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The stereochemical diversity-oriented conformational restriction strategy can be an efficient method for
developing specific ligands for drug target proteins. To develop potent histamine H3 and/or H4 receptor
ligands, a series of conformationally restricted analogs of histamine with a chiral trans- or
cis-4-amino-2,3-methano-1-(1H-imidazol-4-yl)butane structure was designed based on this strategy.
These stereochemically diverse compounds were synthesized from previously developed versatile chiral
cyclopropane units. Among these analogs, a trans-cyclopropane-type compound, (2S,3R)-4-
(4-chlorobenzylamino)-2,3-methano-1-(1H-imidazol-4-yl)butane (5b), has remarkable antagonistic
activity to both the H3 (K i = 4.4 nM) and H4 (K i = 5.5 nM) receptors, and a cis-cyclopropane-type
compound, (2R,3R)-4-amino-2,3-methano-1-(1H-imidazol-4-yl)butane (6a), is a potent and selective
H3 receptor partial agonist (K i = 5.4 nM). Although (2S,3R)-4-amino-2,3-methano-1-(1H-
imidazol-4-yl)butane (5a) does not have a hydrophobic group which the usual H3 receptor antagonists
have, it was found to be a potent H3 receptor antagonist (K i = 20.1 nM). Thus, a variety of compounds
with different pharmacological properties depending on the cyclopropane backbones and also on the
side-chain functional groups were identified. In addition to the previously used 1,2-methanobutane
backbone, the 2,3-methanobutane backbone also worked effectively as a cyclopropane-based
conformational restriction structure. Therefore, the combination of these two cyclopropane backbones
increases the stereochemical and three-dimensional diversity of compounds in this strategy, which can
provide a variety of useful compounds with different pharmacological properties.

Introduction

The histamine H3 receptor, a member of the Gi protein-coupled
receptors (GPCRs) distributed mainly in the central nervous
system, is of interest as a potential drug target.1 Agonists and
antagonists to the H3 receptor are considered to be potential drugs
for the treatment of sleep disorders, migraines, asthma, inflamma-
tion, or ulcers,2a and for the treatment of Alzheimer’s disease,
attention-deficit/hyperactivity disorder (ADHD), schizophrenia,
depression, dementia, or epilepsy,2b respectively.
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bComputational Biology Research Center, National Institute of Advanced
Industrial Science and Technology, Aomi, Koutou-ku, Tokyo, 135-0064,
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of Shizuoka, 52-1 Yada, Suruga-ku, Shizuoka, 422-8526, Japan
dHanno Research Center, Taiho Pharmaceutical Co. Lrd., Misugidai, Hanno,
357-8527, Japan

On the other hand, the histamine H4 receptor, also one of
the GPCRs, is expressed in immunocytes, such as eosinophils or
mast cells, and chemotaxis of these cells via histamine is triggered
through H4 receptor activation.3a Accordingly, H4 receptor antag-
onists may be effectively used in new therapeutic modalities for
the treatment of allergic diseases.3b,c

Although GPCRs, including the H3 and H4 receptors, are
important targets for drug development,4 structural analysis of
GPCRs is difficult due to the membranous nature of these
proteins and to their very low natural abundance, compared
with that of proteins soluble in blood or cytosol.5 Therefore,
structural data on the drug target GPCRs are generally poor,
and a method for effectively identifying compounds that tar-
get GPCRs without any structural data is required in drug
development. Thus, we previously reported a stereochemical
diversity-oriented conformational restriction strategy to develop
compounds that bind selectively to structure-unknown target
proteins such as GPCRs.6,7 To realize the strategy, we devised ver-
satile chiral cyclopropane units with different stereochemistries,6a,c

shown in Fig. 1, and, by using these units, a series of
cyclopropane-based conformationally restricted analogs8 with
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Fig. 1 Conformationally restricted analogs of histamine having the 1,2-methanoalkylimidazole backbone prepared from chiral cyclopropane units.

stereochemical diversity can be designed and synthesized
effectively.

Based on the strategy, we actually designed a series of confor-
mationally restricted analogs of histamine with different stereo-
chemistries, which were synthesized from the chiral cyclopropane
units (Fig. 1).6 In these conformationally restricted analogs having
an aminoalkyl-1,2-methanoimidazole backbone, the imidazole
and the amino side-chain moieties are located in a variety of
spatial arrangements due to the conformationally restricted 1,2-
methanoalkyl backbone. Consequently, a series of these analogs
is not only stereochemically diverse but also three-dimensionally
diverse as a molecule. Some of these analogs shown in Fig. 2 were
identified as potent histamine receptor ligands; e.g., AEIC (3) with
a (1S)-cis-cyclopropane structure is the first highly selective H3

receptor agonist,6b and (1R,2S)-2-[2-(4-chlorobenzylamino)ethyl]-
1-(1H-imidazol-4-yl)cyclopropane [(R)-CEIC (4)] with a (1R)-
trans-cyclopropane structure and its enantiomer (S)-CEIC (ent-
4) with a (1S)-trans-cyclopropane structure were highly potent
antagonists to both the H3 receptor and the H4 receptor.6c

Fig. 2 Histamine and its conformationally restricted analogs having the
1,2-methanobutylimidazole backbone.

In the course of our studies to develop further potent
H3 and H4 receptor ligands, we newly designed a series of
conformationally restricted analogs of histamine based on the
stereochemical diversity-oriented strategy, namely 5a,b and 6a,b,
and their enantiomers, ent-5a,b and ent-6a,b, all having a 2,3-
methanobutylimidazole structure (Fig. 3). In this report, we

Fig. 3 Conformationally restricted analogs of histamine having the
2,3-methanobutylimidazole backbone.

describe the design, synthesis, and pharmacological effects of these
compounds.

Results and discussion

Design of compounds

Our previous studies demonstrated that conformational restric-
tion of histamine by the 4-amino-1,2-methanobutane backbone
was effective for the H3 and/or H4 receptor binding, where the
folded cis-cyclopropane structure like AEIC (3) and the extended
trans-cyclopropane structure like (R)- and (S)-CEIC (4 and ent-
4) are suitable for the binding as an agonist and an antagonist,
respectively.6b,c They also showed that functional conversion of
an agonist into an antagonist could occur by introducing a
hydrophobic group, such as a chlorobenzyl group,2b at the ter-
minal primary amino moiety of the 4-amino-1,2-methanobutane
backbone.6c Considering these results, we designed the regioiso-
meric derivatives of AEIC (3) and (R)- and (S)-CEIC (4 and
ent-4), which have a 4-amino-2,3-methanobutane backbone, as
shown in Fig. 3, for identifying new H3 and/or H4 receptor
ligands. In these compounds, the folded cis-cyclopropane or
the extended trans-cyclopropane structure on the four carbon
(butane) backbone is preserved, and accordingly, the imidazole
and the basic nitrogen moieties, which are key components in these
structures for binding to the histamine receptors, might be located
in space similarly to those of the previously identified potent
analogs having the 4-amino-1,2-methanobutane backbone. Also,
the regioisomeric 2,3-methano structure could change spatial
arrangement and flexibility around the imidazole and the basic

This journal is © The Royal Society of Chemistry 2012 Org. Biomol. Chem., 2012, 10, 736–745 | 737
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Scheme 1 Conditions: a) 1) MeOCH2PPh3Cl, NaN(TMS)2, THF, 0 ◦C, 2) HCl, aq. acetone, 0 ◦C, 85% (7), 92% (10); b) 1) TosCH2NC, NaCN, EtOH,
0 ◦C, 2) sat. NH3 in EtOH, steel tube, 120 ◦C, 3) TrCl, pyridine, 48% (8), 51% (11); c) 1) TBAF, THF, 2) Dess–Martin periodinane, CH2Cl2, 78% (9), 65%
(12); d) 1) 4-chlorobenzylamine, 2-picoline borane, AcOH, MeOH, 2) TrCl, Et3N, CH2Cl2, 3) HCl, aq. EtOH, 78 ◦C, 30% (5b), 49% (6b).

nitrogen moieties, compared with those in the 1,2-methano lead
compounds AEIC (3) and (R)- and (S)-CEIC (4 and ent-4), which
would affect the biological activity. We hoped to develop both
agonists and antagonists, and therefore, compounds with a free
primary amino function (a-series, as agonists) and compounds
with a 4-chlorobenzylamino function (b-series, as antagonists)
were designed for synthesis.

