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Synthesis and Functionalization of New Tropanes Designed for Use as
Scaffolds in Combinatorial Chemistry
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The [4+3] cycloaddition reaction between alkyloxycarbonyl-
substituted pyrroles and o,a'-dibromo ketones in the pres-
ence of diethylzinc has been extended to a wide range of

substrates. The functionalization of the resulting tropanes
has been studied. It is demonstrated that such tropanes rep-
resent potentially useful scaffolds.

Introduction

The development of novel scaffolds is a key step in gener-
ating molecular diversity and is important in combinatorial
chemistry, especially with regard to the discovery of new
leads for medicinal chemistry.l'l Scaffolds are molecules
having a rigid skeleton that can be easily functionalized in
all spatial directions. Consequently, tropanes have attracted
our attention as potential candidates. Moreover, tropane-
type alkaloids are biologically active!>3! and, as far as we
are aware, only two “tropane-like” scaffolds have hitherto
been synthesized and used.*!

In view of the potential of this framework as a scaffold,
we initiated a research program in this area. We report here
our preliminary results dealing specifically with two com-
plementary aspects, the first being the development of a
general strategy for the synthesis of tropanes, for which we
chose to extend the [4+3] cycloaddition reaction between
zinc oxyallyl cations and pyrroles; the second aspect con-
cerns the scope and limitations of the functionalization of
tropane derivatives. The combination of these studies
should allow the design and preparation of tropanes that
can be substituted at will at each part of the skeleton, as
required for the preparation of libraries in combinatorial
chemistry.

Results

Methodological Study on the Reaction of Oxyallyl Zinc
Cations with Pyrroles

Among the various strategies available for the construc-
tion of the tropane skeleton,!>®! the most efficient and
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widely used is the [4+3] cycloaddition reaction between an
oxyallyl cation and a pyrrole (Scheme 1).
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Scheme 1

Of the various methods that are known to generate oxyal-
lyl cations, the reaction of diethylzinc with o,a’-dibromo
ketones appeared to be most promising. Indeed, reaction of
the resulting oxyallyl zinc cation with alkyloxycarbonylpyr-
roles yields the cycloadduct with high stereoselectivity and
in good yield.[”l Nevertheless, the latter reaction, involving
diethylzinc as an activator for the generation of the cation,
has not been widely studied and only a few examples have
been reported in the literature. We have therefore conducted
a systematic study of this reaction using five different a,a'-
dibromo ketones 1—5 and three different pyrroles 6—8
(Figure 1).
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Figure 1. Structures of dibromo ketones 1—5 and pyrroles 6—8

Dibromo ketones 1,181 2,01 31101 41111 and 5[!21 were pre-
pared from the corresponding ketones according to known
procedures. Pyrroles 6 and 8 are commercially available,
while pyrrole 7 was obtained from carboxypyrrole 9
(Scheme 2).
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Table 1. Cycloaddition of pyrrole 6 with dibromo ketones 1—3

Entry R, R’ DBK Et,Zn Conditions Total yield (%) del?l Yield of major DBK recov.
(n equiv.) (n equiv.) (%) isom. (%) (%)

a CH;, CH; 1(1.0) 1.0 3h,0°C 12 85 11ee n.a
17 h, room temp. (10)

a’ CH;, CH; 1(3.5) 1.0 3h,0°C 66 85 11ee n.a
17 h, room temp. (57)

a'’ CH;, CH; 1(3.0) 2.0 3h,0°C 69 90 11ee n.a
17 h, room temp. (n.c.)

a'’ CH;, CH; 1(5.0) 1.0 3h,0°C 88 85 11ee 50
17 h, room temp. (81)

b Ph, CH; 2 (1.5) 1.5 0.5h add. 3h, 0 °C 74 90 12ee
17 h, room temp. (69)

c Ph, H 3(2.0) 2.0 3h,0° 77 57 13e
17 h, room temp. (59)

¢ Ph, H 3(2.2) 2.0 3h, —15°C 70 78 13e n.a.
17 h, room temp. (n.c.)

c”’ Ph, H 3(1.5) 1.5 3h, —15°C 50 87 13e n.a.
17 h, room temp. (42)

[al Determined by GC analysis of the crude mixture.

Pyrrole 6 was first treated with dibromo ketones 1—3
(Scheme 3). The results are summarized in Table 1.

COZCH:, C02CH3
9 CO,CH,
R R N _ Buzn
T T

Br Br Toluene
1: R=R'=CH; 6 1lee 11aa
2: R=Ph, R'=CH; 12ee 12ee
3: R=Ph, R'=H 13e 13a

Scheme 3

Initially, we subjected compound 1 to the conditions de-
scribed by Mann.”! A mixture of two diastereoisomers
(11ee and 11aa) was isolated with fairly high diastereoselec-
tivity, but in low yield (12%; entry a). Consequently, the
reaction conditions were varied (entries a’, a’’, a’’’) and it
was found that a large excess of the a,a’-dibromo ketone is
required to obtain an improved yield. The products have
been described previously in the literature;['’] 11ee bears
two equatorial substituents at C2 and C4, while 11aa bears
two axial substituents at these positions.

The reaction of 6 with dibromo ketone 3 also gave a mix-
ture of two diastereoisomers, 13e and 13a. However, in this
case, only a twofold excess of 3 was required to obtain a
good yield (entry c). From further results (entries ¢’ and
¢’’), it is clear that the reaction temperature has an influ-
ence on the diastereoselectivity. The configurations of the
phenyltropanes 13a and 13e have been assigned on the basis
of an X-ray crystal structure analysis of isomer 13e.

In the case of ketone 2, only a slight excess of the reagent
was necessary to obtain a mixture of two diastereoisomers,
12ee and 12aa, in good yield and with high diastereoselec-
tivity (entry b). The configurations of phenyltropanes 12aa
and 12ee were assigned through comparison of the 'H and
13C NMR spectra of 12aa, 12ee, 13a, and 13e. The 'H sig-
nals of the equatorial CHPh protons were observed upfield
(0 = 3.28 for 12aa, 6 = 3.33 for 13a) from those of the
axial CHPh protons (6 = 3.79 for 12ee, 6 = 3.77 for 13e).
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It is worth noting that the reaction of 6 with dibromo
ketone 3 offers the possibility of directly synthesizing a tro-
pane unsubstituted at C2 or C4. Such compounds have
been prepared previously, but only in two steps starting
from tetrabromo ketones.[”]

The influence of a substituent on the pyrrole ring was
also examined. To this end, the protected aldehyde 7 was
selected. While its reaction with ketone 1 led to a mixture
of two diastereoisomers (14ee and 14aa), the dissymmetric
dibromo ketones 2 and 3 yielded two major regioisomers
(15ee, 16ee and 17e, 18e, respectively) along with many
other compounds (Scheme 4).

COZCH3
o CO;CH, CQ,CH CQ;CH,
Rw)j\( Q\&
Br Br EIZZn o 0 0
(6]
Toluene k/
1: R=R'=CH; 14ee 14aa
2: R=Ph, R'=CH; 15ee 16ee
3: R=Ph, R'=H 17e 18e
Scheme 4

The configurations of the major isomers were established
on the basis of 'TH NMR spectra (for Supporting Informa-
tion see footnote on the first page of this article) and an X-
ray crystallographic analysis of compound 15ee.

The configuration of 17e was deduced by comparing the
chemical shift of its CHPh proton signal with that of the
corresponding signal of 15ee (6 = 4.39 for 15ee, & = 4.37
for 17e). Similarly, the configurations of 16ee and 18e were
established through comparison of the chemical shifts of
the CHPh proton signals for 16ee, 18e, 12ee, and 13e (0 =
3.89 for 16ee, & = 3.91 for 18e; 6 = 3.79 for 12ee; 6 = 3.77
for 13e).

It was not possible to isolate the minor isomers in pure
form. Nevertheless, the NMR spectra of the crude mixture
showed signals consistent with the structures of diastereo-
isomers of previously characterized diequatorial com-
pounds.

