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Abstract—Squalene synthase (E.C. 2.5.1.21) catalyses the reductive dimerization of two molecules of farnesyl diphosphate to form
squalene and is involved in the first committed step in cholesterol biosynthesis. Inhibition of this enzyme is therefore an attractive
target for hypocholesterolemic strategies. A series of quinuclidine derivatives incorporating a tricyclic system was synthesized and
evaluated for their ability to inhibit squalene synthase in vitro. A 9H-fluorene moiety was found to be optimal as the tricyclic system
for potent inhibitory activity. Improved activity can be achieved with a conformationally constrained three-atom linkage connect-
ing the tricyclic system with the quinuclidine nucleus. Among these compounds, (Z)-3-[2-(9H-fluoren-2-yloxy)ethylidene]-quinucli-
dine hydrochloride 31 was found to be a potent inhibitor of squalene synthase derived from hamster liver and human hepatoma
cells with IC50 values of 76 and 48 nM, respectively. Oral dosing of compound 31 demonstrated effective reduction of plasma non-
HDL cholesterol levels in hamsters.
# 2003 Elsevier Science Ltd. All rights reserved.
Introduction

A direct correlation between the levels of plasma low-
density lipoprotein (LDL) cholesterol and the incidence
of coronary heart disease has been demonstrated.1 The
elevated plasma LDL cholesterol is therefore widely
accepted to be a major risk factor for the disease.2a�d

Over 70% of cholesterol in the body is derived from the
de novo cholesterol biosynthesis. Inhibitors of the chol-
esterol biosynthetic pathway, in particular 3-hydroxy-3-
methylglutaryl coenzyme A (HMG-CoA) reductase
inhibitors, are currently the most effective therapeutic
agents for reducing the levels of plasma LDL
cholesterol.3a�c The Scandinavian 4S clinical study with
simvastatin, one of the HMG-CoA reductase inhibitors,
has also reported an improvement in the survival of
patients with existing coronary heart disease.4 These
investigations have encouraged us to research novel
inhibitors of the cholesterol biosynthetic pathway.

The HMG-CoA reductase inhibitors may also prevent
the formation of biologically important isoprenoids
such as dolicols, ubiquinones and isopentenyl t-RNA
because the inhibitors suppress the cholesterol biosyn-
thetic pathway early on. A more selective inhibition of
the cholesterol biosynthesis would be accomplished by
blocking a step beyond the branches to the isoprenoids
in the pathway. Squalene synthase (E.C. 2.5.1.21), which
catalyzes the reductive dimerization of two molecules of
farnesyl diphosphate (FPP) to form squalene via inter-
mediate presqualene diphosphate (PSPP) (Scheme 1), is
involved in the first committed step in the cholesterol bio-
synthesis. This enzymatic step occurs after the branches to
the isoprenoids in the pathway, so inhibition of squalene
synthase should minimally affect the biosynthesis of the
isoprenoids. A squalene synthase inhibitor is therefore an
attractive target for hypercholesterolemia.5a,b

Several classes of squalene synthase inhibitors, such as
substrate analogues,6a�g transition-state analogues,7a�e

2,8-dioxabicyclo[3.2.1]octane derivatives,8a�c dicar-
boxylic acid derivatives9a�e and quinuclidine deriva-
tives10a,b have been reported in the literature. Recently,
4,1-benzoxazepine derivatives11a�e and bicyclo[3.2.0]-
heptane derivatives12 have also been described.

Our initial modifications of 3-(40-fluorobiphenyl-4-yl)-
quinuclidin-3-ol 1, reported by Brown et al. as a potent
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squalene synthase inhibitor,10a revealed that
3-(dibenzothiophen-2-yl)quinuclidin-3-ol 2 showed
comparable inhibitory activity to compound 1 in the
hamster microsomal enzyme assay (IC50 values of 0.38
and 0.41 mM for compounds 1 and 2, respectively) (Fig.
1). Efforts were thus focused on the further modifi-
cations of compound 2. In order to improve the inhibi-
tory activity, modifications of the tricyclic system and
insertion of various linkages connecting the tricyclic
system with the quinuclidine nucleus were carried out.

In this paper, we describe the results of our studies on
the syntheses and structure–activity relationships of the
quinuclidine derivatives containing a tricyclic system as
novel squalene synthase inhibitors.
Chemistry

Sonogashira reaction of the known 3-ethynylquinucli-
din-3-ol 313 with appropriate aryl bromide produced the
desired ethynyl derivatives 4–8 (Scheme 2). Gem-dibro-
movinylidenation14 of 2-dibenzofurancarboxaldehyde
915 gave the intermediate dibromide 10, which on treat-
ment with nBuLi and 3-quinuclidinone yielded the
desired ethynyl derivative 11 (Scheme 3). Compound 14
was prepared in a similar procedure from 3-formyl-10-
methyl-10H-phenothiazine 12.16

The syntheses of 3-propynylquinuclidin-3-ol derivatives
16 and 19 are shown in Schemes 4 and 5, respectively.
Reaction of 2-bromodibenzothiophene 1517 with pro-
pargyl bromide in the presence of nBuLi and lithium
2-thienylcyanocuprate18 followed by reaction with
nBuLi and 3-quinuclidinone produced the desired pro-
pynyl derivative 16 (Scheme 4). 2-Hydroxydibenzofuran
17 was reacted with propargyl bromide, and the result-
ing propyne 18 on treatment with nBuLi and 3-quinu-
clidinone produced the desired propynyl derivative 19
(Scheme 5).

Alkylation of a hydroxyl-substituted quinuclidine deri-
vative was achieved with the known methodology19 of
protection for the quinuclidine ring nitrogen atom as a
borane complex. 3-(Hydroxymethyl)quinuclidine-N-
borane19 was allowed to react with chloride 21, which
was prepared from 2-(hydroxymethyl)dibenzothiophene
20,20 in the presence of sodium hydride followed by
deprotection of the borane complex with ethanolic
hydrogen chloride solution to produce the desired ether
22 (Scheme 6). Methyl 3-hydroxyquinuclidine-3-car-
boxylate 2321 was protected as a borane complex and
reduced with borane–tetrahydrofuran complex and a
catalytic amount of sodium borohydride22 to give the
intermediate diol 24. When the resulting diol 24 was
treated with chloride 21 in the presence of sodium
hydride followed by deprotection of the borane complex
Scheme 1. The biosynthetic reaction catalyzed by squalene synthase.
Figure 1. Structures of quinuclidine-based squalene inhibitors.
Scheme 2. (a) Aryl bromide, cat. Pd(PPh3)2Cl2, cat. CuI, Et3N, DMF.
Scheme 4. (a) nBuLi, lithium 2-thienylcyanocuprate, THF, propargyl
bromide; (b) nBuLi, THF, 3-quinuclidinone.
Scheme 3. (a) CBr4, PPh3, Zn, CH2Cl2; (b)
nBuLi, THF, 3-quinucli-

dinone.
Scheme 5. (a) Propargyl bromide, K2CO3, DMF; (b)
nBuLi, THF,

3-quinuclidinone.
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with ethanolic hydrogen chloride solution, this yielded
the desired ether 25 (Scheme 7).

