and the[$[]
values for the bridgehead alkenes, are given in Table 4.

According to the results of Table 4, for carbeslecal energy
minimum conformation$hl, 6h3 (and its mirror image), and
6h6 (and its mirror image) could be found. The rotational barrier
at the carbene carbon atom between conformadnand6h3
is 2.0 kcal/mol, and 0.9 kcal/mol in the reverse direction. The
trimethylene bridge is flexible and can take a transoid confor-
mation as in6hl or a cisoid arrangement as @h6. At 0.04
kcal/mol, the energy difference is negligible. The bagiech5)

— E(6h1)} separating these conformations amounts to 2.8 only
kcal/mol.

{ i
N

6h1

(= 0.0 kcal/mol)  (1.98 kcal/mol)

{1.09 kcal/mol)

6h5
(2.80 kcal/mol)

6h6
(0.04 kcal/mol)

6h4
(1.91 kcal/mol)

The structure of6hl, computed without any symmetry
restriction, was close t€s symmetry. This geometry leads to
an efficient interaction of a-like orbital of the bicyclo[1.1.1]-
pentane framework, located at C1C2 and C1C6, with the empty
p-orbital of the carbenic center. C2 or C6 will be the migrating
atom to reach transition staf&12, and finally bridgehead olefin
8hl (see Figure 1, first column). In conformatich3, the
dihedral angle C+C9—-C1-C8 is —103.6, which leads to a
favorable interaction of the carbene p-orbital with the bond
C1C8. C8 will be the migrating atom within the rearrangement
process, which passes oviBl1 to give bridgehead alker#hl
(second column of Figure)1The energy barrier fror6h3 to
olefin 7h1 has been calculated as 7.7 kcal/mol, the barrier of
6h1 to olefin 8hl as 6.6 kcal/mol.

Both olefins are strongly pyramidalyzed. Frl, the dihedral
angle C-C9-C8—-C7 was computed as 132,4or 8h1, the
dihedral angle C+C7—C6—C1 was—130.3. In addition to the
structures of7hl and 8hl, these olefins can populate the
conformations7h2 and 8h2, 8h3, and8h4, the structures and
energies of which have also been calculated. The relative
energies are shown below the formulas.

(9) Becke, A. D.J. Chem. Phys1993 98, 5648-5652.

(10) Lee, C.; Yang, W.; Parr, R. ®hys. Re. 1988 37, 785.

(11) Foresman, J. B.; Frisch, AXxploring Chemistry with Electronic
Structure Methods2nd ed.; Gaussian Inc.: Pittsburgh, 1996; p 64 and
references therein.

(12) For a discussion of unrestricted DFT methods on molecules with
biradical character in their singlet states, see: Goldstein, E.; Beno, B.; Houk,
K. N. J. Am. Chem. Sod996 118 6036-6043 and references therein.
See also: Hrovavat, D. A.; Duncan, J. A.; Borden, W.JTAm. Chem.
So0c.1999 121, 169-175.
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Table 4. Energies (B3LYP/6-31G(d)//B3LYP/6-31G(d) and B3LYP/6-311G(d,p)//B3LYP/6-31G(d)) and Zero-Point Energies for Céyenes
Alkenes7h and 8h, Carbene®h and10h, Hydrocarbonsl5, 20, and21, Transtion State3SI, TSIl, and TSIl , and7h and 8h; [FJ[F[
Values for Alkenes’ and8

E[B3LYP/6-31G(d)// zero-point energy E[B3LYP/6-311G(d,p)//
molecule B3LYP/6-31G(d)], au{FJ[FY (no. of imaginary freq), &u B3LYP/6-3G(d)], a8
6h1 —809.587683 0.172986 (0) —809.527265
6h2 —809.584021 0.172498 (1) —809.524113
6h3 —809.585990 0.172967 (0) —809.525523
6h4 —809.583306 0.172447 (1) —809.524219
6h5 —809.582934 0.172689 (1) —809.522809
6h6 —809.587905 0.172891 (0) —809.527205
TSI1 (6h3— 7h1) —809.572369 0.172258 (1) —809.513225
TSI2 (6h1— 8h1) —809.575996 0.172533 (1) —809.516771
7h1 —809.6105500.8518/0.0365 0.173735 (0) —809.548776
7h2 —809.6123080.8407/0.0356 0.173638 (0) —809.550594
8h1 —809.6095430.8282/0.0338 0.174079 (0) —809.547343
8h2 —809.6121320.8222/0.0332 0.173979 (0) —809.550101
8h3 —809.6060330.9797/0.0607 0.173946 (0) —809.543577
8h4 —809.6057220.9497/0.0528 0.174186 (0) —809.543278
TSII1 (7h1 — 9hl) —809.595370 0.172529 (1) —809.538092
TSII2 (7h2 — 9h2) —809.597880 0.172423 (1) —809.540604
TSII3 (8h1 — 9hl) —809.590185 0.172813 (1) —809.532535
TSlI4 (8h2 — 9h2) —809.595451 0.172797 (1) —809.537709
TSII5 (8h3 — 10h) —809.584620 0.172302 (1) —809.528045
TSII6 (8h4 — 10h) —809.587740 0.172817 (1) —809.529920
9h1 —809.613337 0.173510 (0) —809.554057
9h2 —809.619830 0.173608 (0) —809.559870
10h —809.617769 0.173058 (0) —809.559121
TSIl —809.604302 0.170409 (1) —809.549277
TSII2 —809.598574 0.171207 (1) —809.542282
TSII3 —809.590742 0.170557 (1) —809.535396
15h —809.716315 0.176634 (0) —809.650798
20 —809.706792 0.176409 (0) —809.642015
21 —809.708275 0.176129 (0) —809.643444

aZPE scaled by a factor of 0.980%Corrected for ZPE.
| | A further point of interest is the barrier of inversion @il
@ — 8h4. As the transition state for this inversion is a biradical,
we have chosen the CAS(2,2)MP2/6-31G(d) formalism as
ﬁ i implemented in Gaussian 94. The energy bar@iet — 8h4
B was calculated as 6.42 kcal/m8h1l: E= —807.868492; ZPE
= 0.191261(0);TS: E = —807.857069; ZPE= 0.190076(1);

7h 7h2 8h4 E = —807.861965; ZPE= 0.191268(0)). This value
(1.1 keal/mol) =0.0 keal/mol) (2.0 keal/mol) suggests that the bonding energy in the bridgehead olegih
is reduced to approximately 10% of its value in undistorted
olefins.