Eur. J. Org. Chem. 2000, 3909—3918
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Table 2. Cycloaddition of pyrrole 7 with dibromo ketones 1—3

Entry R, R’ DBK Et,Zn Conditions Total yield (%)  Isomeric ratiol®l Yield of major isom. (%)
(n equiv.)  (n equiv.)
a CHs, CH; 1 (5.0) 1.0 3h,0°C 81 93:7 -
17 h room temp.
a’ CH;, CH; 1 (3.5) 1.0 3h,0 68 93:7 14ee
17 h room temp. (61)
b Ph, CH; 2 (2.0) 2.0 3h, 0 °C 50 10.5:2.5:1.7:1.7:1.2:1:1  15ee/16ee
17 h, room temp. (20:5)
C Ph, H 3(2.0) 2.0 3h,0°C 50 20:12.5:1:1 17e/18e
17 h, room temp. (20:12)

[al Established from GC analysis or high-temperature '"H NMR spectroscopy of the crude mixture.

The results are summarized in Table 2.

From these results, we conclude that the presence of the
acetal function is compatible with the reaction conditions
and does not change the reactivity.

Finally, the use of scaffolds in combinatorial chemistry
requires the presence of protecting groups that can be easily
and selectively removed. The methoxycarbonyl group is
usually cleaved under rather drastic conditions,>'¥ while
the rert-butyloxycarbonyl group (Boc) is eliminated under
milder conditions and is therefore, a priori, more suitable
for use in combinatorial chemistry. In order to demonstrate
the compatibility of this group with the [4+3] cycloaddition
reaction, we reacted pyrrole 8 with dibromo ketones 1—5.

The reactions gave mixtures of three diastereoisomers,
with the ee isomer being the major product (Scheme 5). The
results are summarized in Table 3.

O Boc
R R 111 B
* \
Br Br Toluene

1: R=R'=CH; 8 19ee 19aa 19ea
2: R=Ph,R'=CH; 20ee 20aa 20ea
3: R=Ph, R'=H 21e 21a

4: R=R'=Ph 22¢e 22aa 22ea
5: R=R'=CH,Ph 23ee 23aa 23ea
Scheme 5

Table 3. Cycloaddition of pyrrole 8 with dibromo ketones 1—5

Comparison of these results (Table 3) with those ob-
tained using methoxycarbonylpyrroles (Table 1) shows that
the two pyrroles 6 and 8 exhibit similar reactivities. The
reaction remains diastereoselective, although the formation
of a very small amount of a third diastereoisomer is ob-
served.

In the case of dibromo ketone 5, the reaction is highly
diastereoselective as only traces of another isomer were de-
tected (entries e, e’). The results presented in entries d and
d’ clearly show that dibromo ketone 4 exhibits a completely
different reactivity to that of dibromo ketones 1, 2, 3, and
5. The reaction of 4 with 8 proceeded readily, affording a
mixture of products, of which only two were amenable to
separation and characterization. The expected tropane 22ee
was isolated in low yield (10—12%), along with pyrrole 24
(18%), which arises from an electrophilic substitution reac-
tion!!! (Scheme 6).

]|30c
OZnln N {+ N-Boc VH T \p
Ph ~ N Boc
Ph Ph + \ ) — / —_— O
2/ H,0
Ph OZnLn PH Ph
8 24
Scheme 6

Interestingly, we found that the more electrophilic oxyal-
lyliron cation!!! (entry d’’) gave a mixture of cycloadducts
22ee and 22ea in an acceptable yield (58%) accompanied by
just 6% of 24.

Entry R, R’ DBK Activator Conditions Total yield (%) Isomeric ratio®! Yield ee isom. (%)
(n equiv.) (n equiv.) eelaalea

a CH;, CH; 1(3.8) Et,Zn (1.0) 3h,0°C 69 92:5:3 63
17 h, room temp.

b Ph, CH; 2 (1.5) Et,Zn (1.5) 6h, —10 °C 76 90:8:2 65
to +10 °C

c Ph, H 3(2.0) Et,Zn (2.0) 6h, —15°C 61 90:10 51
to +10 °C

d Ph, Ph 4 (1. 5) Et,Zn (1.5) 1h,0°C <10 - <10

d’ Ph, Ph 4(0.2) Et,Zn (0.2) 1h,0°C 12 - 12

d"” Ph, Ph 4 (0. 33) Fe,(CO)y (0.5) room temp. 58 4:0:3 n.a.

e Bn, Bn 5(L.5 Et,Zn (1.5) 6h,0°C 33 >97/<3/— -

e’ Bn, Bn 5 (3. ) Et,Zn (2.0) 6h,0°C 84 >97/<3/— -

[al Established from GC analysis or high-temperature 'H NMR spectroscopy of the crude mixture.
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Functionalization of the Tropane Framework

To extend the utility of tropanes as scaffolds, it was neces-
sary to study the functionalization of these molecules.
Many reactions have already been reported in the literature,
but  essentially only on  non-substituted  tro-
panes.[+364.7.14.16]

We have focused our efforts on reactions that have been
less well studied yet can be expected to offer a great poten-
tial for diversity, specifically the addition of electrophiles at
the carbon o to the carbonyl group, the addition of nucleo-
philes to the carbonyl group, and selective deprotection of
the nitrogen atom and the acetal group. It is interesting to
note that these reactions have been performed on C-2 and/
or C-4 substituted tropanes.

Nucleophilic Additions to the Carbonyl Group

First, we studied the reduction of the C=0 bond. Addi-
tion of DIBAL-H to compounds 13e, 14ee, and 20ee at low
temperature provided alcohols 25, 26, and 27 in very high
yields. In these examples, only one diastereoisomer could
be detected (Scheme 7). However, the reduction proved to
be less stereoselective when performed with NaBH, (dr =
2:1). In contrast, the carbamate group was not affected un-
der these conditions.

CO,R’? COR’
N N
1 R! Dibal-H ; R!
-80°C to -40°C
R N Toluene, -80°C to r2 )
% OH

25
14ee : R =R' = CH;, R? = CH(CH,0),, R’ =CH; 26

27 (869

13¢:R=Ph,R' =R?>=H,R*=CH,

20ee :R=Ph, R'=CH;, R*=H,R*=Bu
Scheme 7

The addition of organometallic species to the carbonyl
group was also studied (Scheme 8).

CO,CH;, CO,CH,
N N
"R2 M"
f Ph f Pth
) THEF, -80°C to -30°C N
R0 OH
Scheme 8

The reaction gave the corresponding a-alcohols in a
highly stereoselective manner, albeit in only moderate yields
(20—54%). The reactions did not reach completion and
large amounts of the starting ketone were recovered
(30—50%). The results are summarized in Table 4.

Attempts to drive the reaction to completion by adding
LiBr (entry c), changing the nature of the metal (entry f),
using a less bulky nucleophile or a less bulky ketone (entries
d and g, respectively), or by using a less basic nucleophile
(entry e) were unsuccessful. These results give an indication
as to the limitations of addition to the carbonyl group and
are in good agreement with recent literature data.[']

Addition of Electrophiles at the Carbon a to the Carbonyl
Group: Aldol Reaction and Alkylation

The aldol reaction was performed on ketones 11ee, 12ee,
and 13e (Scheme 9).

The results are summarized in Table 5.

Reaction of ketones 11ee and 13e gave the aldol products
as mixtures of two diastereoisomers (31a, 31b and 32a, 32b,
respectively) in good overall yields. The stereochemical as-
signment was confirmed by converting the diastereoisom-
eric mixture of 31la and 31b into a single ketone 33
(Scheme 10).

Unexpectedly, the aldol reaction was not successful in the
case of ketone 12ee, possibly due to steric hindrance.

Methylation at the carbon o to the carbonyl group was
also performed on ketones 1lee, 12ee, and 13e. While the
alkylation of 1lee cleanly afforded compound 34
(Scheme 11), the corresponding reactions of compounds
12ee and 13e provided mixtures of products. From the
NMR spectra, it became apparent that the expected com-
pounds were formed along with products of dialkylation,
thus making these reactions less useful from a synthetic
point of view.