The syntheses of 3-ethylidenequinuclidine derivatives
31–33 are shown in Scheme 8. A Wadsworth–Emmons
reaction of 3-quinuclidinone with trimethyl
phosphonoacetate in the presence of sodium hydride
followed by protection of the quinuclidine ring nitrogen
atom as a borane complex produced the intermediate
a,b-unsaturated esters 27 and 28 as a 1:1 mixture of
stereoisomers, which were separated by silica gel col-
umn chromatography. The stereochemistry of these a,b-
unsaturated esters was determined by NMR spectro-
scopy (Fig. 2). NOE difference experiment on one iso-
mer showed signal enhancement to the methine proton
at the 4-position of the quinuclidine nucleus (d 2.63–
2.67) on irradiation of vinyl proton (d 5.76), thereby
establishing its structure as Z-isomer 27. A similar NOE
difference experiment on the other isomer revealed its
structure as E-isomer 28. Irradiation of vinyl proton (d
5.68) resulted in signal enhancement to the methylene
proton at the 2-position of the quinuclidine nucleus (d
3.66–3.68). Reduction with diisobutylaluminum hydride
of the Z-a,b-unsaturated ester 27 followed by chlorina-
tion yielded the intermediate chloride 29. Reaction of
the resulting chloride 29 with 2-hydroxy-9H-fluorene in
the presence of potassium carbonate followed by
deprotection of the borane complex with ethanolic
hydrogen chloride solution afforded the desired (Z)-3-
ethylidenequinuclidine derivative 31. The E-a,b-unsatu-
rated ester 28 was similarly treated to give the desired
(E)-3-ethylidenequinuclidine derivative 32. Catalytic
hydrogenation of the olefin 32 in the presence of rho-
dium on aluminum23 yielded the desired ethyl derivative
33.

The amino analogues 35 and 37 were prepared as fol-
lows (Scheme 9). The chloride 29 was allowed to react
with 2-trifluoroacetylamino-9H-fluorene in the presence
of potassium carbonate to provide the intermediate
amine 34 after deprotection of the trifluoroacetyl moiety
with aqueous potassium carbonate.24 Deprotection of
the borane complex of the resulting amine 34 with
ethanolic hydrogen chloride solution gave the desired
amine 35. Reductive amination of formaldehyde with
amine 34 using sodium triacetoxyborohydride as the
reducing agent afforded the corresponding N-methyl-
amino intermediate 36, which on treatment with etha-
nolic hydrogen chloride solution gave the desired
N-methylamine 37.
Results and Discussion

All compounds were evaluated by IC50 values for the
inhibition of squalene synthase prepared from hamster
liver. The inhibitory activities were measured according
to the method of Amin et al. with a slight modifi-
cation.25 The selected compound was evaluated for non-
HDL cholesterol lowering effect after oral dosing in
hamsters and for the inhibition of squalene synthase
derived from human hepatoma (HepG2) cells.
Scheme 6. (a) SOCl2, cat. DMF; (b) 3-(hydroxymethyl)quinuclidine-
N-borane, NaH, DMF; (c) HCl, EtOH, acetone.
Scheme 7. (a) Borane–THF complex, cat. NaBH4, THF; (b) 21, NaH,
DMF; (c) HCl, EtOH, acetone.
Figure 2. Structures of methyl (3-quinuclidinylidine)acetate derivatives.
Scheme 8. (a) Trimethyl phosphonoacetate, NaH, THF; (b) borane–
THF complex, THF; (c) diisobutylaluminum hydride, toluene;
(d) methanesulfonyl chloride, lithium chloride, Et3N, CH2Cl2;
(e) 2-hydroxy-9H-fluorene, K2CO3, DMF; (f) HCl, EtOH, acetone;
(g) rhodium on alumina, H2, EtOH.
Scheme 9. (a) 2-Trifluoroacetylamino-9H-fluorene, K2CO3, 2-buta-
none; (b) K2CO3, MeOH, H2O; (c) HCl, EtOH, acetone; (d) HCHO
aq, NaBH(OAc)3, AcOH, CH2Cl2.
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Brown et al. reported that insertion of an ethynyl link-
age between the biaryl residue and the quinuclidine
nucleus improved the inhibitory activity in a series of
squalene synthase inhibitors based on 3-biaryl-
quinuclidine.10a This study led us to introduce an eth-
ynyl linkage connecting the dibenzothiophene moiety
with the quinuclidine nucleus into the lead compound 2.
As expected, the ethynyl derivative 4 exhibited a 2-fold
enhancement in inhibitory activity over compound 2
(Table 1).

It has been suggested that the biaryl moiety of the 3-
biarylquinuclidine-based inhibitor functions as a mimic
of the farnesyl chain subunit of the intermediate
PSPP.10a Assuming that the dibenzothiophen-2-ylethy-
nyl moiety of the lead compound 2 acts as a farnesyl
chain mimetic and similarly binds to a lipophilic region
of the squalene synthase, we explored modifications of
the tricyclic system in order to enhance the interactions
with the lipophilic region. As shown in Table 1, a vari-
ety of structural modifications of the tricyclic system
was well tolerated. The dibenzothiophen-3-yl analogue
5 was found to be equipotent to the dibenzothiophen-2-
yl derivative 4. The dibenzofuran analogues 11 and 6
also retained their potent activity. These results reveal
that the inhibitory activity is unaffected by the shape of
the tricyclic system. The 9H-fluoren-2-yl derivative 7
was 2-fold more potent than the dibenzofuran-3-yl
derivative 6, whereas the corresponding 9-oxo-9H-fluo-
ren-2-yl derivative 8 showed reduced inhibitory activity
relative to compound 6. A comparison of the activities
within these three inhibitors (7, 6 and 8) indicated that
the tricyclic system with the smallest topological polar
surface area (0, 9.2 and 17.1 Å2 for 9H-fluorene,
dibenzofuran and 9-oxo-9H-fluorene, respectively)26

exhibited the greatest potent activity. These results
are consistent with the initial hypothesis that the
arylethynyl moiety is a mimetic of the flexible and
hydrophobic farnesyl chain subunit of the inter-
mediate PSPP. Of all the arylethynyl derivatives,
compound 7 incorporating a 9H-fluoren-2-yl moiety
exhibited the most potent activity (IC50=82 nM).

The increase of the inhibitory activity by the insertion of
the ethynyl linkage between the tricyclic system and the
quinuclidine nucleus prompted us to investigate alter-
native linkages in order to improve the inhibitory activ-
ity. The exploration of the linking groups was
accomplished using derivatives containing a diben-
zothiophen-2-yl moiety and also using a derivative
incorporating a dibenzofuran-2-yl moiety which was
found to provide comparable activity to the corre-
sponding dibenzothiophen-2-yl analogue. The results
are summarized in Table 2. The propynyl derivative 16
displayed improved inhibitory activity compared to the
ethynyl analogue 4. However, increased elongation of
the tether length (19) resulted in a decreased activity
comparable to compound 4. This result suggested that
the three-atom linkage produced the suitable length for
potent inhibitory activity.

Biller et al. reported a compound with improved activity
after the introduction of an ether linkage into the phos-
phonate-based squalene inhibitor.6b We therefore
examined related ether derivatives consisting of three
Table 1. In vitro activities of 3-ethynylquinuclidin-3-ol derivatives

Compd A–B Ar IC (mM)a
50
1
 Direct
 0.38
2
 Direct
 0.41
4
 C�C
 0.21
5
 C�C
 0.22
11
 C�C
 0.15
6
 C�C
 0.18
7
 C�C
 0.082
8
 C�C
 0.41
14
 C�C
 0.39
aCompounds were tested for their ability to inhibit the conversion of
[3H]farnesyl diphosphate to [3H]squalene by squalene synthase derived
from hamster liver. IC50 values were determined by a single experi-
mental run in duplicate.
Table 2. In vitro activities of dibenzothiophene-containing-quinucli-

dine derivatives

Compd A–B X Y IC (mM)a
50
4
 C�C
 S
 OH
 0.21

16
 C�CCH2
 S
 OH
 0.11

19
 C�CCH2O
 O
 OH
 0.27

25
 CH2OCH2
 S
 OH
 0.20

22
 CH2OCH2
 S
 H
 0.19
aRefer to Table 1.
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atoms as a linking group between the tricyclic system
and the quinuclidine nucleus. Unfortunately, the
ether 25 was not found to be more potent than the
propynyl derivative 16. Flexible linkages, such as
ethers, are thought to be causing a reduction in the
activity of the compounds. The corresponding desoxy
analogue 22 displayed comparable inhibitory activity
to compound 25, demonstrating that the hydroxyl
group is unnecessary for the ability to inhibit the
enzyme. We were convinced that by introducing a
three-atom linkage which enforced the desired geo-
metry on the compound we could produce a potent
inhibitor. Thus we focused on a 3-ethylidenequinucli-
dine scaffold which brought no chiral center into the
molecule.