Thus, we expected that the 2,3-methanobutane backbone might
be useful as an alternative conformationally restricted struc-
ture in the cyclopropane-based stereochemical diversity-oriented
strategy.

Chemistry

Although much effort has been devoted to developing prac-
tical methods for preparing chiral cyclopropanes, synthesizing
cyclopropane derivatives with a desired stereochemistry is often
troublesome.9 We devised the chiral units (Fig. 1), which are
composed of four stereoisomeric cyclopropane derivatives bearing
two adjacent carbon substituents in a trans or cis relationship,
namely 1 and 2, and their enantiomers, ent-1 and ent-2, for
cyclopropane-based conformational restriction.6a These units,
which are generally useful for synthesizing various compounds
having an asymmetric trans- or cis-cyclopropane structure,6 were
employed as the key intermediates in this study.

The synthesis of the trans-cyclopropane compound 5b and
the cis-cyclopropane compound 6b with a 4-chlorobenzyl group
(b-series) from the chiral cyclopropane unit 1 and 2, respec-
tively, is shown in Scheme 1. These units 1 and 2 were pre-
pared from (R)-epichlorohydrin according to the method re-
ported previously.6a,c The Wittig reaction of the unit 1 with
MeOCH2PPh3Cl/NaN(TMS)2, followed by acidic treatment gave
the one carbon-elongated aldehyde 7. The imidazole ring was
constructed by treating 7 with tosylmethyl isocyanide and NaCN
followed by heating in NH3/EtOH.10 The resulting imidazole
product without purification was further treated with TrCl in pyri-
dine to give the N-tritylimidazolylmethylcyclopropane derivative
8 in 48% overall yield. After removal of the silyl-protecting group
of 8, the resulting cyclopropanemethanol was oxidized to afford
the aldehyde 9. Introduction of a 4-chlorobenzylamino function
at the terminal carbon was next investigated under reductive
amination conditions. Thus, treatment of the aldehyde 9 with 4-
chlorobenzylamine and 2-picoline borane in AcOH/MeOH, and
subsequent acidic removal of the trityl group of the product gave

the desired trans-cyclopropane-type target compound 5b (Scheme
1A). By a similar procedure, the cis-cyclopropane-type target
compound 6b was synthesized from the cis-cyclopropane unit
2 (Scheme 1B). The enantiomers, ent-5b and ent-6b, were also
synthesized from ent-1 and ent-2, respectively.

The synthesis of 5a and 6a with a terminal primary amine
(a-series) is shown in Scheme 2. Treatment of the aldehyde 9
with t-BuS(O)NH2 and CuSO4 in CH2Cl2 gave the corresponding
sulfinylimine product, which was, without purification, reduced
with NaBH4/MeOH to afford the sulfinylamide 13. Simultaneous
removal of the trityl and sulfinyl groups by treating 13 with HCl
in EtOH produced the target trans-cyclopropane-type compound
5a (Scheme 2A). Similarly, the cis-cyclopropane-type compound
6a was prepared from the cis-cyclopropane aldehyde 12 (Scheme
2B). The corresponding enantiomers, ent-5a and ent-6a, were also
synthesized from the trans- and cis-cyclopropane aldehydes, ent-9
and ent-12, respectively.

Scheme 2 Conditions: a) 1) t-BuS(O)NH2, CuSO4, CH2Cl2, 2) NaBH4,
MeOH, 0 ◦C; b) HCl, EtOH, 78 ◦C, 50% from 9 (5a), 59% from 12 (6a).

Pharmacological effects

The binding affinities of the conformationally restricted analogs
with the 2,3-methanobutane backbone for the human H3 receptor
subtype using [3H]Na-methylhistamine and also for the human H4

receptor subtype using [3H]histamine were investigated, according
to the previously reported procedure.6c

The binding affinities of the compounds for the H3 receptor
are summarized in Table 1. All of the synthesized compounds
inhibited the specific binding of [3H]Na-methylhistamine to the
H3 receptor in a concentration-dependent manner. Of these
compounds, all the trans-analogs, 5a, ent-5a, 5b, and ent-5b, had
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Table 1 Effects of compounds on the human H3 and H4 receptor subtypesa

H3 H4 Selectivity

Compound Structure K i (nM) act.b (%) inh.c (%) K i (nM) act.b (%) inh.c (%) K i(H3)/K i(H4)

5a 2,3-Md/(2S)-trans 20.1 ± 5.1 2.5 94 119 ± 25 11 45 0.17
ent-5a 2,3-M/(2R)-trans 9.3 ± 0.8 17 72 50.9 ± 11 30 40 0.18
6a 2,3-M/(2R)-cis 5.4 ± 1.1 18 57 113 ± 30 24 -1.4 0.048
ent-6a 2,3-M/(2S)-cis 172 ± 39 5.0 41 222 ± 23 47 6.4 0.77
5b 2,3-M/(2S)-trans 4.4 ± 0.2 0 99 5.5 ± 0.6 0 100 0.80
ent-5b 2,3-M/(2R)-trans 21.1 ± 5.1 0 99 23.2 ± 3.6 5.0 94 0.91
6b 2,3-M/(2R)-cis 110 ± 16 1.8 90 172 ± 40 3.2 72 0.64
ent-6b 2,3-M/(2S)-cis 103 ± 13 6.7 86 33.5 ± 2.9 15 68 3.1
AEIC (3)e 1,2-Md/(1S)-cis 1.3 ± 0.2 100 — — — — —
(R)-CEIC (4)f 1,2-M/(1R)-trans 8.4 ± 1.5 0 100 7.6 ± 0.4 0 >100 1.1
(S)-CEIC (ent-4)f 1,2-M/(1S)-trans 3.6 ±0.4 0 100 37.2 ±2.7 0 >100 0.097
Thioperamidef — 51.1 ± 3.8 — 99 124 ±14 — 90 0.41

a Assay was carried out with cell membranes expressing human H3 or H4 receptor subtypes (n = 3–4). b Relative potency of compound (10-5 M) to
histamine (10-5 M) for the receptor activation. c Inhibitory effect of compound (10-5 M) on the agonistic activity of histamine (10-6 M). d 1,2-M and 2,3-M
mean 1,2-methano and 2,3-methano, respectively. e Data with rat H3 receptor taken from ref. 6b. f Data taken from ref. 6c.

remarkably more potent activity (K i < 30 nM) than the well-
known H3 receptor antagonist thioperamide (K i = 51.1 nM). On
the other hand, the cis-analogs showed relatively weaker affinity
for the H3 receptor than the trans-analogs, except for the (2R)-cis-
analog 6a (K i = 5.4 nM). In order of the binding affinities, these
compounds ranked as 5b, 6a > ent-5a > 5a, ent-5b > ent-6b, 6b >

ent-6a, where ent-5a, 6a, and 5b had a significant nM level K i.
The binding affinities of the compounds for the human H4

receptor subtype are also summarized in Table 1. The trans-
analogs, 5b, ent-5b, and cis-analog ent-6b had significant activity
(K i £ 30 nM), with 5b being the most potent (K i = 5.5 nM).