The energetically preferred 1,2-alkyl shift in the olefiis
and 8 takes place under inversion of configuration at the
pyramidalyzed C9 and, respectively, EFor 7hl1and7h2, C2
is the migrating carbon atom, f8h1 and8h2 C9 will be shifted

H
8h2 8h3 8h4 to C7, whereas foBh3 a}nd 8h4 a new bond will be formed
between C2 and C7. Bridgehead olefican only rearrange to
(0.3 kcal/mol) (4.4 kcal/mol) (4.6 kcal/mol) carbenedh; olefin 8h, however, can give carbe®& or carbene
10h. We have been able to locate the six transition structures
The conformational preferences of bridgehead alké&resd which are depicted in Figure 2. The relative energies are shown

8 are based on the preferred chair conformation of the ynder the computer-generated structures. The structures and the
cyclohexane ring in these molecules. The “unimpaired” chair rejative energies reveal that the steric effects influencing the

in 7h2 makes this conformation energetica"y Sl|ghtly better than energies of the bridgehead olefidh and 8h are also present
7h1. The differences in energy are somewhat greater betweenjn the transition structure¥SII1 to TSII6, shifting TSII3,

chairgh2and boaBhl1and8h4. In the chair conformatioBh3  Tsji5, and TSII6 to higher energies than their counterparts.
there is an unfavorable repulsive interaction between the chlorineTransition structure¥Siis and TSII6 are the only stationary
atom and the axial hydrogen at C4 (distance 2.69*®nother  points leading to carber0h; their increased energy prevents
repulsive interaction between the chlorine atom and the axial this carbene from being formed, in accordance with our
hydrogen of C5 (distance 2.74 A) and of C3 (distance 2.88 A) experimental observations. The lowest barrier for the reaction
seems to be responsible for the rise in energ@ief. of alkene7h (TSII2-7h2) has been calculated to be 6.3 kcal/
(13) The sum of the van der Waals radii of chlorine and hydrogen is mol, and for the reactlor] 0.8h (T$||2'8h2) 7.8 kcal/mol, .
2.95 A. See: Bondi, AJ. Phys. Chem1964 68, 441—451. whereas th@ Sll6-8h2 barrier is as high as 12.7 kcal/mol. This
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6hl 6h3

Selected Structural Data: Selected Structural Data:

1-9 1.4507 A 1-9 1.4554 A

1-2 1.5992 A 1-2 1.5759 A

1-6 1.5991 A 1-6 1.5732 A

1-8 1.5571 A 1-8 1.5920 A

Cl-9-1 110.19° Cl-9-1 109.52°

C1-9-1-8 0.01° Cl-9-1-8 -103.57°
TSI1

o)
P

3w

Selected Structural Data: Selected Structural Data:

1-6 1.9073 A 1-8 1.8493 A
6-9 1.9753 A 8-9 1.8880 A
7h1

Selected Structural Data: Selected Structural Data:

7-9 1.4492 A 1-9 1.4497 A
2-8 1.5470 A 1-2 1.5459 A
8-9 1.5566A 1-6 1.5683 A
Cl-7-6-1 -130.32° Cl-9-8-7 132.41°

Figure 1. B3LYP-6-31G(d) structures d@hl, TSI2, and8hland6h3,
TSI1, and7hlL

energy difference explains well the experimentally observed
selectivity in the rearrangement of carbede

Carbene9h2 with the cyclohexane subunit in the chair
conformation was found to be more stable by 3.6 kcal/mol than
9h1 This supports the CH insertion of the carbenic center C7
into the axial 4-H. The barrier of this reaction was determined
to be 6.8 kcal/mol. Intramolecular competition could be
envisioned by insertion of C7 into CH bonds of C5 or C3. This
could reasonably occur only from the energetically unfavorable
9h1 conformer by insertion into the respective axial CH bonds

"Btrand Szeimies

TSII1 TSII2 TSII3
Ere1 =1.6 keal/mol  Ere1 =0.0 keal/mol ~ Ere1 =5.1kcal/mol
12 1.8296 A 1-2 21260 A 7-9 2.0482 A
2-0 1.8680 A 8-9 1.8019 A

2-9 211834

TSII6

TSII4 TSIIS
Eii=1.8 kcal/mol B =7.9kcal/imol  Erel = 6.7kcal/mol
7-9  2.0558 A 2-7 226104 27 2.1944 A
89 1.7934 A 2-8 18151 A 2-8 1.7839 A

Figure 2. B3LYP/6-31G(d) transition structuregSlI1 to TSII6.

‘6

TSIII1 TSIII2 TSIII3
E1=0.0 kcal/mol Bl = 4.4 keal/mol  Ere = 8.7 keal/mol
4-7 22102 A 5-7 19424 A 3-7 216754
H-4 1.3267A H-5 123804 H-3 1.2768 A
H-7 13016 A H-7 14284 A H-7 133694

Figure 3. B3LYP/6-31G(d) transition structuregSIli1 —3.

Cl Cl
, cl
----- H
4 H
H
H

9h2

9h1

10h

at C5 and C3 leading 20 and21. All three transition structures
have been located and are depicted in Figure 3. From their
relative energies (see Figure 3) it can be deduced that the
formation of 15 is strongly favored over the CH insertion
affording 20 and21. In addition we computed5h to be more
stable by 5.5 kcal/mol tha0 and by 4.6 kcal/mol thagl.

Cl %Cl
20 21

Summing up the results of section D, it has been shown that
the rearrangement of carbedlewill generate bridgehead olefins
7h and 8h. Whereas7h can only afford carben®h, the
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rearrangement @h to carbené®h is energetically considerably
favored over the formation of carbetheh. 9h will preferentially
insert into the CH bond of C4 leading to the tetracyclic
compoundL5h. These results are in accordance with experiment.

B Ul Li% ' Br ‘%‘i
.
22a 22b

Scheme 1

Br

- LiBr

Bl U %(CHS)S (Hac)sc%i o
+ [
24a 24b
H C(CH3)3 (H30)3C H
+
25a 25b

F. Generation of Pentacyclo[4.3.0%F.0%8.0*Jnonane (23).
The effective access of the dihalidescand15d prompted us
to investigate their reaction with an excess-@&uLi. It could
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experimental results. Dihalides are valuable precursors for
[2.1.1]propellane derivativ@3 as a fleeting intermediate.