OH Swern 0

Oxydation

9 5

31a+31b :3/5
Scheme 10

Table 4. Addition of organometallic species on tropanes 12ee and 13e

Entry R! Tropane R>M (n equiv.) Alcohol Isol. yield Start. mater.
(%) recov. (%)
a CH3 12ee MelLi (1.5) 28 52 37
b CH; 12ee MelLi (2.5) 28 50 37
c CH; 12ee MeLi/LiBr (1.5) 28 50 29
d CH; 12ee Me;Si—C=C-Li (2.0) 29 20 34
e CH; 12ee Me;Si—C=C—CeCl, (2.0) 29 21 38
f CH; 12ee CH;MgI (1.5) 28 54 30
g H 13e MeLi/LiBr (1.5) 30 27 49
3912 Eur. J. Org. Chem. 2000, 3909—3918
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Table 5. Aldol reactions on tropanes 11ee, 12ee and 13e

Entry R, R! Ketone  Conditions Total yield (%)  drf®  Maj. diast. (yield %)  Start. mater. recov. (%)
a CH;, CH;  1lee PhCHO (1.5 equiv.), 89 3:1 31a 6
—50 to =20 °C (2 h) (67)
b Ph, CH; 12ee PhCHO (7.0 equiv.), 0 - - 88
—50 °C to room temp.
c Ph, H 13e PhCHO (1.5 equiv.), 71 4:1 32a 16
—80 to —20 °C (2 h) (57)

[al Diastereoisomeric ratio established from 'H NMR spectra of the crude mixture.

CO,CH; C\02CH3
\
N N Ph
LDA (1.5 eq.
; Rr! ( q.) R] OH
PhCHO
R "o THF R %o
1lee: R=R'=CH; 31a+31b
12ee : R=Ph,R' = CH;
13¢: R=Ph,R'=H 32a +32b
Scheme 9
CO,CHy CO,CH;
N N
LDA (1.0 eq.)
—— e
! Mel (2.0 eq.) !
0 THF, -50°C to -20°C o
11ee 34
Scheme 11

Selective Deprotection of the Acetal Group and Nitrogen
Atom — Functionalization of the Latter

As the cycloadducts are unstable under various condi-
tions,['”] further studies were conducted on the benzyl ether
derivatives 35, 36, and 37 (Scheme 12).

COR? COR’
N N
) BnBr, NaH 1
/ R / R
R R THF / DMF Y
OH OBn
25: R=Ph,R'=R*=H,R’=CH, 35 (88%
26 : R=R'=CH,, R’ = CH(CH,0),, R’ = CH, 36
27: R=Ph,R'=CH;,R*=H,R’=Bu 37
Scheme 12

Thus, the lateral C-3 acetal chain of compound 36 was
efficiently deprotected using formic acid, without affecting
the other protecting groups. The aldehyde 38 was isolated
in 98% yield and could be transformed to the primary alco-
hol 39 in the presence of sodium borohydride (Scheme 13).

COZCH3 C02CH3 COZCH3
_HCO,H, H,0 _ NaBH,
T h,rt. MeOH
(989 (8359 oOH OBn
36 38
Scheme 13
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Deprotection of the methylcarbamate was subsequently
undertaken. Reaction of compound 35 with Red-Al” was
expected to give the deprotected amine, but afforded instead
the methylamine 40 in high yield (Scheme 14).

CO,CH, -

N CHs N N
- Me;Sil (4.0 eq.
’ Ph Red-Al / R 3Sil { i ) R
Toluene, 24 h, rt. g2 R CH,Cly, 0°C R? R
OBn OBn OBn
40 80 % 35: R=Ph,R'=,R’=H a1 (50%
36: R=R'=CH, R?=CH(CH,0), 42 (529
Scheme 14

Alternatively, treatment of compounds 35 and 36 with
Me;Sil Bl produced amines 41 and 42 in fairly good yields.
It is noteworthy that the acetal group of 36 was not affected
under these conditions (Scheme 14) and thus this com-
pound possesses three orthogonal protecting groups.

It was expected that the Boc group could be cleaved more
easily under less drastic conditions. Indeed, deprotection of
the nitrogen in 37 with TFA gave amine 43 in very high
yield (Scheme 15).

B\oc 0
N N’
0,
; Ph TFA (30 %) Ph
CH,Cl,
37 OBn 43 OBn
Scheme 15

Finally, amines 41 and 42 were converted into ethers 44,
45 and amides 46, 47 in order to verify that the nitrogen is
indeed a potential site for the introduction of diversity
(Scheme 16).

COPh
_ NaH /BuBr PhCOCl
Et3N THF
OBn
4 (7199 41 R= HR‘—PhR2 46 (949
45 42 R=R'=CH,, RZ:CH(OCHZ)Z 47
Scheme 16
Conclusion

We have extended the [4+3] cycloaddition reaction of
a,0’-dibromo ketones with pyrroles in the presence of di-
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ethylzinc to a wide range of substrates. In particular, we
have shown that the presence of an acetal substituent at the
C-2 position of pyrroles has no influence on the reactivity
and that the formerly used methoxycarbonyl-urethane pro-
tecting group can be replaced by the more easily removed
Boc group. Even though some limitations remain, it is clear
that the skeleton of such cycloadducts can readily be func-
tionalized in various positions.

Thus, tropanes represent good candidates as scaffolds.
The preparation of tropane libraries is currently in progress
and the relevant results will be reported in due course.

Experimental Section

General: All reactions were carried out under dry nitrogen, unless
mentioned otherwise. Standard syringe techniques were employed
for the transfer of dry solvents and air- or moisture-sensitive re-
agents. — Melting points are uncorrected. — IR spectra were deter-
mined on a Nicolet 205 FT-IR spectrophotometer; absorption
bands are given in cm™!. — NMR spectra were obtained at
400 MHz on a Bruker ARX 400 instrument using deuteriochloro-
form as solvent (unless specified otherwise). Chemical shifts (3) are
given in ppm relative to tetramethylsilane (6 = 0) for spectra run
in deuteriochloroform or to an internal standard of (residual pro-
tons in) the solvent for those run in deuteriobenzene (6 = 7.20
and 128.7) and deuteriotoluene (6 = 2.09 and 20.4). — C and H
microanalyses were provided by the “Service de Microanalyse”
I.C.S.N. — C.N.R.S,, Gif-sur-Yvette, France. — High-resolution
mass spectra (HRMS) were measured at the “Centre Régional de
Mesures Physiques de I’'Ouest” on a Varian MAT 311 spectrometer
operating at 70 eV. — Crystallographic data were obtained using
an Enraf—Nonius CAD 4 diffractometer. Crystal data are given in
Table 1 (for 13e) and Table 2 (for 15ee). — Merck silica gel 60H was
used for column chromatography. TLC was performed on Merck
0.25 mm silica gel 60 F,s4 plates (analytical). Compounds on chro-
matography plates were visualized by spraying with a solution of
5% p-anisaldehyde, 5% sulfuric acid, and 0.1% acetic acid in eth-
anol followed by heating. — GC analyses were carried out on an
HP 5890A system equipped with an HP1 column (cross-linked
methyl siloxane), 30 m X 0.32 mm X 0.25 um film thickness (reten-
tion times are reported in minutes). — Ethyl acetate and petroleum
ether (40—60 °C) were distilled before use. Tetrahydrofuran (THF)
and diethyl ether were freshly distilled from sodium benzophenone
ketyl prior to use. Toluene and methanol were freshly distilled from
sodium; dichloromethane and acetonitrile were dried and distilled
from CaH, before use.

Crystallographic Data for 13e and 15ee: Crystallographic data (ex-
cluding structure factors) for the structures reported in this paper
have been deposited with the Cambridge Crystallographic Data
Centre as supplementary publication nos. CCDC-149189 (13e) and
CCDC-149190 (15ee). Copies of the data can be obtained free of
charge on application to the CCDC, 12 Union Road,
Cambridge CB2 1EZ, U.K. [Fax: (internat.) +44 (0)1223/336033;
E-mail: deposit@ccdc.cam.ac.uk].

Spectroscopic characterization data for all new compounds are
given in the Supporting Information.

