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A series of novel, potent neuronal nicotinic acetylcholine receptor (NAChR) ligands derived from 3,6-
diazabicyclo[3.2.0]heptane have been synthesized and evaluated for binding affinity and agonist activity at
the 0452 nAChR subtype. Structureactivity relationship studies of these novel nAChR ligands focused on
substitution effects on the pyridine ring, as well as stereo- and regiochemical influences of the
3,6-diazabicyclo[3.2.0]heptane core. Small 5-substituents on the pyridine ring had a modest impact on the
binding affinities and functional activities. 6-Bromo, 6-chloro, and 6-methyl substituents on the pyridine
ring led to increased binding affinities and improved functional activities. Most of thg@ridinyl-substituted
3,6-diazabicyclo[3.2.0]heptanes are selective forthe2 nAChR subtype. CompoundsRBS)-25, (1R,59)-

55, and (R,59-56 were virtually inactive as agonists at the3f4 nAChR but retained potency and efficacy

at the 452 nAChR subtype. ]N-Pyridinyl-substituted series demonstrated more complex SARSR)-

39, (1R 5R)-41, and (R 5R)-42 were found to be much more potent at the3fi4 nAChR subtype, whereas
(1R,5R)-38 and (IR,5R)-40 were very selective at theod32 nAChR subtype. The SAR studies of these
novel ligands led to the discovery of several compounds with interestinigro pharmacological profiles.

Introduction pain relievers was not appreciated until the early 1990s when

Commonly prescribed analgesic agents, such as nonsteroida?pibé1ti0|ine £) a novel nAChR agonist isolated from the skin

anti-inflammatory drugs (NSAIDs) and opioiéidave safety of a paisonous Ecuadorllan tree fro_g,. demonstrated po.tent
concerns, as well as unpleasant side effecto satisfy analgesic effect¥) surpassing even opioids such as morphine

significant unmet medical need and achieve optimal analgesic (3)->* Epibatidine demonstrates poor binding selegivity among
efficacy without undesirable side effects, the search for novel MACHR subtypes (especialty42 vs o354 nAChR);“ and its
and efficacious analgesics with improved therapeutic window toXicity profile is unacceptable for clinical us&in the search
continues to receive considerable attenfidkmong a number ~ for NAChR analgesics with an improved therapeutic window,
of novel approaches to pain relief currently under investigation, the structural diversity of nAChR ligands, primarily comprising
nicotinic acetylcholine receptors (NAChRs) hold considerable Series of nicotine and epibatidine analogues, has been exten-
potential as therapeutic targets for the development of analgesicSively studied over the past decade with a focus on the
drugs‘_1 nAChRs are pentameric |igand-gated ion channel identification 0f(14ﬁ2 nAChR subtype selective agonié*ffor
proteins that are widely expressed throughout the central andan example, tebaniclined), a potent nAChR agonist with
peripheral nervous systems (CNS and PNS). nAChRs aremoderate enhancement a#432 (vs a354) nAChR subtype
derived from multiplex (02-010) andj (32-84) subunit genes. selectivity as compared t3, demonstrated analgesic effects
Each distinct subunit gene composition defines a certain nAChR across a broad range of preclinical models of nociceptive and
subtype with characteristic pharmacological and biophysical neuropathic paid* However, tebanicline exhibited only a
propertie Accordingly, drug discovery efforts have been modest therapeutic window and showed dose-limiting gas-
focused on the development of subtype-selective nAChR ligandstrointestinal side effects. To identify novel nAChR agonists with
for the potential treatment of Alzheimer's disease (AD), superiora42 nAChR subtype selectivity and with reduced
Parkinson’s disease, Tourette’s syndrome, schizophrenia, de-adverse effects, our ongoing efforts focused on novel nAChR
pression, and paif©Of particular interest is thei452 receptor pharmacophores and their structueetivity relationships (SARS)
subtype, a major target involved in the analgesic responsefor further exploration of analgesic agents with clinical potential.
elicited by nAChR agonists.On the other hand, the34 A few pharmacophore models fo#32 nAChR ligands have
nAChR subtype that predomlnates |nthg autonomic ganglla an,dbeen proposed to integrate binding interactions of nAChR
mediates the systemic release of multiple neurotransmitters ISligands?® However, these are generally not useful for novel
correlated to adverse eveﬁt@onsequently, the d|sc_overy of ligand desigris® According to Beers and Reich’s early
potenta452 nAChR subtype selective («s334) agonists has v nathesidSt nicotinic agonists require a Columbic interaction
been critical for the advancement of novel nAChR-based j,qying the cationic center and a hydrogen bond acceptor
analge§|cs with mproved s:?\fety profiles. o feature that interacts with a receptor-based hydrogen bond donor

Despite the mild analgesic effects of nicotir (Scheme  jte Glennon et al. suggested an improved vector pharmaco-
1) reported decades addhe potential of NAChR ligands as  yhore model stating that the spatial relationship between these
- two pharmacophoric elements is very important for ligand
FaX:T%‘gr_‘gg“?_golggSF’E?rrf;I’?Cﬁaﬂéﬂ‘g_‘?iCg;ggg&fg;ﬁ- Tel: 847-935 3579-blndlng affinities towarda4f2 nAChR?*® From structural

t Abbott. analysis of various nAChR ligands developed during the past

* NeuroSearch. decade, one simple conclusion is that most of the nAChR ligands
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are generally composed of an®sgitrogen atom, a heteroaryl
group possibly containing an %pitrogen atom, and a linker
that connects the $mitrogen atom to the heteroaryl group. The
linkers play an important role by determining the internitrogen
(NSP—NsP) distance and orientation in the ligand’s binding
conformation. The structural motif of many unique linkers often
is constructed with a rigidified skeleton ofsR—(C)—X—,
wherein—(C),—X— can be a simple-C— (nicotinel), —CC—
(epibatidine 2,° varenicline 516, —CCC— (dianicline, 67),
—CCCG- (ispronicline 718), —CCO- (tebanicline4),** and
—CCN- (8).1° With regards to the ligands with theNCCN—
motif, compound shows potent binding affinity $H]cytisine,
ICs0 = 1.9 nM)'%0 but holds a relatively flexible homopiperazine
linker, which provides the ligand with multiple conformational
possibilities varying the internitrogen $R—Ns%) distance and
orientation. To gain more insight into the SAR of ligands with
the —=NCCN-— maotif, we proposed that a rigidifieetNCCN—
motif linker, such as 3,6-diazabicyclo[3.2.0]hepta8g $§hould

% ﬁg

9

7 (ispronicline)

providing (&)-15in an overall 90% yield. The optimized six-
step process fror0 to (£)-15 required neither distillation nor
chromatographic purification.

Resolution of £)-15 with (R)-mandelic acid was then
investigated. According to the procedure reported by Ghta,
amino alcohol £)-15 was initially treated with R)-mandelic
acid in cyclohexanone at-20 °C for 48 h. The reaction
consistently gave enantiomerically enriched salt in-38%
yield with maximal 94% ee. Replacing cyclohexanone with
anhydrous acetone under identical conditions g&®-(L6 with
excellent enantioselectivity>(98% ee) but with much lower
chemical yield €10%). After additional optimization, the
recovery of §9-16 was improved to 44%%98% ee) by simply
pretreating £)-15 with 2-methoxypropene. This modification
also allows the chiral resolution to proceed at ambient temper-
ature without sacrificing optical purity or chemical yield. The
enantiomeric excess was determined by chiral high-performance
liquid chromatography (HPLC) assay of the corresponding
amino-alcohol intermediate §49-17. The latter was easily
obtained by acidic hydrolysis of sal§g)-16, followed by
treatment with BogO under basic conditions. Although the role
of 2-methoxypropene in the reaction is not very clear at the
present time, the formation of the fused 1,3-oxazinane that is
actually resolved through chiral sal$)-16 was accelerated.
The best resolution condition involved premixing 2 equiv of
2-methoxypropene withdf)-15for 1.0 h followed by treatment
with 1 equiv of R)-mandelic acid in anhydrous acetone at
ambient temperature for 48 h. CrystallirS)-16 was isolated

reduce the conformational complexity of ligands and might lead in 44% yield (vs maximal 50%) with over 98% enantiomeric
to novelo452 nAChR agonists with enhanced subtype selectiv- excess. The crystallization 055)-16 also served as the first
ity. This paper describes the chiral synthesis and pharmacologi-purification in the seven-step sequence fraf

cal profiles of 3,6-diazabicyclo[3.2.0]heptane-derived pyridine
analoguesA (6-N-pyridinyl-substituted series) anB (3-N-
pyridinyl-substituted series) (Scheme 2).

Results and Discussion

Chemistry. Scheme 3 outlines the chiral synthesis of
intermediates (359-19 and (IR59-20.2° Oxime 13 was
synthesized through a convenient proéeseluding theN-Cbz
protection of 2,2-dimethoxyethylamin&@) and the subsequent
N-allylation to offer dimethyl acetall, hydrolysis of11 to
produce aldehyd&2, and oxime formation with hydroxyamine.
Intramolecular 1,3-dipolar cycloaddition of oxind& afforded
the racemic intermediate isoxazoliding)¢14, which was then
converted to ¢is)-3-amino-4-(hydroxymethyl)pyrrolidineX)-

15 by reductive cleavage of the-ND bond in &)-14 using
Zn/HOAc. To minimize the facile air oxidation ol4 to
isoxazolin@? impurities as often detected by LC/MS, cyclization
of 13 and reduction oft4 were carried out in a single pot

(5§9-16 was hydrolyzed with aqueous,850Os, then basified
to pH 10, and treated with dert-butyldicarbonate to give
(3549-17in excellent chemical yield. The reaction 0i539)-
17 with methanesulfonyl chloride gave mesylates@%)-18,
which was smoothly transformed to§59)-19a (R = Cbz) by
removal of theN-Boc-protecting group under acidic conditions,
followed by basification to liberate the nucleophilic amine. The
five-step process fromSS)-16 to (1S59)-19adid not require
chromatographic purification and gaveS8S)-19a in 90%
overall yield. (1559)-19a was transformed to §&5S)-20 by
initial 6-N-Boc protection of (§559)-19a with di-tert-butyldi-
carbonate and theN-Cbz deprotection under catalytic hydro-
genation conditions with Pd/C. §59-19awas also converted
to (1IR,59-19b (R = Boc) through a sequence involvinghé-
CRsCO protection of ($59-19awith (CRCO)0, a swap of
3-N-Cbz for the 3N-Boc-protecting group under catalytic
hydrogenation conditions with Pd/C, and last the deprotection
of azetidine nitrogen with BCO; in MeOH. The opposite
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Scheme 3.Synthesis of Optically Pure 3,6-Diazabicyclo[3.2.0]heptane
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19b: R=Boc 2"

aReagents and conditions: (a) CbzCl, NaOH (aqueous), toluene, r.t., 4 h, 91%. (b) Allyl-Br, KeBHNECI™, r.t., 14 h, 96%. (c) HCeH, r.t., 15 h,
99%. (d) HONH-HCI, NaOAc, MeCN, r.t., 20 h, 98%. (e) Xylene, 13C, 10 h. (f) Zn/HOAc, r.t., 3 h, 90%. (g) (1) 2-Methoxypropene, acetone, r.t., 1
h; (2) (R)-mandelic acid, r.t., 48 h, 44% yiel&,98% ee. (h) (1) SO, (aqueous), EtOH, r.t., 16 h; (2) NaOH (aqueous), Bn®&5°C, 4 h, 98%. (i) MsClI,
EtsN, CHyCl,, —10 °C, 0.5 h, 97%. (j) (1) CECOH, CHxCly, 0—20°C, 1 h; (2) NaOH (aqueous), EtOH, p+H0, 60°C, 10 h, 95%. (k) BogD, CH,Cl>,

EtN, r.t., 10 h, 95%. (I) Pd/C, b EtOH, r.t. 4 h, 89%. (m) (1) (GEO)O0, E&N,

(3) K2COs, MeOH, 65°C, 1 h, 80%.

Scheme 4.Synthesis of Pyridine-Substituted
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N
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22-31 21 33-42
22 X=Br  R'=H R%*H 33
23 X=Br R'=H R%=Br 34
24 X=Br R'=H R2=ClI 35
25 X=Br R'=H R2%=CN 36
26 X=Br R'=H R2=OMe 37
27 X=Br R'=Me R%=Me 38
28 X=Br R'=Me R%=CN 39
29 X=Br R'=Cl R%=H 40
30 X=Br R'=Cl R*=Me 41
31 X=Brorl R'=Cl R2=Cl 42

aReagents and conditions: (a) Compod®a (1.0 equiv),21 (1.5 equiv),
Pdy(dba) (0.02 equiv),rac-BINAP or xantphos (0.06 equiv)BuONa or
CsCO0; (1.5 equiv) in toluene (0.2 M), at 164110 °C, 10-40 h. (b)
CRCO,H, or TsOH, or Pd/G-Ha. (c) Compound20 (1.0 equiv),21 (1.5
equiv), Pd(dba} (0.02 equiv)yac-BINAP or xantphos (0.06 equivBuONa
or CsCO;3 (1.5 equiv) (1.5 equiv) in toluene (0.2 M), at 16010°C, 10—
40 h.

enantiomers, ®5R)-19 and (1IS5R)-20, were obtained by
resolution of ¢)-15with (S)-mandelic acid and using the same
sequence described above.

Scheme 4 outlines the synthesis of 3,6-diazabicyclo[3.2.0]-
heptanyl pyridine analogu@2—31and33—42. Monoprotected
3,6-diazabicyclo[3.2.0]heptan&9aor 20 were condensed with
halopyridines21 via a palladium-mediated procedure initially
developed by Buchwald and Hartwdf). The Buchwald and
Hartwig amination of numerous pyridin@4 with a variety of
5- and/or 6-substitutents, including bromo, chloro, cyano,

THF, —20to 0°C, 4 h, 96%; (2) Pd/C, K Boc,O, MeOH, r.t., 10 h, 82%;

Scheme 8

©) ©)
HN/j\N Me HN/j\N Me
® Y a YR
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a2 Reagents and conditions: (a) Pd/G;, EtOH, r.t.,, 10 h,>87%. (b)
CRCO:H, CH.Cl, r.t., 1 h, 85%.

CI

hydrogenation conditions (PdfH, for the deprotection of
N-Cbz group). 5-Methyl-substituted analogug&and 43 can

be prepared through a convenient palladium-mediated hydro-
genation of30 and41, respectively (Scheme 5).

Scheme 6 illustrates the further transformation of the Buch-
wald—Hartwig coupling products 8+Boc-23 and 3N-Cbz23.
Under standard Sonogashira reaction conditidnsaction of
3-N-Boc-23 with ethynyltrimethylsilane, followed by the depro-
tection of trimethylsilyl andN-Boc groups, provided4. Under
typical Stille coupling condition33 reaction of 3N-Cbz23 with
2-(tributylstannyl)oxazole or 1-methyl-4-(tributylstannyl)imid-
azole installed oxazole or imidazole groups on the 5-position,
leading to45 and 46.

Several of the BuchwatgHartwig coupling products (Scheme
7) could be further elaborated with a 6-bromo substituent by
the reaction with NBS in MeCN to provide compountis-49
and51—54. The directive effect of the 3-amino group dominates,
so that bromination at the 6-position was the major product
regardless of the 5-substitutents. Minor amounts of 2-bromo
and 2,6-dibromo byproducts were observed in some cases. These
could be minimized by control of reaction temperature, amount,
and rate of addition of NBS. These byproducts were easily

methoxy, and methyl, proceeded smoothly and provided the removed by chromatography. Compous@was prepared by

corresponding coupling products with moderate-to-excellent
chemical yield (46-95%). The protecting groups of the coupling
products were then removed under acidic conditiongQCEH

for the removal of N-Boc or N-Cbz groups) or catalytic

the reaction of -Boc-48with ureaH,0, and the deprotection
of the N-Boc group with CECO,H in CH.Cl..