The relative affinity of these compounds for the H3 and the
H4 receptors would indicate that a hydrophobic group might be
required for high affinity for the H4 receptor but not for the H3

receptor, as shown with the non-hydrophobic analog 6a (K i =
5.4 nM for H3, K i = 113 nM for H4) and the hydrophobic analog
5b (K i = 4.4 nM for H3, K i = 5.5 nM for H4). Our results are
consistent with the previous reports on the histamine receptor
ligands.11

The function of the compounds on human histamine H3 and
H4 receptor subtypes, which were expressed individually in 293-
EBNA cells, was next investigated by luciferase reporter gene
assay.6b The results are also summarized in Table 1.

All the b-series compounds having a hydrophobic 4-
chlorobenzyl function were antagonists in accordance with the
previous results of the histamine receptor ligands.2b,6c The (2S)-
trans-analog 5b with the 2,3-methanobutane backbone was a
highly potent antagonist to both the H3 and H4 receptors with
K i values of 4.4 nM (for H3) and 5.5 nM (for H4), which was
more potent than its regioisomeric parent compound (R)-CEIC
(4) with the 1,2-methanobutane backbone. While (S)-CEIC (ent-4)
with the 1,2-methanobutane backbone was a H3 receptor selective
antagonist (K i (H3)/K i (H4) = 0.097), its regioisomeric trans-
analog ent-5b with the 2,3-methanobutane backbone showed non-
selective moderate antagonistic effects on both of the receptors (K i

(H3)/K i (H4) = 0.91).
Based on the previous SAR studies on H3 and H4 receptor

ligands,2a,6b we expected that the a-series compounds having the
primary amino side-chain without a hydrophobic group would be

full agonists. However, the activation potencies for the receptors
of these compounds relative to histamine were less than 50%, as
shown in Table 1. These results indicate that ent-5a, 6a, and ent-
6a work as partial agonists to both of the H3 and H4 receptors.
Furthermore, compound 5a with the (2S)-trans-cyclopropane
structure almost completely inhibited activation of the H3 receptor
by histamine (94% inhibition). Thus, although 5a does not have
a hydrophobic group which H3 receptor antagonists usually have,
unexpectedly, it was shown to be an H3 receptor antagonist.12

Compound 6a is the regioisomeric cis-2,3-methanobutane analog
of the parent compound AEIC (3) with the cis-1,2-methanobutane
backbone, and both 6a and 3 are selectively and highly active at
the H3 receptor (K i = 5.4 nM and 1.3 nM, respectively). However,
these two regioisomers have functionally different effects on the
receptor, i.e., 6a was a partial agonist (18% activation), while 3 was
a full agonist (100% activation).

Docking simulation by homology modeling

We previously constructed a three-dimensional model of the H3

receptor6d based on a structural template from the crystal structure
of the human b2-adrenergic GPCR recently reported by Cherezov
and co-workers.5a Using the model, docking simulations of a series
of cyclopropane-based H3 receptor ligands were performed and a
reliable correlation between binding score and pK i was obtained.6d

Therefore, in order to investigate the binding modes of the
conformationally restricted analogs with the 2,3-methanobutane
backbone to the H3 receptor, docking simulations of the three
potent ligands (ent-5a, 6a, and 5b) and also the three less potent
ligands (ent-6a, 6b, and ent-6b) were carried out by using the H3

receptor homology model described above, and the binding modes
were compared with that of AEIC (3) with the 1,2-methanobutane
backbone. As shown in Fig. 4a, the proposed binding modes of
the three potent ligands are well-superimposed with that of the
potent lead compound 3, especially at the imidazole ring and
the basic nitrogen, which are important for the binding to the
receptor. On the other hand, as shown in Fig. 4b, the proposed
binding modes of the three less potent ligands and that of 3 are
not as well superimposed. These results suggest that this homology

This journal is © The Royal Society of Chemistry 2012 Org. Biomol. Chem., 2012, 10, 736–745 | 739
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Fig. 4 Proposed models for the three potent ligands ent-5a, 6a, 5b and the
lead compound 3 (a) and the three less potent ligands 6b, ent-6a, ent-6b and
3 (b) binding to the homology model of the H3 receptor6d from docking
simulation. Carbon atoms are shown in magenta for 3, cyan for 5b and 6b,
yellow for 6a and ent-6a, and orange for ent-5a and ent-6b, respectively.
Hydrogen bonding and salt bridge between side-chain carboxyl group of
Glu206 and an imidazole of the ligands, and between that of Asp114 and
an amino group of the ligands are depicted by red dots.

model can be useful for investigation the binding modes of the H3

receptor ligands and that the bioactive conformations of these
potent ligands are analogous.

As described above, the stereochemical diversity-oriented
conformational restriction strategy, employing the 2,3-
methanobutane backbone, was shown to be useful for
developing potent ligands of the H3 and/or H4 receptor in
this study. It is important to note that, in addition to the
previously used 1,2-methanobutane backbone, the regioisomeric
2,3-methanobutane backbone also worked effectively as an
alternative cyclopropane-based conformational restriction
structure. Thus, the combinational use of these two backbones
not only increases the stereochemical diversity but also increases
three-dimensional structural diversity of the compounds in this
strategy, which can provide a variety of active compounds with
different pharmacological properties.

Conclusions

We designed a series of conformationally restricted histamine
analogs with a chiral trans- or cis-2,3-methanobutane backbone
based on the stereochemical diversity-oriented strategy. These four
stereochemical types of analogs were systematically synthesized
from optically active epichlorohydrins via the versatile chiral cyclo-
propane units. Pharmacological properties of these analogs for the

human H3 and H4 receptors were shown to be different depending
on the stereochemistry of the cyclopropane backbones. Among
the hydrophobic analogs (b-series), a trans-cyclopropane structure
was preferred to a cis-cyclopropane one for both the H3 and H4

receptors. On the other hand, among the non-hydrophobic analogs
(a-series), the structure of the most potent analog 6a to both of the
receptor subtypes was a cis-cyclopropane. In this study, a couple
of potent H3 and/or H4 receptor ligands with a low nM K i were
identified. Analog 6a, which has a (2R)-cis-2,3-methanobutane
backbone, was the highest selective H3 ligand, and analog 5b,
which has a (2S)-trans-2,3-methanobutane backbone, was the
most potent H3/H4 dual ligand. Thus, the 2,3-methanobutane
backbone worked effectively as the backbone of the conforma-
tionally restricted histamine analogs with stereochemical diversity
as well as the 1,2-methanobutane. These differences in the stereo-
chemistry of these backbones affected the potency and selectivity
of the ligands. Therefore, the stereochemical diversity-oriented
approach can be an effective strategy in medicinal chemistry
studies.

Experimental

Chemical shifts (d) are reported in ppm downfield from Me4Si
or CD2HOD (3.31 ppm) (1H) and CDCl3 (77.0 ppm) or CD3OD
(49.0 ppm) (13C). All of the 1H-NMR assignments described were
in agreement with COSY spectra. Thin-layer chromatography
was done on Merck coated plate 60F254. Silica gel, Iatron beads
and NH silica gel chromatographies were done on Merck silica
gel 5715, Iatron 6RS-8060 (Mitsubishi Kagaku Iatron, Inc),
and Chromatorex R© (Fuji Silysia Chemical Ltd.), respectively.
Reactions were carried out under an argon atmosphere except
for hydrous reactions.