Methyl 2-Formyl-1H-pyrrole-1-carboxylate (10): To an ice-cooled
solution of 4-(dimethylamino)pyridine (256 mg, 2.00 mmol) and
pyrrole-2-carboxaldehyde (2.00 g, 21 mmol) in dry acetonitrile
(10 mL), dimethyl pyrocarbonate (4.52 mL, 42 mmol) was added

3914

dropwise. The solvent was then removed under reduced pressure
and the residue was purified by flash chromatography on silica gel
(toluene/diethyl ether/triethylamine, 4:1:0.2) to give the required
product 10 (1.16 g, 36%) as a yellow oil.

Methyl 2-(1',3'-Dioxolan-2-yl)pyrrole-1-carboxylate (7). — Prepara-
tion of the p-Toluenesulfonic Acid Catalyst: p-Toluenesulfonic acid
hydrate (100 mg) was refluxed with benzene (200 mL) in an appar-
atus fitted with a Dean—Stark head for 2 h until a clear solution
was obtained and no further water was azeotropically distilled. The
catalyst solution thus obtained proved to be very hygroscopic and
had to be protected from moisture.

Preparation of the Pyrrole Acetal: Pyrrole 10 (500 mg, 3.26 mmol)
and an excess of ethylene glycol (430 pL, 7.84 mmol, 2.4 equiv.)
were dissolved in benzene (30 mL) and the resulting solution was
refluxed in an apparatus fitted with a Dean—Stark head for 30 min.
Reflux conditions were maintained as the aforementioned p-tolu-
enesulfonic acid catalyst solution (10mL, 0.03 mmol, 8-1073
equiv.) was added dropwise over a period of 30 min. The progress
of the reaction was followed by gas chromatography (50 °C/5 min
— 200 °C, 10 °C/min). After 2 h, the reaction mixture was allowed
to cool to room temperature, quickly washed with several portions
of 5% aqueous sodium hydrogen carbonate solution, and then
dried (MgSO,). Removal of the solvent gave the crude acetal, which
was purified by column chromatography on silica gel (petroleum
cther/ethyl acetate, 2:1) to give compound 7 (g = 17.0 min,
440 mg, 69%) as an orange oil.

[4+3] Cycloaddition with Diethylzinc. — General Procedure: To an
ice-cooled solution of the o,0’-dibromo ketone and the alkyl pyr-
role-1-carboxylate in dry toluene, a 1 M solution of diethylzinc in
hexane was added dropwise. The mixture was stirred at 0 °C for
3 h and at room temperature for 17 h, and then poured into an ice-
cooled saturated solution of Na,EDTA. The resulting mixture was
extracted three times with ethyl acetate, and the combined extracts
were dried (MgSQO,) and concentrated under reduced pressure to
leave the crude cycloadduct mixture. The diastereoselectivity of the
reaction was determined by '"H NMR (high temperature) or GC
analysis of the crude mixture. The products were isolated by col-
umn chromatography on silica gel.

Methyl 2a,40-Dimethyl-3-0xo0-8-azabicyclo[3.2.1]oct-6-ene-8-carb-
oxylate (1lee) and Methyl 2p,4f-Dimethyl-3-oxo-8-azabicy-
clo[3.2.1]oct-6-ene-8-carboxylate (11aa): These products were ob-
tained from the reaction of 2,4-dibromopentan-3-one 1 (689 pL,
5.00 mmol, 5.0 equiv.) and methyl pyrrole-1-carboxylate 6 (112 pL,
1.00 mmol) with 1 m diethylzinc (1.00 mL, 1.00 mmol, 1.0 equiv.)
in toluene (80 mL). The diasterecoisomeric excess (de = 85%) was
established by GC analysis (50 °C/5 min — 200 °C, 10 °C/min). The
crude mixture was purified by column chromatography on silica gel
(petroleum ether/ethyl acetate, 4:1) to give compound 1lee (fg =
17.2 min, 171 mg, 81%) followed by compound llaa (x =
16.6 min, 14 mg, 6%), both as white solids.

Methyl 20a-Methyl-3-0xo0-4a-phenyl-8-azabicyclo[3.2.1]oct-6-ene-8-
carboxylate (12ee) and Methyl 2f-Methyl-3-o0xo-4f-phenyl-8-azab-
icyclo[3.2.1]oct-6-ene-8-carboxylate (12aa): These products were
obtained from the reaction of 1,3-dibromo-1-phenylbutan-2-one 2
(2.75 g, 9.00 mmol, 1.5 equiv.) and methyl pyrrole-1-carboxylate 6
(675 pL, 6.00 mmol) with 1 M diethylzinc (9.00 mL, 9.00 mmol, 1.5
equiv.) in toluene (120 mL). The diastereoisomeric excess (de =
90%) was established by GC analysis (50 °C/5 min — 200 °C, 10
°C/min). The crude mixture was purified by column chromato-
graphy on silica gel (toluene/diethyl ether, 100:12) to give com-
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pound 12aa (rg = 16.9 min, 84 mg, 5%) followed by compound
12ee (rg = 18.5min, 1.01 g, 69%), both as pale-yellow syrups.

Methyl 3-Oxo-2a-phenyl-8-azabicyclo[3.2.1]oct-6-ene-8-carboxylate
(13e) and Methyl 3-Oxo-2p-phenyl-8-azabicyclo[3.2.1]Joct-6-ene-8-
carboxylate (13a): These products were obtained from the reaction
of 1,3-dibromo-1-phenylpropan-2-one 3 (2.34 g, 8.00 mmol, 2.0
equiv.) and methyl pyrrole-1-carboxylate 6 (450 pL, 4.00 mmol)
with 1w diethylzinc (8.00 mL, 8.00 mmol, 2.0 equiv.) in toluene
(80 mL). The diastereoisomeric excess (de = 57%) was established
by GC analysis (50 °C/5min — 200 °C, 10 °C/min). The crude
mixture was purified by column chromatography on silica gel (pet-
roleum ether/ethyl acetate, 3:1) to give compound 13a (g =
16.8 min, 154 mg, 15%) followed by compound 13e (tg = 17.8 min,
606 mg, 59%), both as orange oils. Compound 13e was crystallized
(dichloromethane/hexane) to give orange crystals.

Methyl  1-(1',3'-Dioxolan-2'-yl)-2a,4a-dimethyl-3-oxo-8-azabicyclo-
[3.2.1]oct-6-ene-8-carboxylate (14ee) and Methyl 1-(1',3’-Dioxolan-
2'-yl)-2p,4p-dimethyl-3-0xo0-8-azabicyclo[3.2.1]oct-6-ene-8-
carboxylate (14aa): These products were obtained from the reaction
of 2,4-dibromopentan-3-one 1 (1.3 mL, 9.40 mmol, 3.5 equiv.) and
methyl 2-(1',3’-dioxolan-2-yl)pyrrole-1-carboxylate 7 (530 mg,
2.70 mmol) with 1 m diethylzinc (2.70 mL, 2.70 mmol, 1.0 equiv.)
in toluene (60 mL). The diastereoisomeric excess (de = 86%) was
established by GC analysis (50 °C/5 min — 200 °C, 10 °C/min). The
crude mixture was purified by column chromatography on silica gel
(petroleum ether/ethyl acetate, 2:1) to give compound 14ee (tx =
23.8 min, 460 mg, 61%) followed by compound 14aa (rp =
23.4 min, 30 mg, 4%), both as white solids.

Methyl 1-(1',3'-Dioxolan-2’'-yl)-4a-methyl-3-0xo-2a-phenyl-8-aza-
bicyclo-[3.2.1]oct-6-ene-8-carboxylate (15ee) and Methyl 1-(1',3'-Di-
oxolan-2'-yl)-20-methyl-3-oxo-4a-phenyl-8-azabicyclo[3.2.1]oct-6-ene-
8-carboxylate (16ee): These products were obtained from the reac-
tion of 1,3-dibromo-1-phenylbutan-2-one 2 (1.4 g, 4.57 mmol, 2.0
equiv.) and methyl 2-(1’,3’-dioxolan-2-yl)pyrrole-1-carboxylate 7
(450 mg, 2.29 mmol) with 1 M diethylzinc (4.60 mL, 4.60 mmol, 2.0
equiv.) in toluene (50 mL). The diastereoisomeric ratio (dr =
1:1:1.2:1.2:1.7:1.7:2.5:10.5) was established by '"H NMR analysis
(CeDg, 333 K). The crude mixture was purified by column chroma-
tography on silica gel (diethyl ether/petroleum ether, 2:1 — 3:1) to
give compound 15ee (204 mg) followed by compound 16ee (40 mg,
5%), both as white solids. Compound 15ee was crystallized (diethyl
ether/hexane) to give white crystals (160 mg, 20%).