When the compounds were prepared with an ethylidene
linkage inserted between the tricyclic system and the
quinuclidine nucleus, a 9H-fluorene-2-yl moiety was
chosen as the tricyclic system for all compounds because
it was found to be optimal for potent inhibitory activity
as examplified by compound 7. The results of this novel
structural series are summarized in Table 3. The Z-ole-
fin 31 exhibited potent inhibitory activity, whereas the
corresponding E-olefin 32 and the saturated ethyl deri-
vative 33 were relatively poor inhibitors (IC50=76, 150
and 250 nM, respectively). These results indicate that
the E-ethylidene linkage serves to position the tricyclic
system and the quinuclidine nucleus in the appropriate
location for efficient enzyme inhibition. The corre-
sponding N-methylamino analogue 37 was a less potent
inhibitor compared to compound 31. Removal of the
methyl group caused further loss of activity (compound
35). It can be concluded that a higher lipophilic linking
group is desirable for the inhibition. Compound 31 also
demonstrated potent inhibitory activity for human
enzyme with an IC50 value of 48 nM.

27

Experiments were carried out to investigate the chol-
esterol-lowering effect of the novel squalene synthase
inhibitor based on the (Z)-3-ethylidenequinuclidine
scaffold. Compound 31, the most potent inhibitor in
this series, reduced plasma non-HDL cholesterol levels
by 39% compared to a control at an oral dose of 50mg/
kg/day for 5 days in hamsters which have plasma lipid
composition very similar to humans28 (Fig. 3). We
therefore expect the (Z)-3-ethylidenequinuclidine deri-
vatives, such as compound 31, to produce a similar
cholesterol-lowering effect in humans.
Conclusion

A novel series of quinuclidine derivatives containing a
tricyclic system was synthesized and their inhibitory
activities against squalene synthase were measured.
Structure–activity relationship studies provided useful
information on the structural requirements for the inhi-
bition of the enzyme. A 9H-fluorene moiety, which had
a smaller topological polar surface area, showed suit-
ability as a tricyclic system for potent inhibitory activ-
ity. A three-atom linkage connecting the tricyclic system
with the quinuclidine nucleus, which established the
geometry of the compound, provided improved activity.
Among this novel series, (Z)-3-[2-(9H-fluoren-2-yloxy)-
ethylidene]quinuclidine hydrochloride 31 was found to
be a potent inhibitor of squalene synthase derived from
hamster liver and human hepatoma cells with IC50
values of 76 and 48 nM, respectively. Daily oral dosing
of 50mg/kg/day of compound 31 for 5 days in hamsters
resulted in approximately 39% decrease in plasma non-
HDL cholesterol. The lack of chirality of the (Z)-3-
ethylidenequinuclidine scaffold, its high inhibitory
activity against squalene synthase and its significant
non-HDL cholesterol lowering effect made it an attrac-
tive template. (Z)-3-ethylidenequinuclidine derivatives
represented by compound 31 are promising candidates
for a cholesterol-lowering agent. Further work on the
more potent analogues will be reported in due course.
Table 3. In vitro activities of 3-ethylidenequinuclidine derivatives
Compd
 Structure
 IC50 (mM)a
31
 0.076
32
 0.15
33
 0.25
37
 0.27
35
 0.56
aRefer to Table 1.
Figure 3. Effects of compound 1 and compound 31 on plasma non-
HDL cholesterol levels after oral administration in hamsters at a dose
of 50mg/kg/day for 5 days (n=4 and 7, respectively). *** p <0.001
versus control by using Student’s t-test.
T. Ishihara et al. / Bioorg. Med. Chem. 11 (2003) 2403–2414 2407



Experimental

Chemistry

1H NMR spectra were measured with a Jeol EX90,
LA300, EX400 or GX500 spectrometer. Chemical shifts
are expressed in d units using tetramethylsilane as the
standard (in NMR description, s=singlet, d=doublet,
t=triplet, m=multiplet and br=broad peak). Mass
spectra were recorded with a Hitachi M-80 or Jeol JMS-
DX300 spectrometer. Melting points were measured
with a Yanaco MP-500D melting point apparatus with-
out correction. All reagents purchased were used with-
out further purification.

3-(Dibenzothiophen-2-ylethynyl)quinuclidin-3-ol (4). A
mixture of 3 - ethynylquinuclidin - 3 - ol 3 (756mg,
5.00mmol), 2 - bromodibenzothiophene 15 (1.32 g,
5.00mmol), dichlorobis(triphenylphosphine)palladium
(175mg, 0.25mmol), copper iodide (95mg, 0.50mmol),
triethylamine (8.0mL) and N,N-dimethylformamide
(3.0mL) was stirred at 60 �C for 14 h. After cooling,
saturated aqueous ammonia solution (10mL) was
added and stirred for 1 h at ambient temperature. The
precipitate was filtered and washed with saturated aqu-
eous ammonia solution, water and then ether. The
resulting precipitate was crystallized from chloroform–
ethanol (1:1 by volume) to give the title compound as a
colorless crystalline solid (800mg, 48%): mp 250–
252 �C; 1H NMR (500MHz, DMSO-d6) d 1.30–1.36
(1H, m), 1.56–1.66 (1H, m), 1.90–2.04 (3H, m), 2.68–
2.76 (4H, m), 2.88 (1H, d, J=15.0Hz), 3.14 (1H, d,
J=15.0Hz), 5.64 (1H, s), 7.51–7.56 (3H, m), 8.02–8.05
(2H, m), 8.45–8.47 (2H, m); EI-MS m/z 333 (M+).
Anal. calcd for C21H19NOS.0.5H2O: C, 73.65; H, 5.89;
N, 4.09; S, 9.36. Found: C, 73.52; H, 5.56; N, 3.98; S,
9.46.

3-(Dibenzothiophen-3-ylethynyl)quinuclidin-3-ol (5). The
title compound was obtained from 3-bromodi-
benzothiophene29 using the methods described for the
synthesis of compound 4 as a colorless crystalline solid
(55%): mp 235–236 �C; 1H NMR (400MHz, DMSO-d6)
d 1.29–1.38 (1H, m), 1.57–1.67 (1H, m), 1.89–2.01 (3H,
m), 2.69–2.77 (4H, m), 2.87 (1H, d, J=14.0Hz), 3.12
(1H, d, J=14.0Hz), 5.68 (1H, s), 7.51–7.56 (3H, m),
8.03–8.07 (1H, m), 8.13(1H, s), 8.33–8.38 (2H, m); FAB-
MS m/z 334 (M+H+). Anal. calcd for
C21H19NOS.0.2H2O: C, 74.83; H, 5.80; N, 4.16; S, 9.51.
Found: C, 74.91; H, 5.93; N, 4.55; S, 9.64.