Scheme 8 outlines the further transformation & %85)-tert-
butyl 6-(5-cyanopyridin-3-yl)-3,6-diazabicyclo[3.2.0]heptane-
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Scheme 6. Transformation of 5-Bromopyridinés
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aReagents and conditions: (a) (1) TMSCH (2.5 equiv), PdG[PPh),,
(0.02 equiv), Cul (0.1 equiv), B¥, DMF, 70°C, 10 h,>60%; (2) BuN*F-,
THF, r.t,, 1 h; (3) CECO:H, CH,Cly, r.t., 2 h, 94%. (b) BSnBy; (2.0 equiv),
PdCh(PPh),, (0.02 equiv), MeCN, 80C, 6 h, 99%. (c) Pd/C, K EtOH,
r.t., 2 h,>60%.
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Scheme 7.Preparation of 6-Bromopyridin-3-yl-Substituted
3,6-Diazabicyclo[3.2.0]heptares

H
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47-49
3-N-Cbz-23 47: R%=Br
3-N-Boc-25 48: R2=CN %P
3-N-Cbz-26 49: R=OMe
50: R?=CONH,
BocN:]/ BocN]/
a
N b N
N R2 N R2
Br
51-54
6-N-Boc-34 51: R%=Br
6-N-Boc-35 52: R?=Cl
6-N-Boc-36 53: R?=CN
6-N-Boc-37 54: R?=OMe

a Reagents and conditions: (a) NBS (1.0 equiv), Me€ig0 to 20°C,
0.5-1 h. (b) For deprotection df-Boc group: CBCOH, CH,Cly, r.t., 1
h; for deprotection oN-Cbz group: CECO:H, 65°C, 1 h. (c) 3N-Boc 48
(1.0 equiv), ureeH,0; (10.1 equiv), kCO; (0.1 equiv), acetonewater,
r.t., 10 h, 51%.

3-carboxylate (N-Boc-25). The reaction of ($,59-3-N-Boc-
25 with hydroxylamine gavé\-hydroxynicotinimidamide, and
the deprotection ofN-Boc with CRCOH provided 5-
[(1R 59-3,6-diazabicyclo[3.2.0]heptan-6-yiJ-hydroxynicotinimid-
amide 55. Oxidation of (1S59-3-N-Boc-25 with m-CPBA,
followed by the deprotection df-Boc group, afforded 3-[@,59)-
3,6-diazabicyclo[3.2.0]heptan-6-yl]-5-cyanopyridine 1-oXide

Jietal.

Scheme 8
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a3 Reagents and conditions: (a) NBH-HCI, Et;N, EtOH, r.t., 10 h, 76%.
(b) CRCO,H, CH.Cly, r.t., 1 h. (c)m-CPBA (1.28 equiv), MeCN, r.t., 10
h, 97%.

Biology. The predominant receptor with high affinity for
[®H]nicotine and )-[3H]cytisine in rodent brain is composed
of a4 and 32 subunit’ As a primary screen, the binding
affinities of ligands at NAChRs were determined by assessing
their ability to compete with-)-[3H]cytisine in binding to rat
brain membranesn(= 3).28 In addition to )-[3H]cytisine
binding, fluorometric imaging plate reader (FLIPR) cellular
assay?® using recombinant human receptors were employed to
evaluate the functional activities and subtype nAChR selectivity
in all lines expressing recombinant human recept®Serial
log dilutions of test compound were applied, and the corre-
sponding changes in intracellular calcium were assessed. Data
were normalized to the response evoked by ABDnicotine,
and EGp and maximal efficacy values were determined.

Exploration of SARs for the 3,6-diazabicyclo[3.2.0]heptane
was focused on &+ and 3N-pyridin-3-yl-substituted 3,6-diaza-
bicyclo[3.2.0]heptanes (structurdsand B, Scheme 2), espe-
cially on the extensive variations of substitutions on the 5- and/
or 6-positions of pyridine ring. The results are shown in Tables
1 and 2. Typically, only those nAChR ligands with high affinity
(Ki < 50 nM) were selected for functional evaluation. In
functional assays, compounds with & 100uM or less than
20% maximal peak response were generally considered to be
weak or partial agonists. Comparison of gg@nd efficacy at
recombinant b452 and w354 nAChR subtypes provides an
estimate of NnAChR subtype selectivity. Ideally, selectiudf2
nAChR agonists should give high efficacy and potency at
ha432 but not at 354 nAChRs. As noted earlier, compounds
with optimal subtype selectivity (32 vs tn364) hold the
potential for achieving analgesic efficacy with a low incidence
of undesired side effects.

Examination of the £)-[3H]cytisine binding indicated that
most of the 6N-substituted 3,6-diazabicyclo[3.2.0]heptanes
(structureA) demonstrated comparable binding affinities (0.2
29 nM) to (§-nicotine 1 (0.96 nM) and much weaker than
epibatidine2 (0.05 nM) (Table 1). Small substituents on the
5-position of the pyridine ring, such as hydrog&®2)( bromo
(23), chloro @4), nitrile (25), methoxy £6), methyl 32), and
ethynyl @4), had little impact on binding affinitiek{ = 0.6—

7.2 nM) (Table 1). On the other hand, placement of oxazol-2-
yl and 1-methyl-imidazol-4-yl on 5-position4% and 46,
respectively) diminished binding affinities +20-fold 45 and
46vs 22, Table 1). 6-Chloro analog9 exhibited comparable
binding affinities to 22. With regards to 5,6-disubstituted
pyridin-3-yl analogues, 6-halo (chloro or bromo) substituents
boost binding affinities 415-fold, as exemplified by com-
pounds with a 6-chloro substitutent R59)-31 (Kij = 0.3 nM)

vs (1R,59-24 (K; = 3.0 nM) and (R,59-30 (Kij = 0.2 nM) vs
(1R,59-32(K; = 1.1 nM), as well as compounds with a 6-bromo
substitutent, (R,59-47 (Ki = 0.5 nM) vs (R,59-23(K; = 3.1
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Table 1. Binding and Functional Activity of 8N-Substituted 3,6-Diazabicyclo[3.2.0]heptanes

R7ON RN
Ca’" Flux (FLIPR)
[*H]-cytisine binding hodp2 ho3p4
Compd. R! R  pK;£SEM K{ pECs5+SEM ECs®’ Max(%)° pECsoxSEM ECs Max (%)
(M) (M) (HM)
1 903031 10 518=006 66 101£3 510004 80 89+3
2 1033£0.13 005 727+004 005 13313 792+007 001 103=15
(IR3S)-22 H H 888+002 13 574=006 19 1166 453+£002 294 6211
(IS5R)-22 H H 915001 07 557+005 28 1013 501003 97 97+3
(IR58»-23 H Br  851+£008 3.1  539+008 44 31+2 nc! nc! <10
(IS5R-23 H  Br 883%0.06 15 506036 114 202  551:043 66 231
(IR5S)24 H  Cl 853004 30 514%010 81 886 464002 23.0 81+2
(IR58-25 H CN 850017 32 529+0.10 59 65+0 nc! nc! 16 £2
(IS5R-25 H  CN  9.07+005 09  504=034 114 340  491+015 137  47+8
(IR58)-26 H OMe 9.12+002 08 547006 36 90+8  460+004 258 72 %3
(IS5R-26 H OMe 814009 72  464=019 247  43+3  451+002 312  64=2
(IR58)27 Me Me 810+003 80  569+002 21 85+1 538003 42 86+3
(IS5R)-27 Me Me 851:004 31  58=001 15 831 492+003 123 783
(IR55)-28 Me CN 895+0.03 1.1 542006 39  128+13 568+003 2.1 96+2
(IS5R)-28 Me CN  9.18=004 07  630=007 05 116+£7  580=001 16 95+3
(IR5S)29 CI H 891+005 12 627004 06 1276 595001 1.1 104=3
(IS5R-29 CI H  890+005 13  649=005 03 1074 592£002 12 943
(IR58):30 CI  Me 970+0.02 02  664+005 02 133£8  622+003 06 97+3
(IS5R)-30 CI Me 970+014 02  621+007 06 1345  566=002 22 89+2
(IR58):-31 CI Cl 955=008 03 658005 03 11710 6.00£003 1.0 923
(IS5R-31 CI Cl 893+033 12  6.04+002 09 1106 558001 26 872
(IS5R-32 H  Me 894x0.16 1.1  500£005 104 685  477+0.02 169 743
(IR5S5)-44 H -3= 863008 24 531028 134 7711 411008 869 57 =13
(IS5R)-44 H 3= 921+006 06 487017 204  45+£0  448+001 332 3343
(IR55)-45 H _@ 7.69£007 202 nc* nc <10 nct nct <10
(IR5S)-46 H N [NgMe 7.58£0.11 264 nc* nc <10 nct nct <10
(IR58)-47 Br  Br 935+£002 05 617004 69 1314  596+002 11 94£2
(IR5S)-48 Br CN 9.60+008 03 649+007 04 100£4 571005 20  95£12
(IR55)-49 Br OMe 9.68+0.13 02 607006 09 118+4 574003 1.8 94+2
(IR,55)-50 Br CONH, 819£0.10 65  595+002 1.1 155+3  4.68+002 212 88+ 4
(IR55)-55 H M 754005 291 517+006 7.2 76+2 nc nc <10
NHOH
(IR,55)-56 774008 186 534 +£0.02 75 69+8 nc nc <10

aDisplacement studies witffi]cytisine using rat brain homogenates. Theaepresents mean values obtained from independent experimentsmwhere
3. P Values represents mean potencies of compounds, as assessed by measuring fluorescence changes using FLIPR technology in HEK 293 celldines expressin
humana432 anda384 nAChRs.© Max values represent the maximal response of the ligand relative to the peak response for the positive contydlof 100

nicotine.? nc, EGo not reliably calculable for agonists with a maximal response below 20%.
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Table 2. Binding and Functional Activity of 3N-Substituted 3,6-Diazabicyclo[3.2.0]heptanes

R? R?
S @ LR —
N )R | CN )R
HN () \ N HN (R) \ N

Ca* flux (FLIPR)

[3H]-cytisine binding w432 ha354

compd R R? pKi+ SEM  K2(nM) pEGo+ SEM  EG® M) max (%f pEGo+SEM  EGPuM)  max (%f
(1S59-33 H H 8.924+ 0.06 1.2 5.8 0.04 1.6 122+ 5 5.22+ 0.02 6.1 90t 3
(1R5R)-33 H H 9.96+ 0.02 0.1 6.53+ 0.08 0.3 181 14 6.22+ 0.03 0.6 119+ 4
(1S59-34 H Br 8.84+ 0.04 1.4 5.2H 0.07 6.5 53+ 5 5.04+ 0.02 9.1 68+ 2
(IR5R)-34 H Br 10.20+ 0.10 0.1 5.9# 0.05 1.1 16H6 6.62+ 0.03 0.2 115t 4
(1S59-35 H Cl 8.724+0.04 1.9 5.03t 0.02 11.4 66+ 6 4.604 0.03 25.3 5H 2
(1S59-36 H CN 8.77+ 0.06 1.7 4.88t 0.08 14.6 102t 6 5.154+ 0.03 7.1 84+ 3
(1IR,5R)-36 H CN 9.924+ 0.05 0.1 6.38t 0.17 0.6 1235 6.49+ 0.02 0.3 102+ 2
(1S59-37 H OMe 8.52+ 0.06 3.0 4.88+ 0.13 15.8 55+ 5 4.33+0.04 48.1 44+ 3
(AIR5R)-37 H OMe 9.96+ 0.06 0.1 6.04+- 0.06 1.0 130t 7 5.994 0.02 1.0 9% 4
(1S59-38 Me Me 8.65+ 0.13 2.2 5.93t 0.02 1.2 76+ 2 5.49+ 0.01 3.3 85+ 3
(1R,5R)-38 Me Me 9.59+ 0.08 0.3 6.68t 0.02 0.2 124+ 4 5.49+ 0.01 3.3 96t 2
(1S59-39 Me CN 9.20+ 0.03 0.6 6.14+ 0.09 0.8 119+ 4 6.04+ 0.03 0.9 94+ 3
(IR5R)-39 Me CN 10.224+0.62 0.06 7.36t 0.07 0.5 136+ 7 7.06+ 0.02 0.09 1012
(1S59-40 Cl H 9.24+0.11 0.6 6.79 0.02 0.2 162+ 6 6.35+ 0.02 0.4 116+ 3
(1IR5R)-40 CI H 9.77+ 0.04 0.2 7.6 0.08 0.03 126t 2 7.46+ 0.03 0.4 105t 2
(1S59-41 Cl Me 10.10+ 0.10 0.08 6.52+ 0.03 0.3 134+ 6 6.17+ 0.01 0.7 100t 2
(IR5R)-41 ClI Me 10.40+ 0.04 0.04 7.14f 0.02 0.7 228t 9 6.75+ 0.06 0.2 119+-4
(1S59-42 Cl Cl 9.53+ 0.05 0.3 6.35: 0.21 0.4 116Gt 5 5.84+ 0.07 15 92+ 1
(1R5R)-42 ClI Cl 10.404+ 0.06 0.04 7.38: 0.05 0.4 162+ 6 7.27+£0.04 0.05 98t 2
(1S59-43 H Me 8.61+ 0.04 25 454 0.15 39.9 76t 7 4.424+ 0.03 38.5 T4+ 2
(1S59-51 Br Br 9.52+ 0.05 0.3 5.93t 0.07 1.2 122+ 6 5.90+ 0.02 1.3 o0+ 3
(1S59-52 Br Cl 9.624+ 0.09 0.2 6.4 0.09 0.4 108t 5 6.23+ 0.08 0.6 92+ 2
(1S59-53 Br CN 9.51+ 0.04 0.3 6.1H 0.05 0.8 146+ 9 6.244+ 0.01 0.6 9t 2
(1S59-54 Br OMe 8.71+ 0.21 1.9 5.66t 0.05 2.2 64+ 2 5.40+ 0.03 4.0 T2+ 1
(1R5R)-54  Br OMe 10.15+ 0.05 0.07 6.83: 0.01 0.2 159t 6 7.00+ 0.01 0.1 113t 5

a Displacement studies witffi]cytisine using rat brain homogenates. Thaepresents mean values obtained from independent experimentsmwhere
3. P Values represents mean potencies of compounds, as assessed by measuring fluorescence changes using FLIPR technology in HEK 293 celldines expressin
humana4$2 anda384 nAChRs.© Max values represent the maximal response of the ligand relative to the peak response for the positive contydflof 100
nicotine

nM) and (IR,59-48 (K; = 0.3 nM) vs (R59-25 (K; = 3.2 imidazol-4-yl substituents at the 5-position of the pyridine ring,
nM) and (IR,59-49 (K; = 0.2 nM) vs (R59-26 (K; = 0.8 lacked agonist activity at eitherad52 or hu354 nAChR
nM). On the other hand, the 6-methyl substituent revealed subtypes. A 6-chloro substituerd) increased agonist activity
similar binding affinity [for example, (&,59-28 (K; = 1.1 nM) at both recombinantd¥32 and w354 nAChR subtypes relative
vs (1IR,59-25 (K; = 3.2 nM)]. Slight differences in binding  to 22 Similar trends were observed for other 6-chloro, 6-methyl,
affinities between (R5S)- and (IS5R)-enantiomers were  and 6-bromo analogue2{—31 and 47-50). In spite of the
sometimes noted, but no clear SAR trends of stereochemicalmodest stereochemical influence of 3,6-diazabicyclo[3.2.0]-
effect on binding affinities could be predicted. heptane core on3f]cytisine binding K; values, ligands of
As shown in Table 1, functional data from théNeésubstituted structureA with (1R,5S5)-stereochemistry, with the exception
3,6-diazabicyclo[3.2.0]heptanes showed that all compounds,of compound®27—29, demonstrated substantially more potent
with the exception of45 and 46, demonstrated substantial —agonist activity at recombinant#d32 nAChR subtypes relative
agonist activities at recombinant humad2 and/or o364 to (1S5R)-enantiomers. On the basis of the functional data in
NAChR subtypes. ®,59-22 was slightly more potent (B Table 1, several compounds deserve particular attention because
= 1.9 uM) and efficacious (maximal response, 116%) at the of the significant differentiation between functional activities
recombinant b452 nAChR subtype tharSj-nicotine1 (ECso at o462 and w354 nAChR subtypes. @59-22 and (IR,59-
= 6.6 uM; maximal response, 101%) but is weaker (g& 50 showed full agonist activity at bothotd2 and w354
29.4 uM) and less efficacious (maximal response, 62%) than NAChR subtypes, but Egvalues at recombinants2 nAChR
(S-nicotinel (ECso = 8.0uM; maximal response, 89%) at the subtype were approximately £39-fold more potent than at
recombinant 334 nAChR subtype. As compared 2@, 5-Cl, the 364 nAChR subtype. CompoundsRES)-25, (1R,59)-
5-MeO, 5-Me, and 5-ethynyl analogue®4( 26, 32, and 44) 55, and (R/59-56 were virtually inactive as agonists at the
revealed slightly weaker agonist activities at the recombinant ho.354 nAChR but retained potency and efficacy at thelh2
ha42 nAChR subtypes. 5-Br and 5-nitrile analogu@s and nNAChR subtype. (&,59-25, (1R,59-55, and (R,59-56 offered,
25) showed stereochemical effects of 3,6-diazabicyclo[3.2.0]- thus far, the highest degree of subtype selective for agonist
heptane core on nAChR subtype selectivity. BotB §R)-23 activity at w42 nAChR with very weak &334 nAChR agonist
and (IS5R)-25 demonstrated weak and nonselective agonist activity.
activity at the recombinantd32 and w354 nAChR subtypes. Likewise, 3N-substituted 3,6-diazabicyclo[3.2.0]heptanes
However, enantiomers RI59-23 and (IRR,59-25 showed (structureB) have also been tested ifH]cytisine binding and
agonist activity at h452 nAChR subtype but did not show FLIPR functional assays (Table 2). As compared to the ligands
detectable functional potency at834 nAChR subtype due to  of structureA, many of the compounds with chemical structure
low efficacy. Ligand45and46, with oxazol-2-yl and 1-methyl- B showed more potent binding affinities (0:63.0 nM) and
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agonist activity. Monosubstitution on the 5-position of the
pyridine ring @4—37 and 43 vs 33) had little influence on
binding affinities (0.+3.0 vs 0.+1.2 nM) but reduced
functional agonist activities at botte#52 and w354 nAChR
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The 3N-substituted series, especially those ligands with a
(1R,5R)-3,6-diazabicyclo[3.2.0]heptane stereochemical skeleton,
demonstrated complex SARs RBR)-38 and (1R,5R)-40 pref-
erentially activated &452 (vs hu354) nAChR subtypes with

subtypes. 6-Methyl-, 6-chloro-, and 6-bromo-substituted pyridine excellent potency and high efficacy. On the other hand,5R)-

analogues 38—42 and 51-54) demonstrated more potent
binding affinities and agonist activities relative to the corre-
sponding 6-unsubstituted pyridine analogug@3—-37 and43).