Methyl 1-(1',3'-Dioxolan-2’-yl)-3-ox0-2a-phenyl-8-azabicyclo|3.2.1]-
oct-6-en-8-carboxylate (17¢) and Methyl 1-(1',3'-Dioxolan-2'-yl)-3-
oxo-4a-phenyl-8-azabicyclo|3.2.1]oct-6-en-8-carboxylate (18e):
These products were obtained from the reaction of 1,3-dibromo-1-
phenylpropan-2-one 3 (1.33 g, 4.57 mmol, 2.0 equiv.) and methyl
2-(1',3’-dioxolan-2-yl)pyrrole-1-carboxylate 7 (450 mg, 2.29 mmol)
with 1w diethylzinc (4.60 mL, 4.60 mmol, 2.0 equiv.) in toluene
(50 mL). The diastereoisomeric ratio (dr = 1:1:12.5:20) was estab-
lished by '"H NMR analysis (C4Ds, 333 K). The crude mixture was
purified by column chromatography on silica gel (toluene/ethyl
acetate, 3:1) to give compound 17e (168 mg, 22%) followed by a
mixture of isomers, which was further purified by chromatography
(diethyl ether/petroleum ether, 2:1— 3:1) to give compound 18e
(90 mg, 12%) as a white solid. Compound 17e was crystallized from
diethyl ether to give white crystals (154 mg, 20%).

tert-Butyl 2a,4a-Dimethyl-3-ox0-8-(oxycarbonyl)-8-azabicyclo-
[3.2.1]oct-6-ene-8-carboxylate (19ee), tert-Butyl 2f,4p-Dimethyl-3-
oxo-8-azabicyclo[3.2.1]oct-6-ene-8-carboxylate (19aa), and zert-Bu-
tyl 20,4p-Dimethyl-3-oxo0-8-azabicyclo|3.2.1]oct-6-ene-8-carboxylate
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(19ea): These products were obtained from the reaction of 2,4-di-
bromopentan-3-one 1 (1.05 mL, 7.60 mmol, 3.8 equiv.) and N-(tert-
butyloxycarbonyl)pyrrole 8 (334 pL, 2.00 mmol) with 1M di-
ethylzinc (3.00 mL, 3.00 mmol, 1.5 equiv.) in toluene (50 mL). The
diastereoisomeric ratio (dr = 92:5:3) was established by GC ana-
lysis (50 °C/5 min — 200 °C, 10 °C/min). The crude mixture was
purified by column chromatography on silica gel (petroleum ether/
ethyl acetate, 10:1) to give compound 19ee (1g = 18.8 min, 314 mg,
63%) as a white solid, followed by a 2:1 isomeric mixture (20 mg,
4%) of compound 19aa (g = 18.4 min) and compound 19ea (tx =
18.6 min) as a colorless syrup.

tert-Butyl 2a-Methyl-3-o0xo0-40-phenyl-8-azabicyclo|3.2.1]oct-6-ene-8-
carboxylate (20ee), fert-Butyl 2-Methyl-3-oxo-4p-phenyl-8-azabicy-
clo[3.2.1]oct-6-ene-8-carboxylate (20aa), and tert-Butyl 2p-Methyl-3-
oxo-4a-phenyl-8-azabicyclo|3.2.1]oct-6-ene-8-carboxylate (20ea):
These products were obtained from the reaction of 1,3-dibromo-1-
phenylbutan-2-one 2 (918 mg, 3.00 mmol, 1.5 equiv.) and ferz-butyl
pyrrole-N-carboxylate 8 (335 pL, 2.00 mmol) with 1 M diethylzinc
(3.00 mL, 3.00 mmol, 1.5 equiv.) in toluene (50 mL). The diethylzinc
was added at —10 °C, the temperature was allowed to rise to +10
°C over 6 h. The diastereoisomeric ratio (dr = 90:8:2) was established
by GC analysis (100 °C — 200 °C, 10 °C/min). The crude mixture
was purified by column chromatography on silica gel (toluene/diethyl
ether, 15:1) to give a mixture of isomers, which was further purified
by chromatography (petroleum ether/diethyl ether, 3:1) to give com-
pound 20ee (fg = 15.5 min, 402 mg, 65%) followed by a 4:1 isomeric
mixture (35 mg, 6%) of compound 20aa (fg = 13.5 min) and com-
pound 20ea (g = 15.2 min), both as pale-yellow syrups.

tert-Butyl 3-Oxo0-2a-Phenyl-8-azabicyclo[3.2.1]oct-6-ene-8-carb-
oxylate (21e) and tert-Butyl 3-Oxo-2f-Phenyl-8-(zert-butyloxycar-
bonyl)-8-azabicyclo[3.2.1]oct-6-ene-8-carboxylate (21a): These prod-
ucts were obtained from the reaction of 1,3-dibromo-1-phenylpro-
pan-2-one 3 (1.17 g, 4.00 mmol, 2.0 equiv.) and zerz-butyl pyrrole-
N-carboxylate 8 (335 pL, 2.00mmol) with 1M diethylzinc
(4.00 mL, 4.00 mmol, 2.0 equiv.) in toluene (50 mL). The di-
ethylzinc was added at —15 °C, the temperature was allowed to rise
to +10 °C over 6 h. The diastereoisomeric excess (de = 79%) was
established by GC analysis (100 °C — 200 °C, 10 °C/min). The
crude mixture was purified by column chromatography on silica
gel (toluene/diethyl ether, 10:1) to give a mixture of isomers
(364 mg, 61%), which was further purified by chromatography (pet-
roleum ether/diethyl ether, 3:1 — 2:1) to give compound 2le (fg =
14.7 min, 308 mg, 51%) followed by compound 21a (tg = 13.4 min,
27 mg, 5%), both as white solids. Compound 21e was crystallized
(dichloromethane/hexane) to give white crystals.

tert-Butyl 3-Oxo0-2a,40-Diphenyl-8-azabicyclo|3.2.1]oct-6-ene-8-
carboxylate (22ee) and tert-Butyl 2-(2'-Oxo-1’,3’-diphenylpropanyl)-
pyrrole-N-carboxylate (24): These products were obtained from the
reaction of 1,3-dibromo-1,3-diphenylpropan-2-one 4 (300 mg,
0.81 mmol) and tert-butyl pyrrole-N-carboxylate 8 (680 pL,
4.00 mmol, 5.0 equiv.) with 1 m diethylzinc (810 pL, 0.81 mmol, 1.0
equiv.) in toluene (5 mL). The 1,3-dibromo-1,3-diphenylpropan-2-
one 4 was completely consumed within 1 h at 0 °C. The crude mix-
ture was purified by column chromatography on silica gel (petro-
leum ether/diethyl ether, 10:1) to afford impure compound 24
(70 mg) and compound 22ee (60 mg). Compound 24 was further
purified by column chromatography on silica gel (petroleum ether/
diethyl ether, 5:1) to give (53 mg, 18%) as an orange oil. Compound
22ee was further purified by column chromatography on silica gel
(toluene/diethyl ether, 30:1) to give (37 mg, 12%) as a white solid.

tert-Butyl 2a,4a-Dibenzyl-3-0xo0-8-azabicyclo[3.2.1]oct-6-ene-8-
carboxylate (23ee): This product was obtained from the reaction of
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2,4-dibromo-1,5-diphenylpentan-3-one 5 (396 mg, 1.00 mmol, 3.0
equiv.) and tert-butyl pyrrole-N-carboxylate 8 (56 pL, 0.33 mmol)
with 1M diethylzinc (660 pL, 0.66 mmol, 2.0 equiv.) in toluene
(10 mL). The reaction was allowed to proceed for 6 h at 0 °C. The
diastereoisomeric excess (de = 96—97%) was established by 'H
NMR analysis (C;Dg, 373 K) of the crude mixture. The crude mix-
ture was purified by column chromatography on silica gel (petro-
leum ether/diethyl ether, 9:2) to give compound 23ee (113 mg,
84%), which was crystallized (dichloromethane/hexane) to give
white crystals.