3-(Dibenzofuran-3-ylethynyl)quinuclidin-3-ol (6). The
title compound was obtained from 3-bromodibenzo-
furan30 using the methods described for the synthesis of
compound 4 as a colorless crystalline solid (16%): mp
227–228 �C; 1H NMR (400MHz, CDCl3) d 1.42–1.51
(1H, m), 1.66–1.73 (1H, m), 2.01–2.13 (3H, m), 2.82–
2.98 (4H, m), 3.10 (1H, d, J=14.0Hz), 3.38 (1H, d,
J=14.0Hz), 7.33–7.37 (1H, m), 7.41 (1H, d, J=7.6Hz),
7.45–7.49 (1H, m), 7.57 (1H, d, J=8.4Hz), 7.63 (1H, s),
7.87 (1H, d, J=7.6Hz), 7.93 (1H, d, J=7.2Hz); EI-MS
m/z 317 (M+). Anal. calcd for C21H19NO2.0.4H2O: C,
77.71; H, 6.15; N, 4.32. Found: C, 77.54; H, 5.83; N,
4.24.
3-(9H-Fluoren-2-ylethynyl)quinuclidin-3-ol (7). The title
compound was obtained from 2-bromo-9H-fluorene
using the methods described for the synthesis of com-
pound 4 as a colorless crystalline solid (76%): mp 226–
228 �C; 1H NMR (500MHz, DMSO-d6) d 1.28–1.36
(1H, m), 1.54–1.62 (1H, m), 1.86–2.02 (3H, m), 2.62–
2.74 (4H, m), 2.86 (1H, d, J=14.0Hz), 3.10 (1H, d,
J=14.0Hz), 3.93 (2H, s), 5.60 (1H, s), 7.32–7.43 (3H,
m), 7.59–7.62 (2H, m), 7.87–7.92 (2H, m); EI-MS m/z
315 (M+). Anal. calcd for C22H21NO.0.3H2O: C, 82.83;
H, 6.76; N, 4.39. Found: C, 82.82; H, 6.73; N, 4.44.

2-[(3-Hydroxyquinuclidin-3-yl)ethynyl]-9H-fluoren-9-one
(8). The title compound was obtained from 2-bromo-
9H-fluoren-9-one using the methods described for the
synthesis of compound 4 as a yellow crystalline solid
(57%): mp 199–201 �C; 1H NMR (500MHz, CDCl3) d
1.40–1.50 (1H, m), 1.58–1.68 (1H, m), 1.94–2.12 (3H,
m), 2.80–2.96 (4H, m), 3.08 (1H, d, J=14.5Hz), 3.35
(1H, d, J=14.5Hz), 7.29–7.32 (1H, m), 7.46 (1H, d,
J=7.0Hz), 7.49–7.54 (3H, m), 7.65–7.68 (2H, m); EI-
MS m/z 329 (M+). Anal. calcd for C22H19NO2.1.9H2O:
C, 72.67; H, 6.32; N, 3.93. Found: C, 72.31; H, 6.45; N,
3.93.

2-(2,2-Dibromovinyl)dibenzofuran (10). To a stirred
solution of triphenylphosphine (787mg, 3.00mmol) in
dichloromethane (9.0mL) was added carbon tetra-
bromide (995mg, 3.00mmol) followed by zinc dust
(196mg, 3.00mmol) and stirred for 23 h at ambient
temperature. 2-Dibenzofurancarboxaldehyde 9 (296mg,
1.50mmol) in dichloromethane (3.0mL) was added and
stirred for 5 h at ambient temperature. The reaction
mixture was diluted with n-hexane and filtered. The fil-
trate was concentrated in vacuo to give the title com-
pound as a colorless solid (376mg, 71%): 1H NMR
(500MHz, CDCl3) d 7.35–7.38 (1H, m), 7.44–7.50 (1H,
m), 7.54–7.61 (3H, m), 7.63 (1H, s), 7.95 (1H, d,
J=7.5Hz), 8.17 (1H, s); EI-MS m/z 352 (M+).

3-(Dibenzofuran-2-ylethynyl)quinuclidin-3-ol (11). A
solution of nBuLi in n-hexane (1.29mL, 1.71M,
2.21mmol) was added dropwise to 2-(2,2-dibromovi-
nyl)dibenzofuran 10 (368mg, 1.05mmol) in tetra-
hydrofuran (3.0mL) at �78 �C. The reaction mixture
was stirred for 1 h, allowed to warm to ambient tem-
perature and then stirred for a further 1 h. A solution of
3-quinuclidinone (145mg, 1.16mmol) in tetra-
hydrofuran (1.0mL) was added at �78 �C and stirred
for 1 h. After addition of H2O (1.0mL), the reaction
mixture was allowed to warm to ambient temperature.
The reaction mixture was extracted with chloroform,
and the extract was washed with brine, dried over mag-
nesium sulfate and then concentrated in vacuo. The
residue was chromatographed over silica gel eluting
with chloroform–methanol-c. ammonium hydroxide
(100:10:1 by volume). The resulting solid was crystal-
lized from chloroform–ethanol (1:1 by volume) to give
the title compound as a colorless crystalline solid
(220mg, 66%): mp 232–233 �C; 1H NMR (500MHz,
CDCl3) d 1.41–1.49 (1H, m), 1.66–1.73 (1H, m), 2.02–
2.14 (3H, m), 2.82–2.95 (4H, m), 3.09 (1H, d,
J=14.0Hz), 3.38 (1H, d, J=14.0Hz), 7.33–7.37 (1H,
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m), 7.46–7.53 (3H, m), 7.57 (1H, d, J=8.5Hz), 7.93
(1H, d, J=7.5Hz), 8.03 (1H, s); EI-MS m/z 317 (M+).
Anal. calcd for C21H19NO2.0.2H2O: C, 78.58; H, 6.09;
N, 4.36. Found: C, 78.48; H, 6.23; N, 4.30.

3-(2,2-Dibromovinyl)-10-methyl-10H-phenothiazine (13).
The title compound was obtained from 3-formyl-10-
methyl-10H-phenothiazine 12 using the methods descri-
bed for the synthesis of compound 10 as a colorless
solid (28%): 1H NMR (90MHz, CDCl3) d 3.37 (3H, s),
6.74 (1H, d, J=4.7Hz), 6.80 (1H, d, J=3.2Hz), 6.92–
7.01 (1H, m), 7.04–7.17 (1H, m), 7.28–7.40 (3H, m); EI-
MS m/z 397 (M+).

3- [(10-Methyl -10H -phenothiazin-3-yl)ethynyl]quinucli-
din-3-ol (14). The title compound was obtained from 3-
(2,2-dibromovinyl)-10-methyl-10H-phenothiazine 13
using the methods described for the synthesis of com-
pound 11 as a colorless crystalline solid (84%): mp 223–
224 �C; 1H NMR (500MHz, CDCl3) d 1.39–1.45 (1H,
m), 1.62–1.67 (1H, m), 1.95–2.06 (3H, m), 2.82–2.94
(4H, m), 3.04 (1H, d, J=14.0Hz), 3.30 (1H, d,
J=14.0Hz), 3.38 (3H, s), 6.69 (1H, d, J=8.0Hz), 6.80
(1H, d, J=8.0Hz), 6.92–6.95 (1H, m), 7.11 (1H, dd,
J=2.0Hz, 8.0 Hz), 7.15–7.22 (3H, m); EI-MS m/z 362
(M+). Anal. calcd for C22H22N2OS: C, 72.90; H, 6.12; N,
7.73; S, 8.85. Found: C, 72.64; H, 5.96; N, 7.68; S, 8.96.