(2S,3R)-4-tert-Butyldiphenylsilyloxy-2,3-methanobutyraldehyde
(7)

To a suspension of MeOCH2PPh3Cl (3.63 g, 10.6 mmol) in THF
(50 mL) was added NaN(TMS)2 (1.0 M in THF, 9.12 mL,
9.12 mmol) at 0 ◦C, and the mixture was stirred at the same
temperature for 20 min. To the resulting solution was added a
solution of 16a (2.27 g, 7.60 mmol) in THF (10 mL) at 0 ◦C, and
the reaction mixture was stirred at the same temperature for 5
h. After addition of saturated aqueous NH4Cl, the solvent was
evaporated, and the residue was partitioned between AcOEt and
saturated aqueous NH4Cl. The organic layer was washed with
brine, dried (Na2SO4) and evaporated. The residue was purified
by silica gel column chromatography (3% AcOEt in hexane) to
give the enol ether product as an oil. To a solution of the product
in acetone (40 mL) was added aqueous HCl (12 M, 20 mL), and
the mixture was vigorously stirred at 0 ◦C for 10 s. Immediately, the
mixture was poured into saturated aqueous NaHCO3 (300 mL),
and the resulting solution was extracted with AcOEt. The organic
layer was washed with saturated aqueous NaHCO3, brine, dried
(Na2SO4) and evaporated. The residue was purified by silica gel
column chromatography (5% AcOEt in hexane) to give 7 (2.27 g,
85%) as a colorless oil: [a]22

D -12.0 (c 0.95, CHCl3); 1H-NMR (400
MHz, CDCl3) d 0.35 (1 H, m, cyclopropyl-CH2), 0.52 (1 H, m,
cyclopropyl-CH2), 0.84 (1 H, m, cyclopropyl-CH), 0.91 (1 H, m,
cyclopropyl-CH), 1.01 (9 H, s, tBu), 2.27 (2 H, m, CH2CHO), 3.49

740 | Org. Biomol. Chem., 2012, 10, 736–745 This journal is © The Royal Society of Chemistry 2012

D
ow

nl
oa

de
d 

by
 U

ni
ve

rs
ita

ir
e 

d'
A

ng
er

s 
on

 0
8 

Fe
br

ua
ry

 2
01

2
Pu

bl
is

he
d 

on
 1

3 
O

ct
ob

er
 2

01
1 

on
 h

ttp
://

pu
bs

.r
sc

.o
rg

 | 
do

i:1
0.

10
39

/C
1O

B
06

49
6G

View Online

http://dx.doi.org/10.1039/c1ob06496g


(1 H, dd, J = 6.4, 10.7 Hz, CH2OTBDPS), 3.69 (1 H, dd, J = 5.7,
10.7 Hz, CH2OTBDPS), 7.35–7.44 (6 H, m, aromatic), 7.51–7.72
(4 H, m, aromatic), 9.75 (1 H, dd, J = 2.1, 2.3 Hz, CHO); 13C-
NMR (100 MHz, CDCl3) d 9.5, 10.2, 19.4, 20.5, 27.0, 47.6, 66.6,
127.5, 129.5, 133.7, 135.4, 201.9; LRMS (FAB) m/z 353 [(M+H)+];
HRMS (FAB) calcd for C22H29O2Si 353.1937, found 353.1928
[(M+H)+]; Found: C, 75.13; H, 8.05. Calc. for C22H28O2Si: C, 74.95;
H, 8.01%.

(2R,3S)-4-tert-Butyldiphenylsilyloxy-2,3-methanobutyraldehyde
(ent-7)

Compound ent-7 (2.41 g, 83%, colorless oil) was prepared from
ent-16a (2.80 g, 8.27 mmol) as described for the preparation of 7:
[a]22

D +11.5 (c 0.98, CHCl3); LRMS (FAB) m/z 353 [(M+H)+];
HRMS (FAB) calcd for C22H29O2Si 353.1937, found 353.1925
[(M+H)+]; Found: C, 75.02; H, 7.98. Calc. for C22H28O2Si: C, 74.95;
H, 8.01%. 1H- and 13C-NMR spectra were consistent with those
of 7.

(2R,3R)-4-tert-Butyldiphenylsilyloxy-2,3-methanobutyraldehyde
(10)

Compound 10 (2.27 g, 92%, colorless oil) was prepared from 26c

(2.37 g, 7.00 mmol) as described for the preparation of 7: [a]24
D

-0.8 (c 1.15, CHCl3); 1H-NMR (400 MHz, CDCl3) d 0.05 (1 H,
dd, J = 5.4, 10.6 Hz, cyclopropyl-CH2), 0.77 (1 H, m, cyclopropyl-
CH2), 1.04 (9 H, s, tBu), 1.08–1.26 (2 H, m, cyclopropyl-CH ¥2),
2.32 (1 H, m, CH2CHO), 2.51 (1 H, m, CH2CHO), 3.43 (1 H, dd,
J = 8.8, 11.3 Hz, CH2OTBDPS), 3.89 (1 H, dd, J = 5.4, 11.3 Hz,
CH2OTBDPS), 7.35–7.43 (6 H, m, aromatic), 7.64–7.69 (4 H, m,
aromatic), 9.83 (1 H, t, J = 1.8 Hz, CHO); 13C-NMR (100 MHz,
CDCl3) d 8.79, 9.30, 17.1, 19.2, 26.9, 42.9, 63.8, 127.6, 129.6, 133.6,
135.4, 135.5, 202.3; LRMS (FAB) m/z 353 [(M+H)+]; HRMS
(FAB) calcd for C22H29O2Si 353.1937, found 353.1938 [(M+H)+];
Found: C, 74.90; H, 8.01. Calc. for C22H28O2Si: C, 74.95; H,
8.01%.

(2S,3S)-4-tert-Butyldiphenylsilyloxy-2,3-methanobutyraldehyde
(ent-10)

Compound ent-10 (2.15 g, 80%, colorless oil) was prepared from
ent-26c (2.62 g, 7.68 mmol) as described for the preparation of 7:
[a]24

D +0.14 (c 1.02, CHCl3); LRMS (FAB) m/z 353 [(M+H)+];
HRMS (FAB) calcd for C22H29O2Si 353.1937, found 353.1940
[(M+H)+]; Found: C, 75.07; H, 8.11. Calc. for C22H28O2Si: C, 74.95;
H, 8.01%. 1H- and 13C-NMR spectra were consistent with those
of 10.

(2S,3R)-4-tert-Butyldiphenylsilyloxy-2,3-methano-1-(1-
triphenylmethyl-1H-imidazol-4-yl)butane (8)

To a suspension of tosylmethyl isocyanide (667 mg, 3.43 mmol)
and 7 (1.21 g, 3.43 mmol) in absolute EtOH (8 mL) was added
sodium cyanide (17 mg, 0.34 mmol) at 0 ◦C, and the resulting
mixture was stirred at the same temperature for 30 min. After
the solvent was evaporated, the residue in a saturated solution of
ammonia in absolute EtOH (60 mL) was heated at 120 ◦C in a
steel tube for 24 h. After cooling, the solvent was evaporated, and
the residue was co-evaporated with pyridine (¥3). After drying

the residue in vacuo, a solution of the residue and trityl chloride
(954 mg, 3.43 mmol) in pyridine (10 mL) was stirred at room
temperature for 12 h. After the solvent was evaporated, the residue
was partitioned between AcOEt and aqueous HCl (1 M). The
organic layer was washed with saturated aqueous NaHCO3, brine,
dried (Na2SO4), and evaporated. The residue was purified by silica
gel column chromatography (20–50% AcOEt in hexane) to give 8
(1.03 g, 48%) as a colorless oil: [a]22