Experimental Section

General. 'H and *C NMR spectra includingH'H COSY, 1H3C
HETCOR, and*C'*C INADEQUATE measurements were recorded
on Bruker AM 300, Bruker DPX 300, Bruker AMX 600, and Varian
400S with TMS as an internal standard. Infrared spectra were obtained
on a Perkin-Elmer 881, and mass spectra on a Finnigan MAT 90.
Melting points were determined on & & 530 and are uncorrected.
Microanalyses were carried out at the Humboldt Univétsitastitut
fur Chemie, Microanalytical Laboratory. Reactions were monitored by
thin-layer chromatography (TLC) using analytical silica gel 68,Bn
aluminum foil by Merck (Darmstadt) and visualized with ammonium
molybdate solution or by UV light. Preparative column chromatography
was carried out on glass columns of different size, packed with Merck
(Darmstadt) silica gel 60 (236400 mesh ASTM) or Merck silica gel
40 (35-70 mesh ASTM).

Analytical gas chromatography was performed using a Varian Star
3400 CX and a Shimadzu GC 14A; preparative gas chromatography
was carried out on a Siemens RGC 202 equipped with silicon OV-1
columns (10% on chromosorb; 4 m, 5.33 mm diameter).

Materials. n-Butyllithium (BuLi) was purchased from Chemetall,
Frankfurt/M, Germany, as a 1.6 M solution in hexane asd-
butyllithium (t-BuLi) from Acros and Aldrich as a 1.6 or 1.7 M solution
in pentane. Methyllithium (MeLi) containing LiBr in ether was prepared
from bromomethane and Li according to standard procedures. MelLi,
salt-free (1.6 M in ether), and sodium bis(trimethylsilyl)amidé, (1.0
M in THF) were obtained from Aldrich.

Tetracyclo[4.2.0.5”.0?"|octane (3) was prepared as reported earfier.

be expected that this reaction would lead to the [2.1.1]propellane  Synthesis of 1-Halo-7-(n-halomethyl)tricyclo[4.2.0 #]octanes 11.

derivative23. Although the parent [2.1.1]propellane has been

(a) 1-Bromo-7-trichloromethyltricyclo[4.2.0.0>7octane (113a). Tet-

observed spectroscopically by low-temperature matrix isolation racyclus 13 (2.20 g, 20.7 mmol) was mixed under nitrogen with

techniqué?® neither the parent nor derivatives of it have been

isolated, although their intermediacy has been invoked in several

cases>1® Under the premise tha23 cannot be isolated, a

trapping reagent had to be present in the formation reaction of

bromotrichloromethanel@a) (12.6 g, 63.5 mmol) and the solution was
stirred at room temperature for 48 h. The exces&2#Hwas removed
in vacuo and the oily residue purified by column chromatography in
petroleum ether, affordingla (5.02 g, 80%) as colorless oil, which

was distilled at 503C/2.0 x 10°°> mbar to give 4.21 g (67%) dflaas

23. t-BuLi was used successfully as a trapping reagent in this 5 waxy solid of mp 30°C.

case. The mixture of5cand 3 equiv ot-BuLi afforded after
aqueous workup a 1.7:1.0 mixturezBaand25bin 49% yield.
The mixture could be analyzed by analytical GC; preparative
GC gave only a partial separation, leading to the isolation of
two different fractions 25a25b 6:1 and 0.67:1), whose NMR

IR (KBr): #2946, 2925, 2910, 2877, 2863, 1470, 1444, 1241, 1178,
1154, 1129, 1108, 963, 883, 854, 790, 785, 742, 735, 678-CiH
NMR (300 MHz, CDC4): 6 1.50-2.40 (m, 6 H, 3-, 4-, 5-k), 2.26 (s,

2 H, 8-Hp), 2.95 (M, 2 H, 2-, 6-H)33C NMR (75 MHz, CDC}): 6
13.87 (t, C-4), 18.55 (t, C-3, C-5), 40.97 (s, C-1), 53.57 (s, C-7), 55.60

spectra allowed the structural assignments. The proposed(t C-8),63.00 (d, C-2, C-6), 96.33 (8Cl5). MS (70 eV, El): m/z (%)
reaction mechanism is shown in Scheme 1. This mechanism269 (1), 267 (1, M — CI), 189 (22), 188 (8, M — Br — Cl), 187

was supported by the reaction of dihalitled with 3 equiv of
t-BuLi. After aqueous workup, the ratio of produ@sa25b

was again determined to be 1.7:1.0. This result is consistent

with the interpretation that a common intermediate is involved
in both reactions, which could only be [2.1.1]propella&g&

Conclusions

Carbenes of typ®&, generated by loss of lithium halide of
carbenoidsb, rearrange by migration of GHor CH to the
carbenic carbon with formation of bridgehead olefihand8.

Our results indicate that the selectivity for these rearrangements

is low. In a consecutive rearrangement bridgehead ofdfinms
carbened, which is also generated selectively from alkehe
Carbend is stabilized by CH insertion into the axial 4-H bond
affording tetracyclic compounts. Results of DFT calculations
on the rearrangement & — 9 and on the alternative CH
insertion reactions of carber are in accordance with the

(14) Wiberg, K. B.; Walker, F. H.; Pratt, W. E.; Michl, J. Am. Chem.
Soc.1983 105 3638-3641.

(15) Morf, J.; Szeimies, GTetrahedron Lett1986 5363-5366.

(16) Fuchs, J.; Szeimies, €hem. Ber1992 125 2517-2522.

(38), 153 (32), 152 (27), 151 (67), 117 (45), 116 (50), 105 (44), 91
(39), 79 (41), 77 (59). §110BrCls (304.44): calcd C 35.51, H 3.31;
found C 35.57, H 3.41.

(b) 1-Bromo-7-tribromomethyltricyclo[4.2.0.0>7heptane (11b).
13(1.89 g, 17.8 mmol) and tetrabromomethd2é (7.00 g, 21.1 mmol)
were dissolved at- 78 °C in ether (10 mL) and kept at room temperature
under nitrogen for 48 h. Column chromatographic workup (petroleum
ether) affordedl1b (3.19 g, 41%) as a solid of mp 8B2 °C.