[4+3] Cycloaddition with Fe,(CO)o: Preparation of rert-Butyl 20.,4f-
Diphenyl-3-oxo-8-azabicyclo|3.2.1]oct-6-ene-8-carboxylate (22ea): A
mixture of 1,3-dibromo-1,3-diphenylpropan-2-one 4 (200 mg,
0.54 mmol, 1.0 equiv.), tert-butyl pyrrole-N-carboxylate 8 (91 pL,
0.54 mmol), and Fe,(CO)y (271 mg, 0.74 mmol, 1.4 equiv.) in dry
toluene (5 mL) was stirred under irradiation by visible light at room
temperature for 1 h. The reaction mixture was then diluted with
ethyl acetate and a saturated aqueous solution of NaHCO;/KNO;
was added. The mixture was extracted three times with ethyl acet-
ate. The combined organic extracts were dried (MgSO,) and con-
centrated under reduced pressure. The diastereomeric ratio (4:3)
was determined by 'H NMR analysis (C;Dg, 373 K) of the crude
mixture. The residue was purified by column chromatography on
silica gel (petroleum ether/diethyl ether, 10:1 — 3:1) to give com-
pound 24 (13 mg, 6%) as an orange oil, followed by an inseparable
diastereoisomeric mixture of compounds 22ee and 22ea. This mix-
ture was further purified by column chromatography on silica gel
(toluene/diethyl ether, 30:1) to give the pure diastereoisomeric mix-
ture (118 mg, 58%) as a white solid.

Representative Procedure for the Reduction with DIBAL-H: Pre-
paration of Methyl 3a-Hydroxy-2a-phenyl-8-azabicyclo[3.2.1]oct-6-
ene-8-carboxylate (25): A solution of methyl 2a-phenyl-3-oxo0-8-az-
abicyclo[3.2.1]oct-6-ene-8-carboxylate 13e (400 mg, 1.55 mmol) in
toluene (50 mL) was cooled to —78 °C, whereupon a 1 m solution
of DIBAL-H in toluene (2.3 mL, 2.30 mmol) was added dropwise.
The reaction mixture was stirred and allowed to warm to —40 °C,
diluted with diethyl ether, and washed with a saturated aqueous
solution of sodium potassium tartrate. The aqueous layer was ex-
tracted three times with dichloromethane and the combined or-
ganic phases were dried and concentrated in vacuo. The residue
was purified by column chromatography on silica gel (petroleum
ether/ethyl acetate, 1:1) to give compound 25 (300 mg, 75%) as a
colorless syrup.

Methyl 1-(1',3'-Dioxolan-2'-yl)-3a-hydroxy-2e,40-dimethyl-8-azab-
icyclo[3.2.1]oct-6-ene-8-carboxylate (26): This product was obtained
from methyl 1-(1',3’-dioxolan-2'-yl)-2a,40-dimethyl-3-oxo-8-azab-
icyclo[3.2.1]oct-6-ene-8-carboxylate 14ee (190 mg, 0.67 mmol). The
residue was purified by column chromatography on silica gel (tolu-
ene/ethyl acetate, 1:1) to give compound 26 (191 mg, 99%) as a
colorless syrup.

tert-Butyl 3a-Hydroxy-2a-methyl-4a-phenyl-8-azabicyclo[3.2.1]oct-
6-ene-8-carboxylate (27): This product was obtained from zerz-butyl
20-methyl-40-phenyl-3-oxo-8-azabicyclo[3.2.1]oct-6-ene-8-carb-
oxylate 20ee (190 mg, 0.67 mmol). The residue was purified by col-
umn chromatography on silica gel (petroleum ether/diethyl ether,
1:1) to give compound 27 (295 mg, 86%), which was crystallized
from hexane to give white crystals.

Procedures for Nucleophilic Addition to the Carbonyl Group

Preparation of Methyl 3a-Hydroxy-2a,3p-dimethyl-4a-phenyl-8-aza-
bicyclo[3.2.1]oct-6-en-8-carboxylate (28). — Procedure with MeLi:
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To a solution of methyl 2a-methyl-3-oxo-4a-phenyl-8-azabicy-
clo[3.2.1]oct-6-ene-8-carboxylate 12ee (97 mg, 0.35 mmol) in THF
(4 mL) cooled to —78 °C, a 1.6 M solution of methyllithium in di-
ethyl ether (335 pL, 0.54 mmol, 1.5 equiv.) was added dropwise.
The reaction mixture was allowed to warm to —60 °C, quenched
with saturated NH4Cl solution (20 mL), then diluted with diethyl
ether (20 mL) and allowed to warm to room temperature. The
aqueous layer was extracted three times with dichloromethane and
the combined organic layers were washed with brine, dried with
MgSO,, and concentrated in vacuo. The residue was purified by
column chromatography on silica gel (petroleum ether/diethyl
ether, 6:4) to give compound 12ee (36 mg, 37%) followed by com-
pound 28 (53 mg, 52%), both as colorless syrups.

Procedure with MeMgl: To a solution of methyl 2a-methyl-3-oxo-
4a-phenyl-8-azabicyclo[3.2.1]Joct-6-ene-8-carboxylate 12ee (100 mg,
0.37 mmol) in THF (4 mL) cooled to —20 °C, a 1.5 m solution of
methylmagnesium bromide in diethyl ether (369 pL, 0.55 mmol, 1.5
equiv.) was added dropwise. The mixture was allowed to warm to
room temperature and stirred overnight. The reaction was then
quenched with saturated NH4Cl solution (20 mL) and diluted with
diethyl ether (20 mL). The aqueous layer was extracted three times
with dichloromethane and the combined organic layers were
washed with brine, dried with MgSO,, and concentrated in vacuo.
The residue was purified by column chromatography on silica gel
(toluene/diethyl ether, 8:3) to give compound 12ee (30 mg, 30%)
followed by compound 28 (58 mg, 54%), both as colorless syrups.

Preparation of Methyl 3a-Hydroxy-2a-methyl-3p-trimethylsilylace-
tylene-4a-phenyl-8-azabicyclo[3.2.1]oct-6-ene-8-carboxylate (29): To
a solution of trimethylsilyl acetylene (161 pL, 1.14 mmol, 2.0
equiv.) in THF (1 mL) cooled to —80 °C, a 0.5 M solution of li-
thium diisopropylamide in THF/hexane (2.3 mL, 1.14 mmol) was
added dropwise. After 15 min, a solution of methyl 2a-methyl-3-
oxo-4a-phenyl-8-azabicyclo[3.2.1]oct-6-ene-§-carboxylate 12ee
(155 mg, 0.57 mmol) in THF (2 mL) was added dropwise. The reac-
tion mixture was allowed to warm to —20 °C, quenched with satur-
ated NH4CI solution (20 mL), then diluted with diethyl ether
(20 mL) and allowed to warm to room temperature. The aqueous
layer was extracted three times with dichloromethane and the com-
bined organic layers were washed with brine, dried with MgSQ,,
and concentrated in vacuo. The residue was purified by column
chromatography on silica gel (petroleum ether/diethyl ether, 3:1) to
give compound 29 (40 mg, 20%) as a colorless syrup followed by
compound 12ee (84 mg, 54%).

Preparation of Methyl 3a-Hydroxy-3f-methyl-4a-phenyl-8-azabicy-
clo[3.2.1]oct-6-ene-8-carboxylate (30): The procedure used was sim-
ilar to that reported above for compound 28, starting from methyl
3-ox0-2a-phenyl-8-azabicyclo[3.2.1]oct-6-ene-8-carboxylate 13e
(266 mg, 1.30 mmol). The residue was purified by column chroma-
tography on silica gel (toluene/diethyl ether, 8:3) to give compound
13e (131 mg, 49%) followed by compound 30 (76 mg, 27%), both
as colorless syrups.