3-[3-(Dibenzothiophen-2-yl)prop-1-yn-1-yl]quinuclidin-3-
ol (16). A solution of nBuLi in n-hexane (3.67mL,
1.71M, 6.27mmol) was added dropwise to 2-bromodi-
benzothiophene 15 (1.50 g, 5.70mmol) in tetra-
hydrofuran (12mL) at �78 �C and stirred for 1 h. A
solution of lithium 2-thienylcyanocuprate in tetra-
hydrofuran (27.4mL, 0.25M, 6.84mmol) was added
dropwise at �78 �C and stirred for 0.5 h. A solution of
propargyl bromide (1.36 g, 11.4mmol) in tetra-
hydrofuran (11mL) was added dropwise at �78 �C and
stirred for 2 h. After addition of saturated aqueous
ammonium chloride solution (10mL), the reaction mix-
ture was allowed to warm to ambient temperature, stir-
red for 0.5 h and then extracted with ethyl acetate. The
extract was washed with saturated aqueous ammonia
solution and then brine, dried over magnesium sulfate
and then concentrated in vacuo to give a brown oil. The
resulting oil was dissolved in tetrahydrofuran (12mL)
and cooled to �78 �C. To this solution was added a
solution of nBuLi in n-hexane (2.47mL, 1.71M,
4.22mmol) and stirred for 1 h. A solution of 3-quinu-
clidinone (428mg, 3.42mmol) in tetrahydrofuran
(3.4mL) was added dropwise at �78 �C and stirred for
2 h. After addition of H2O (3.0mL), the reaction mix-
ture was allowed to warm to ambient temperature. The
reaction mixture was extracted with chloroform, and
the extract was washed with brine, dried over magne-
sium sulfate and then concentrated in vacuo. The resi-
due was chromatographed over silica gel eluting with
chloroform - - methanol - concd ammonium hydroxide
(100:10:1 by volume). The resulting solid was crystal-
lized from ethyl acetate to give the title compound as a
colorless crystalline solid (162mg, 8.2%): mp 203–
205 �C; 1H NMR (500MHz, CDCl3) d 1.38–1.43 (1H,
m), 1.52–1.70 (1H, m), 1.98–2.10 (3H, m), 2.81–2.89
(4H, m), 3.03 (1H, d, J=14.0Hz), 3.29 (1H, d,
J=14.0Hz), 3.83 (2H, s), 7.41 (1H, d, J=8.5Hz), 7.45–
7.47 (2H, m), 7.79 (1H, d, J=8.5Hz), 7.84–7.86 (1H,
m), 8.12–8.14 (2H, m); EI-MS m/z 347 (M+). Anal.
calcd for C22H21NOS.0.2H2O: C, 75.26; H, 6.14; N,
3.99; S, 9.13. Found: C, 74.94; H, 6.11; N, 3.90; S, 9.40.

2-(Prop-2-yn-1-yloxy)dibenzofuran (18). A mixture of 2-
hydroxydibenzofuran 17 (3.00 g, 16.3mmol), propargyl
bromide (3.88 g, 32.6mmol), potassium carbonate
(4.51 g, 32.6mmol) and N,N-dimethylformamide
(16mL) was stirred at ambient temperature for 2 days.
The reaction mixture was concentrated in vacuo, and the
residue was diluted with ethyl acetate. The organic layer
was washed with H2O and then brine, dried over magne-
sium sulfate and then concentrated in vacuo to give the
title compound as a brown oil (3.60 g, 99%): 1H NMR
(90MHz, CDCl3) d 2.53 (1H, t, J=2.4Hz), 4.78 (2H, d,
J=2.4Hz), 7.10 (1H, dd, J=2.7Hz, 9.0Hz), 7.21–7.61
(5H, m), 7.86–7.97 (1H, m); EI-MS m/z 222 (M+).

3-[3-(Dibenzofuran-2-yloxy)prop-1-yn-1-yl]quinuclidin-3-
ol (19). A solution of nBuLi in n-hexane (11.0mL,
1.60M, 17.6mmol) was added dropwise to 2-(prop-2-
yn-1-yloxy)dibenzofuran 18 (3.55 g, 16.0mmol) in
tetrahydrofuran (32mL) at �78 �C and stirred for 1.5 h.
A solution of 3-quinuclidinone (2.22 g, 16.0mmol) in
tetrahydrofuran (16mL) was added dropwise at �78 �C
and stirred for 1 h. After addition of H2O (8.0mL), the
reaction mixture was allowed to warm to ambient tem-
perature. The reaction mixture was extracted with
chloroform, and the extract was washed with brine,
dried over magnesium sulfate and then concentrated in
vacuo. The residue was chromatographed over silica gel
eluting with chloroform–methanol-concd ammonium
hydroxide (100:10:1 by volume). The resulting solid was
crystallized from ethyl acetate to give the title com-
pound as a colorless crystalline solid (3.03 g, 55%): mp
188–189 �C; 1H NMR (500MHz, CDCl3) d 1.30–1.37
(1H, m), 1.49–1.56 (1H, m), 1.79–1.84 (1H, m), 1.92–
1.97 (2H, m), 2.68–2.82 (4H, m), 2.94 (1H, d,
J=16.0Hz), 3.17 (1H, d, J=16.0Hz), 4.83 (2H, s), 7.10
(1H, dd, J=2.0Hz, 8.5 Hz), 7.30–7.34 (1H, m), 7.43–
7.56 (4H, m), 7.99 (1H, d, J=7.0Hz); FAB-MS m/z 348
(M+H+). Anal. calcd for C22H21NO3: C, 76.06; H,
6.09; N, 4.03. Found: C, 76.17; H, 6.05; N, 4.02.

2-(Chloromethyl)dibenzothiophene (21). A mixture of
2-(hydroxymethyl)dibenzothiophene 20 (740mg, 3.45
mmol), two drops ofN,N-dimethylformamide and thionyl
chloride (1.2mL) was stirred at 70 �C for 0.5 h. The reac-
tion mixture was concentrated in vacuo, and the residue
was diluted with ethyl acetate. The organic layer was
washed with H2O and then brine, dried over magnesium
sulfate and then concentrated in vacuo to give the title
compound as a yellow solid (799mg, 99%): 1H NMR
(400MHz, CDCl3) d 4.78 (2H, s), 7.46–7.50 (3H,m), 7.82–
7.87 (2H, m), 8.14–8.17 (2H, m); EI-MS m/z 232 (M+).

3-[(Dibenzothiophen-2-ylmethoxy)methyl]quinuclidine (22).
To a stirred solution of 3-(hydroxymethyl)quinuclidine-
N-borane (490mg, 3.16mmol) in N,N-dimethylform-
amide (15mL) was added sodium hydride (139mg,
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3.48mmol, 60% dispersion in mineral oil) at ambient
temperature and stirred for 2 h. 2-(Chlor-
omethyl)dibenzothiophene 21 (772mg, 3.32mmol) in
N,N-dimethylformamide (3.0mL) was added at 0 �C
and stirred for 0.5 h. The reaction mixture was allowed
to warm to ambient temperature and stirred for a fur-
ther 15 h. After addition of H2O (6.0mL), the reaction
mixture was extracted with ethyl acetate. The extract
was washed with H2O and then brine, dried over mag-
nesium sulfate and then concentrated in vacuo. The
residue was chromatographed over silica gel eluting
with n-hexane–ethyl acetate (4:1 by volume) to give a
colorless solid. The resulting solid in ethanol–acetone
(26mL, 1:1 by volume) was treated with hydrogen
chloride in ethanol (5M, 1.3mL) at ambient tempera-
ture and stirred for 1 h. The reaction mixture was con-
centrated in vacuo, and the residue was diluted with 1M
hydrochloric acid. The aqueous layer was washed with
ethyl acetate before the addition of excess 5M sodium
hydroxide to pH 10. The mixture was extracted with
ethyl acetate, and the extract was dried over magnesium
sulfate and then concentrated in vacuo. The resulting
solid was crystallized from isopropyl ether to give the
title compound as a colorless crystalline solid (630mg,
59%): mp 118–119 �C; 1H NMR (500MHz, CDCl3) d
1.36–1.46 (1H, m), 1.54–1.70 (2H, m), 1.86–1.92 (1H,
m), 2.02–2.10 (1H, m), 2.38–2.44 (1H, m), 2.76–2.94
(4H, m), 3.04–3.08 (1H, m), 3.44–3.54 (2H, m), 4.66
(1H, d, J=12.0Hz), 4.71 (1H, d, J=12.0Hz), 7.42–7.47
(3H, m), 8.02–8.05 (2H, m), 8.12 (1H, s), 8.14–8.17 (1H,
m); EI-MS m/z 337 (M+). Anal. calcd for
C21H23NOS.0.1H2O: C, 74.34; H, 6.89; N, 4.13; S, 9.45.
Found: C, 74.29; H, 6.83; N, 4.05; S, 9.48.