In contrast to the @N-substituted series (structufd, the 3N-
substituted series (structuBg showed significant stereochemical
effects on binding affinity and functional potency.R5R)-
Enantiomers demonstrated approximately-35-fold more
potent binding affinity than (§59-enantiomers. In many cases,
(1R,5R)-enantiomers also exhibited more potent functional
agonist activities than 859)-enantiomers. For instance J&9-

33 showed an approximately 12-fold weaki¢r value Ki =
1.2 nM) and 5-fold less potent Egvalue at w452 nAChR
subtype (EGy = 1.6 uM; maximal response, 122%), as well as
a 10-fold higher Eg value at 334 nAChR subtype (E§ =

6.1 uM; maximal response, 90%) thanRbR)-33 (K;j = 0.1
nM; ha452 nAChR: EGo = 0.3uM; maximal response, 181%;
ha354 nAChR: EGy = 0.6 uM; maximal response, 119%)
(Table 2). Similar trends were noticed for compoudsand
36—42as well. With regard to subtype selectivity, it is apparent
that most of the ligands with 85S)-absolute stereochemistry
are generally 6432 nAChR subtype selective (see Table 2).
Compounds with (RB,5R)-absolute stereochemistry, on the other
hand, gave a more complex SAR. For exampl&, %®R)-38 and
(1R,5R)-40 are potent and efficaciousid32 NAChR subtype
selective agonists. R5R)-34, (1R,5R)-39, (1R,5R)-41, and
(1R,5R)-42revealed substantially more potent3dp4 (vs hnd52)
nAChR agonist activity (Table 2). Additionally, several other
ligands with (R,5R)-absolute chemistry, such asRbR)-33
and (R 5R)-37, showed low to moderatesd32 nAChR subtype
selectivity. At the present time, the prediction of subtype
selectivity resulting from substitution on the pyridine ring of
(1R,5R)-stereoisomers remains difficult.

Data presented in Tables 1 and 2 also indicate a few other(1
important SAR trends for stereo- and regiochemistry effects of

the 3,6-diazabicyclo[3.2.0]heptane core. TheéN-Byridinyl-
substituted 3,6-diazabicyclo[3.2.0]heptanes (strudd)rare, in
general, more potent than theNBsubstituted series (structure
A) in the PH]cytisine binding assay. TheS-substituted series

34, (IR5R)-39, (1R5R)-41, and (R,5R)-42 demonstrated
substantially stronger potency att354 (vs hn452) nAChR
subtype. (R5R)-42 and (IR,5R)-41 are compounds with the
lowestK; values K; = 0.04 nM) in the entire 3,6-diazabicyclo-
[3.2.0]heptane series. RI5R)-40 is the most potent d¥52
NAChR (EGp = 0.03uM; maximal response, 126%) agonist.
The SAR studies of novel 3,6-diazabicyclo[3.2.0]heptane NAChR
ligands led to the identification of several nAChR subtype
selective compounds that were advanced to in vivo testing in
models of efficacy and tolerability. Examples of such prototypes
will be reported elsewhere.

Experimental Section

Chemistry General.*H NMR spectra were recorded on GE QE-
300 (300 MHz) and Bruker AMX-400 (400 MHz) spectrometers.
Chemical shifts are reported in parts per million (ppm) downfield
from tetramethylsilane (TMS) as an internal standard. Data are
reported as follows: chemical shift, multiplicity ¢s singlet, d=
doublet, t= triplet, g = quartet, dd= doublets of doublets,
multiplet, and br= broad), coupling constant(s), integration, and
peak assignment3C NMR spectra were recorded on a GE QE-
300 (75 MHz) spectrometer using broad band proton decoupling.
Chemical shifts are reported in ppm downfield from TMS, using
the middle resonance of CDgI77.0 ppm) or MeOHd, (49.0 ppm)
as an internal standard. Mass spectra were acquired on a Jeol IMS-
SX-102 spectrometer. HPLC analyses were carried out on Hitachi
system model D-7000. Elemental analyses were performed by QTI
Quantitative Technologies Inc. (Whitehouse, NJ). Unless otherwise
specified, all reagents and solvents were obtained from commercial
suppliers.

Benzyl Allyl-(2,2-dimethoxyethyl)carbamate (11)3%32 Step
1: Benzyl chloroformate (95%, 231.3 g, 1.29 mol) was added
gradually to a mixture of aminoacetaldehyde dimethyl acdi@) (
52.0 g, 1.45 mol) in toluene (750 mL) and aqueous NaOH (72.8
g, 1.82 mol, in 375 mL of water) at 220 °C. After the addition
was completed, the mixture was stirred at ambient temperature for
4 h. The organic layer was separated and washed with brine (2
100 mL). It was then concentrated to afford benzyl 2,2-dimethoxy-
ethyl-carboxylate as an oil (281.5 g, 91.0% yielt).NMR (CDCls,

300 MHz): 6 3.33 (t,J = 6.0 Hz, 2H), 3.39 (s, 6H), 4.37 (3, =

also demonstrate more potent agonist activities (Table 2) than6.0 Hz, 1H), 5.11 (s, 2H), 7.30 (m, 5H). MS (DCI/NHWz 257

the corresponding Blsubstituted series (Table 1) at botd$2
and 384 nAChR subtypes. The B-substituted series gener-
ally has a preference for activation of the4f2 nAChR
subtype.

In conclusion, we have explored 3,6-diazabicyclo[3.2.0]-

(M + NHy)*, 240 (M + H)*.

Step 2: Under B powdered KOH (291.2 g, 5.20 mol) and
triethyl-benzylammonium chloride (4.40 g, 19.4 mmol) were added
to a 2 Lthree-necked flask containing the solution of benzyl 2,2-
dimethoxyethylcarbamate (281.0 g, 1.18 mol) in dry toluene (1.0
L). A solution of allyl bromide (188.7 g, 1.56 mol) in toluene (300

heptane as a useful core for the optimization of novel selective i ) \as then added dropwise avEh at 26-30 °C. The mixture
ha4$2 nAChR agonists. Both absolute enantiomers of 3,6- was stirred at ambient temperature for 14 h. The reaction was slowly
diazabicyclo[3.2.0]heptane have been synthesized and employeduenched with water (300 mL) at 230 °C over 20 min. The

to prepare 64{)- and 3-(\)-pyridin-3-yl-substituted analogues
(structureA andB). SAR studies of these novel NAChR ligands

explored substitution effects of the pyridine ring and stereo-
and regiochemical influences of the 3,6-diazabicyclo[3.2.0]-
heptane core. Small 5-substituents on the pyridine ring had

modest impact on the binding affinities and functional activities.

6-Bromo and 6-chloro substituents on the pyridine led to an

increase in binding affinities and functional activitiesNé-

Pyridinyl-substituted 3,6-diazabicyclo[3.2.0]heptanes were typi-

cally found to be hi452 nAChR subtype selective. RI5S)-25,
(1R,59-55, and (R,59-56 are 432 nAChR subtype selective
agonists with almost no agonist efficacy at the3i4 nAChR.

organic layer was separated, and the aqueous phase was extracted
with toluene (2x 300 mL). The combined organic extracts were
washed with brine (2« 100 mL) and concentrated to givd as

an oil (315.6 g, 96% yield)H NMR (CDsOD, 300 MHz): 6 3.32

(s, 3H), 3.37 (m, 5H), 3.97 (d] = 5.40 Hz, 2H), 4.45 (m, 1H),
5.15 (m, 4H), 5.75 (m, 1H), 7.23 (m, 5H). MS (DCI/NHWz 297

(M + NHy)*, 280 (M + H)*.

Benzy! Allyl-(2-oxo-ethyl)carbamate (12)32 A solution of 11
(314.0 g, 1.125 mol) in formic acid (88%, 350 mL) was stirred
under N at ambient temperature for 15 h. Most of the formic acid
was then removed under reduced pressure-ab00C. The residue
was extracted with EtOAc (& 500 mL). The combined extracts
were washed with brine until the wash had a pH ef76 The
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organic solution was then concentrated to providas an oil (260.0 (3 x 500 mL). The combined extracts were washed with brine (2
g, 98.8% yield).'H NMR (CDCl;, 300 MHz): 6 3.20 (m, 1H), x 100 mL) and concentrated to giv§$)-17 as a solid (43.7 g,
3.97 (m, 2H), 4.10 (m, 1H), 5.10 (m, 4H), 5.75 (m, 1H), 7.45 (m, 98% yield). The optical purityX 98% ee) was determined by HPLC
5H), 9.50 (d,J = 6.40 Hz, 1H). MS (DCI/NH) m/z 234 (M + (HPLC conditions: Chiracel AD column; eluents, EtOH/hexanes
H)*. = 20/80; flow rate, 1.0 mL/min; UV, 215 nm; retention time for
Benzyl Allyl-(2-hydroxyiminoethyl)carbamate (13).A solution (S§9-17 as the more mobile isomer, 10.8 min; and retention time
of NaOAc3H,0 (170.6 g, 1.254 mol, in 0.75 L of water) was added for (RR)-17 as the less mobile isomer, 13.9 min); mp 149160.8
to a flask containing the solution df2 (260.0 g, 1.115 mol) and °C.H NMR (CD30D, 400 MHz): 6 1.46 (s, 9 H), 2.50 (m, 1 H),
NH,OH-HCI (98.0 g, 1.41 mol) in MeCN (1.5 L) and then stirred  3.25 (m, 1 H), 3.40 (m, 1 H), 3.563.75 (m, 4 H), 4.20 (m, 1 H),
at ambient temperature for 20 h. The volatiles were then removed 5.10 (s, 2 H), 7.35 (m, 5 H) ppn3C NMR (CD;0OD, 75 MHz):
under reduced pressure, and the residue was extracted with EtOAd 158.4, 156.7, 138.2, 129.5, 129.0, 128.8, 80.6, 68.1, 60.8, 53.1,
(2 x 750 mL). The combined extracts were washed with brine until 52.9, 52.1, 48.0, 47.8, 45.7, 44.9, 28.7 ppm. MS (DCI{Nhi/z
the wash had a pH of 7. The organic solution was concentrated t0368 (M + NH4)*, 351 (M + H)*; [a]p?® = 17.50 (c = 0.67,
provide 13 as an oil (271.0 g 97.6% vyieldjH NMR (CD;OD, MeOH). Anal. (GgH26N20s) C, H, N.
300 MHz): 6 3.94 (m, 2H), 3.98 (dJ = 5.43 Hz, 1H), 4.17 (dJ Benzyl (35,4S)-3-tert-Butoxycarbonylamino-4-methylsulfon-
= 4.41 Hz, 1H), 5.30 (m, 4H), 5.62 (m, 1H), 7.27.36 (m, 6H) yloxymethyl-pyrrolidine-1-carboxylate (18)34 A solution of
ppm.13C NMR (CDCk, 75 MHz): 6 156.1, 155.9, 149.8, 149.4,  methanesulfonyl chloride (12.6 mL, 163 mmol) in anhydrous
147.0, 136.2, 132.8, 132.6, 128.4, 128.0, 127.8, 118.1, 117.8, 117.5CH,CI, (50 mL) was added to the solution &§)-17 (43.7 g, 125
117.3,67.5,50.8, 50.4, 49.5, 49.0, 45.4, 45.1, 42.4, 42.0 ppm. MSmmol) and E{N (25.2 g, 250 mmol) in anhydrous GEl, (600
(DCI/NH3) m'z266 (M+ NH,)*, 249 (M+ H)*. Anal. (G3H;16N203) mL) at —10 °C over 30 min. The reaction was then allowed to
C, H, N. warm to ambient temperature and stirred ¥ch and quenched with
()-Benzyl 3-Amino-4-hydroxymethyl-pyrrolidine-1-carbox- water (100 mL). The organic layer was separated, and the aqueous
ylate [(£)-15].2333 A solution 0f13(20.0 g, 80.6 mmol) in xylene layer was extracted with Gi€l, (2 x 400 mL). The combined
(100 mL) was stirred under Nat 130°C for 10 h. The brown organic solution was washed with brine (2 100 mL) and
solution was cooled to ambient temperature, and HOAc (100 mL) concentrated to giveS(S)-18as an oil (52.0 g, 97% yieldjH NMR
was then added. Zinc powder (10.0 g, 154 mmol) was added (CDCl, 300 MHz): 6 1.46 (s, 9H), 2.80 (m, 1 H), 3.08 (s, 3 H),
gradually at 10C. After the addition was completed, the reaction 3.40 (m, 2 H), 3.70 (m, 2 H), 4.10 (m, 2 H), 4.75 (m, 1 H), 5.16
mixture was stirred at ambient temperature for 3 h. The inorganic (s, 2 H), 7.30 (m, 5 H). MS (DCI/NE) m/z446 (M + NH,)", 429
solid was removed by filtration. The xylene solution was then stirred (M + H)*.
with water (100 mL) for 10 min and separated. The aqueous layer  Benzyl (1S,55)-3,6-Diaza-bicyclo[3.2.0]heptane-3-carboxylate
was extracted with xylene (4 40 mL). The combined extracts  (19a).A solution of (§9-18 (43.7 g, 125 mmol) in CKCl, (150
were concentrated under reduced pressure. The residue was basifiethL) was stirred with CECO,H (50 mL) at 0-20 °C for 1 h. It
to pH 9-10 by cautious addition of saturated aqueousQ@. was then concentrated under reduced pressure. The residue was
The precipitated white solid was removed by filtration. The aqueous dissolved in EtOH (250 mL), basified to pH10 with 10% aqueous
solution was extracted with CHE(3 x 60 mL). The combined NaOH, and stirred at 60C for 10 h. It was cooled to ambient
extracts were washed with saturated aqueoy€RBa(2 x 10 mL) temperature and concentrated under reduced pressure to remove
and dried over anhydrous B20O;. The mixture was then filtered most of the volatiles. The residue was extracted with GHZIx
through a short column of diatomaceous earth and concentrated to500 mL). The combined extracts were washed with brine (80
provide @&)-15as an oil (18.2 g, 90.3% yield)H NMR (CDs0OD, mL) and then passed through a short column of diatomaceous earth.
300 MHz): 6 2.40 (m, 1H), 3.32 (m, 2H), 3.523.80 (m, 5H), The filtrate was concentrated to giveS%S)-19a (28.0 g, 95%
5.10 (s, 2H), 7.35 (m, 5H) ppm3C NMR (CDsOD, 75 MHz): yield). *H NMR (CDsOD, 300 MHz): 6 3.16-3.30 (m, 3 H), 3.36
156.7, 138.2, 19.4, 129.0, 128.8, 67.9, 60.6, 55.4, 55.1, 52.8, 52.0,(m, 1 H), 3.75-3.86 (m, 3 H), 4.55 (m, 1 H), 5.20 (s, 2 H), 7.36
47.9, 47.7, 46.1, 45.3 ppm. MS (DCI/NHWz 251 (M + H)™. (m, 5 H). %C NMR (CD;OD, 75 MHz): 6 157.4, 138.2, 129.5,
(3S,49)-Benzyl 2,2-Dimethyl-hexahydro-pyrrolo[3,4-d]-%oxazine- 129.1, 129.0, 68.2, 63.6, 54.8, 52.9, 50.6, 38.3. MS (DCH)NHiz
6-carboxylate (16) [R)-Mandelate] 23 2-Methoxypropene (5.5 mL, 250 (M + NH,)*, 233 (M + H)*; [a]p?® = —18.97 (c = 0.39,
56.0 mmol) was added to the solution af)¢15(7.0 g, 28.0 mmol) MeOH). Anal. (G3gH1gN202) C, H, N.
in anhydrous acetone (10 mL). The solution was stirred at ambient  Synthesis oftert-Butyl (1S,5S)-3,6-Diaza-bicyclo[3.2.0]heptane-
temperature fol h and subsequently concentrated under reduced 3-carboxylate (19b).Step 1: A solution of (CECO)0 (2.77 g,
pressure to remove the volatiles. The residue was then dissolved13.2 mmol) in tetrahydrofuran (THF) (anhydrous, 10 mL) was
in anhydrous acetone (140 mL) and stirred wiR)-thandelic acid slowly added to a flask containing the solution 08&9)-19a(2.80
(4.25 g, 28.0 mmol) at ambient temperature for 48 h. The precipitate g, 12 mmol) and BN (1.82 g, 18 mmol) in anhydrous THF (20
was obtained by filtration and dried under reduced pressure to mL) under N at —20 °C. The reaction was then warmed t6O
provide (549)-16 as a white solid (5.46 g, 44% yield); mp 113.7 and stirred for 4 h. The volatiles were removed under reduced
115.8°C. 'H NMR (CD;0OD, 300 MHz): ¢ 1.30 [s (br.), 3 H], pressure. The residue was diluted with EtOAc (100 mL), washed
2.09 (s, 3 H), 3.30 (m, 1 H), 3.48.75 (m, 6 H), 4.20 (m, 1 H), with brine (2 x 10 mL), and concentrated to give benzy5@&S)-
5.10 (m, 3 H), 7.257.52 (m, 10 H) ppm3C NMR (DMSO-ds, 6-trifluoroacetyl-3,6-diaza-bicyclo[3.2.0]heptane-3-carboxylate (3.80
75 MHz): ¢ 206.4,174.4,141.5,137.1, 128.3, 127.7, 127.6, 127.5, g, 96.5% yield)H NMR (CDCl;, 400 MHz): ¢ 3.11-3.42 (m, 3
127.4, 126.9, 126.4, 82.7, 72.8, 65.9, 65.6, 58.9, 58.0, 57.6, 53.3,H), 3.56-3.77 (m, 0.7 H, rotamer), 3.731.05 (m, 1.3 H, rotamer),
53.2,52.7,51.0,50.4, 50.2, 49.5, 48.6, 46.2, 45.6, 45.5, 45.0, 42.9,4.09-4.33 (m, 1.7 H, rotamer) 4.47 @= 8.75 Hz, 0.3 H, rotamer),
42.0, 35.1, 34.3, 30.6, 30.0, 28.9, 20.3, 18.4 ppm. MS (DCHNH  4.85 (t,J = 5.98 Hz, 0.7 H, rotamer), 4.93 @,= 6.00 Hz, 0.3 H,
m/z 291 (M + H)™; [a]p?® = —45.70 (c = 0.37, MeOH). Anal. rotamer), 5.03-5.33 (m, 2 H), 7.18-7.44 (m, 5 H) ppm13C NMR