IR (KBr): #2949, 2938, 2924, 2901, 2858, 1441, 1224, 1178, 1150,
1095, 954, 880, 752, 734, 688, 682, 674, 654 tmH NMR (300
MHz, CDChk): ¢ 1.62-1.91, 2.23-2.38 (m, 6 H, 3-, 4-, 5-b), 2.33
(s, 2 H, 8-H), 2.97 (m, 2 H, 2-, 6-H)!3C NMR (75 MHz, CDC}): ¢
13.62 (t, C-4), 18.40 (t, C-3, C-5), 36.49, 39.80 (2 s, C-1, C-7), 55.83
(s, CBr3), 57.66 (t, C-8), 63.43 (d, C-2, C-6). MS (70 eV, Eljwz
(%) 280 (2), 279 (3), 278 (3), 277 (6), 276 (2,'M- 2 Br), 118 (37),
117 (100), 116 (53), 115 (48), 91 (51), 81 (48), 79 (67), 77 (36
Br, (437.79): caled C 24.69, H 2.30, Br 73.01; found C 24.45, H 2.73,
Br 73.74.

(c) 1-Bromo-7-bromodifluoromethyltricyclo[4.2.0.0*Joctane (119).
13(2.19 g, 20.6 mmol) and dibromodifluoromethatizc(12.6 g, 60.1
mmol) were mixed in a quartz Schlenk tube-at8 °C and irradiated
at room temperature fdl h with an UV quartz lamp using a filtef. (
> 300 nm). The solution was kept at room temperature for 48 h.
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Distillative workup affordedl1c(3.62 g, 56%) as a colorless liquid of
bp 25°C/2 x 107 mbar.

IR (film): #2949, 2910, 1390, 1308, 1267, 1184, 1158, 1133, 1112,
1088, 1057, 1042, 1028, 955, 895, 883, 863, 796, 601 ctdl NMR
(300 MHz, CDC#): 6 1.48-1.91 (m, 6 H, 3-, 4-, 5-b), 2.20 (s, 2 H,
8-Hy), 2.87 (m, 2 H, 2-, 6-H)}3C NMR (75 MHz, CDC}): ¢ 15.05 (t,
C-4), 18.98 (t, C-3, C-5), 41.47 (s, C-1), 48.08 {ier = 28.2 Hz,
C-7), 54.27 (t, C-8), 63.06 (d, C-2, C-6), 118.810sr = 304.0 Hz,
CBrF;). MS (70 eV, El): m/z (%) 237 (2), 235 (2, M — Br), 156
(29), 155 (100), 136 (24), 135 (65), 127 (81), 115 (51), 109 (32), 105
(30), 91 (98), 79 (35), 77 (68).4810Br2F, (315.98): calcd C 34.21, H
3.19, Br 50.58; found C 34.45, H 2.73, Br 50.24.

(d) 1-Bromo-7-dichloromethyltricyclo[4.2.0.¢*"|octane (11d). 13
(2.20 g, 20.7 mmol) and bromodichloromethah2d (10.4 g, 63.5
mmol) were allowed to react as described fdc Distillative workup
afforded11d (3.40 g, 61%) as a colorless oil of bp 2G/10°2 mbar.

IR (film): 72943, 2926, 2908, 2903, 2855, 1476, 1463, 1444, 1387,

"Btrand Szeimies

IH NMR (300 MHz, CDC}): 6 1.34 (d,2Jun = 11.1 Hz, 1 H, 5-Hnq9,
1.82 (d,2Jyn = 13.2 Hz, 1 H, 3-H), 1.97 (dn?Jun = 13.2 Hz, 1 H,
3-H), 2.08 (dm2Jyn = 11.1 Hz, 1 H, 5-H), 2.36, 2.40 (AB system,
2Jun = 6.8 Hz, 2 H, 9-H), 2.73 (m, 1 H, 6-H), 2.83 (m, 2 H, 2-, 4-H),
3.05 (m, 1 H, 7-H).23C NMR (75 MHz, CDC}): 6 27.14 (t, C-5),
33.45 (t, C-3), 39.17 (d, C-4), 48.10 (d, C-6), 51.84 (t, C-9), 53.22 (d,
C-7), 53.65 (s, C-1), 65.13 (s, C-8), 65.50 (d, C-2). MS (70 eV, El):
m/z (%) 199 (5), 197 (6, M — Cl), 155 (12), 153 (37, M — Br), 117
(86), 115 (44), 102 (35), 100 (100), 91 (34pHzBrClI (233.54): calcd
C 46.29, H 4.32; found C 46.51, H 4.19.

15hb IR (film): #2952, 2924, 2884, 2857, 1452, 1315, 1234, 1206,
1186, 1165, 1115, 1071, 1050, 1036, 1027, 999, 979, 924, 895, 862,
668, 601 cm.-*H NMR (300 MHz, CDC}): 6 1.09 (s, 3 H, Me),
1.29 (d,2nn = 11.3 Hz, 1 H, 5-Hnag, 1.70 (M, 2 H, 3-H), 1.93 (s, 2
H, 9-H,), 2.02 (dt,?Juy = 11.3 Hz, 1 H, 5-Hxo), 2.40 (m, 1 H, 2-H),
2.72 (m, 3 H, 4-, 6-, 7-H)13C NMR (75 MHz, CDC}): ¢ 15.43 (q,
C-10), 27.73 (t, C-5), 33.74 (t, C-3), 39.00 (d, C-4), 47.03 (d, C-6),

1262, 1215, 1177, 1154, 1121, 967, 946, 886, 784, 765, 738, 649, 60149.71 (s, C-1), 49.77 (t, C-9), 51.13 (d, C-7), 59.32 (s, C-8), 62.58 (d,

cm . *H NMR (300 MHz, CDC}): 6 1.73 (m, 6 H, 3-, 4-, 5-b),
2.19 (s, 2 H, 8-H), 2.74 (m, 2 H, 2-, 6-H), 5.92 (s, 1 H,KCl,). 2°C
NMR (75 MHz, CDCE): 6 16.20 (t, C-4), 19.12 (t, C-3, C-5), 43.19,-
4781 (2 s, C-1, C-7), 52.53 (t, C-8), 62.11 (d, C-2, C-6), 69.21 (d,
CHCI,). MS (70 eV, El): m'z (%) 237 (1), 235 (2), 233 (1, M— Cl),

199 (2), 197 (2), 193 (2), 191 (3), 189 (3,"M- Br), 153 (31), 125
(43), 117 (98), 115 (41), 105 (32), 91 (100), 79 (52), 77 (T2HG
BrCl, (270.00): calcd C 40.04, H 4.11; found C 41.08, H 3.92.