D -18.7 (c 1.10, CHCl3); 1H-
NMR (400 MHz, CDCl3) d 0.31–0.39 (2 H, m, cyclopropyl-CH2),
0.81–0.90 (2 H, m, cyclopropyl-CH ¥2), 1.02 (9 H, s, tBu), 2.41
(1 H, dd, J = 6.8, 15.9 Hz, CH2-imidazole), 2.59 (1 H, dd, J =
5.9, 15.9 Hz, CH2-imidazole), 3.40 (1 H, dd, J = 6.3, 10.9 Hz,
CH2OTBDPS), 3.60 (1 H, dd, J = 5.4, 10.9 Hz, CH2OTBDPS),
6.52 (1 H, s, imidazolyl) 7.11–7.13 (6 H, m, aromatic), 7.25–7.39 (16
H, m, aromatic & imidazolyl), 7.64–7.65 (4 H, m, aromatic); 13C-
NMR (100 MHz, CDCl3) d 9.86, 15.8, 19.2, 20.4, 26.8, 32.2, 67.0,
75.0, 117.8, 127.5, 127.9, 129.4, 129.7, 134.0, 135.6, 138.2, 141.4,
142.5; LRMS (FAB) m/z 633 [(M+H)+]; HRMS (FAB) calcd
for C43H45N2OSi 633.3301; found 633.3299 [(M+H)+]; Found: C,
81.55; H, 7.05; N, 4.37. Calc. for C43H44N2OSi: C, 81.60; H, 7.01;
N, 4.43%.

(2R,3S)-4-tert-Butyldiphenylsilyloxy-2,3-methano-1-(1-
triphenylmethyl-1H-imidazol-4-yl)butane (ent-8)

Compound ent-8 (755 mg, 43%, colorless oil) was prepared from
ent-7 (970 mg, 2.75 mmol) as described for the preparation
of 8: [a]22

D +18.3 (c 1.35, CHCl3); LRMS (FAB) m/z 633
[(M+H)+]; HRMS (FAB) calcd for C43H45N2OSi 633.3301; found
633.3300 [(M+H)+]; Found: C, 81.38; H, 6.91; N, 4.60. Calc. for
C43H44N2OSi: C, 81.60; H, 7.01; N, 4.43%. 1H- and 13C-NMR
spectra were consistent with those of 8.

(2R,3R)-4-tert-Butyldiphenylsilyloxy-2,3-methano-1-(1-
triphenylmethyl-1H-imidazol-4-yl)butane (11)

Compound 11 (744 mg, 51%, colorless oil) was prepared from 10
(821 mg, 2.33 mmol) as described for the preparation of 8: [a]23

D

+4.9 (c 1.01, CHCl3); 1H-NMR (400 MHz, CDCl3) d 0.04 (1 H,
m, cyclopropyl-CH2), 0.66 (1 H, m, cyclopropyl-CH2), 1.03 (9 H,
s, tBu), 1.07–1.18 (2 H, m, cyclopropyl-CH ¥2), 2.39 (1 H, dd,
J = 7.9, 15.8 Hz, CH2-imidazole), 2.75 (1 H, dd, J = 5.4, 15.8
Hz, CH2-imidazole), 3.68 (2 H, d, J = 6.7 Hz, CH2OTBDPS),
6.51 (1 H, s, imidazolyl) 7.11–7.13 (6 H, m, aromatic), 7.26–7.39
(16 H, m, aromatic & imidazolyl), 7.64–7.68 (4 H, m, aromatic);
13C-NMR (100 MHz, CDCl3) d 10.0, 15.6, 18.2, 19.5, 27.2, 28.0,
64.5, 75.3, 118.0, 127.8, 127.9, 128.2, 128.2, 129.7, 130.1, 134.4,
134.4, 135.9, 135.9, 138.6, 142.3, 142.9; LRMS (FAB) m/z 633
[(M+H)+]; HRMS (FAB) calcd for C43H45N2OSi 633.3301; found
633.3300 [(M+H)+]. Found: C, 81.84; H, 6.81; N, 4.21. Calc. for
C43H44N2OSi: C, 81.60; H, 7.01; N, 4.43%.

(2S,3S)-4-tert-Butyldiphenylsilyloxy-2,3-methano-1-(1-
triphenylmethyl-1H-imidazol-4-yl)butane (ent-11)

Compound ent-11 (922 mg, 58%, a colorless oil) was prepared
from ent-10 (890 mg, 2.52 mmol) as described for the prepa-
ration of 8: [a]23

D -4.6 (c 0.96, CHCl3); LRMS (FAB) m/z 633
[(M+H)+]; HRMS (FAB) calcd for C43H45N2OSi 633.3301; found
633.3310 [(M+H)+]; Found: C, 81.77; H, 6.89; N, 4.18. Calc. for
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C43H44N2OSi: C, 81.60; H, 7.01; N, 4.43%. 1H- and 13C-NMR
spectra were consistent with those of 11.

(2S,3R)-4-Formyl-2,3-methano-1-(1-triphenylmethyl-1H-
imidazol-4-yl)butane (9)

A mixture of 8 (633 mg, 1.00 mmol) and TBAF (1.0 M THF,
2.0 mL, 2.0 mmol) in THF (6 mL) was stirred at room temperature
for 12 h. After the solvent was evaporated, the residue was
purified by silica gel column chromatography (50% AcOEt in
hexane then 3% MeOH in CHCl3) to give an alcohol product.
To a solution of the alcohol in CH2Cl2 (10 mL) was added
Dess–Martin periodinane (509 mg, 1.20 mmol), and the resulting
mixture was stirred at room temperature for 2 h. After addition of
saturated aqueous Na2S2O3/NaHCO3 (1 : 3), the resulting mixture
was stirred vigorously for 10 min. The mixture was extracted with
AcOEt, and the organic layer was washed with saturated aqueous
NaHCO3, brine, dried (Na2SO4), and evaporated. The residue
was purified by silica gel column chromatography (33% AcOEt
in hexane) to give 9 (305 mg, 78%) as a light brown amorphous
solid: [a]24

D -26.0 (c 1.00, CHCl3); 1H-NMR (400 MHz, CDCl3)
d 1.04 (1 H, m, cyclopropyl-CH2), 1.32 (1 H, m, cyclopropyl-
CH2), 1.68–1.83 (2 H, m, cyclopropyl-CH ¥2), 2.66 (2 H, d, J =
6.3 Hz, CH2-imidazole), 6.57 (1 H, s, imidazolyl) 7.12–7.15 (6
H, m, aromatic), 7.32–7.36 (10 H, m, aromatic & imidazolyl),
9.01 (1 H, d, J = 5.3 Hz, CHO); 13C-NMR (100 MHz, CDCl3) d
12.8, 24.2, 27.2, 27.7, 75.1, 117.9, 127.9, 129.6, 138.4, 140.3, 142.5,
201.9; LRMS (EI) m/z 392 (M+); HRMS (EI) calcd for C27H24N2O
392.1889; found 392.1880 (M+); Found: C, 82.77; H, 6.39; N, 7.18.
Calc. for C27H24N2O: C, 82.62; H, 6.16; N, 7.14%.

(2R,3S)-4-Formyl-2,3-methano-1-(1-triphenylmethyl-1H-
imidazol-4-yl)butane (ent-9)

Compound ent-9 (305 mg, 78%, white amorphous solid) was
prepared from ent-8 (633 mg, 1.00 mmol) as described for the
preparation of 9: [a]24

D +25.2 (c 1.00, CHCl3); LRMS (EI) m/z 392
(M+); HRMS (EI) calcd for C27H24N2O 392.1889; found 392.1890
(M+); Found: C, 82.83; H, 6.23; N, 7.42. Calc. for C27H24N2O:
C, 82.62; H, 6.16; N, 7.14%. 1H- and 13C-NMR spectra were
consistent with those of 9.