(C16H22N203°1.0GHgO3) C, H, N. (CDCl;, 100 MHz): ¢ 162.0, 155.2, 136.2, 128.4, 128.1, 127.8,
Benzyl (35,45)-3-tert-Butoxycarbonylamino-4-hydroxymethyl- 105.4, 67.4,67.3,56.1, 52.8, 50.4, 49.9, 48.3 ppm. MS (DCHNH

pyrrolidine-1-carboxylate (17). A solution of (3549-16 (56.0 g, m/z 346 (M + NHy)*, 329 (M + H)". [a]p?® = —85.87 (c =

127 mmol) in EtOH (50 mL) was stirred with aqueous3®, (5%, 0.39, MeOH).

100 mL) at ambient temperature for 16 h. It was then basified to  Step 2: A solution of benzyl 859)-6-trifluoroacetyl-3,6-diaza-

pH ~10 with 20% aqueous NaOH (50 mL). A solution oftdit- bicyclo[3.2.0]heptane-3-carboxylate (3.77 g, 11.5 mmol) in MeOH

butyl dicarbonate (41.5 g, 190 mmol) in EtOH (50 mL) was (50 mL) was stirred with Pd/C (10 wt %, 0.38 g) undes &t
cautiously added at 220 °C. After the addition was completed, = ambient temperature for 2 h. It was then degassed and purged with
it was allowed to stir at 65C for 4 h. The volatiles were removed N, three times. Bog® (4.36 g, 22 mmol) was added, and the
under reduced pressure, and the residue was extracted with EtOAamixture was stirred at ambient temperature for 10 h. The catalyst



3,6-Diazabicyclo[3.2.0]heptanes

was cautiously removed by filtration through a short column of
diatomaceous earth. The filtrate was concentrated totgiwdutyl
(1S59)-6-trifluoroacetyl-3,6-diazabicyclo[3.2.0]heptane-3-carbox-
ylate as an oil (2.80 g, 82.6% yieldH NMR (CDCls, 400 MHz):
0 1.48 (s, 9 H), 3.22 (dd] = 12.12, 6.29 Hz, 1 H), 3.29 (dd,=
13.96, 5.37 Hz, 1 H), 3.323.43 (m, 1 H), 3.71 (ddJ = 10.74,
5.52 Hz, 1 H), 3.80 (dJ = 11.97 Hz, 1 H), 4.124.30 (m, 2 H),
4.90 (t,J = 6.14 Hz, 1 H) ppm13C NMR (CDCk, 100 MHz): ¢
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solution of (1IS59-3-N-Cbz22 (190 mg) in methanol (10 mL) was
stirred with Pd/C (wt 10%, 100 mg) undes ffor 2 h. The catalyst
was cautiously removed by filtration through a short column of
diatomaceous earth. The filtrate was concentrated to gR&E)-
22 (100 mg, 94% yield).

N-Cbz Deprotection: Representative Procedure “D(b)".A
solution of (1555)-3-N-Cbz-23 (180 mg, 0.46 mmol) in trifluoro-
acetic acid (3.0 mL) was stirred at 6% for 1 h. It was then

162.4,154.8, 80.8, 63.2, 50.2, 49.7, 48.3, 35.9, 28.2 ppm. MS (DCI/ concentrated under reduced pressure. The residue was treated with

NH3z) m/z 312 (M + NHg)*, 295 (M+ H)*; [a]p?° = —22.32 (c
= 0.36, MeOH).

Step 3: The solution oftért-butyl (1S5S)-6-trifluoroacetyl-3,6-
diazabicyclo[3.2.0]heptane-3-carboxylate (2.70 g, 9.2 mmol) in
MeOH (20 mL) was stirred with saturated®0O; (aqueous, 5 mL)
at 65°C for 1 h. It was then extracted with CH{QI3 x 50 mL).
The combined extracts were washed with brine(20 mL), passed

NaOH aqueous solution (5%) to pH-8. It was subsequently
extracted with CHGJ (3 x 10 mL). The combined extracts were
washed with brine (% 10 mL) and concentrated. The residue was
purified by chromatography (Sidsolvent: v. CHCl,:MeOH:NH;:
H,0 = 90:10:2) to give (R59-23 (R = 0.15, 80 mg, 69% yield).
N-Boc Deprotection: Representative Procedure “D(c)’ A
solution of (IR,59-6-N-Boc-33 (430 mg, 1.56 mmol) in CkCl,

through a short column of diatomaceous earth, and then concen-(5 mL) was stirred with trifluoroacetic acid (1 mL) at ambient

trated to give (859-19b (1.50 g, 79.8% yieldH NMR (CD;0D,
300 MHz): 6 1.49 (s, 9 H), 3.093.29 (m, 4 H), 3.623.73 (m, 2
H), 3.77 (t,J=7.97 Hz, 1 H), 4.38 (m, 1 H) ppm:3C NMR
(CDs0OD, 100 MHz): 6 157.06, 80.99, 63.45, 54.82, 52.68, 50.69,
39.14, 28.80, 25.34 ppm. MS (DCI/NHWZz 199 (M + H)*; [o]p®
—32.14 (C = 0.28, MeOH) Anal. (GongNzoz) C, H, N.
(1R,55)-3-Benzyl 6tert-Butyl 3,6-Diazabicyclo[3.2.0]heptane-
3,6-dicarboxylate (3N-Cbz-20). A solution of (1S59-19a (6.96

g, 30.0 mmol) in CHCI, (100 mL) was stirred with EN (4.04 g,
40 mmol) and BogO (8.72 g, 40.0 mmol) at ambient temperature

temperature for 1 h. It was then concentrated, and the residue was
purified with chromatography on silica gel (solvent: v. §H:
MeOH:NH;-H,O = 90:10:2) to give ($59-33 (Ry= 0.1, 230 mg,
84%).

N-Boc Deprotection: Representative Procedure “D(d)” A
solution of (IR,55)-6-N-Boc-38 (280 mg, 0.92 mmol) in EtOAc
(10 mL) was stirred with TsOHH,0 (351 mg, 1.85 mmol) at 80
°C for 6 h. The precipitate was filtered and dried to giv& §5)-
38 tosylate (320 mg, 81% vyield).

Salt Formation: Representative Procedure “S(a)” for Fu-

for 10 h. It was then concentrated, and the residue was purified marate Formation. A solution of fumaric acid (66 mg, 0.57 mmol)

with chromatography on silica gel (EtOAc/hexanes, v. Bils=
0.4) to provide (R,59)-3-benzyl 6tert-butyl 3,6-diazabicyclo[3.2.0]-
heptane-3,6-dicarboxylate RRI5S)-3-N-Cbz20] (9.50 g, vyield,
95.4%).'"H NMR (CD3;OD, 400 MHz): 6 1.41 (s, 9 H), 2.98
3.17 (m, 2 H), 3.2%3.29 (m, 1 H), 3.39-3.52 (m, 1 H), 3.86 (d,
J=11.9 Hz, 1 H), 3.954.11 (m, 2 H), 4.67 (dd]) = 6.4, 4.4 Hz,
1 H), 5.05-5.26 (m, 2 H), 7.087.62 (m, 5 H) ppm. MS (DCI/
NH3z) m/z 350 (M + NHy)*, 333 (M + H)*.

(1R,59)-tert-Butyl 3,6-Diazabicyclo[3.2.0]heptane-6-carbox-
ylate (20).A solution of [(1R,59-3-N-Cbz20] (7.5 g, 22.6 mmol)
in EtOH (50 mL) was stirred with Pd/C (10 wt %, 0.75 g) under
H, for 4 h. The catalyst was cautiously removed by filtration through

in EtOH (1 mL) was added to a solution ofRBS)-22 (100 mg,
0.57 mmol) in EtOAc (10 mL). The mixture was then stirred at
ambient temperature for 16 h. The white precipitate was filtered
and dried to give (R,59)-22-fumarate (120 mg, 73% yield).

Salt Formation: Representative Procedure “S(b)” for Tosyl-
ate Formation. (1R 59-25 (1.40 g, 7 mmol) was dissolved iRrOH
(50 mL) and heated to 8TC. The solution of TsOHH,0 (2.66 g,
14.0 mmol) in EtOAc (50 mL) was slowly added to the above
solution at 80°C over 0.5 h. After the addition was finished, the
mixture was cooled to ambient temperature and stirred for 10 h.
The solid was filtered and dried to giveRBS)-25 bis(tosylate) as
a white solid (3.20 g, 84.0% yield).

a short column of diatomaceous earth. The filtrate was concentrated Salt Formation: Representative Procedure “S(c)” for Tri-

to give (IR59-tert-butyl 3,6-diazabicyclo[3.2.0]heptane-6-car-
boxylate Q0) as an oil (4.0 g, yield, 89.4%}H NMR (CD-OD,
400 MHz): 6 1.43 (s, 9 H), 2.46 (dd] = 12.9, 3.7 Hz, 1 H), 2.62
(dd,J=12.2,6.1 Hz, 1 H), 2.963.00 (m, 1 H), 3.03 (dJ=12.5
Hz, 1 H), 3.22 (dJ = 12.9 Hz, 1 H), 3.3%#3.57 (m, 1 H), 3.95 (t,
J=7.6 Hz, 1 H), 4.64 (ddJ = 6.1, 3.7 Hz, 1 H) ppm. MS (DCl/
NH3z) m/z199 (M + H)*.

Buchwald—Hartwig Coupling Reaction: Representative Pro-
cedure “C(a)”. The mixture of (559-19a (230 mg, 1.0 mmol),
3-bromopyridine (236 mg, 1.50 mmol), afBlONa (144 mg, 1.50

fluoroacetate Formation. A solution of (1IR,59-6-N-Boc41 (480

mg, 1.48 mmol) in CHCI, (5 mL) was stirred with trifluoroacetic

acid (5 mL) at ambient temperature for 2 h. It was then concentrated,

and the residue was stirred iRPrOAc (5 mL) at ambient

temperature overnight. The precipitate was filtered and dried to

give (1S59)-41 trifluoroacetate (310 mg, 62% yield).
(1R,55)-6-Pyridin-3-yl-3,6-diaza-bicyclo[3.2.0]heptane (22) Fu-

marate. This was prepared according to the representative proce-

dures C(a), D(a), and S(a) using3S)-19aand 3-bromopyridine.

H NMR (CDsOD, 300 MHz): 6 3.18 (dd,J = 12.6, 3.4 Hz, 1 H),

mmol) in anhydrous toluene (10.0 mL) was degassed and purged3.35 (m, 1 H), 3.46 (m, 1 H), 3.75 (m, 3 H), 4.04 Jt= 7.8 Hz,

with nitrogen three times before the additionrat-BINAP (37.3
mg, 0.06 mmol) and RB@dba) (18.3 mg, 0.02 mmol). It was then
heated to 110C and stirred at this temperature for 10 h. After it

1 H), 4.90 (m, 1 H), 6.58(s, 2.5 H), 7.04 (ddii= 8.2, 2.7, 1.3
Hz, 1 H), 7.27 (ddJ = 8.2, 4.8 Hz, 1 H), 7.87 (d] = 2.7 Hz, 1
H), 7.95 (dd,J = 4.8, 1.1 Hz, 1 H) ppm. MS (DCI/N§ m/z 176

was cooled down to ambient temperature, it was diluted with EtOAc (M + H)*. Anal. (CoH13N3+1.25CH404-0.30H:0) C, H, N.