(e) 1-lodo-7-dichloromethyltricyclo[4.2.0.G"|octane (11€. 13
(1.70 g, 16.0 mmol) and iododichloromethai2e(5.00 g, 23.7 mmol)
were mixed at-78 °C and kept under Nfor 48 h at room temperature.
The excess of2ewas removed at 0C/2.0 x 10-° mbar and the dark-
green residue purified by column chromatography with petroleum ether,
leading tol11e(3.38 g, 67%) as a yellow oil.

IR (film): #2943, 2904, 2870, 2852, 1443, 1258, 1246, 1214, 1174,
953, 884, 764, 735, 600 cth 'H NMR (300 MHz, CDC}): 6 1.54—
1.81(m, 6 H, 3-, 4-, 5-b), 2.25 (s, 2 H, 8-H), 2.76 (m, 2 H, 2-, 6-H),
5.89 (s, 1 H, GICl,). *3C NMR (75 MHz, CDC}): 6 15.91 (t, C-4),
18.72 (s, C-1), 20.03 (t, C-3, C-5), 51.27 (s, C-7), 52.99 (t, C-8), 63.17
(d, C-2, C-6), 68.85 (dCHCI,). MS (70 eV, El): m/z (%) 191 (2),
189 (4, M" — 1), 127 (28), 117 (100), 115 (30), 91 (70), 77 (40)Ha:-

Cl,l (317.00): calcd C 34.10, H 3.50, Cl 22.37; found C 34.03, H 3.45,
Cl 22.65.

(f) 1-Bromo-7-dibromomethyltricyclo[4.2.0.(>"]octane (11f). 13
(4.41 g, 41.5 mmol) and bromoform2f (70.5 g, 280 mmol) were
reacted as described fdle affording 11f (8.72 g, 59%) as a pale
yellow oil. Neither further column chromatography nor preparative GC
(decomposition!) led to pure material.

IR (film): #3000, 2942, 2871, 2854, 2837, 1464, 1443, 1255, 1224,
1177, 1156, 1144, 1118, 1094, 964, 673, 658, 601'ctl NMR (300
MHz, CDCk): 6 1.71 (m, 6 H, 3-, 4-, 5-b), 2.20 (s, 2 H, 8-H), 2.70
(m, 2 H, 2-, 6-H), 5.89 (s, 1 H, BBr,). *C NMR (75 MHz, CDC}):

0 16.22 (t, C-4), 19.03 (t, C-3, C-5), 41.02 (@HBry), 42.34, 49.12 (2
s, C-1, C-7), 53.74 (t, C-8), 62.23 (d, C-2, C-6). MS (70 eV, Hiyz
(%) 281 (2), 279 (3), 277 (2, M— Br), 117 (48), 115 (36), 105 (31),
95 (43), 91 (95), 82 (86), 81 (69), 80 (86), 79 (100), 77 (6L}HBr;
(358.90): calcd C 30.12, H 3.09; found C 31.88, H 3.47.

Reaction of 11 with Strong Bases. (a) 11a and Meli, salt-free
To a solution ofl1a(3.04 g, 9.99 mmol) in ether (15 mL) kept in a
dry ice bath at-78 °C was added dropwise a solution of MeLi salt-
free (32.0 mL, 1.6 M, 51.2 mmol) in ether with stirring under nitrogen.
The mixture was allowed to warm to room temperature and stirring
continued for 12 h. The reaction flask was cooled in an ice-bath, and
water (10 mL) was slowly added under stirring. The layers were

C-2). MS (70 eV, El): mz (%) 133 (100, M — Br), 105 (43), 93
(12), 91 (64), 80 (90), 79 (33).:6H13Br (213.12): calcd C 56.36, H
6.15, Br 37.49; found C 56.37, H 6.19, Br 37.18.

(b) 11a and MeLi/LiBr: 11a(3.04 g, 10.0 mmol) and a solution
of MeLi/LiBr (51.1 mmol) in ether were allowed to react as described
above. The same workup procedure afforded after column chromatog-
raphy of the oily organic residue in the first fraction a 1:1 mixture of
15aand 1,8-dibromotetracyclo[4.3.6800*Inonane {50 (1.06 g, 41%)
and in the second fractiob5b (165 mg, 8%).15c was obtained pure
as a colorless oil by preparative GC (oven 1®0) helium flow 40
mL/min; retention time:15a, 25.7 min;15¢ 35.1 min).

15c IR (film): #2999, 2962, 2931, 2857, 1263, 1246, 1227, 1197,
1165, 1105, 1074, 1052, 1034, 1023, 1009, 993, 974, 917, 906, 890,
844, 634, 618, 601 cm. *H NMR (300 MHz, CDC}): ¢ 1.30 (d,
2Jyn = 11.3 Hz, 1 H, 5-K9, 1.79 (d,2Juy = 13.6 Hz, 1 H, 3-H),
1.98 (dm,2J4n = 13.6 Hz, 1 H, 3-H), 2.05 (dn?Jyy = 11.3 Hz, 1 H,
5-Hexo), 2.39, 2.46 (AB systen®lyy = 7.6 Hz, 2 H, 9-H), 2.70 (m, 1
H, 6-H), 2.83 (m, 1 H, 4-H), 2.88 (m, 1 H, 2-H), 3.13 (m, 1 H, 7-H).
3C NMR (75 MHz, CDC}): ¢ 27.06 (t, C-5), 33.36 (t, C-3), 39.26
(d, C-4), 47.96 (d, C-6), 52.54 (t, C-9), 54.09, 54.61 (2 s, C-1, C-8),
54.31 (d, C-7), 66.01 (d, C-2). MS (70 eV, Eliwz (%) 199 (26), 197
(26, M* — Br), 146 (32), 144 (35), 118 (41), 117 (100), 115 (32), 91
(28), 77 (13), 65 (19). €H10Br-» (277.99): calcd C 38.89, H 3.63; found
C 39.28, H 3.52.

(c) 11b and Meli, salt-free 11b (0.440 g, 1.01 mmol) and a
solution of MeLi, salt-free (5.0 mL of a 1.6 M solution, 8.0 mmol) in
ether were allowed to react as described above. The same workup
procedure afforded5c (151 mg, 54%) as a colorless oil, whose NMR
spectrum showed also a trace Idjb.