Representative Procedure for the Aldol Reaction of Substituted Tro-
panes: Preparation of Methyl 2p-(1-Hydroxybenzyl)-2a,4a-dimethyl-
3-oxo0-8-azabicyclo[3.2.1]oct-6-ene-8-carboxylate (31a and 31b): To
a solution of methyl 2a,40-dimethyl-3-o0x0-8-azabicyclo[3.2.1]Joct-6-
ene-8-carboxylate 11ee (210 mg, 1.00 mmol) in THF (2 mL) cooled
to =50 °C, a 0.5 m solution of lithium diisopropylamide in THF/
hexane (3.0 mL, 1.5mmol, 1.5 equiv.) was added dropwise, fol-
lowed by benzaldehyde (168 pL, 1.50 mmol, 1.5 equiv.). The solu-
tion was allowed to warm to —20 °C and stirred for 2 h. The reac-
tion was then quenched with saturated NH,4Cl solution (20 mL),
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diluted with diethyl ether (20 mL), and allowed to warm to room
temperature. The aqueous layer was extracted three times with ethyl
acetate and the combined organic layers were washed with brine,
dried with MgSO,, and concentrated in vacuo. The diastereoisom-
eric ratio (31a/31b, 3:1) was determined by 'H NMR analysis
(C,Dg, 363 K) of the crude mixture. The residue was purified by
column chromatography on silica gel (petroleum ether/ethyl acet-
ate, 3:1) to give compound 1lee (13 mg, 6%) followed by com-
pound 31a (210 mg, 67%) and compound 31b (70 mg, 22%), all as
white solids. Compound 31a was crystallized (ethyl acetate/hexane)
to give white crystals.

Methyl 4p-(1-Hydroxybenzyl)-3-oxo-2a-phenyl-8-azabicyclo[3.2.1]-
oct-6-ene-8-carboxylate (32a and 32b): These compounds were ob-
tained from methyl 3-oxo-2a-phenyl-8-azabicyclo[3.2.1]oct-6-ene-8-
carboxylate 13e (257 mg, 1.00 mmol). The diastereoisomeric ratio
(32a/32b, 4:1) was determined by 'H NMR analysis (C;Dg, 373 K)
of the crude mixture. The residue was purified by column chroma-
tography on silica gel (petroleum ether/ethyl acetate, 3:1) to give
compound 13e (43 mg, 16%) followed by impure compound 32b
(47 mg) and pure compound 32a (197 mg, 57%), both as white
solids. Compound 32a was crystallized (diethyl ether/hexane) to
give white crystals.

Methyl 2p-Benzoyl-2a,40-dimethyl-3-0xo0-8-azabicyclo|3.2.1]oct-6-
ene-8-carboxylate (33): To a solution of oxalyl chloride (44.3 pL,
0.50 mmol) in dichloromethane (1.5 mL) cooled to —70 °C was
added dimethyl sulfoxide (37.8 pL, 0.53 mmol). After 15 min, a so-
lution of alcohols 31a and 31b (ratio 3:5) (101 mg, 0.32 mmol) in
dichloromethane (1.5 mL) was added. The resulting mixture was
stirred at —70 °C for 40 min. Triethylamine (141 pL, 1.00 mmol)
was then added and the stirred mixture was allowed to warm to
—5 °C over a period of 2 h. It was then diluted with dichlorome-
thane (20 mL) and washed with brine. The organic layer was dried
(MgS0O,) and concentrated under reduced pressure. The residue
was purified by flash chromatography on silica gel (petroleum
ether/ethyl acetate, 2:1) to give the expected product 33 (88 mg,
86.5%) as a colorless syrup.

Methyl  2a,2f,40-Trimethyl-3-o0xo0-8-azabicyclo|3.2.1]oct-6-ene-8-
carboxylate (34): To a solution of methyl 2a,4a-dimethyl-3-oxo-8-
azabicyclo[3.2.1]oct-6-ene-8-carboxylate 11ee (100 mg, 0.47 mmol)
in THF (1.5mL) cooled to —50 °C, a 0.5 M solution of lithium
diisopropylamide in THF/hexane (956 pL, 0.47 mmol, 1.0 equiv.)
was added dropwise, followed by methyl iodide (60 pnL, 0.94 mmol,
2.0 equiv.). The resulting mixture was allowed to warm to —20 °C
and stirred for 3 h. It was then quenched with saturated NH,Cl
solution (20 mL), diluted with diethyl ether (20 mL), and allowed
to warm to room temperature. The aqueous layer was extracted
three times with ethyl acetate and the combined organic layers were
washed with brine, dried with MgSQO,, and concentrated in vacuo.
The residue was purified by column chromatography on silica gel
(petroleum ether/ethyl acetate, 5:1) to give compound 34 (98 mg,
92%) as a white solid, followed by compound 1lee (6 mg, 6%).
Compound 34 was crystallized from hexane to give white crystals.

Representative Procedure for Tropine Benzylation: Preparation of
Methyl 3o-Benzyloxy-2a-phenyl-8-azabicyclo|3.2.1]oct-6-ene-8-
carboxylate (35): To a solution of methyl 3a-hydroxy-2a-phenyl-
8-azabicyclo[3.2.1]oct-6-ene-8-carboxylate 25 (300 mg, 1.15 mmol)
and sodium hydride (230 mg, 5.75 mmol, 5.0 equiv.) in THF/DMF
(8:1; 17 mL) was added benzyl bromide (668 pL, 5.75 mmol, 5.0
equiv.). The mixture was stirred at room temperature for 24 h, then
quenched with saturated NH4Cl solution (20 mL) and diluted with
diethyl ether (20 mL). The aqueous layer was extracted three times
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with dichloromethane and the combined organic layers were
washed with brine, dried with MgSO,, and concentrated in vacuo.
The residue was purified by column chromatography on silica gel
(petroleum ether/ethyl acetate, 3:1) to give compound 35 (354 mg,
88%) as a colorless syrup.

Methyl 3a-Benzyloxy-1-(1',3'-dioxolan-2'-yl)-2a,40-dimethyl-8-aza-
bicyclo[3.2.1]oct-6-ene-8-carboxylate (36): This product was ob-
tained from methyl 3a-hydroxy-1-(1',3'-dioxolan-2'-yl)-2a,40-di-
methyl-8-azabicyclo[3.2.1]oct-6-ene-8-carboxylate 26 (340 mg,
1.2 mmol). The residue was purified by column chromatography on
silica gel (petroleum ether/ethyl acetate, 3:1 — 2:1) to give com-
pound 36 (431 mg, 97%) as a colorless syrup.

tert-Butyl  3a-Benzyloxy-2a-methyl-4a-phenyl-8-azabicyclo[3.2.1]-
oct-6-ene-8-carboxylate (37): This product was obtained from zert-
butyl 3a-hydroxy-2a-methyl-40-phenyl-8-azabicyclo[3.2.1]oct-6-en-
8-carboxylate 27 (230 mg, 0.73 mmol). The residue was purified by
column chromatography on silica gel (petroleum ether/ethyl acet-
ate, 4:1) to give compound 37 (265 mg, 90%), which was crystal-
lized from hexane to give white crystals.

Methyl 3a-Benzyloxy-1-carboxaldehyde-2a,4a-dimethyl-8-azabicy-
clo[3.2.1]oct-6-ene-8-carboxylate (38): A mixture of methyl 3a-
benzyloxy-1-(1',3’-dioxolan-2’-yl)-2a,4a-dimethyl-8-azabicyclo-
[3.2.1]oct-6-ene-8-carboxylate 36 (90 mg, 0.24 mmol), formic acid
(4 mL), and water (50 pL) was stirred for 4 h at room temperature.
The reaction was then quenched with water (15 mL) and diluted
with dichloromethane (15 mL). The aqueous layer was extracted
three times with dichloromethane and the combined organic layers
were washed with saturated NaHCO; aqueous solution, dried with
MgSO,, and concentrated in vacuo. The residue was purified by
column chromatography on silica gel (toluene/ethyl acetate, 4:1) to
give compound 38 (78 mg, 98%) as a colorless syrup.