3-(Hydroxymethyl)quinuclidin-3-ol-N-borane (24). A
solution of borane-tetrahydrofuran complex in tetra-
hydrofuran (6.80mL, 1.0M, 6.80mmol) was added
dropwise to methyl 3-hydroxyquinuclidin-3-carboxylate
23 (505mg, 2.73mmol) in tetrahydrofuran (14mL) at
�78 �C and stirred for 1 h. Sodium borohydride (5.2mg,
0.14mmol) was added at �78 �C and stirred for 0.5 h.
The reaction mixture was allowed to warm to ambient
temperature and stirred for a further 4 h. Methanol
(5.0mL) was added at 0 �C and stirred for 1 h. The
reaction mixture was concentrated in vacuo, and the
residue was diluted with ethyl acetate. The organic layer
was washed with H2O and then brine, dried over mag-
nesium sulfate and then concentrated in vacuo. The
residue was chromatographed over silica gel eluting
with n-hexane–ethyl acetate (1:2 by volume) to give the
title compound as a colorless solid (275mg, 59%): 1H
NMR (90MHz, CDCl3) d 1.61–1.90 (2H, m), 2.07–2.45
(3H, m), 2.79–3.18 (6H, m), 3.54 (1H, d, J=10.8Hz),
3.71 (1H, d, J=10.8Hz); EI-MS m/z 171 (M+).

3-[(Dibenzothiophen-2-ylmethoxy)methyl]quinuclidin-3-ol
(25). To a stirred solution of 3-(hydroxy-
methyl)quinuclidin-3-ol-N-borane 24 (275mg,
1.61mmol) in N,N-dimethylformamide (8.0mL) was
added sodium hydride (148mg, 3.70mmol, 60% dis-
persion in mineral oil) at ambient temperature and stir-
red for 1 h. 2-(Chloromethyl)dibenzothiophene 21
(375mg, 1.61mmol) in N,N-dimethylformamide
(1.6mL) was added at 0 �C and stirred for 0.5 h. The
reaction mixture was allowed to warm to ambient tem-
perature and stirred for a further 2h. After addition of
H2O (4.0mL), the reaction mixture was extracted with
ethyl acetate. The extract was washed with H2O and
then brine, dried over magnesium sulfate and then con-
centrated in vacuo. The residue was chromatographed
over silica gel eluting with n-hexane–ethyl acetate (1:1
by volume) to give a colorless solid. The resulting solid
in ethanol–acetone (6.0mL, 1:1 by volume) was treated
with hydrogen chloride in ethanol (5M, 0.6mL) at
ambient temperature and stirred for 0.5 h. The reaction
mixture was concentrated in vacuo and the residue was
diluted with 1M hydrochloric acid. The aqueous layer
was washed with ethyl acetate before the addition of
excess 5M sodium hydroxide to pH 10. The mixture
was extracted with ethyl acetate, and the extract was
dried over magnesium sulfate and concentrated in
vacuo. The resulting solid was crystallized from ethyl
acetate to give the title compound as a colorless crys-
talline solid (200mg, 35%): mp 185–187 �C; 1H NMR
(500MHz, CDCl3) d 1.30–1.36 (1H, m), 1.50–1.54 (2H,
m), 2.00–2.10 (2H, m), 2.56–2.62 (3H, m), 2.74–2.84
(3H, m), 3.37 (1H, d, J=9.2Hz), 3.61 (1H, d,
J=9.2Hz), 4.71 (1H, d, J=11.6Hz), 4.78 (1H, d,
J=11.6Hz), 7.42–7.49 (3H, m), 7.83–7.87 (2H, m), 8.10
(1H, s), 8.14–8.18 (1H, m); EI-MS m/z 353 (M+). Anal.
calcd for C21H23NO2S: C, 71.36; H, 6.56; N, 3.96; S,
9.07. Found: C, 71.25; H, 6.61; N, 3.86; S, 9.15.

{Methyl (Z)-(3-quinuclidinylidene)acetate}-N-borane
(27) and {methyl (E)-(3-quinuclidinylidene)acetate}-N-
borane (28). To a stirred solution of trimethyl phospho-
noacetate (9.09 g, 49.9mmol) in tetrahydrofuran
(38mL) was added sodium hydride (2.00 g, 49.9mmol,
60% dispersion in mineral oil) at 0 �C and stirred for
0.5 h. The reaction mixture was allowed to warm to
ambient temperature and stirred for a further 0.5 h.
3-Quinuclidinone (4.81 g, 38.4mmol) was added at 0 �C
and stirred for 0.5 h. The reaction mixture was allowed
to warm to ambient temperature and stirred for a fur-
ther 12 h. After addition of H2O (20mL), the reaction
mixture was extracted with ethyl acetate. The extract
was washed with brine, dried over magnesium sulfate
and then concentrated in vacuo to give a colorless oil.
The resulting oil was dissolved in tetrahydrofuran
(100mL) and cooled to �78 �C. To this solution was
added a solution of borane-tetrahydrofuran complex in
tetrahydrofuran (50.0mL, 1.0M, 50.0mmol) dropwise
and stirred for 2 h. After addition of H2O (5.0mL), the
reaction mixture was allowed to warm to ambient tem-
perature and stirred for 0.5 h. The reaction mixture was
extracted with ethyl acetate. The extract was washed
with brine, dried over magnesium sulfate and then con-
centrated in vacuo. The residue was chromatographed
over silica gel eluting with n-hexane–ethyl acetate (4:1
by volume) to give 28 as a colorless solid (4.41 g, 48%)
from the first fraction and 27 as a colorless solid (4.34 g,
47%) from the second fraction.
27. 1H NMR (300MHz, CDCl3) d 1.78–2.02 (4H, m),

2.63–2.67 (1H, m), 2.99–3.20 (4H, m), 3.73 (3H, s),
4.13–4.16 (2H, m), 5.76 (1H, t, J=2.6Hz); FAB-MS
m/z 194 (M�H+). 28: 1H NMR (300MHz, CDCl3) d
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1.79–2.01 (4H, m), 2.97–3.18 (4H, m), 3.66–3.68 (2H,
m), 3.72 (3H, s), 4.16–4.20 (1H, m), 5.68 (1H, t,
J=2.0Hz); FAB-MS m/z 194 (M�H+).

(Z)-3-(2-Chloroethylidene)quinuclidine-N-borane (29). A
solution of diisobutylaluminum hydride in n-hexane
(25.4mL, 0.93M, 23.6mmol) was added dropwise to
{methyl (Z)-(3-quinuclidinylidene)acetate}-N-borane 27
(1.84 g, 9.43mmol) in toluene (27mL) at �78 �C and
stirred for 2.5 h. Methanol (1.70mL) followed by H2O
(2.83mL) was added at �78 �C. The reaction mixture
was allowed to warm to ambient temperature, stirred
for 1.5 h and then filtered through a pad of Celite. The
filtrate was concentrated in vacuo to give a colorless oil.
To a stirred solution of the resulting oil, lithium chlor-
ide (4.00 g, 94.3mmol) and triethylamine (2.29 g,
22.6mmol) in dichloromethane (27mL) was added
methanesulfonyl chloride (1.29 g, 11.3mmol) at 0 �C.
The reaction mixture was stirred for 1 h, allowed to
warm to ambient temperature and then stirred for a
further 1 h. The reaction mixture was concentrated in
vacuo and the residue was diluted with ethyl acetate.
The organic layer was washed with H2O and then brine,
dried over magnesium sulfate and then concentrated in
vacuo to give the title compound as a colorless oil
(1.34 g, 77%): 1H NMR (90MHz, CDCl3) d 1.74–2.00
(4H, m), 2.49–2.62 (1H, m), 2.98–3.18 (4H, m), 3.72
(2H, s), 3.96 (2H, d, J=8.2Hz), 5.44–5.68 (1H, m);
FAB-MS m/z 184 (M�H+).