(d) 11d and sodium bis(trimethylsilyl)amide (14) 11d (0.920 g,
3.41 mmol) in ether (7.0 mL) was added dropwise under stirring to a
solution of14 (8.5 mmol) in THF (8.5 mL) which was kept in an ice
bath. Stirring was continued for 12 h at room temperature. After aqueous
workup, the residual oil of the organic fraction was flash-chromato-
graphed and distilled, giving5a (0.510 g, 64%) as a colorless oil of
bp 20-25 °C/0.001 mbar.

(e) 11e and sodium bis(trimethylsilyl)amide (14) 11e(0.450 g,
1.42 mmol) in 5 mL ether was added dropwise under stirrind.4o
(3.0 mmol in 3.0 mL of THF), cooled in an ice bath. After a reaction
time of 12 h at room temperature, aqueous workup and purification of
the residual oil by column chromatography afforded 1-iodo-8-
chlorotetracyclo[4.3.0%.0*lnonane {5d, 230 mg, 58%) as a pale
yellow oil.

15d: IR (film): #3069, 2999, 2938, 2922, 2852, 1475, 1431, 1188,

separated, the water layer was extracted three times with ether, and1176, 1120, 1089, 1029, 997, 862, 800, 759, 743, 696'cti NMR

the combined ether solutions were dried with MgS@fter removal
of the solvent the oily residue was purified by column chromatography
(silica, petroleum ether) and afforded 1-bromo-8-chlorotetracyclo-
[4.3.0.G8.0%Inonane 159 (1.07 g, 46%R- = 0.63) and 1-bromo-8-
methyltetracyclo[4.3.0%.0*Jnonane {5b) (0.187 g, 9% R = 0.69),
both as colorless liquids.

15a IR (film): #2999, 2961, 2931, 2857, 1263, 1245, 1225, 1195,
1166, 1035, 1022, 992, 972, 911, 901, 888, 839, 799, 625, 601 cm

(300 MHz, CDC): 6 1.38 (d,2Jun = 11.2 Hz, 1 H, 5-Hhned, 1.72 (d,
23y = 13.7 Hz, 1 H, 3-H), 1.89 (dn?Jun = 13.7 Hz, 1 H, 3-H), 2.08
(dm, 23 = 11.2 Hz, 1 H, 5-Hy), 2.38, 2.47 (AB systenily = 6.8

Hz, 2 H, 9-H), 2.73-2.88 (m, 4 H, 2-, 4-, 6-, 7-H)*C NMR (75
MHz, CDCE): 6 27.60 (s, C-1), 28.59 (t, C-5), 33.75 (t, C-3), 39.09
(d, C-4), 50.29 (d, C-6), 51.48 (d, C-7), 53.48 (t, C-9), 66.74 (d, C-2),
67.10 (s, C-8). MS (70 eV, El)mvz (%) 282 (1), 280 (4, M), 153
(22), 127 (41), 125 (86), 118 (16), 117 (94), 116 (16), 115 (72), 102
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(27), 100 (68), 91 (54), 78 (15), 77 (33)qMLicCll (280.54): calcd C
38.53, H 3.59; found C 38.73, H 3.60.

In a second experiment carried out as described aboveldé(i.80
g, 5.68 mmol) and 4 (14.0 mmol), 1.16 g (73%) af5d was isolated.

(f) 11f and sodium bis(trimethylsilyl)amide (14) A solution of
11f (3.60 g, 10.0 mmol) in ether (100 mL) was added dropwise to a
stirred solution ofL4 (25.0 mmol) in THF (25 mL), which was kept in
an ice bath. Stirring was continue for 12 h. Aqueous workup afforded
oily 15c (2.71 g, 97%), whoséH NMR spectrum did not show any
impurities. Distillation at 35C (bath)/2.0x 10~ mbar gavel5c(2.44
g, 88%) as a colorless liquid.

(9) Tetracyclo[4.3.0.6:8.0*lnonane (15€): Dibromide 15c (1.39
g, 5.00 mmol), trin-butyltinhydride (3.25 g, 11.2 mmol), and a trace
of azobisisobutyronitrile were irradiated in a quartz vessel8id at
room temperaturel(= 356 nm). Careful distillation affordeti5e(433
mg, 72%) as a colorless liquid, bp 7G/12 mbar.

15e H NMR (300 MHz, CDC}): 6 0.98 (d,2Jyn = 7.1 Hz, 1 H,
5-Hendg, 1.10 (d,2Jyn = 10.5 Hz, 1 H, 3-H), 1.45 (PJun = 12.2 Hz,

1 H, 9-H), 1.55 (dm2Jyy = 12.2 Hz, 1 H, 9-H), 1.72 (dn?Jun = 7.1

Hz, 1 H, 5-Hyo), 2.08 (dm2Jyy = 10.5 Hz, 1 H, 3-H), 2.24 (m, 1 H,
4-H), 2.36-2.42 (m, 2 H, 1-, 8-H), 2.53 (m, 1 H, 2-H), 2.58 (m, 1 H,
6-H), 2.91 (m, 1 H, 7-H)X%C NMR (75 MHz, CDC}): ¢ 30.07 (t,
C-5), 34.60 (t, C-3), 37.86 (d, C-6), 38.04 (t, C-9), 40.23 (d, C-4),
44.18 (d, C-7), 45.32, 46.07 (2 d, C-1, C-8), 49.60 (d, C-2). MS (70
eV, El): m/z (%) 119 (1, M — H), 91 (37), 79 (49), 77 (27), 66 (100).
CoH12 (120.19): calcd C 89.94, H 10.06; found C 89.25, H 10.36.

In a second identical experiment the irradiation time was only 4 h.
Besidesl5e the distillate contained a 3:2 mixture of monobromides
15fand15g This mixture was separated frobbeby preparative GC,
but could not be segregated into the pure components.

15f:3C NMR (75 MHz, CDC}): ¢ 28.76 (t, C-5), 35.30 (t, C-3),
39.62,40.73, 41.40 (3 d, C-1, C-4, C-6), 44.21 (t, C-9), 52.01 (d, C-7),
57.07 (d, C-2), 61.60 (s, C-8).

15g*C NMR (75 MHz, CDC}): § 28.04 (t, C-5), 35.49 (t, C-3),
39.48 (d, C-4), 42.18 (d, C-8), 43.98 (t, C-9), 44.09 (d, C-7), 46.82 (d,
C-6), 59.26 (d, C-2), 60.76 (s, C-1).

15f/g: CoH11Br (199.09): calcd C 54.30, H 5.57, Br 40.13; found
C 54.31, H 5.33, Br 40.60.