(20.0 mL) and washed with brine (2 5.0 mL). The organic

(1S,5R)-6-Pyridin-3-yl-3,6-diaza-bicyclo[3.2.0]heptane (22) Fu-

solution was concentrated under reduced pressure. The residue wamarate. This was prepared according to the representative proce-

purified by chromatography on silica gel (v. EtOAc:hexame$:1)

to give (1S59-3-N-Cbhz22 (R = 0.30, 190 mg, 61% yield).
Buchwald—Hartwig Coupling Reaction: Representative Pro-

cedure “C(b)". A mixture of (1S59-19a (460 mg, 2.0 mmol),

5-bromo-nicotinonitrile (550 mg, 3.0 mmol), &30; (1312 mg,

4.0 mmol),rac-BINAP (74.8 mg, 0.12 mmol), and R@iba) (36.6

mg, 0.04 mmol) in anhydrous toluene (20 mL) was stirred under

N at 110°C for 40 h. After it was cooled to ambient temperature,

it was then diluted with EtOAc (50.0 mL), washed with brinex2

dures C(a), D(a), and S(a) usind5R)-19aand 3-bromopyridine.
H NMR (CDsOD, 300 MHz): 6 3.18 (dd,J = 12.2, 3.4 Hz, 1 H),
3.35 (m, 1 H), 3.46 (m, 1 H), 3.75 (m, 3 H), 4.04 Jt= 7.5 Hz,
1 H), 490 (m, 1 H), 6.58(s, 2.7 H), 7.04 (dd3i= 8.2, 2.7, 1.3
Hz, 1 H), 7.27 (ddJ = 8.2, 4.8 Hz, 1 H), 7.87 () = 2.7 Hz, 1
H), 7.95 (dd,J = 4.8, 1.1 Hz, 1 H) ppm. MS (DCI/Nk} m/z 176
(M + H)+. Anal. (ClongNg'1.36QH404'0.24|‘&O) C, H, N.
(1R,5S)-6-(5-Bromopyridin-3-yl)-3,6-diazabicyclo[3.2.0]-
heptane (23) Fumarate.This was prepared according to the

5.0 mL), and concentrated under reduced pressure. The residue wagepresentative procedures C(a), D(b), and S(a) usiSdHt19a

purified by chromatography on silica gel (v. EtOAc:hexares:1)
to give (1S59-3-N-Cbhz25 (R = 0.30, 610 mg, 91.3% yield).
N-Cbz Deprotection: Representative Procedure “D(a)”.A

and 3,5-dibromopyridine'H NMR (CD;0D, 300 MHz): ¢ 3.15
(dd,J =12.6, 3.4 Hz, 1 H), 3.30 (m, 1 H), 3.45 (m, 1 H), 3.67 (d,
J=11.5Hz, 1 H), 3.75 (m, 2 H), 4.06 (,,= 8.1 Hz, 1 H), 4.94
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(m, 1H),6.30(s,2.0H),7.22 @=2.3Hz,1H),7.84(d)=2.3
Hz, 1 H), 8.04 (dJ = 1.7 Hz, 1 H) ppm. MS (DCI/NB) m/z 256
(M + H)*, 254 (M+ H)*. Anal. (CioH12BrN3-1.00GH404) C, H,
N.

(1S,5R)-6-(5-Bromopyridin-3-yl)-3,6-diazabicyclo[3.2.0]-
heptane (23) Bisfumarate.This was prepared according to the
representative procedures C(a), D(b), and S(a) usiR$pR)-19a
and 3,5-dibromopyridinetH NMR (CDs;OD, 300 MHz): 6 3.20
(dd,J = 12.7, 3.7 Hz, 1 H), 3.363.45 (m, 2 H), 3.76-:3.82 (m,
3 H), 4.05 (t,J = 8.1 Hz, 1 H), 4.96 (ddJ = 6.6, 3.7 Hz, 1 H),
6.30 (s, 4.9 H), 7.22 () = 2.3 Hz, 1 H), 7.84 (dJ = 2.3 Hz, 1
H), 8.04 (d,J = 1.7 Hz, 1 H) ppm. MS (DCI/NK) m/z 256 (M +
H)*, 254 (M + H)*. Anal. (CigH12BrN3-2.45GH,0,-1.00H,0) C,
H, N.

(1R,5S)-6-(5-Chloropyridin-3-yl)-3,6-diazabicyclo[3.2.0]-
heptane (24) Fumarate.This was prepared according to the
representative procedures C(a), D(b), and S(a) usiBdE19a
and 3-bromo-5-chloropyridinéH NMR (CDs;OD, 300 MHz): 6
3.14 (dd,J = 12.9, 3.4 Hz, 1 H), 3.333.36 (m, 1 H), 3.39-3.52
(m, 1 H), 3.65-3.74 (m, 2 H), 3.77 (ddJ = 8.1, 3.1 Hz, 1 H),
4.05 (t,J = 8.0 Hz, 1 H), 4.93 (ddJ = 6.6, 3.6 Hz, 1 H), 6.69 (s,
2H),7.07 (tJ=2.2Hz, 1 H), 7.79 (dJ = 2.4 Hz, 1 H), 7.93 (d,
J=2.0 Hz, 1 H) ppm. MS (DCI/NK) m'z212 (M+ H)*, 210 (M
+ H)*. Anal. (GoH12CIN3-1.00GH,404-0.30H0) C, H, N.

(1R,5S)-6-(5-Cyanopyridin-3-yl)-3,6-diazabicyclo[3.2.0]-
heptane (25) Bis(tosylate) This was prepared according to the
representative procedures C(b), D(b), and S(b) usighg)-19a
and 5-bromo-nicotinonitrile; mp 24243 °C. 'H NMR (MeOH-
ds, 400 MHz): 6 2.36 (s, 6 H), 3.23 (ddJ = 13.0, 3.8 Hz, 1 H),
3.34 (dd,J = 12.6, 7.1 Hz, 1 H), 3.73 (dJ = 12.3 Hz, 1 H),
3.82-3.98 (m, 3 H), 4.18 (tJ = 8.6 Hz, 1 H), 5.13 (ddJ = 6.4,
3.7Hz, 1 H), 7.21 (d) = 8.0 Hz, 4 H), 7.64 (dJ = 8.0 Hz, 4 H),
7.83 (ddJ= 2.6, 1.4 Hz, 1 H), 8.22 (d] = 2.5 Hz, 1 H), 8.42 (d,
J= 0.9 Hz, 1 H) ppm!3C NMR (CD;0OD, 100 MHz): 6 148.0,

Jietal.

representative procedures C(b), D(a), and S(b) usigpH:-19a
and 3-bromo-5,6-dimethylpyridineH NMR (CD;OD, 300
MHz): 6 2.27 (s, 3 H), 2.36 (s, 3 H), 2.37 (s, 3 H), 3.16 (dds
12.5, 3.4 Hz, 1 H), 3.363.50 (m, 2 H), 3.70 (dJ = 12.5 Hz, 2
H), 3.73 (dd,J = 7.8, 2.0 Hz, 1 H), 3.96 (tJ = 8.0 Hz, 1H),
4.81-4.84 (m, 1 H), 6.87 (d) = 3.1 Hz, 1 H), 7.22 (dJ = 7.8
Hz, 2 H), 7.55 (dJ = 2.4 Hz, 1 H), 7.70 (d,J = 8.5 Hz, 2 H)
ppm. MS (DCI/NH) m/z 204 (M + H)". Anal. (CHi7N3:
1.00GHgSG;) C, H, N.
(1S,5R)-6-(5,6-Dimethylpyridin-3-yl)-3,6-diazabicyclo[3.2.0]-
heptane (27) Tosylate.This was prepared according to the
representative procedures C(b), D(a), and S(b) usiRpR)-19a
and 3-bromo-5,6-dimethylpyridine!H NMR (CDs;OD, 300
MHz): 6 2.27 (s, 3.3 H), 2.37 (s, 3 H), 2.38 (s, 3 H), 3.16 (dd,
=12.7, 3.6 Hz, 1 H), 3.323.46 (m, 2 H), 3.70 (dJ = 11.5 Hz,
2 H), 3.75 (ddJ = 7.8, 2.4 Hz, 1 H), 3.96 (tJ = 7.8 Hz, 1 H),
4.76-4.87 (m, 1 H), 6.89 (dJ = 1.7 Hz, 1 H), 7.23 (dJ = 8.1
Hz, 2.2 H), 7.56 (dJ = 2.7 Hz, 1 H), 7.70 (dJ = 8.5 Hz, 2.2 H)
ppm. MS (DCI/NH) m/z 204 (M + H)*. Anal. (CHi/Ns
1.11GHgSG;) C, H, N.
(1R,59)-6-(5-Cyano-6-methylpyridin-3-yl)-3,6-diazabicyclo-
[3.2.0]heptane (28) Trifluoroacetate This was prepared according
to the representative procedures C(b), D(b), and S(c) us®gj)t
19aand 3-bromo-5-cyano-6-methylpyridiniél NMR (CDsOD, 300
MHz): 6 2.60 (s, 3 H), 3.14 (dd) = 12.7, 3.6 Hz, 1 H), 3.33
3.56 (m, 2 H), 3.70 (d) = 12.4 Hz, 1 H), 3.72 (dJ = 12.4 Hz,
1 H), 3.77 (ddJ = 8.1, 3.1 Hz, 1 H), 4.04 (t) = 8.1 Hz, 1 H),
4.92 (ddJ=6.4, 3.7 Hz, 1 H), 7.31 (d] = 3.1 Hz, 1 H), 7.99 (d,
J= 3.1 Hz, 1 H) ppm. MS (DCI/NH) m/z 215 (M + H)*. Anal.
(C12H14N41.00CRCOH) C, H, N.
(1S,5R)-6-(5-Cyano-6-methylpyridin-3-yl)-3,6-diazabicyclo-
[3.2.0]heptane (28) FumarateThis was prepared according to the
representative procedures C(b), D(b), and S(a) usiRpR)-19a
and 3-bromo-5-cyano-6-methylpyridind NMR (CDs;OD, 300

143.3, 141.9, 133.2, 130.2, 129.9, 129.3, 126.8, 115.2, 113.9, 68.7,MHz): 6 2.60 (s, 3 H), 3.15 (dd) = 12.9, 3.4 Hz, 1 H), 3.2%

56.0, 50.9, 35.4, 25.3, 21.3. MS (DCI/MHWZz 218 (M + NH,)™*,
201 (M+ H)*; [o]p?® = —108.0 (0.47, MeOH). Anal. (GiH12N4
2.00GHgSG;) C, H, N.
(1S,5R)-6-(5-Cyanopyridin-3-yl)-3,6-diazabicyclo[3.2.0]-
heptane (25) Bisfumarate.This was prepared according to the
representative procedures C(b), D(b), and S(a) usiRpR)-19a
and 5-bromo-nicotinonitriletH NMR (CDsOD, 400 MHz): 6 3.20
(dd,J = 12.7, 3.7 Hz, 1 H), 3.38 (m, 1 H), 3.50 (m, 1H), 370
3.85 (m, 3 H), 4.10 (tJ = 8.1 Hz, 1 H), 5.00 (ddJ = 6.5, 3.8 Hz,
1 H), 6.70 (s, 5.0 H), 7.36 (dl = 2.7, 1.7 Hz, 1 H), 8.10 (d] =
3.0 Hz, 1 H), 8.26 (dJ = 1.4 Hz, 1 H) ppm. MS (DCI/Nk) m/z
218 (M + NH4)+, 201 (M + H)+. Anal. (Q1H12N4'2.50C1H404‘
0.70H0) C, H, N.
(1R,5S)-6-(5-Methoxypyridin-3-yl)-3,6-diazabicyclo[3.2.0]-
heptane (26) Tosylate.This was prepared according to the
representative procedures C(a), D(a), and S(b), usi8®%t19a
and 3-bromo-5-methoxypyridinéH NMR (CD;OD, 300 MHz):
0 2.37 (s, 3 H), 3.20 (dd) = 12.6, 3.7 Hz, 1 H), 3.35 (m, 1 H),
3.45 (m, 1 H), 3.72 (m, 3 H), 3.83 (s, 3H), 4.16{t= 8.2 Hz, 1
H), 4.90 (ddJ = 6.5, 3.8 Hz, 1 H), 6.54 () = 2.4 Hz, 1 H), 7.22
(d,J=6.0Hz, 2 H), 7.47 (d) = 2.8 Hz, 1 H), 7.67 (dJ = 2.8
Hz, 1 H), 7.69 (dJ = 6.0 Hz, 2 H) ppm. MS (DCI/NH) mVz 206
(M + H)*. Anal. (Ci1H1sN30-1.00GHsSO;) C, H, N.
(1S,5R)-6-(5-Methoxypyridin-3-yl)-3,6-diazabicyclo[3.2.0]-
heptane (26) Tosylate.This was prepared according to the
representative procedures C(a), D(a), and S(b), usiRgpi)-19a
and 3-bromo-5-methoxypyridinéH NMR (CD;OD, 300 MHz):
0 2.36 (s, 3 H), 3.18 (ddJ = 12.5, 3.4 Hz, 1 H), 3.323.38 (m,
1 H), 3.38-3.50 (m, 1 H), 3.66-3.80 (m, 3 H), 3.84 (s, 3H), 4.01
(t, J=8.0 Hz, 1 H), 4.90 (ddJ = 6.4, 3.4 Hz, 1 H), 6.55 (1) =
2.4Hz,1H),7.22(dJ)=7.8Hz, 2H),7.47 (d) = 2.4 Hz, 1 H),
7.67 (d,J = 2.8 Hz, 1 H), 7.69 (dJ = 6.0 Hz, 2 H) ppm. MS
(DCI/NH3) m/z 206 (M + H)*. Anal. (G1H1sN30-1.00GHsSOs)
C, H, N.
(1R,55)-6-(5,6-Dimethylpyridin-3-yl)-3,6-diazabicyclo[3.2.0]-
heptane (27) Tosylate.This was prepared according to the

3.36 (m, 1 H), 3.45 (ddd] = 14.3, 7.4, 2.7 Hz, 1 H), 3.71 (dd,
= 12.4,10.3 Hz, 2 H), 3.77 (dd, = 8.1, 3.1 Hz, 1 H), 4.03 (1)
=8.0Hz, 1 H),4.92 (dd) = 6.4, 3.4 Hz, 1 H), 6.67 (s, 2 H), 7.31
(d,J=2.7 Hz, 1 H), 7.99 (dJ = 3.1 Hz, 1 H) ppm. MS (DCl/
NH3) m/z 215 (M + H)*. Anal. (Ci2H14N4-1.00CGH404) C, H, N.

(1R,5S)-6-(6-Chloropyridin-3-yl)-3,6-diazabicyclo[3.2.0]-
heptane (29) Fumarate.This was prepared according to the
representative procedures C(a), D(b), and S(a) usiBd$E19a
and 5-bromo-2-chloropyridinéH NMR (CD;0OD, 300 MHz):
3.15 (dd,J = 12.8, 3.7 Hz, 1 H), 3.35 (m, 1 H), 3.40 (m, 1 H),
3.45 (m, 1 H), 3.76 (m, 2 H), 4.00 (§,= 7.8 Hz, 1 H), 4.88 (m,
1 H), 6.70 (s, 2.9 H), 7.05 (dd,= 8.8, 3.0 Hz, 1 H), 7.28 (d] =
8.4 Hz, 1 H), 7.68 (dJ = 3.0 Hz, 1 H) ppm. MS (DCI/Nk) m/z
212 (M + H)+, 210 (M + H)Jr Anal. (C10H12C|N3'1.45QH404)
C, H, N.

(1S,5R)-6-(6-Chloropyridin-3-yl)-3,6-diazabicyclo[3.2.0]-
heptane (29) Fumarate.This was prepared according to the
representative procedures C(a), D(b), and S(a) usiRpR)-19a
and 5-bromo-2-chloropyridinéH NMR (CD;0D, 300 MHz): 6
3.15 (dd,J = 12.8, 3.7 Hz, 1 H), 3.35 (m, 1 H), 3.40 (m, 1 H),
3.45 (m, 1 H), 3.76 (m, 2 H), 4.00 (§,= 7.8 Hz, 1 H), 4.88 (m,
1 H), 6.70 (s, 2.8 H), 7.05 (dd,= 8.8, 3.0 Hz, 1 H), 7.28 (d] =
8.4 Hz, 1 H), 7.68 (dJ = 3.0 Hz, 1 H) ppm. MS (DCI/NB) m/z
212 (M + H)+, 210 (M + H)+. Anal. (C10H12C|N3‘1.38C1H4O4)
C, H, N.

(1R,55)-6-(6-Chloro-5-methylpyridin-3-yl)-3,6-diazabicyclo-
[3.2.0]heptane (30) TosylateThis was prepared according to the
representative procedures C(a), D(b), and S(b) usifpHgL:19a
and 5-bromo-2-chloro-3-methylpyridinéd NMR (CD3;OD, 300
MHz): 6 2.31 (s, 3 H), 2.36 (s, 3 H), 3.17 (dd= 12.5, 3.4 Hz,
1 H), 3.33-3.37 (m, 1 H), 3.43 (ddd] = 14.3, 7.5, 2.9 Hz, 1 H),
3.69 (d,J=2.7 Hz, 1 H), 3.74 (dd) = 8.3, 2.9 Hz, 2 H), 3.98 (t,
J=28.0Hz, 1 H), 4.87 (dd) = 6.4, 3.4 Hz, 1 H), 6.97 (d] = 3.1
Hz, 1 H), 7.21 (dJ = 7.8 Hz, 2 H), 7.49 (dJ = 2.7 Hz, 1 H),
7.69 (d,J = 8.1 Hz, 2 H) ppm. MS (DCI/NK) m/z226 (M+ H)*,
224 (M + H)*. Anal. (C1H14CIN3+1.00GHgSGO;) C, H, N.