(Z) - 3 - [2 - (9H - Fluoren - 2 - yloxy)ethylidene]quinuclidine
hydrochloride (31). A mixture of (Z)-3-(2-chlor-
oethylidene)quinuclidine - N - borane 29 (579mg,
3.12mmol), 2-hydroxy-9H-fluorene (569mg, 3.12mmol),
potassium carbonate (862mg, 6.24mmol) and N,N-
dimethylformamide (6.0mL) was stirred at ambient
temperature for 5 h. The reaction mixture was con-
centrated in vacuo and the residue was diluted with
ethyl acetate. The organic layer was washed with H2O
and then brine, dried over magnesium sulfate and then
concentrated in vacuo to give a pale yellow solid. The
resulting solid in ethanol–acetone (12mL, 1:1 by
volume) was treated with hydrogen chloride in ethanol
(5M, 3.0mL) at ambient temperature and stirred for
0.5 h. Ether (9.0mL) was added and the resulting pre-
cipitate was filtered to give the title compound as a col-
orless crystalline solid (640mg, 58%): mp 229–231 �C;
1H NMR (400MHz, DMSO-d6) d 1.79–1.88 (2H, m),
1.93–2.02 (2H, m), 2.48–2.50 (1H, m), 3.20–3.38 (4H,
m), 3.84 (2H, s), 4.10 (2H, s), 4.58 (2H, d, J=5.9Hz),
5.73 (1H, t, J=5.9Hz), 6.99 (1H, dd, J=2.0Hz, 8.0Hz),
7.21–7.25 (2H, m), 7.32–7.36 (1H, m), 7.54 (1H, d,
J=7.2Hz), 7.79–7.81 (2H, m), 10.64 (1H, br s); FAB-
MS m/z 318 (M+H+). Anal. calcd for
C22H23NO.HCl.0.4H2O: C, 73.18; H, 6.92; N, 3.88; Cl,
9.82. Found: C, 73.12; H, 6.77; N, 3.81; Cl, 9.89.

(E)-3-(2-Chloroethylidene)quinuclidine-N-borane (30).
The title compound was obtained from {methyl (E)-(3-
quinuclidinylidine)acetate}-N-borane 28 using the
methods described for the synthesis of compound 29 as
a colorless oil (63%): 1H NMR (90MHz, CDCl3) d
1.79–2.07 (4H, m), 2.91–3.16 (5H, m), 3.63 (2H, s), 4.28
(2H, d, J=8.2Hz), 5.42–5.60 (1H, m); FAB-MS m/z
184 (M�H+).

(E) - 3 - [2 - (9H - Fluoren - 2 - yloxy)ethylidene]quinuclidine
hydrochloride (32). The title compound was obtained
from (E)-3-(2-chloroethylidene)quinuclidine-N-borane
30 using the methods described for the synthesis of
compound 31 as a colorless crystalline solid (32%): mp
240–242 �C; 1H NMR (500MHz, DMSO-d6) d 1.76–
1.84 (2H, m), 1.94–2.02 (2H, m), 3.16–3.29 (5H, m), 3.87
(2H, s), 3.96 (2H, s), 4.70 (2H, d, J=7.0Hz), 5.67 (1H,
t, J=7.0Hz), 6.97 (1H, dd, J=2.0Hz, 8.0Hz), 7.20–
7.25 (2H, m), 7.32–7.35 (1H, m), 7.53 (1H, d,
J=7.5Hz), 7.78–7.79 (2H, m), 10.35 (1H, br s); EI-MS
m/z 317 (M+). Anal. calcd for C22H23NO.HCl.0.5H2O:
C, 72.81; H, 6.94; N, 3.86; Cl, 9.77. Found: C, 72.53; H,
6.85; N, 3.86; Cl, 9.70.

3-[2-(9H-Fluoren-2-yloxy)ethyl]quinuclidine hydrochloride
(33). (E)-3-[2-(9H-Fluoren-2-yloxy)ethylidene]quinucli-
dine hydrochloride 32 (140mg, 0.396mmol) in ethyl
acetate (14mL) was treated with 1M sodium hydroxide
(14mL) and stirred for 0.5 h. The organic layer was
separated, washed with brine, dried over magnesium
sulfate and then concentrated in vacuo to give a color-
less solid. To a solution of the resulting solid in ethanol
(2.2mL) was added rhodium on aluminum (5wt %,
22mg) and stirred under an atmosphere of hydrogen at
ambient temperature for 4 h. The reaction mixture was
filtered through a pad of Celite and concentrated in
vacuo. The residue was chromatographed over silica gel
eluting with chloroform–methanol-concd ammonium
hydroxide (100:10:1 by volume) to give a colorless solid.
The resulting solid in ethanol–acetone (1.0mL, 1:1 by
volume) was treated with hydrogen chloride in ethanol
(5M, 0.1mL) at ambient temperature and stirred for
0.5 h. Ether (1.0mL) was added and the resulting pre-
cipitate was filtered to give the title compound as a col-
orless crystalline solid (32mg, 23%): mp 231–233 �C; 1H
NMR (500MHz, DMSO-d6) d 1.68–1.75 (1H, m), 1.80–
1.97 (6H, m), 2.19–2.22 (1H, m), 2.85–2.89 (1H, m),
3.11–3.24 (4H, m), 3.41–3.46 (1H, m), 3.87 (2H, s), 4.07
(2H, t, J=6.1Hz), 6.96 (1H, dd, J=2.0Hz, 8.0Hz), 7.18
(1H, s), 7.21–7.24 (1H, m), 7.32–7.34 (1H, m), 7.53 (1H,
d, J=7.3Hz), 7.77–7.79 (2H, m), 10.03 (1H, br s); FAB-
MS m/z 320 (M+H+). Anal. calcd for C22H25NO.HCl:
C, 74.24; H, 7.36; N, 3.94; Cl, 9.96. Found: C, 73.93; H,
7.44; N, 3.92; Cl, 10.28.

(Z)-3-[2-(9H-Fluoren-2-ylamino)ethylidene]quinuclidine-
N-borane (34). A mixture of (Z)-3-(2-chloroethyl-
idene)quinuclidine-N-borane 29 (1.30 g, 7.01mmol), 2-
trifluoroacetylamino-9H-fluorene (1.94 g, 7.01mmol),
potassium carbonate (2.91 g, 21.0mmol) and 2-buta-
none (21mL) was stirred at 100 �C for 16 h. The reac-
tion mixture was concentrated in vacuo. A mixture of
the resulting residue, methanol (15mL), H2O (15mL)
and additional potassium carbonate (1.94 g, 14.0mmol)
was stirred under reflux for 1 h. The reaction mixture
was concentrated in vacuo and the residue was diluted
with ethyl acetate. The organic layer was washed with
H2O and then brine, dried over magnesium sulfate and
then concentrated in vacuo to give the title compound
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as a colorless solid (1.42 g, 61%): 1H NMR (90MHz,
CDCl3) d 1.74–1.96 (4H, m), 2.46–2.60 (1H, m), 2.99–
3.17 (4H, m), 3.67–3.81 (6H, m), 5.43–5.49 (1H, m), 6.60
(1H, dd, J=2.2Hz, 8.2Hz), 6.78 (1H, s), 7.04–7.67 (5H,
m); EI-MS m/z 330 (M+).