Reaction of 11 with Strong Bases in the Presence of Further
Trapping Reagents. (a) 11a and MeLi/LiBr in the presence of
cyclohexene or tetramethylethylene To 11a(1.52 g, 4.99 mmol),
dissolved in 100 mL of a 1:1 mixture of ether and cyclohexene or

J. Am. Chem. Soc., Vol. 121, No. 33, 1R&EB3

16: 'H NMR (300 MHz, CDC}): 6 1.40-1.75, 1.86-2.08 (2 m, 7
H, 6-H, 3-, 4-, 5-H), 2.17, 2.52 (2 m, 2 H, 9-§), 2.53 (m, 1 H, 2-H),
2.88, 2.96 (2 d2Juy = 14.8 Hz, 2 H, 3'-H), 4.09 (dd Iy = 8.3 Hz,
8Jun = 2.3 Hz, 1 H, 8-H), 5.19 (s, 2 H, 1'-§), 7.20-7.46 (m, 5 H,
aromatic H).13C NMR (75 MHz, CDC}): 6 12.23 (t, C-4), 19.62,
20.39 (2 t, C-3, C-5), 32.42 (t, C-3"), 47.56 (t, C-9), 51.18 (d, C-2),
53.21 (s, C-1), 53.32 (d, C-6), 61.10 (s, C-7), 61.45 (d, C-8), 116.34
(t, C-1"), 126.61, 128.17 (2 d, aromatic C), 127.55 (d, aromatic C),
142.46 (s, C-2'), 145.32 (s, aromatic C). The assigment of the NMR
signals is based ofH,'H COSY and'H,'3C HETCOR spectra. GC
MS (70 eV, El): mz (%) 317 (2), 315 (2, M — Cl), 273 (10), 271
(32, M* — Br), 236 (20), 235 (100), 193 (19), 155 (25), 153 (46), 131
(34), 119 (24), 118 (20), 117 (77), 115 (33), 105 (56), 103 (21), 91
(51), 77 (20)22C15tH4o™Br35Cl: caled 350.0437, found 350.0480 (HR
MS). $2Cg'H,0**Cl: calcd 271.1253, found 271.1234 (HRIS).

17: 'H NMR (300 MHz, CDC}): 6 0.92,1.18-1.48,1.72 (3 m, 6
H, 3-, 4-, 5-H), 1.62, 2.40 (2 m, 2 H, 9-§), 1.93, 2.47 (2 m, 2 H,
2-H, 6-H), 2.88, 2.95 (2 BJun = 13.9 Hz, 2 H, 3-H), 4.14 (s, 1 H,
7-H), 5.12, 5.39 (2's, 2 H, 1-p), 7.22-7.52 (m, 5 H, aromatic H).
13C NMR (75 MHz, CDC}): 6 16.15, 19.34, 21.41 (3 t, C-3, C-4,
C-5), 35.10 (t, C-3'), 48.82 (t, C-9), 52.39, 54.36 (2 d, C-2, C-6), 54.29
(s, C-1),57.22 (s, C-8), 63.56 (d, C-7), 115.79 (t, C-1"), 126.12, 128.45
(2 d, aromatic C), 127.81 (d, aromatic C), 140.77 (s, C-2'), 144.76 (s,
aromatic C). The assigment of the NMR signals is basedHiH
COSY andH,'3C HETCOR spectra. GC MS (70 eV, Elnz (%)

352 (2), 350 (2, M), 317 (5), 315 (5), 273 (22), 271 (63), 236 (20),
235 (100), 193 (15), 167 (21), 155 (37), 153 (78), 141 (15), 131 (31),
129 (19), 117 (47), 115 (28), 103 (25), 91 (49), 77 (231s'H20">
Br3Cl: calcd 350.0437, found 350.0361 (HRIS); 2Cig'H20*Cl:
calcd 271.1253, found 271.1249 (HMS).

18 3C NMR (75 MHz, CDC}): ¢ 15.99, 19.20, 19.48 (3 t, C-3,
C-4, C-5), 25.59 (t, C-3'), 26.00 (q, C-4’), 32.21 (s, C-2’), 44.99, 46.62,
50.86 (3 s, C-1, C-1', C-7), 53.28 (t, C-8), 62.63, 65.36 (2 d, C-2,
C-6), 126.09 (d, aromatic C 127.16, 128.21 (2 d, aromatic C), 141.17
(s, aromatic C).

19 IR (film): ¥ 3026, 2994, 2943, 2903, 2873, 2852, 1495, 1462,
1444, 1429, 1265, 1180, 1095, 1067, 1041, 1026, 943, 927, 884, 766,
699, 678, 664 cmi-. *H NMR (300 MHz, CDC}): 6 1.17 (d,2J= 6.4
Hz, 1 H, 3-H), 1.48 (s, 3 H, 4-H), 1.61 (d,2J = 6.4 Hz, 1 H, 3"-H),
1.58-1.93 (m, 6 H, 3-, 4-, 5-b), 2.24, 2.29 (AB systent] = 2.3 Hz,

2 H, 8-Hp), 2.63, 2.83 (2 m, 2 H, 2-H, 6-H), 7.22 (m, 5 H, aromatic
H). $3C NMR (75 MHz, CDC}): 6 16.84, 19.63, 19.95 (3t, C-3, C-4,

tetramethylethylene and cooled in a dry ice bath was added dropwiseC-5), 24.57 (g, C-4’), 27.66 (t, C-3"), 34.37 (s, C-2’), 44.51, 46.77,

under stirring a solution of MeLi (5.44 mmol) in ether. Stirring was
continued for 12 h at room temperature. Aqueous workup of both
experiments afforded an oily product, whose NMR spectrum showed
only signals oflla and15a 15b, and15c

(b) 11a and Meli, salt-free, in the presence ofi-methylstyrene:

To a solution oflla (1.10 g, 3.61 mmol) and-methylstyrene (50
mL) in ether (200 mL), cooled in a dry ice bath, was added dropwise
with stirring a solution of MeLi (salt-free, 4.00 mmol) in ether (75
mL) anda-methylstyrene (25 mL). Stirring was continued for 12 h at
room temperature. Aqueous workup afforded in the organic fraction a
slightly orange liquid, whose volatile parts were removed &t@gath)

and a vacuum up to 2.8 10°> mbar. The remaining oil was purified

by column chromatography (kieselgel, petroleum ether) leading to a
1:1 mixture of 1-bromo-8-chloro-7-(2-phenyl-2-propen-I-yl)tricyclo-
[4.3.0.¢*"Inonane 16) and 1-bromo-7-chloro-8-(2-phenyl-2-propen-1-
yhtricyclo[4.3.0.G-]|nonane 17) (80 mg, 6%).