3,6-Diazabicyclo[3.2.0]heptanes

(1S,5R)-6-(6-Chloro-5-methylpyridin-3-yl)-3,6-diazabicyclo-
[3.2.0]heptane (30) TosylateThis was prepared according to the
representative procedures C(b), D(b), and S(b) usiRpR)-19a
and 5-bromo-2-chloro-3-methylpyridinéd NMR (CD;OD, 300
MHz): 6 2.31 (s, 3 H), 2.36 (s, 3 H), 3.17 (dd,= 12.5, 3.4 Hz,

1 H), 3.32-3.37 (m, 1 H), 3.43 (ddd] = 14.1, 7.5, 2.9 Hz, 1 H),
3.69 (d,J = 3.1 Hz, 1 H), 3.74 (dd) = 8.0, 2.9 Hz, 2 H), 3.98 (t,
J=7.8Hz,1H),4.87 (ddJ=6.4,3.4Hz,1H),6.97 (d]=3.1
Hz, 1 H), 7.21 (dJ = 7.8 Hz, 2 H), 7.49 (dJ = 2.4 Hz, 1 H),
7.69 (d,J=8.1 Hz, 2 H) ppm. MS (DCI/NH) m/z226 (M+ H)*,
224 (M + H)*. Anal. (C1H14CIN3+1.00GHgSGs) C, H, N.

(1R,5S)-6-(5,6-Dichloropyridin-3-yl)-3,6-diazabicyclo[3.2.0]-
heptane (31) Fumarate.This was prepared according to the
representative procedures C(a), D(b), and S(a) usiBdHE19a
and 2,3-dichloro-5-iodopyridinéH NMR (CD3;OD, 300 MHz): ¢
3.14 (dd,J = 12.9, 3.7 Hz, 1 H), 3.323.35 (m, 1 H), 3.45 (ddd,
J =145, 7.4, 3.2 Hz, 1 H), 3.70 (dd,= 12.4, 10.3 Hz, 2 H),
3.76 (ddJ=8.0, 3.2 Hz, 1 H), 4.04 (1 = 8.1 Hz, 1 H), 4.92 (dd,
J=6.4,3.4 Hz, 1H), 6.67 (s, 2H),7.20 (d,= 2.7 Hz, 1 H),
7.63 (d,J=2.7 Hz, 1 H) ppm. MS (DCI/NK) m/z246 (M+ H)*,
244, (M + H)Jr Anal. (C10H11C|2N3'1.00QH404) C, H, N.

(1S,5R)-6-(5,6-Dichloropyridin-3-yl)-3,6-diazabicyclo[3.2.0]-
heptane (31) Fumarate.This was prepared according to the
representative procedures C(a), D(b), and S(a) usiRgpR)-19a
and 2,3-dichloro-5-iodopyridinéH NMR (CD3;OD, 300 MHz):
3.14 (dd,J = 12.9, 3.4 Hz, 1 H), 3.323.34 (m, 1 H), 3.45 (ddd,
J=14.2,7.4, 3.2 Hz, 1 H), 3.643.73 (m, 2 H), 3.76 (ddJ =
8.0,3.2 Hz, 1 H), 4.04 () = 8.1 Hz, 1 H), 4.92 (dd) = 6.4, 3.4
Hz, 1 H), 6.67 (s, 2 H), 7.21 (d,= 2.7 Hz, 1 H), 7.63 (dJ = 2.7
Hz, 1 H) ppm. MS (DCI/NH) mVz246 (M + H)*, 244, (M+ H)*.
Anal. (C10H11C|2N3'1.00C1H404) C, H, N.

(1S,5R)-6-(5-Methylpyridin-3-yl)-3,6-diazabicyclo[3.2.0]-
heptane (32) Hydrochloride. A solution of (1S5R)-30 (0.62 g,
2.77 mmol) in EtOH (15 mL) was stirred with Pd/C (10 wt %, 0.2
g) under H (1 atm) at ambient temperature for 10 h. The catalyst
was filtered off, and the organic solution was concentrated to give
(1S,5R)-32 hydrochloride (0.54 g, 87% yield}H NMR (CD;0OD,
300 MHz): 6 2.30 (s, 3 H), 3.18 (ddJ = 12.5, 3.4 Hz, 1 H),
3.31-3.39 (m, 1 H), 3.44 (ddd) = 14.2, 7.5, 2.7 Hz, 1 H), 3.71
(dd,J =12.2, 2.4 Hz, 2 H), 3.77 (ddl = 7.8, 3.1 Hz, 1 H), 4.00
(t, J=7.8Hz, 1 H), 4.89 (ddJ) = 6.3, 3.6 Hz, 1 H), 6.846.94
(m, 1 H), 7.67 (dJ = 2.4 Hz, 1 H), 7.81 (dJ = 1.0 Hz, 1 H)
ppm. MS (DCI/NH;) m'z190 (M + H)*. Anal. (Ci1H15N3-1.00HC}H
0.25H,0) C, H, N.

(1S,59)-3-(Pyridin-3-yl)-3,6-diazabicyclo[3.2.0]heptane (33)
Bis(tosylate). This was prepared according to the representative
procedures C(a), D(c), and S(b) usindR@S)-20 and 3-bromo-
pyridine.'H NMR (CD;OD, 300 MHz): 4 2.36 (s, 6 H), 3.23 (dd,
J=10.5, 6.4 Hz, 1 H), 3.36 (dd] = 10.8, 5.5 Hz, 1 H), 3.50
3.67 (m, 1 H), 3.76 (dd) = 11.2, 5.1 Hz, 1 H), 4.00 (d] = 10.8
Hz, 1 H), 4.19-4.37 (m, 2 H), 5.11 (ddJ = 6.8, 5.4 Hz, 1 H),
7.22 (d,J = 7.8 Hz, 4 H), 7.69 (dJ = 8.5 Hz, 4 H), 7.81 (ddJ
=8.8,5.1Hz, 1 H), 7.92 (ddd, = 8.8, 2.7, 1.0 Hz, 1 H), 8.18 (d,
J=5.4 Hz, 1 H), 8.32 (d) = 2.7 Hz, 1 H) ppm. MS (DCI/Nk)
m/z 176 (M + H)*. Anal. (CigH13N3°2.00GHgSGOs) C, H, N.

(1R,5R)-3-(Pyridin-3-yl)-3,6-diazabicyclo[3.2.0]heptane (33)

Tosylate. This was prepared according to the representative
procedures C(a), D(c), and S(b) using58R)-20 and 3-bromo-
pyridine.’H NMR (CD;0OD, 300 MHz): 6 2.36 (s, 3 H), 3.01 (dd,
J=10.3,5.9 Hz, 1 H), 3.11 (dd] = 12.4, 4.9 Hz, 1 H), 3.43
3.56 (m, 1 H), 3.74 (dd) = 11.0, 5.3 Hz, 1 H), 3.92 (d] = 10.5
Hz, 1 H), 4.14 (dJ = 12.2 Hz, 1 H), 4.26 (ddJ = 10.9, 8.5 Hz,
1 H), 5.04 (ddJ = 7.1, 4.7 Hz, 1 H), 7.22 (dJ = 7.8 Hz, 2 H),
7.30-7.44 (m, 2 H), 7.70 (d) = 8.5 Hz, 2 H), 8.04 (dd) = 4.4,
1.4 Hz, 1 H), 8.21 (dJ = 2.7 Hz, 1 H) ppm. MS (DCI/NH) m/z
176 (M + H)*™. Anal. (CoH13N3-1.00GHsSGs) C, H, N.

(1S,5S5)-3-(5-Bromopyridin-3-yl)-3,6-diazabicyclo[3.2.0]-
heptane (34) Hemifumarate.This was prepared according to the
representative procedures C(a), D(c), and S(a) usiRgp$l-20 and
3,5-dibromopyridineH NMR (CDs0OD, 300 MHz): 6 3.08 (dd,J
=10.3, 6.3 Hz, 1 H), 3.15 (dd,= 12.2, 5.1 Hz, 1 H), 3.433.56
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(m, 1 H), 3.66 (ddJ = 10.7, 4.9 Hz, 1 H), 3.90 (d] = 10.5 Hz,
1 H), 4.09 (dJ=12.2 Hz, 1 H), 4.20 (ddJ = 10.7, 8.3 Hz, 1 H),
4.98 (dd,J=7.0,4.9 Hz, 1 H), 6.66 (s, 1 H), 7.47.59 (m, 1 H),
8.07 (d,J = 2.0 Hz, 1 H), 8.16 (dJ = 2.4 Hz, 1 H) ppm. MS
(DCI/NH3) mz256 (M+ H)*, 254 (M+ H)*. Anal. (CioH12BrN3-

0.50CGH40y4) C, H, N.

(1R,5R)-3-(5-Bromopyridin-3-yl)-3,6-diazabicyclo[3.2.0]-
heptane (34) Tosylate.This was prepared according to the
representative procedures C(a), D(c), and S(b) usiigpR)-20
and 3,5-dibromopyridine!H NMR (CDsOD, 300 MHz): ¢ 2.32
(s, 3H), 3.06 (ddJ = 10.5, 6.1 Hz, 1 H), 3.16 (dd] = 12.5, 5.1
Hz, 1 H), 3.43-3.60 (m, 1 H), 3.73 (ddJ = 11.2, 5.1 Hz, 1 H),
3.91 (d,J = 10.5 Hz, 1 H), 4.13 (dJ = 12.2 Hz, 1 H), 4.26 (dd,
J=11.2, 8.5 Hz, 1 H), 5.05 (dd] = 7.1, 5.1 Hz, 1 H), 7.22 (d,
J=7.8Hz, 1 H), 7.49-7.56 (m, 1 H), 7.69 (dJ = 8.5 Hz, 2 H),
8.09 (d,J = 2.0 Hz, 1 H), 8.16 (dJ = 2.4 Hz, 1 H) ppm. MS
(DCI/NH3) m'z256 (M+ H)*, 254 (M+ H)*. Anal. (CoH12BrNs-
1.00GHsSG;) C, H, N.

(1S,59)-3-(5-Chloropyridin-3-yl)-3,6-diazabicyclo[3.2.0]-
heptane (35) Fumarate.This was prepared according to the
representative procedures C(a), D(c), and S(a) usiRgpfl-20 and
3-bromo-5-chloropyridinetH NMR (CD3;OD, 300 MHz): 6 3.08
(dd,J = 10.5, 6.1 Hz, 1 H), 3.17 (dd] = 12.4, 4.9 Hz, 1 H),
3.44-3.59 (m, 1 H), 3.71 (dd) = 11.2, 5.1 Hz, 1 H), 3.92 (dJ
= 10.5 Hz, 1 H), 4.13 (dJ = 12.5 Hz, 1 H), 4.25 (dd) = 11.0,
8.6 Hz, 1 H), 5.03 (ddJ = 7.1, 4.7 Hz, 1 H), 6.67 (s, 2 H), 7.39
(t, J= 2.2 Hz, 1 H), 8.00 (dJ = 2.0 Hz, 1 H), 8.13 (dJ = 2.7
Hz, 1 H) ppm. MS (DCI/NH) m/z212 (M + H)*, 210 (M + H)*.
Anal. (CloleclNg'l.OSQH404) C, H, N.

(1S,59)-5-(3,6-Diaza-bicyclo[3.2.0]hept-3-yl)nicotinonitrile (36)
Tosylate. This was prepared according to the representative
procedures C(a), D(c), and S(b) usindR(@9-20 and 5-bromo-
nicotinonitrile. 'H NMR (CDs0OD, 300 MHz): 6 2.30 (s, 4.2 H),
3.16 (dd,J = 10.7, 6.3 Hz, 1 H), 3.25 (dd, = 12.8, 7.8 Hz, 1 H),
3.47-3.62 (m, 1 H), 3.74 (ddJ = 11.2, 5.1 Hz, 1 H), 3.98 (d]
= 10.5 Hz, 1 H), 4.20 (dJ = 12.5 Hz, 1 H), 4.28 (ddJ = 11.0,
8.6 Hz, 1 H), 5.08 (dd) = 6.8, 5.1 Hz, 1 H), 7.22 (d] = 8.1 Hz,
2.8 H), 7.69 (dJ = 8.5 Hz, 2.8 H), 7.76 (dd) = 2.7, 1.7 Hz, 1
H), 8.39 (d,J = 1.7 Hz, 1 H), 8.47 (dJ = 2.7 Hz, 1 H) ppm. MS
(DCI/NH3) m/'z201 (M + H)*. Anal. (Ci1H12N4-1.40GHsSO;) C,
H, N.

(1R,5R)-5-(3,6-Diaza-bicyclo[3.2.0]hept-3-yl)nicotinonitrile (36)
Fumarate. This was prepared according to the representative
procedures C(a), D(c), and S(a) using5,6R)-20 and 5-bromo-
nicotinonitrile. '"H NMR (CD3;OD, 300 MHz): ¢ 3.14 (dd,J =
10.6, 6.2 Hz, 1 H), 3.24 (dd,= 12.8, 5.0 Hz, 1 H), 3.55 (m, 1 H),
3.75 (dd,J = 11.0, 5.0 Hz, 1 H), 3.96 (d] = 10.6 Hz, 1 H), 4.18
(d,J=12.2 Hz, 1 H), 4.28 (dd) = 10.9, 8.4 Hz, 1 H), 5.00 (dd,
J=6.8, 4.8 Hz, 1 H), 6.40 (s, 2 H), 7.65 (ddl= 2.9, 1.2 Hz, 1
H), 8.33 (d,J= 1.2 Hz, 1 H), 8.45 (dJ = 2.8 Hz, 1 H) ppm. MS
(DCI/NH3) m/z 201 (M + H)*. Anal. (CH12N4*1.00GH,O4¢
0.50H0) C, H, N.

(1S,5S)-3-(5-Methoxypyridin-3-yl)-3,6-diazabicyclo[3.2.0]-
heptane (37) Tosylate.This was prepared according to the
representative procedures C(a), D(c), and S(b) usify58-20
and 3-bromo-5-methoxypyridinéd NMR (MeOH-d,;, 300 MHz):
0 2.36 (s, 4.2 H), 3.13 (dd] = 10.7, 6.3 Hz, 1 H), 3.23 (dd] =
12.5, 5.1 Hz, 1 H), 3.453.61 (m, 1 H), 3.75 (ddJ = 11.2, 5.1
Hz, 1 H), 3.874.01 (m, 4 H), 4.18 (dJ = 12.5 Hz, 1 H), 4.27
(dd,J = 11.0, 8.6 Hz, 1 H), 5.07 (ddl = 7.3, 5.3 Hz, 1 H), 7.13
(t,J=2.4Hz, 1H),7.22(d)=28.1Hz,2.8H),7.69 (d)=8.1
Hz, 2.8 H), 7.85 (dJ = 2.4 Hz, 1 H), 7.90 (dJ = 2.4 Hz, 1 H)
ppm. MS (DCI/NH) m/z 206 (M + H)*. Anal. (Ci1H1sNsO-
1.40GHgS05°0.10H0) C, H, N.