(Z)-3-[2-(9H-Fluoren-2-ylamino)ethylidene]quinuclidine
hydrochloride (35). (Z)-3-[2-(9H-Fluoren-2-ylamino)-
ethylidene]quinuclidine-N-borane 34 (700mg,
2.12mmol) in ethanol–acetone (20mL, 1:1 by volume)
was treated with hydrogen chloride in ethanol (5M,
2.0mL) at ambient temperature and stirred for 0.5 h.
The reaction mixture was concentrated in vacuo to
give a colorless solid. The resulting solid was crystal-
lized from acetone to give the title compound as a
colorless crystalline solid (741mg, 90%): mp 191–
193 �C; 1H NMR (500MHz, DMSO-d6) d 1.72–1.82
(2H, m), 1.90–2.00 (2H, m), 2.66–2.68 (1H, m), 3.10–
3.20 (2H, m), 3.22–3.32 (2H, m), 3.82 (2H, d,
J=7.3Hz), 3.96 (2H, s), 4.14 (2H, s), 5.58–5.62 (1H,
m), 7.31–7.38 (3H, m), 7.41–7.68 (2H, m), 7.89–7.96
(2H, m), 10.97 (3H, br s); FAB-MS m/z 317
(M+H+). Anal. calcd for C22H24N2.2HCl.0.6H2O: C,
66.03; H, 6.85; N, 7.00; Cl, 17.72. Found: C, 65.90; H,
6.73; N, 6.98; Cl, 17.54.

(Z)-3-{2-[N-(9H-Fluoren-2-yl)-N-methylamino]ethylide-
ne}quinuclidine-N-borane (36). A mixture of (Z)-3-[2-
(9H-fluoren-2-ylamino)ethylidene]quinuclidine-N-borane
34 (700mg, 2.12mmol), formaldehyde in H2O (1.82mL,
37wt %, 24.3mmol) and dichloromethane (20mL) was
treated acetic acid (1.3mL) followed by sodium tria-
cetoxyborohydride (900mg, 4.24mmol). The reaction
mixture was stirred at ambient temperature for 0.5 h.
The reaction mixture was washed with saturated aqu-
eous sodium bicarbonate solution and then brine, dried
over magnesium sulfate and then concentrated in vacuo.
The residue was chromatographed over silica gel eluting
with n-hexane–ethyl acetate (3:1 by volume) to give the
title compound as a colorless solid (280mg, 38%): 1H
NMR (90MHz, CDCl3) d 1.71–1.96 (4H, m), 2.42–2.58
(1H, m), 2.95–3.18 (7H, m), 3.74–3.88 (6H, m), 5.31–
5.59 (1H, m), 6.77 (1H, dd, J=1.8Hz, 8.1Hz), 6.91 (1H,
s), 7.08–7.67 (5H, m); EI-MS m/z 344 (M+).

(Z)-3-[2-[N-(9H-Fluoren-2-yl)-N-methylamino]ethylide-
ne]quinuclidine fumarate (37). (Z)-3-{2-[N-(9H-Fluoren-
2-yl)-N-methylamino]ethylidene}quinuclidine-N-borane
36 (251mg, 0.73mmol) in ethanol–acetone (9.0mL, 1:1
by volume) was treated with hydrogen chloride in etha-
nol (5M, 3.0mL) at ambient temperature and stirred
for 0.5 h. The reaction mixture was concentrated in
vacuo, and the residue was diluted with 1M hydrochlo-
ric acid. The aqueous layer was washed with ethyl ace-
tate before the addition of excess 5M sodium hydroxide
to pH 10. The mixture was extracted with ethyl acetate,
and the extract was dried over magnesium sulfate and
then concentrated in vacuo to give a pale pink powder.
To a solution of the resulting powder in acetone
(9.0mL) was added fumaric acid (93mg, 0.80mmol) at
ambient temperature and the mixture was stirred for
0.5 h. The resulting precipitate was filtered and dried
over Mg2SO4 to give the title compound as a colorless
crystalline solid (310mg, 95%): mp 192–194 �C; 1H
NMR (500MHz, DMSO-d6) d 1.67–1.75 (2H, m),
1.80–1.90 (2H, m), 2.47–2.50 (1H, m), 2.92 (3H, s),
3.04–3.16 (4H, m), 3.82 (2H, s), 3.86–3.92 (4H, m),
5.31–5.39 (1H, m), 6.56 (2H, s), 6.77 (1H, dd,
J=1.8Hz, 8.5Hz), 6.96 (1H, s), 7.13–7.16 (1H, m),
7.26–7.29 (1H, m), 7.47 (1H, d, J=7.3Hz), 7.65–7.67
(2H, m); FAB-MS m/z 331 (M+H+). Anal. calcd for
C23H26N2.C4H4O4: C, 72.62; H, 6.77; N, 6.27. Found:
C, 72.88; H, 6.75; N, 6.09.

Preparation of microsomes from hamster liver and
HepG2 cells. Microsomes were prepared from the livers
of hamsters and from HepG2 cells, a human hapatoma
cell line previously described.31 The tissues or harvested
cells were homogenized in HEPES buffer (50mM) using
a glass homogenizer. Homogenates were centrifuged at
500g for 5min at 4 �C and the resulting supernatants
were further centrifuged at 8000g for 15min at 4 �C.
Microsomes were then isolated from this second super-
natant by ultra-centrifugation at 100,000g for 60min at
4 �C. The microsome precipitates were suspended in
HEPES buffer (1–5mg/mL). Protein was assayed by the
method of Lowry.32

Assay of squalene synthase inhibitory activity. Squalene
synthase activities of these microsomes were assayed
using the technique of Amin with a slight modification.
The test compounds were dissolved in DMSO and the
assay carried out in HEPES buffer (50mM, pH 7.5)
containing: NaF (11mM), MgCl2 (5.5mM), dithio-
threitol (3mM), NADPH (1mM), FPP (5 mM), [3H]-
FPP (0.017 mM, 15Ci/mmol), NB-598 (10 mM) and
sodium pyrophosphate decahydrate (1mM). After pre-
incubation of these components at 30 �C for 5min, the
reaction was started by the addition of microsomes
(10 mg protein). The reaction was carried out at 30 �C
for 20min and then terminated by the addition of solu-
tion of 40% KOH–ethanol (100 mL, 1:1 by volume).
Synthesized [3H]-squalene was extracted in petroleum
ether after the saponification at 60 �C for 30min and
counted in Aquasol-2 using a Beckman liquid scintilla-
tion counter.

Plasma non-HDL cholesterol lowering effect in ham-
sters. Male Syrian golden hamsters were purchased
from Hamri (Ibaraki, Japan). At the start of the study,
the 8-week-old animals weighed approximately 140 g.
They were kept for a week under reverse diurnal light
cycles with the lights off from 07:30 to 20:30 h. The
animals were fed a standard low cholesterol diet (CE-2)
and water was provided ad libitum. Animals were
orally given test compound at dose of 50mg/kg of
body weight once a day for 5 days. Test compound
was suspended in a 0.5% methylcellulose vehicle solu-
tion. The no-treatment control group was given an
equal volume of the 0.5% methylcellulose vehicle solu-
tion. Blood specimens were obtained 2 h after the last
compound dose from animals which had fasted 18 h. All
plasma samples were analyzed for non-HDL cholesterol
which was subtracted HDL cholesterol from total chol-
esterol using a Hitachi 7250 Automatic analyzer
(Tokyo, Japan).
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