(2R,3R)-4-Formyl-2,3-methano-1-(1-triphenylmethyl-1H-
imidazol-4-yl)butane (12)

Compound 12 (259 mg, 65%, white amorphous solid) was
prepared from 11 (637 mg, 1.01 mmol) as described for the
preparation of 9: [a]23

D -24.5 (c 1.00, CHCl3); 1H-NMR (400 MHz,
CDCl3) d 1.25–1.34 (2 H, m, cyclopropyl-CH2), 1.83–1.97 (2 H,
m, cyclopropyl-CH ¥2), 2.67 (1 H, dd, J = 8.2, 15.5 Hz, CH2-
imidazole), 2.95 (1 H, dd, J = 6.3, 15.5 Hz, CH2-imidazole), 6.53
(1 H, s, imidazolyl) 7.10–7.15 (6 H, m, aromatic), 7.31–7.34 (9 H,
m, aromatic), 7.36 (1 H, s, imidazolyl), 9.38 (1 H, d, J = 5.0 Hz,
CHO); 13C-NMR (100 MHz, CDCl3) d 15.0, 24.2, 27.2, 27.7, 75.1,
117.9, 127.8, 129.6, 138.4, 140.3, 142.2, 200.9; LRMS (EI) m/z 392
(M+); HRMS (EI) calcd for C27H24N2O 392.1889; found 392.1890
(M+); Found: C, 82.91; H, 6.00; N, 6.95. Calc. for C27H24N2O: C,
82.62; H, 6.16; N, 7.14%.

(2S,3S)-4-Formyl-2,3-methano-1-(1-triphenylmethyl-1H-
imidazol-4-yl)butane (ent-12)

Compound ent-12 (290 mg, 65%, a white solid) was prepared from
ent-11 (720 mg, 1.14 mmol) as described for the preparation of 9:
[a]22

D +25.0 (c 1.05, CHCl3); LRMS (EI) m/z 392 (M+); HRMS
(EI) calcd for C27H24N2O 392.1889; found 392.1888 (M+); Found:
C, 82.78; H, 5.97; N, 6.90. Calc. for C27H24N2O: C, 82.62; H, 6.16;
N, 7.14%. 1H- and 13C-NMR spectra were consistent with those
of 12.

(2S,3R)-trans-4-(4-Chlorobenzylamino)-2,3-methano-1-(1H-
imidazol-4-yl)butane (5b)

A mixture of 9 (48 mg, 0.12 mmol), 4-chlorobenzylamine (98%,
16 mL, 0.13 mmol) and 2-picoline borane (13 mg, 0.13 mmol) in
MeOH/AcOH (10 : 1, 1.1 mL) was stirred at room temperature for
8 h. After the addition of aqueous HCl (1 M, 1 mL), the mixture
was stirred at 0 ◦C for 10 min and then the solvent was evaporated.
The residue was partitioned between Et2O and aqueous NaOH (2
M), and the organic layer was washed with H2O, brine, dried
(Na2SO4), and evaporated. The residue was purified by neutral
silica gel column chromatography (10–20% MeOH in CHCl3) to
give the crude amine product. A solution of the amine, trityl
chloride (56 mg, 0.20 mmol) and Et3N (28 mL, 0.20 mmol) in
CH2Cl2 (1 mL) was stirred at room temperature for 12 h. After
addition of MeOH (1 mL), the solvent was evaporated. The residue
was partitioned between Et2O and aqueous HCl (0.5 M), and the
organic layer was washed with saturated aqueous NaHCO3 and
brine, dried (Na2SO4), and evaporated. The residue was purified
by neutral silica gel column chromatography (17–33% AcOEt in
hexane) to give the amine as an amorphous solid. A solution of
the amine in EtOH (2.0 mL)/aqueous HCl (4 M, 1.0 mL) was
stirred at 78 ◦C for 2 h, and then the solvent was evaporated. The
residue was partitioned between aqueous HCl (1 M) and CH2Cl2,
and the aqueous layer was neutralized with aqueous NaOH (2
M). The resulting solution was extracted with Et2O (¥3), and the
organic layer was washed with H2O and brine, dried (Na2SO4),
and evaporated. The residue was purified by Iatron beads column
chromatography (0–100% MeOH in CHCl3) to give 5b (10 mg,
30%, colorless amorphous solid) as a free amine: 1H-NMR (500
MHz, CDCl3) d 0.47–0.54 (2 H, m, cyclopropyl-CH2), 0.79–0.86
(2 H, m, cyclopropyl-CH ¥2), 2.10–2.17 (2 H, m, CH2-imidazole),
3.02–3.09 (2 H, m, CH2NH), 3.75 (1 H, d, J = 13.2 Hz, benzyl-
CH2), 3.84 (1 H, d, J = 13.2 Hz, benzyl-CH2), 6.77 (1 H, s,
imidazolyl), 7.25–7.26 (2 H, m, aromatic), 7.30–7.32 (2 H, m,
aromatic) 7.36 (1 H, s, imidazolyl); 13C-NMR (125 MHz, CDCl3)
d 10.2, 17.2, 19.2, 29.3, 53.0, 53.4, 120.9, 128.7, 128.7, 129.6, 129.6,
133.1, 133.1, 134.1, 137.5; LRMS (EI) m/z 275 (M+); HRMS (EI)
calcd for C15H18ClN3 275.1189, found 275.1190 (M+); Found: C,
65.03; H, 6.63; N, 15.49. Calc. for C15H18ClN3: C, 65.33; H, 6.58;
N, 15.24%; The free amine 5b was dissolved in aqueous HCl (4 M),
and the solvent was evaporated. The residue was triturated with
Et2O to give 5b dihydrochloride (12 mg) as a white amorphous
solid: [a]22

D -25.2 (c 1.01, MeOH); 1H-NMR (400 MHz, CD3OD)
d 0.76 (2 H, m, cyclopropyl-CH2), 1.18 (1 H, m, cyclopropyl-CH),
1.24 (1 H, m, cyclopropyl-CH), 2.58 (1 H, dd, J = 7.7, 14.5 Hz,
CH2-imidazole), 2.91–2.96 (2 H, m, CH2NH), 3.14 (1 H, dd, J =
6.8, 14.5 Hz, CH2-imidazole), 4.22 (2 H, s, benzyl-CH2), 7.42 (1 H,
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s, imidazolyl), 7.47 (2 H, d, J = 8.2 Hz, aromatic), 7.55 (2 H, d, J =
8.2 Hz, aromatic), 8.83 (1 H, s, imidazolyl); LRMS (EI) m/z 275
[(M-2HCl)+]; HRMS (EI) calcd for C15H18ClN3 275.1189, found
275.1189 [(M-2HCl)+]; Found: C, 51.52; H, 5.86; N, 11.78. Calc.
for C15H20Cl3N3: C, 51.67; H, 5.78; N, 12.05%.

(2R,3S)-trans-4-(4-Chlorobenzylamino)-2,3-methano-1-(1H-
imidazol-4-yl)butane (ent-5b)

Compound ent-5b (18 mg, 60%, colorless amorphous solid) was
prepared from ent-9 (45 mg, 0.12 mmol) as described for the
preparation of 5b: LRMS (EI) m/z 275 (M+); HRMS (EI) calcd
for C15H18ClN3 275.1189, found 275.1185 (M+); Found: C, 65.00;
H, 6.79; N, 15.52. Calc. for C15H18ClN3: C, 65.33; H, 6.58; N,
15.24%; 1H- and 13C-NMR spectra were consistent with those of
5b; The free amine ent-5b was dissolved in aqueous HCl (4 M),
and the solvent was then evaporated. The residue was triturated
with Et2O to give ent-5b dihydrochloride (20 mg) as a white
amorphous solid: [a]22

D +24.6 (c 1.10, MeOH); LRMS (EI) m/z
275 [(M-2HCl)+]; HRMS (EI) calcd for C15H18ClN3 275.1189,
found 275.1191 [(M-2HCl)+]; Found: C, 51.39; H, 5.98; N, 11.81.
Calc. for C15H20Cl3N3: C, 51.67; H, 5.78; N, 12.05%. 1H-NMR
spectrum was consistent with that of 5b dihydrochloride.