(1R,5R)-3-(5-Methoxypyridin-3-yl)-3,6-diazabicyclo[3.2.0]-
heptane (37) Tosylate.This was prepared according to the
representative procedures C(a), D(c), and S(b) usiigpR)-20
and 3-bromo-5-methoxypyridinéH NMR (CD3;OD, 300 MHz):
0 2.36 (s, 3.5 H), 3.08 (dd] = 10.7, 5.9 Hz, 1 H), 3.18 (dd] =
12.5, 5.1 Hz, 1 H), 3.443.59 (m, 1 H), 3.75 (ddJ = 11.0, 4.9
Hz, 1 H), 3.86-3.98 (m, 4 H), 4.15 (dJ = 12.5 Hz, 1 H), 4.26
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(dd,J=11.0, 8.3 Hz, 1 H), 5.05 (ddl = 7.1, 5.1 Hz, 1 H), 7.02
(t,J=2.4Hz, 1H),7.22(d)=285Hz,23H),7.69(d)=28.1
Hz, 2.3 H), 7.81 (dJ = 2.4 Hz, 1 H), 7.86 (dJ = 2.4 Hz, 1 H)
ppm. MS (DCI/NH) m/z 206 (M + H)*. Anal. (Ci;H1sN3O-
1.15GHgS0;-0.60H:0) C, H, N.
(1S,55)-3-(5,6-Dimethylpyridin-3-yl)-3,6-diazabicyclo[3.2.0]-
heptane (38) Tosylate.This was prepared according to the
representative procedures C(a) and D(d) using,53)-20 and
3-bromo-5,6-dimethylpyridine'H NMR (CD;OD, 300 MHz): 6
2.30 (s, 3 H), 2.36 (s, 3.8 H), 2.40 (s, 3 H), 2.93 (de; 10.3, 5.9
Hz, 1 H), 3.02 (ddJ = 12.2, 4.7 Hz, 1 H), 3.463.54 (m, 1 H),
3.72 (dd,J = 10.8, 5.1 Hz, 1 H), 3.86 (d] = 10.2 Hz, 1 H), 4.07
(d,J=12.2 Hz, 1 H), 4.23 (dd) = 10.8, 8.8 Hz, 1 H), 4.99 (dd,
J=7.1,47Hz,1H),719 (dJ=2.7Hz, 1 H),7.22 (d)=7.8
Hz, 2.5 H), 7.70 (dJ = 8.1 Hz, 2.5 H), 7.87 (dJ = 2.7 Hz, 1 H)
ppm. MS (DCI/NH) m/z 204 (M + H)*. Anal. (CHi7N3
1.27GHgS05-0.20H:,0) C, H, N.
(1R,5R)-3-(5,6-Dimethylpyridin-3-yl)-3,6-diazabicyclo[3.2.0]-
heptane (38) Fumarate.This was prepared according to the
representative procedures C(a), D(c), and S(a) usiBgR)-20 and
3-bromo-5,6-dimethylpyridine'H NMR (CD3;0D, 300 MHz): 6
2.31 (s, 3 H), 2.40 (s, 3 H), 2.95 (dd~= 10.3, 5.9 Hz, 1 H), 3.04
(dd,J = 12.2, 4.7 Hz, 1 H), 3.483.57 (m, 1 H), 3.74 (ddJ =
11.0, 5.3 Hz, 1 H), 3.88 (d] = 10.5 Hz, 1 H), 4.09 (dJ = 12.2
Hz, 1 H), 4.25 (ddJ = 11.0, 8.6 Hz, 1 H), 5.02 (ddl = 6.8, 5.1
Hz, 1 H), 6.68 (s, 2.6 H), 7.22 (d,= 2.7 Hz, 1 H), 7.88 (dJ =
2.7 Hz, 1 H) ppm. MS (DCI/NK) nv/z 204 (M + H)*. Anal.
(C12H17N3-1.30GH40,4:0.20H0) C, H, N.
(1S,59)-3-(5-Cyano-6-methylpyridin-3-yl)-3,6-diazabicyclo-
[3.2.0]heptane (39) FumarateThis was prepared according to the
representative procedures C(a), D(c), and S(a) usiR$pE)-20 and
3-bromo-5-cyano-6-methylpyridineH NMR (CD;OD, 300
MHz): 6 2.63 (s, 3 H), 3.05 (dd] = 10.5, 6.1 Hz, 1 H), 3.15 (dd,
J=12.4, 4.9 Hz, 1 H), 3.433.56 (m, 1 H), 3.73 (ddJ = 11.2,
5.1 Hz, 1 H), 3.93 (dJ = 10.5 Hz, 1 H), 4.14 (d) = 12.5 Hz, 1
H), 4.26 (dd,J =11.2, 8.5 Hz, 1 H), 5.04 (dd]= 7.0, 4.9 Hz, 1
H), 6.68 (s, 2 H), 7.62 (dJ = 3.1 Hz, 1 H), 8.33 (dJ = 3.1 Hz,
1 H) ppm. MS (DCI/NH) m/z 215 (M + H)*. Anal. (Ci2H14Ng*
1.00GH404-0.10H0) C, H, N.
(1R,5R)-3-(5-Cyano-6-methylpyridin-3-yl)-3,6-diazabicyclo-
[3.2.0]heptane (39) FumarateThis was prepared according to the
representative procedures C(a), D(c), and S(a) usi8gR)-20 and
3-bromo-5-cyano-6-methylpyridine!H NMR (CD;OD, 300
MHz): 6 2.63 (s, 3 H), 3.05 (dd] = 10.5, 6.1 Hz, 1 H), 3.14 (dd,
J=12.4, 4.9 Hz, 1 H), 3.423.59 (m, 1 H), 3.72 (ddJ = 11.2,
5.1 Hz, 1 H), 3.93 (dJ = 10.5 Hz, 1 H), 4.13 (dJ =125 Hz, 1
H), 4.25 (dd,J = 11.0, 8.6 Hz, 1 H), 5.04 (dd] = 6.8, 5.1 Hz, 1
H), 6.67 (s, 2 H), 7.62 (dJ = 3.1 Hz, 1 H), 8.33 (dJ = 2.7 Hz,
1 H) ppm. MS (DCI/NH) mz 215 (M + H)*. Anal. (CoH1aN4*
1.00GH404) C, H, N.
(1S,55)-3-(6-Chloropyridin-3-yl)-3,6-diaza-bicyclo[3.2.0]-
heptane (40) Fumarate.This was prepared according to the
representative procedures C(a), D(c), and S(a) usiRgpE)-20 and
2-chloro-5-iodopyridine'H NMR (CD3;0D, 300 MHz): ¢ 3.02 (dd,
J =105, 6.1 Hz, 1 H), 3.12 (dd] = 12.4, 4.9 Hz, 1 H), 3.43
3.59 (m, 1 H), 3.72 (dd) = 11.0, 4.9 Hz, 1 H), 3.89 (d] = 10.5
Hz, 1 H), 4.10 (dJ = 12.2 Hz, 1 H), 4.25 (ddJ = 11.0, 8.6 Hz,
1H),5.03(ddJ=7.0,4.9 Hz, 1 H), 6.68 (s, 2 H), 7.277.45 (m,
2 H), 7.98 (dJ = 2.7 Hz, 1 H) ppm. MS (DCI/NH) m/z 212 (M
+ H)*, 211 (M+ H)*. Anal. (CoH12CIN3-1.00GH404): C, H, N.
(1R,5R)-3-(6-Chloropyridin-3-yl)-3,6-diaza-bicyclo[3.2.0]-
heptane (40) Fumarate.This was prepared according to the
representative procedures C(a), D(c), and S(a) usi§gR)-20 and
2-chloro-5-iodopyridine!H NMR (CDsOD, 300 MHz): ¢ 3.05 (dd,
J=10.1,5.1 Hz, 1 H), 3.15 (dd} = 12.6, 5.1 Hz, 1 H), 3.50 (m,
1 H), 3.75 (ddJ = 11.2, 3.10 Hz, 1 H), 3.90 (d] = 10.5 Hz, 1
H), 4.10 (d,J = 12.2 Hz, 1 H), 4.25 (dd) = 11.2, 8.8 Hz, 1 H),
5.05 (dd,J = 6.8, 4.8 Hz, 1 H), 6.68 (s, 2.4 H), 7.34 @= 8.5
Hz, 1 H), 7.38 (ddJ = 8.9, 3.1 Hz, 1 H), 7.96 (d) = 2.7 Hz, 1
H) ppm. MS (DCI/NH) m/z212 (M + H)*, 210 (M+ H)*. Anal.
(C10H12CIN3-1.20GH4O4) C, H, N.

Jietal.

(1S,59)-3-(6-Chloro-5-methylpyridin-3-yl)-3,6-diaza-bicyclo-
[3.2.0]heptane (41) Trifluoroacetate This was prepared according
to the representative procedures C(a) and S(c) usiRgp$)-20
and 2-chloro-3-methyl-5-bromopyridinéd NMR (CD3;OD, 300
MHz): 6 2.37 (s, 3 H), 3.00 (dd] = 10.5, 6.1 Hz, 1 H), 3.10 (dd,
J=12.4,49 Hz, 1 H), 3.423.58 (m, 1 H), 3.72 (ddJ = 11.2,
5.1 Hz, 1 H), 3.89 (dJ = 10.5 Hz, 1 H), 4.09 (dJ = 12.5Hz, 1
H), 4.25 (dd,J = 11.0, 8.6 Hz, 1 H), 5.03 (ddJ = 7.3, 5.3 Hz, 1
H), 7.34 (d,J= 3.1 Hz, 1 H), 7.83 (dJ = 3.1 Hz, 1 H) ppm. MS
(DCI/NH3) m/z 226 (M + H)*, 224 (M + H)". Anal. (CiiH14-
CIN3+1.00CRCOH) C, H, N.

(1R,5R)-3-(6-Chloro-5-methylpyridin-3-yl)-3,6-diaza-bicyclo-
[3.2.0]heptane (41) TosylateThis was prepared according to the
representative procedures C(a) and D(d) usin§5@)-20 and
2-chloro-3-methyl-5-bromopyridine!H NMR (CD;OD, 300
MHz): 6 2.36 (s, 6 H), 2.99 (dd] = 10.3, 5.9 Hz, 1 H), 3.09 (dd,
J =125, 4.7 Hz, 1 H), 3.463.58 (m, 1 H), 3.73 (ddJ = 11.2,
5.1 Hz, 1 H), 3.88 (dJ = 10.5 Hz, 1 H), 4.09 (dJ = 12.5Hz, 1
H), 4.25 (dd,J = 11.0, 8.6 Hz, 1 H), 5.03 (dd] = 7.0, 4.9 Hz, 1
H), 7.22 (d,J = 7.8 Hz, 2 H), 7.32 (dJ = 3.1 Hz, 1 H), 7.69 (d,
J=8.5Hz, 2 H), 7.82 (d) = 2.7 Hz, 1 H) ppm. MS (DCI/NH)
m'z 226 (M + H)*, 224 (M + H)*. Anal. (C1H14CIN3z-
1.01GHsSGO;) C, H, N.

(1S,59)-3-(5,6-Dichloropyridin-3-yl)-3,6-diaza-bicyclo[3.2.0]-
heptane (42) Tosylate.This was prepared according to the
representative procedures C(a) and D(d) using,53)-20 and
3-bromo-5,6-dichloropyridinetH NMR (CDsOD, 300 MHz): ¢
2.36 (s, 3 H), 3.06 (dd] = 10.3, 6.3 Hz, 1 H), 3.17 (dd| = 12.5,
5.1 Hz, 1 H), 3.4%3.61 (m, 1 H), 3.72 (ddJ = 10.8, 5.4 Hz, 1
H), 3.90 (d,J = 10.5 Hz, 1 H), 4.10 (dJ = 12.5 Hz, 1 H), 4.26
(dd,J =11.0, 8.6 Hz, 1 H), 5.04 (ddl = 7.1, 5.1 Hz, 1 H), 7.22
(d,J=7.8 Hz, 2 H), 7.52 (dJ = 2.7 Hz, 1 H), 7.69 (dJ = 8.1
Hz, 2 H), 7.95 (dJ = 2.7 Hz, 1 H) ppm. MS (DCI/NH) nV/z 248
(M + H)*, 246 (M + H)*, 244 (M + H)". Anal. (CoH11CloN3-
1.00GHsSG;) C, H, N.

(1R,5R)-3-(5,6-Dichloropyridin-3-yl)-3,6-diaza-bicyclo[3.2.0]-
heptane (42) Tosylate.This was prepared according to the
representative procedure C(a) and D(d) using5®)-20 and 2,3-
dichloro-5-iodopyridineH NMR (CDsOD, 300 MHz): 6 2.36 (s,

3 H), 3.06 (ddJ = 10.5, 6.1 Hz, 1 H), 3.16 (dd,= 12.5, 5.1 Hz,
1 H), 3.42-3.59 (m, 1 H), 3.72 (ddJ = 11.2, 5.1 Hz, 1 H), 3.89
(d,J=10.5 Hz, 1 H), 4.10 (dJ = 12.5 Hz, 1 H), 4.26 (ddj =
11.2, 8.5 Hz, 1 H), 5.05 (dd} = 7.1, 4.7 Hz, 1 H), 7.21 (d) =
8.1 Hz, 2 H), 7.51 (dJ = 2.7 Hz, 1 H), 7.69 (dJ = 8.1 Hz, 2 H),
7.94 (d,J=2.7 Hz, 1 H) ppm. MS (DCI/NK) m/z248 (M+ H)*,
246 (M+ H)*, 244 (M+ H)*. Anal. (CigH11CI:N3-1.00GHSO;)
C, H, N.

(1R,59)-tert-Butyl 3-(5-Methylpyridin-3-yl)-3,6-diazabicyclo-
[3.2.0]heptane-6-carboxylate (BN-Boc-43) Hydrochloride. A
solution of (R,55)-6-N-Boc-41 (350 mg, 1.00 mmol) in EtOH (20
mL) was stirred with Pd/C (10 wt %, 100 mg) undes @ atm) at
ambient temperature for 10 h. The catalyst was filtered off, and
the organic solution was concentrated to giv&,8E5)-6-N-Boc-
43-HCI (300 mg, 92% yield)!H NMR (CD3;OD, 300 MHz): ¢
1.44 (s, 9 H), 2.49 (s, 3 H), 3.28.19 (m, 1 H), 3.26-3.29 (m, 2
H), 3.53-3.67 (m, 1 H), 3.88 (dJ = 10.5 Hz, 1 H), 3.98 (dJ =
11.5Hz, 1 H), 4.13 (t) = 8.0 Hz, 1 H), 4.90 (dd) = 6.6, 4.6 Hz,

1 H), 7.77 (s, 1 H), 7.96 (s, 1 H), 8.07 (s, 1 H) ppm. MS (DCV/
NH3z) m/z 290 (M + H)*.

(1S,59)-3-(5-Methylpyridin-3-yl)-3,6-diazabicyclo[3.2.0]-
heptane (43) Fumarate.This was prepared according to the
representative procedures D(c) and S(a) usirfg53)-6-N-Boc-
43-HCI. 'H NMR (CD;0D, 300 MHz): 6 2.34 (s, 3 H), 3.00 (dd,
J=10.5, 6.1 Hz, 1 H), 3.09 (dd] = 12.2, 4.7 Hz, 1 H), 3.4%
3.60 (m, 1 H), 3.73 (ddJ = 10.8, 5.1 Hz, 1 H), 3.91 (d] = 10.8
Hz, 1 H), 4.13 (dJ = 12.5 Hz, 1 H), 4.25 (dd) = 11.0, 8.6 Hz,
1H),5.03(ddJ=7.3,4.9Hz, 1 H), 6.68 (s, 2.2 H), 7.22 (s, 1 H),
7.17-7.29 (m, 1 H), 7.89 (s, 1 H), 7.89 (d,= 1.0 Hz, 1 H), 8.01
(d,J = 3.1 Hz, 1 H) ppm. MS (DCI/NK) m/z 190 (M + H)*.
Anal. (C_|_1H15N3'1.08C;H404) C, H, N.



3,6-Diazabicyclo[3.2.0]heptanes

(1S,59)-tert-Butyl 6-(5-Bromopyridin-3-yl)-3,6-diazabicyclo-
[3.2.0]heptane-3-carboxylate (IN-Boc-23). This was prepared
according to the representative procedure C(a) usiSp8l-19b
(0.20 g, 1.0 mmol) and 3,5-dibromopyridine (0.35 g, 1.5 mmol) to
provide (1559-3-N-Boc23 (0.16 g, 45.7% yield).'H NMR
(CD30OD, 300 MHz): 6 1.40 [s(br.), 9 H], 3.12 (dd) = 12.7, 3.7
Hz, 1 H), 3.26-3.35 (m, 2 H), 3.65 (m, 1 H), 3.804.05 (m, 3 H),
4.73-4.76 (m, 1 H), 7.06 (tJ = 2.0 Hz, 1 H), 7.70 (dJ) = 2.7
Hz, 1H), 7.90 (dJ = 1.7 Hz, 1 H) ppm. MS (DCI/NK) nVz 356
(M + H)*, 354 (M+ H)".

(1S,59)-tert-Butyl 6-{ 5-[(Trimethylsilyl)ethynyl]pyridin-3-yl }-
3,6-diazabicyclo[3.2.0]heptane-3-carboxylate (TMS-8+Boc-44).