In a second experiment, 8.85 g (29.1 mmol)ldfa were reacted
with 1.11 equiv of MeLi andx-methylstyrene and the workup procedure
was carried out as described above. Besitiésand 17, the NMR
spectrum of the crude oily product indicated the additional formation
of the stereocisomeric 1-bromo-7-(1-chloro-2-phenyl-2-methylcyclopropyl)-
tricyclo[4.2.0.G'Joctanesl8 and19. Column chromatography afforded
in the first fraction19 (160 mg, 1.6%). Obviouslyl9 did not survive
column chromatography. In the second fraction a mixturd®and
17 (419 mg, 4%) was obtained, which was contaminated by a small
amount of a third compound of unknown structure. This mixture was
subjected to a HPLC separation, which afforded 20 md.&fstill
contaminated by a side-product, and 20 mg of plife

49.72 (3 s, C-1, C-1', C-7), 54.54 (t, C-8), 64.58, 66.29 (2 d, C-2,

C-6), 126.63 (d, aromatic C), 128.13, 128.58 (2 d, aromatic C), 143.26
(s, aromatic C). MS (70 eV, El)m/z (%) 271 (1, M — Br), 236 (1),

235 (2), 141 (15), 129 (12), 115 (14), 106 (11), 105 (100), 103 (16),

91 (44), 79 (25), 78 (13), 77 (36).18120BrCl (351.71): calcd C 61.47,

H 5.73; found C 61.10, H 5.45.

Reaction of 15c and 15d withtert-Butyllithium. (a) 15c and
t-BuLi: To 15¢(530 mg, 1.91 mmol) in ether (10 mL) at78 °C was
added with stirring under nitrogen a solutiontéulLi in pentane (6.29
mmol, 3.70 mL of a 1.7 M solution). The mixture was stirred for 12 h
at room temperature. Aqueous workup followed by distillation of the
oily organic residue gave a 1.7:1 mixture ofteé3+-butyltetracyclo-
[4.3.0.G-8.0*Inonane 25a and Lltert-butyltetracyclo[4.3.0.%8.0*7-
nonane 25b) (180 mg, 53%) as a colorless liquid, bp 60 (bath)/
1073 mbar. Preparative GC allowed a partial separation of the isomers,
giving two mixtures (6:1 and 0.66:1), whose NMR spectra could be
assigned to the structur@da and 25h.

25a H NMR (300 MHz, CDC}): 6 0.84 (s, 9 H, Me), 1.03 (d, 1
H, 5-Hendg, 1.17 (d, 1 H, 3-H), 1.46 (d, 1 H, 9-H), 1.54 (m, 1 H, 9-H),
1.79 (m, 1 H, 5-Kx), 2.06 (m, 1 H, 3-H), 2.25, 2.32,2.39 (3 m, 3 H,
1-, 2-, 4-H), 2.58 (m, 1 H, 6-H), 2.78 (m, 1 H, 7-HFC NMR (75
MHz, CDCk): 6 27.52 (q, CCH3)s), 30.45 (t, C-5), 34.70 (t, C-3),
37.61 (t, C-9), 40.92, 40.97, 41.13 (3 d, C-1, C-4, C-6), 46.11 (d, C-7),
49.56 (d, C-2). The signals of the quartary C atoms could not be
determined with certainty. GC-MS (70 eV, Cliw'z (%) 176 (2, M),

175 (4), 135 (16), 133 (18), 121 (100), 119 (48), 107 (51), 105 (30).

25b: *H NMR (300 MHz, CDC}): 6 0.94 (s, 9 H, Me), 0.96 (d, 1
H, 5-Henad, 1.14 (d, 1 H, 3-H), 1.41 (d, 1 H, 9-H), 1.54 (m, 1 H, 9-H),



7484 J. Am. Chem. Soc., Vol. 121, No. 33, 1999

1.60 (m, 1 H, 5-K), 2.04 (m, 1 H, 3-H), 2.24 (m, 1 H, 2-H), 2.31 (m,
1H, 4-H), 2.40 (m, 1 H, 8-H), 2.49 (m, 1 H, 6-H), 3.00 (m, 1 H, 7-H).
13C NMR (75 MHz, CDC}): ¢ 28.09 (g, CCHs)s), 30.00 (t, C-5),
34.47 (t, C-3), 37.46 (t, C-9), 38.69, 39.77, 41.00 (3 d, C-4, C-6, C-8),
48.75 (d, C-7), 49.17 (d, C-2). The signals of the quartary C atoms
could not be determined with certainty. GC-MS (70 eV, Qt)z (%)

176 (2, M), 175 (6), 133 (23), 122 (29), 121 (45), 119 (40), 108 (27),
107 (100), 105 (36)25a/b Ci3H20 (176.30): calcd C 88.57, H 11.43;
found C 88.45, H 11.58.

(b) 15d andt-BuLi: 15d (673 mg, 2.40 mmol) anttBuLi (7.31
mmol, 4.30 mL of a 1.7 M solution in pentane) were allowed to react
as described above and afforded a 1.65:1 mixturgSafand 25b.

In a series of further experimeniscor 15d was reacted wittBulLi
and the product rati®5a25b determined by analytical GC with a
capillary column, which separate@5a and 25b completely. All
reactions were carried out with 200 mg (0.720 mmolR6& or 25b
and 2.21 mmol of-BuLi in 5.0 mL of ether at-78 °C under nitrogen
with stirring. After 12 h of stirring at 20C water was added at<C,
the phases separated, the ether layer dried with Mg8@ ether
solution directly injected into the vpc, and the peak area®5afand

"Btrand Szeimies

Table 5. 25a/25bRatios from15c and 15d with t-BuLi

compd runno. 25a/25b compd runno. 25a/25b
15c 1 1.69 15d 1 1.63
2 1.72 2 1.65
3 1.77 3 1.70
4 1.75 4 1.68
1.73+0.05 1.66+ 0.05

25b computer integrated. For each run, five injections were recorded;
the reproducibility was 0.5%. The results are given in Table 5. Within
the error limits, the product ratios of both series of experiments are
identical.
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