(2R,3R)-cis-4-(4-Chlorobenzylamino)-2,3-methano-1-(1H-
imidazol-4-yl)butane (6b)

Compound 6b (27 mg, 49%, colorless amorphous solid) was
prepared from 12 (78 mg, 0.20 mmol) as described for the
preparation of 5b: 1H-NMR (500 MHz, CDCl3) d 0.81 (1 H, dd,
J = 5.7, 10.9 Hz, cyclopropyl-CH2), 0.87 (1 H, m, cyclopropyl-
CH2), 1.02-1.10 (2 H, m, cyclopropyl-CH ¥2), 2.08 (1 H, dd, J =
4.6, 15.5 Hz, CH2-imidazole), 2.40 (1 H, t, J = 12.6 Hz, CH2NH),
3.15 (1 H, dd, J = 2.3, 15.5 Hz, CH2-imidazole), 3.34 (1 H, dd, J =
2.9, 12.6 Hz, CH2NH), 3.78 (1 H, d, J = 12.6 Hz, benzyl-CH2),
3.93 (1 H, d, J = 12.6 Hz, benzyl-CH2), 6.76 (1 H, s, imidazolyl),
7.26 (1 H, s, imidazolyl), 7.30 (2 H, d, J = 8.6 Hz, aromatic), 7.35
(2 H, d, J = 8.6 Hz, aromatic); 13C-NMR (125 MHz, CDCl3) d
8.47, 15.3, 17.1, 24.4, 48.1, 53.0, 123.3, 128.9, 128.9, 129.7, 129.7,
131.3, 133.5, 134.8, 136.9; LRMS (EI) m/z 275 (M+); HRMS
(EI) calcd for C15H18ClN3 275.1189, found 275.1187 (M+); Found:
C, 65.10; H, 6.88; N, 14.93. Calc. for C15H18ClN3: C, 65.33; H,
6.58; N, 15.24%; The free amine 6b was dissolved in aqueous
HCl (4 M), and the solvent was then evaporated. The residue was
triturated with Et2O to give 6b dihydrochloride (30 mg) as a white
solid: [a]22

D -11.1 (c 0.96, MeOH); 1H-NMR (400 MHz, CD3OD)
d 0.56 (1 H, ddd, J = 5.4, 5.9, 11.3 Hz, cyclopropyl-CH2), 1.06 (1
H, ddd, J = 8.6, 11.3, 12.6 Hz, cyclopropyl-CH2), 1.36 (1 H, m,
cyclopropyl-CH), 1.43 (1 H, m, cyclopropyl-CH), 2.74 (1 H, dd,
J = 8.6, 16.3 Hz, CH2-imidazole), 2.97 (1 H, dd, J = 6.3, 16.3 Hz,
CH2-imidazole), 3.05 (1 H, dd, J = 3.6, 12.7 Hz, CH2NH), 3.41
(1 H, dd, J = 5.4, 12.7 Hz, CH2NH), 4.24 (1 H, d, J = 13.1 Hz,
benzyl-CH2), 4.30 (1 H, d, J = 13.1 Hz, benzyl-CH2), 7.44 (1 H,
d, J = 1.1 Hz, imidazolyl), 7.48 (2 H, d, J = 8.6 Hz, aromatic),
7.58 (2 H, d, J = 8.6 Hz, aromatic), 8.84 (1 H, d, J = 1.1 Hz,
imidazolyl); LRMS (EI) m/z 275 [(M-2HCl)+]; HRMS (EI) calcd
for C15H18ClN3 275.1189, found 275.1192 [(M-2HCl)+]; Found:
C, 51.42; H, 5.95; N, 11.88. Calc. for C15H20Cl3N3: C, 51.67; H,
5.78; N, 12.05%.

(2S,3S)-cis-4-(4-Chlorobenzylamino)-2,3-methano-1-(1H-
imidazol-4-yl)butane (ent-6b)

Compound ent-6b (20 mg, 43%, white amorphous solid) was
prepared from ent-12 (69 mg, 0.17 mmol) as described for the
preparation of 5b; LRMS (EI) m/z 275 (M+); HRMS (EI) calcd
for C15H18ClN3 275.1189, found 275.1167 (M+); Found: C, 65.14;
H, 6.76; N, 15.00. Calc. for C15H18ClN3: C, 65.33; H, 6.58; N,
15.24%; 1H- and 13C-NMR spectra were consistent with those of
6b; The free amine ent-6b was dissolved in aqueous HCl (4 M), and
the solvent was then evaporated. The residue was triturated with
Et2O to give ent-6b dihydrochloride (22 mg) as a white solid: [a]22

D

+10.8 (c 0.90, MeOH); LRMS (EI) m/z 275 [(M-2HCl)+]; HRMS
(EI) calcd for C15H18ClN3 275.1189, found 275.1188 [(M-2HCl)+];
Found: C, 51.55; H, 5.96; N, 12.13. Calc. for C15H20Cl3N3: C, 51.67;
H, 5.78; N, 12.05%. 1H-NMR spectrum was consistent with that
of 6b dihydrochloride.

(2S,3R)-trans-4-Amino-2,3-methano-1-(1H-imidazol-4-yl)butane
(5a)

A mixture of 9 (136 mg, 0.347 mmol), (±)-tert-butanesulfinamide
(59 mg, 0.49 mmol) and anhydrous CuSO4 (560 mg, 3.47 mmol)
in CH2Cl2 (3 mL) was stirred at room temperature for 24 h.
After filtration of the reaction mixture with Celite, the filtrate
was evaporated, and the residue was partitioned between CHCl3

and cold aqueous HCl (0.5 M). The organic layer was washed
with H2O and brine, dried (Na2SO4), and evaporated. A solution
of the residue and added NaBH4 (17 mg, 0.46 mmol) in MeOH
(3 mL) was stirred at 0 ◦C for 2 h. After the solvent was evaporated,
the residue was purified by silica gel column chromatography (0–
2% MeOH in CHCl3) to give 13 (120 mg, diastereomixture) as a
colorless amorphous solid. A mixture of 13 (99 mg) and an EtOH
solution of HCl (1 M, 3.0 mL) was stirred at 78 ◦C for 3 h. After the
mixture was evaporated, the residue was washed with Et2O. The
residue was purified by NH silica gel column chromatography
(0–20% MeOH in CHCl3) to give 5a (21 mg, 50% for three
steps, colorless amorphous solid) as a free amine: 1H-NMR (500
MHz, CD3OD) d 0.41 (2 H, m, cyclopropyl-CH2), 0.80 (1 H, m,
cyclopropyl-CH), 0.87 (1 H, m, cyclopropyl-CH), 2.45–2.55 (4 H,
m, CH2-imidazole & CH2NH2), 6.78 (1 H, s, imidazolyl), 7.52 (1
H, s, imidazolyl); 13C-NMR (125 MHz, CD3OD) d 11.0, 18.2, 21.0,
31.2, 46.2, 117.8, 135.6, 137.4; LRMS (EI) m/z 151 (M+); HRMS
(EI) calcd for C8H13N3 151.1110, found 151.1100 (M+); Found: C,
63.11; H, 8.89; N, 27.59. Calc. for C8H13N3: C, 63.54; H, 8.67; N,
27.79%; The free amine 5a was dissolved in aqueous HCl (4 M),
and the solvent was then evaporated. The residue was triturated
with Et2O to give 5a dihydrochloride (20 mg) as a white amorphous
solid: [a]22