Methyl 3o-Benzyloxy-1-hydroxymethyl-2a,4a-dimethyl-8-azabicy-
clo[3.2.1]oct-6-ene-v. (39): To a solution of methyl 3a-benzyloxy-1-
formyl-20,40-dimethyl-8-azabicyclo[3.2.1]oct-6-ene-8-carboxylate
38 (47 mg, 0.14 mmol) in methanol (5mL) was added sodium
borohydride (12 mg, 0.32 mmol, 2.3 equiv.). The reaction mixture
was stirred for 3h at room temperature, quenched with water
(15 mL), and diluted with diethyl ether. The aqueous layer was ex-
tracted three times with diethyl ether and the combined organic
layers were dried with MgSO, and concentrated in vacuo. The res-
idue was purified by column chromatography on silica gel (toluene/
ethyl acetate, 3:1) to give compound 39 (39 mg, 83%) as a color-
less syrup.

3o-Benzyloxy-2a-phenyl-8-methyl-8-azabicyclo[3.2.1]oct-6-ene (40):
To a solution of methyl 3a-benzyloxy-2a-phenyl-8-azabicy-
clo[3.2.1]oct-6-ene-8-carboxylate 35 (70 mg, 0.20 mmol) in toluene
(5mL) at room temperature was added a 0.85 m solution of Red-
Al in toluene (4.0 mL, 3.4 mmol, 17 equiv.). The reaction mixture
was stirred for 24 h, then hydrolyzed with a saturated aqueous solu-
tion of sodium potassium tartrate and diluted with diethyl ether.
The aqueous layer was extracted three times with diethyl ether and
the combined organic layers were dried (MgSO,) and concentrated
in vacuo. The residue was purified by column chromatography on
silica gel (toluene/methanol, 10:1) to give compound 40 (50 mg,
86%) as a white solid.

Representative Procedure for the Selective Deprotection of /N-Methyl
Carbamate with Trimethylsilyl lodide. — Preparation of 3a-
Benzyloxy-2a-phenyl-8-azabicyclo[3.2.1]oct-6-ene (41): To an ice-co-
oled solution of methyl 3a-benzyloxy-2a-phenyl-8-azabicy-
clo[3.2.1]oct-6-ene-8-carboxylate 35 (350 mg, 1.0 mmol) in dry
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dichloromethane (6 mL) was added trimethylsilyl iodide (620 pL,
4.00 mmol, 4.0 equiv.). The cooling bath was removed and the solu-
tion was stirred for 2 h at room temperature. The reaction mixture
was then poured into a mixture of methanol (6 mL), dichlorome-
thane (60 mL), saturated Na,S,O5 solution (18 mL), and saturated
NaHCOj; solution (60 mL). After separation of the layers, the
aqueous layer was extracted three times with dichloromethane and
the combined organic phases were dried (MgSO,) and concentrated
in vacuo. The residue was purified by column chromatography on
silica gel (toluene/ethyl acetate/methanol, 5:5:3) to give compound
41 (141 mg, 50%) as a colorless syrup.

3a-Benzyloxy-1-(1',3'-dioxolan-2'-yl)-2a,4a-dimethyl-8-azabicyclo-
|3.2.1]oct-6-ene (42): This product was obtained from methoxy 3a-
benzyloxy-1-(1',3’-dioxolan-2'-yl)-2a0,4a-dimethyl-8-azabicyclo-
[3.2.1]oct-6-ene-8-carboxylate 36 (200 mg, 0.53 mmol). The residue
was purified by column chromatography on silica gel (ethyl acetate/
methanol/triethylamine, 10:3:0.1) to give compound 42 (88 mg,
52%) as a colorless syrup.

Procedure for the Selective Deprotection of /N-fert-Butyl Carbamate
with Trifluoroacetic Acid. — Preparation of 3o-Benzyloxy-2a-
methyl-4a-phenyl-8-azabicyclo[3.2.1]oct-6-ene (43): To an ice-cooled
solution of zert-butyl 3a-benzyloxy-2a-methyl-4a-phenyl-8-azabicy-
clo[3.2.1]oct-6-ene-8-carboxylate 37 (105 mg, 0.26 mmol) in dry
dichloromethane (1 mL) was added a solution of 50% trifluo-
roacetic acid in dichloromethane (2.6 mL). The reaction was sub-
sequently quenched with saturated NaHCOj solution and the mix-
ture was diluted with dichloromethane. The aqueous layer was ex-
tracted three times with dichloromethane and the combined or-
ganic phases were dried (MgSO,) and concentrated in vacuo. The
residue was purified by column chromatography on silica gel (ethyl
acetate/methanol/triethylamine, 10:1:0.1) to give compound 43
(73 mg, 93%) as a colorless syrup.

Representative Procedure for Nortropane Benzylation. — Prepara-
tion of 8-Benzyl-3a-benzyloxy-2o-phenyl-8-azabicyclo|3.2.1]Joct-6-
ene (44): To an ice-cooled solution of 3a-benzyloxy-2a-phenyl-8-
azabicyclo[3.2.1]Joct-6-ene 41 (68 mg, 0.23 mmol) and triethylamine
(97 pL, 0.69 mmol, 3.0 equiv.) in THF (4 mL), benzyl bromide (28
uL, 0.25 mmol, 1.1 equiv.) was added dropwise. The cooling bath
was then removed and the solution was stirred for 24 h at room
temperature. The reaction was subsequently quenched with satur-
ated NaHCOj solution and the mixture was diluted with dichloro-
methane. The aqueous layer was extracted three times with dichlor-
omethane and the combined organic layers were dried (MgSQO,)
and concentrated in vacuo. The residue was purified by column
chromatography on silica gel (petroleum ether/ethyl acetate, 2:1) to
give compound 44 (70 mg, 79%) as a white solid.

8-Benzyl-3a-benzyloxy-1-(1',3'-dioxolan-2’-yl)-2a,4a-dimethyl-8-
azabicyclo[3.2.1]oct-6-ene (45): This product was obtained from 3a-
benzyloxy-1-(1',3’-dioxolan-2’"-yl)-2a,40-dimethyl-8-azabicyclo-
[3.2.1]oct-6-ene 42 (29 mg, 0.09 mmol). The residue was purified by
column chromatography on silica gel (petroleum ether/ethyl acet-
ate, 5:1) to give compound 45 (26 mg, 70%) as a white solid.

Representative Procedure for Nortropane Benzoylation. — Prepara-
tion of 8-Benzoyl-3a-benzyloxy-2a-phenyl-8-azabicyclo[3.2.1]oct-6-
ene (46): To an ice-cooled solution of 3a-benzyloxy-2a-phenyl-8-
azabicyclo[3.2.1]Joct-6-ene 41 (50 mg, 0.17 mmol) and triethylamine
(70 uL, 0.50 mmol, 3.0 equiv.) in THF (4 mL), benzoyl chloride (20
pL, 0.18 mmol, 1.1 equiv.) was added dropwise. The reaction mix-
ture was stirred for 2 h and was then quenched with saturated aq.
NaHCOj; solution and diluted with diethyl ether. The aqueous
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layer was extracted three times with diethyl ether and the combined
organic layers were dried (MgSO,) and concentrated in vacuo. The
residue was purified by column chromatography on silica gel (pet-
roleum ether/ethyl acetate, 2:1) to give compound 46 (64 mg, 94%)
as a white solid.

8-Benzoyl-3a-benzyloxy-1-(1',3'-dioxolan-2'-yl)-2a,4a-dimethyl-8-
azabicyclo[3.2.1]oct-6-ene (47): This product was obtained from 3a-
benzyloxy-1-(1',3’-dioxolan-2'-yl)-2a,4a-dimethyl-8-azabicyclo-
[3.2.1]oct-6-ene 42 (25 mg, 0.08 mmol). The residue was purified by
column chromatography on silica gel (petroleum ether/ethyl acet-
ate, 2:1) to give compound 47 (33 mg, 98%) as a white solid.
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