D -44.1 (c 1.10, MeOH); 1H-NMR (400 MHz, CD3OD)
d 0.72 (2 H, m, cyclopropyl-CH2), 1.12 (1 H, m, cyclopropyl-CH),
1.19 (1 H, m, cyclopropyl-CH), 2.58 (1 H, dd, J = 8.2, 15.9 Hz,
CH2-imidazole), 2.78 (1 H, dd, J = 7.7, 13.1 Hz, CH2NH2), 2.92 (1
H, dd, J = 6.3, 15.9 Hz, CH2-imidazole), 2.99 (1 H, dd, J = 7.2, 13.1
Hz, CH2NH2), 7.42 (1 H, s, imidazolyl), 8.84 (1 H, s, imidazolyl);
LRMS (EI) m/z 151 [(M-2HCl)+]; HRMS (EI) calcd for C8H13N3

151.1110, found 151.1102 [(M-2HCl)+]; Found: C, 41.50; H, 6.93;
N, 17.99. Calc. for C8H15Cl2N3·0.5H2O: C, 41.21; H, 6.92; N,
18.02%.
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(2R,3S)-trans-4-Amino-2,3-methano-1-(1H-imidazol-4-yl)butane
(ent-5a)

Compound ent-5a (23 mg, 61% for three steps, colorless amor-
phous solid) was prepared from ent-9 (99 mg, 0.25 mmol) as
described for the preparation of 5a: LRMS (EI) m/z 151 (M+);
HRMS (EI) calcd for C8H13N3 151.1110, found 151.1121 (M+);
Found: C, 63.20; H, 8.98; N, 27.48. Calc. for C8H13N3: C, 63.54;
H, 8.67; N, 27.79%; 1H- and 13C-NMR spectra were consistent
with those of 5a; The free amine ent-5a was dissolved in aqueous
HCl (4 M), and the solvent was then evaporated. The residue was
triturated with Et2O to give ent-5a dihydrochloride (25 mg) as a
white amorphous solid: [a]22

D +44.9 (c 1.12, MeOH); LRMS (EI)
m/z 151 [(M-2HCl)+]; HRMS (EI) calcd for C8H13N3 151.1110,
found 151.1099 [(M-2HCl)+]; Found: C, 42.49; H, 6.82; N, 18.35.
Calc. for C8H15Cl2N3·0.1H2O: C, 42.53; H, 6.78; N, 18.60%. 1H-
NMR spectrum was consistent with that of 5a dihydrochloride.

(2R,3R)-cis-4-Amino-2,3-methano-1-(1H-imidazol-4-yl)butane
(6a)

Compound 6a (18 mg, 59% for three steps, colorless amorphous
solid) was prepared from 12 (79 mg, 0.20 mmol) as described for
the preparation of 5a: 1H-NMR (500 MHz, CD3OD) d 0.18 (1 H,
dd, J = 5.2, 10.9 Hz, cyclopropyl-CH2), 0.84 (1 H, m, cyclopropyl-
CH2), 1.08–1.19 (2 H, m, cyclopropyl-CH ¥2), 2.42 (1 H, dd, J =
8.6, 15.4 Hz, CH2-imidazole), 2.75 (1 H, dd, J = 9.2, 13.5 Hz,
CH2NH2), 2.87 (1 H, dd, J = 5.2, 15.4 Hz, CH2-imidazole), 3.05
(1 H, dd, J = 5.7, 13.5 Hz, CH2NH2), 6.87 (1 H, s, imidazolyl), 7.61
(1 H, d, J = 1.1 Hz, imidazolyl); 13C-NMR (125 MHz, CD3OD)
d 10.1, 17.1, 18.3, 26.6, 41.6, 117.4, 135.8, 138.4; LRMS (EI) m/z
151 (M+); HRMS (EI) calcd for C8H13N3 151.1110, found 151.1109
(M+); Found: C, 63.11; H, 8.89; N, 27.59. Calc. for C8H13N3: C,
63.54; H, 8.67; N, 27.79%; The free amine 6a was dissolved in
aqueous HCl (4 M), and the solvent was then evaporated. The
residue was triturated with Et2O to give 6a dihydrochloride (20
mg) as a white amorphous solid: [a]22

D +2.3 (c 0.66, MeOH); 1H-
NMR (500 MHz, CD3OD) d 0.45 (1 H, dd, J = 5.4, 11.3 Hz,
cyclopropyl-CH2), 1.02 (1 H, m, cyclopropyl-CH2), 1.31 (1 H, m,
cyclopropyl-CH), 1.41 (1 H, m, cyclopropyl-CH), 2.71 (1 H, dd,
J = 8.6, 16.3 Hz, CH2-imidazole), 2.88 (1 H, dd, J = 9.0, 13.1 Hz,
CH2NH2), 3.00 (1 H, dd, J = 6.3, 16.3 Hz, CH2-imidazole), 3.25
(1 H, dd, J = 5.9, 13.1 Hz, CH2NH2), 7.44 (1 H, d, J = 0.9 Hz,
imidazolyl), 8.86 (1 H, d, J = 1.4 Hz, imidazolyl); LRMS (EI) m/z
151 [(M-2HCl)+]; HRMS (EI) calcd for C8H13N3 151.1110, found
151.1097 [(M-2HCl)+]; Found: C, 42.60; H, 6.88; N, 18.65. Calc.
for C8H15Cl2N3: C, 42.87; H, 6.75; N, 18.75%.

(2S,3S)-cis-4-Amino-2,3-methano-1-(1H-imidazol-4-yl)butane
(ent-6a)

Compound ent-6a (20 mg, 39% for three steps, colorless amor-
phous solid) was prepared from ent-12 (131 mg, 0.334 mmol) as
described for the preparation of 5a: LRMS (EI) m/z 151 (M+);
HRMS (EI) calcd for C8H13N3 151.1110, found 151.1095 (M+);
Found: C, 63.39; H, 9.02; N, 27.36. Calc. for C8H13N3: C, 63.54;
H, 8.67; N, 27.79%; 1H- and 13C-NMR spectrum was consistent
with that of 6a; The free amine ent-6a was dissolved in aqueous
HCl (4 M), and the solvent was then evaporated. The residue
was triturated with Et2O to give ent-6a dihydrochloride (22 mg)

as a white solid: [a]22
D -2.2 (c 0.58, MeOH); LRMS (EI) m/z

151 [(M-2HCl)+]; HRMS (EI) calcd for C8H13N3 151.1110, found
151.1121 [(M-2HCl)+]; Found: C, 41.31; H, 6.95; N, 17.93. Calc.
for C8H15Cl2N3·0.5H2O: C, 41.21; H, 6.92; N, 18.02%. 1H-NMR
spectrum was consistent with that of 6a dihydrochloride.

Binding assay with human histamine receptors

The assay was performed according to the method described
previously.6c The dihydrochloride salts of the final compounds
were used in the assay.

Luciferase reporter gene assay

The assay was performed according to the method described
previously.6b Briefly, 3 ¥ 104 cells of 293-EBNA (Invitrogen)
were harvested on collagen-coated 48-well plates for 24 h. An
expression plasmid for Gaq/i, chimera Ga protein of Gaq and Gai,
was constructed and cotransfected with an H3- or H4-expression
plasmid and a pSRE-Luc. The following day, the cells were treated
with histamine (10-5 or 10-6 M) and/or each compound (10-5

M) for 5 h, and laid on ice. Intracellular luciferase activity in
aliquots from each lysate was measured using a model ML3000
luminometer (Dynatech Laboratories). The dihydrochloride salts
of the final compounds were used in the assay.

Docking simulation

Using the homology modeling of the H3 receptor that was
constructed previously,6d the docking simulation was performed
according to the method described previously.6d
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