A solution of (1S,59)-3-N-Boc-23 (140 mg, 0.40 mmol), ethynyl-
trimethylsilane (100 mg, 1.0 mmol), £ (122 mg, 1.2 mmol),
PdCL(PPh), (5.6 mg, 0.008 mmol), and Cul (7.6 mg, 0.004 mmol)
in anhydrous DMF (5 mL) was stirred undep Bt 60—70 °C for
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6.68 (m, 1 H), 7.48 (dJ = 2.7 Hz, 1 H), 7.67 (dJ = 1.7 Hz, 1 H)

ppm. MS (DCI/NH) m/z 372 (M + H)™.
(1S,5R)-6-(5-Ethynylpyridin-3-yl)-3,6-diazabicyclo[3.2.0]-

heptane (44).This was prepared according to the procedure for

(1R,59-44 using (IR,5R)-TMS-3-N-Boc44 (120 mg, 0.32 mmol)

to give (1S5R)-44 (60 mg, 93.7%)*H NMR (CDs;0OD, 300 MHz):

0 2.57 (dd,J = 12.6, 4.1 Hz, 1 H), 2.75 (dd] = 12.5, 6.4 Hz, 1

H), 3.10-3.30 (m, 3 H), 3.60 (dd) = 7.8, 3.4 Hz, 1 H), 3.70 (s,

1H), 3.96 (t,J = 7.8 Hz, 1 H), 4.70 (ddJ = 6.1, 3.3 Hz, 1 H),

6.94 (ddJ=2.7,1.7 Hz, 1 H), 7.72 (d] = 2.7 Hz, 1 H), 7.90 (d,

J = 1.7 Hz, 1 H) ppm. MS (DCI/NK) m/z 200 (M + H)*.
(1S,5R)-6-(5-Ethynylpyridin-3-yl)-3,6-diazabicyclo[3.2.0]-
heptane (44) Fumarate.This was prepared according to the
representative procedure S(a) using $R)-44 (60 mg, 0.30 mmol)
to give (1S5R)-44 fumarate (86 mg, 92% yield}H NMR (CD;0D,
300 MHz): ¢ 3.16 (dd,J = 12.6, 3.4 Hz, 1 H), 3.353.40 (m, 2

10 h. It was then cooled to ambient temperature, quenched with H), 3.45 (m, 1 H), 3.76-3.85 (m, 3 H), 4.05 (tJ = 7.8 Hz, 1 H),

water (10 mL), and extracted with EtOAc (8 50 mL). The

4.96 (dd,J = 6.4, 3.3 Hz, 1 H), 6.70 (s, 2.8 H), 7.10 (dbi= 2.3,

combined extracts were concentrated, and the residue was purifiedl.7 Hz, 1 H), 7.85 (dJ = 2.7 Hz, 1 H), 8.00 (dJ = 1.7 Hz, 1 H)

by chromatography on silica gel (v. EtOAc:hexaresl:1) to
provide (1S59)-TMS-3-N-Boc-44 (R = 0.50, 90 mg, 60% vyield).
IH NMR (CD3;0D, 300 MHz): 6 0.05 (s, 9 H), 1.40 [s (br.), 9 H],
3.16 (dd,J = 12.6, 3.6 Hz, 1H), 3.263.35 (m, 2 H), 3.65 (m,
1H), 3.85-4.05 (m, 3 H), 4.70 (m, 1 H), 6.68 (m, 1 H), 7.48 (,
= 2,7 Hz, 1 H), 7.67 (dJ = 1.7 Hz, 1 H) ppm. MS (DCI/NB)
m/z 372 (M + H)*.
(1R,59)-6-(5-Ethynylpyridin-3-yl)-3,6-diazabicyclo[3.2.0]-
heptane (44) A solution of (1555)-TMS-3-N-Boc44 (90 mg, 0.24
mmol) in THF (5 mL) was stirred with BIN*F~ (1 M in THF, 2
mL, 2.0 mmol) at ambient temperature for 1 h. It was then diluted
with EtOAc (50 mL), washed with water (% 5 mL), and
concentrated. The residue was dissolved in,Clk (5 mL) and
stirred with trifluoroacetic acid (1 mL) at ambient temperature for

ppm. MS (DCI/NH) m/z 200 (M + H)*. Anal. (CizHiaN3-
1.42CGH,04:0.30H,0) C, H, N.

(1S,59)-Benzyl 6-(5-(Oxazol-2-yl)pyridin-3-yl)-3,6-diazabicyclo-
[3.2.0]heptane-3-carboxylate (3N-Chz-45).A solution of (1559)-
3-N-Cbhz23 (125 mg, 0.32 mmol), 2-(tributylstannyl)oxazole (230
mg, 0.64 mmol), and PdgPPh), (5.6 mg, 0.008 mmol) in
anhydrous MeCN (10 mL) was stirred undes & 80°C for 4 h.

It was then cooled down to ambient temperature, concentrated under
reduced pressure, and purified by chromatography on silica gel (v.
EtOAc:hexanes= 4:1) to provide (559)-3-N-Cbz45 (R = 0.40,

120 mg, 99% yield)*H NMR (CD3;OD, 300 MHz): 6 3.25 (dd,J
=125, 3.7 Hz, 1 H), 3.3%3.42 (m, 1 H), 3.69 (dd) = 7.8, 3.4

Hz, 1 H), 3.93-4.29 (m, 4 H), 4.734.81 (m, 1 H), 5.0+5.23

(m, 2 H), 7.04-7.30 (m, 3 H), 7.257.49 (m, 4 H), 7.86 (dJ =

2 h. The volatiles were removed under reduced pressure, and the2.7 Hz, 1 H), 8.04 (s, 1 H), 8.49 (d,= 2.0 Hz, 1 H) ppm. MS

residue was purified by chromatography on silica gel (v,Chi
MeOH:NH;-H,0 = 90:10:2) to give (R,59-44 (R = 0.2, 45 mg,
94%).H NMR (CDsOD, 300 MHz): 6 2.75 (dd,J = 12.9, 3.4
Hz, 1 H), 2.90 (ddJ = 12.25, 6.4 Hz, 1 H), 3.10 (m, 1 H), 3.30
(d,J=12.6 Hz, 1 H), 3.40 (dJ = 12.9 Hz, 1 H), 3.70 (ddJ) =
7.8,3.3 Hz, 1 H), 3.76 (s, 1H), 3.96 = 7.8 Hz, 1 H), 4.70 (dd,
J=6.1,3.3Hz, 1 H),6.94 (dd] = 2.7, 1.7 Hz, 1 H), 7.77 (d

= 2.7 Hz, 1 H), 7.94 (dJ = 1.7 Hz, 1 H) ppm. MS (DCI/NH)
m/z 200 (M + H)*.

(1R,55)-6-(5-Ethynylpyridin-3-yl)-3,6-diazabicyclo[3.2.0]-
heptane(44) Fumarate. This was prepared according to the
representative procedure S(a) using,65)-44. 'H NMR (MeOH-
d4, 300 MHz): 6 3.16 (dd,J = 12.6, 3.7 Hz, 1 H), 3.353.40 (m,
2 H), 3.45 (m, 1 H), 3.763.85 (m, 3 H), 4.05 (t) = 7.8 Hz, 1
H), 4.96 (dd,J = 6.1, 3.4 Hz, 1 H), 6.70 (s, 2.4 H), 7.10 (dil=
2.4,2.0Hz, 1 H), 7.85 (d) = 3.0 Hz, 1 H), 7.96 (dJ = 1.7 Hz,

1 H) ppm. MS (DCI/NH) myz 200 (M + H)*. Anal. (CoH1aN3-
1.20GH,404-1.00H0) C, H, N.

(1R,5R)-tert-Butyl 6-(5-Bromopyridin-3-yl)-3,6-diazabicyclo-
[3.2.0]heptane-3-carboxylate (N-Boc-23).A solution of (1S5R)-
23 (510 mg, 2.0 mmol), dtert-butyl dicarbonate (660 mg, 3.0
mmol), and EN (404 mg, 4.0 mmol) in CkCl, (20 mL) was stirred

(DCI/NH3) mz 377 (M + H)*.
2-{5-[(1R,5S)-3,6-Diazabicyclo[3.2.0]heptan-6-yl]pyridin-3-
yl}oxazole (45) BisfumarateThis was prepared according to the
representative procedures D(a) and S(a) usir®58)-3-N-Cbz-
45. 'H NMR (CD30D, 300 MHz): 6 3.22 (dd,J = 12.5, 3.4 Hz,
1H),3.38(dJ=7.5Hz, 1 H), 3.433.56 (m, 1 H), 3.74 (d) =
12.5 Hz, 1 H), 3.80 (dJ = 12.5 Hz, 1 H), 3.84 (ddJ = 8.1, 3.1
Hz, 1 H), 4.12 (tJ = 8.0 Hz, 1 H), 5.01 (ddJ = 6.4, 3.4 Hz, 1
H), 6.70 (s, 4 H), 7.36 (d) = 1.0 Hz, 1 H), 7.54 (ddJ = 2.7, 1.7
Hz, 1 H), 8.00 (dJ = 3.1 Hz, 1 H), 8.06 (s, 1 H), 8.59 (d,= 1.7
Hz, 1 H) ppm. MS (DCI/NH) myz 243 (M + H)*. Anal.

(C13H14N40-2.00GH4O4) C, H, N.

(1S,59)-Benzyl 6-[5-(1-Methyl-1H-imidazol-5-yl)pyridin-3-yl]-
3,6-diazabicyclo[3.2.0]heptane-3-carboxylate (B-Cbhz-46).This
was prepared according to the procedure for the synthesi§&651
3-N-Cbhz45 using (1559-3-N-Cbz23 (200 mg, 0.52 mmol) and
1-methyl-5-(tributylstannyl)-1H-imidazole (385 mg, 1.04 mmol) to
provide (1S59-3-N-Cbz46 (200 mg, 99% yield).'H NMR
(CDsOD, 300 MHz): 6 3.23 (dd,J = 12.7, 3.9 Hz, 1 H), 3.36
3.41 (m, 1 H), 3.623.84 (m, 5 H), 3.89-4.26 (m, 3 H), 4.78 (dd,
J=16.3, 3.9 Hz, 1 H), 5.085.24 (m, 2 H), 6.92 (dd) = 2.7, 2.0
Hz, 1 H), 7.11 (s, 1 H), 7.167.46 (m, 5 H), 7.74 (s, 1 H), 7.77 (d,

at ambient temperature for 10 h and then concentrated. The residue) = 2.7 Hz, 1 H), 7.96 (dJ = 1.7 Hz, 1 H) ppm. MS (DCI/NH)
was purified by chromatography on silica gel (v. EtOAc:hexanes m/z 390 (M + H)*.

= 1:1) to give (R,5R)-3-N-Boc-23 (R; = 0.5, 700 mg, 98% yield).
1H NMR (CD3OD, 300 MHz): 6 1.40 [s(br.), 9 H], 3.14 (dd] =
12.9, 4.0 Hz, 1 H), 3.263.35 (m, 2 H), 3.65 (m, 1 H), 3.854.05
(m, 3 H), 4.74 (ddJ = 5.4, 3.7 Hz, 1 H), 7.07 (t) = 2.0 Hz, 1
H), 7.68 (d,J = 2.7 Hz, 1H), 7.90 (dJ = 1.7 Hz, 1 H) ppm. MS
(DCI/NH3) m/z 356 (M + H)*, 354 (M + H)*.

(1R,5R)-tert-Butyl 6-{ 5-[(Trimethylsilyl)ethynyl]pyridin-3-yl }-
3,6-diazabicyclo[3.2.0]heptane-3-carboxylate (TMS-8+Boc-44).
This was prepared according to the procedure f&53)-TMS-3-
N-Cbz44 using (R5R)-3-N-Boc23 (140 mg, 0.40 mmol) to
provide (IR5R)-TMS-3-N-Boc44 (120 mg, 80%).'H NMR
(CDs0OD, 300 MHz): 6 0.05 (s, 9 H), 1.40 [s (br.), 9 H], 3.16
3.35 (m, 3 H), 3.50 (m, 1H), 3.8%4.05 (m, 3 H), 4.50 (m, 1 H),

(1R,59)-6-(5-(1-Methyl-1H-imidazol-5-yl)pyridin-3-yl)-3,6-
diazabicyclo[3.2.0]heptane (46) BisfumarateThis was prepared
according to the representative procedures D(a) and S(a) using
(1S59-3-N-Cbhz46. 'H NMR (CDs0OD, 300 MHz): 6 3.19 (dd,J
= 12.5, 3.4 Hz, 1 H), 3.323.39 (m, 1 H), 3.4%3.57 (m, 1 H),
3.75 (t,J=12.7 Hz, 2 H), 3.74 (s, 3 H), 3.82 (dd= 8.1, 3.1 Hz,
1H), 4.09 (t,J= 7.8 Hz, 1 H), 4.98 (ddJ = 6.4, 3.4 Hz, 1 H),
6.71 (s, 4 H), 7.08 (dd] = 2.7, 2.0 Hz, 1 H), 7.16 (d] = 1.0 Hz,
1H),7.81(dJ=0.7Hz, 1 H), 7.90 (d) = 2.7 Hz, 1 H), 8.07 (d,
J= 2.0 Hz, 1 H) ppm. MS (DCI/NK) m/z 256 (M + H)*. Anal.
(C14H17N52.00CGH404) C, H, N.

(1S,59)-Benzyl 6-(5,6-Dibromopyridin-3-yl)-3,6-diazabicyclo-
[3.2.0]heptane-3-carboxylate (AN-Cbz-47): Representative Pro-
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cedure for Bromination. A solution of N-bromosuccinimide (92
mg, 0.52 mmol) in MeCN (5 mL) was slowly added to the solution
of (1559-3-N-Cbz23 (200 mg, 0.52 mmol) in MeCN (10 mL) at
—20 to 0°C over 5 min. The mixture was then stirred at20 °C
for 1 h and quenched with water (5 mL). It was extracted with
EtOAc (3 x 20 mL). The combined extracts were washed with
brine (2 x 5 mL) and then concentrated. The residue was purified
by chromatography on silica gel (v. EtOAc:hexarnesl:1) to
provide (1559)-3-N-Cbz47 (R = 0.5, 100 mg, 42% yield)H
NMR (CDs;OD, 300 MHz): 6 3.11-3.23 (m, 2 H), 3.33-3.43 (m,
1 H), 3.59 (dd,J = 8.0, 3.6 Hz, 1 H), 3.964.12 (m, 3 H), 4.72
(dd,J=6.1, 4.1 Hz, 1 H), 4.995.33 (m, 2 H), 7.13 (d) = 2.4
Hz, 1 H), 7.177.44 (m, 5 H), 7.52 (dJ = 2.4 Hz, 1 H) ppm. MS
(DCI/NH3) mVz 470 (M + H)*, 468 (M + H)*, 466 (M + H)*.
(1R,55)-6-(5,6-Dibromopyridin-3-yl)-3,6-diazabicyclo[3.2.0]-
heptane (47) Bis(tosylate) This was prepared according to the
representative procedures D(b) and S(b) usirg53-3-N-Cbz
47. 'H NMR (CDs0OD, 300 MHz): ¢ 2.37 (s, 6 H), 3.17 (dd] =
12.7,3.2 Hz, 1 H), 3.333.38 (m, 1 H), 3.46-3.52 (m, 1 H), 3.65
3.80 (m, 3 H), 4.03 (t) = 8.0 Hz, 1 H), 4.89-4.98 (m, 1 H), 7.23
(d,J=8.5Hz, 4 H), 7.31 (d) = 2.7 Hz, 1 H), 7.66 (dJ = 2.7
Hz, 1 H), 7.70 (dJ = 8.1 Hz, 4 H) ppm. MS (DCI/NK) m/z 336
(M + H)*, 334 (M+ H)*, 332 (M + H)*. Anal. (CioH11BrN3:
2.00GHgS0::0.48H0) C, H, N.
(1R,55)-6-(6-Bromo-5-cyano-pyridin-3-yl)-3,6-diaza-bicyclo-
[3.2.0]heptane (48) BisfumarateThis was prepared according to
the representative procedures D(c) and S(a) usi8§9E3-N-Boc-
48. 'H NMR (CD;0D, 300 MHz): ¢ 3.20 (dd,J = 12.0, 3.0 Hz,
1 H), 3.28-3.38 (m, 2 H), 3.45 (m, 1 H), 3.683.72 (m, 2 H),
4.08 (t,J = 8.8 Hz, 1 H), 4.95 (m, 1 H), 6.70 (s, 4.00 H), 7.40 (d,
J=3.0 Hz, 1 H), 7.90 (dJ = 3.0 Hz, 1 H) ppm. MS (DCI/Nk)
m/z281 (M+ H)*, 279 (M+ H)*. Anal. (Ci1H11BrN4-2.00GH4Oy)

C, H, N.
(1R,5S)-6-(6-Bromo-5-methoxy-pyridin-3-yl)-3,6-diaza-bicyclo-
[3.2.0]heptane (49) Trifluoroacetate This was prepared according

to the representative procedures D(b) and S(c) usiSHEL-3-N-
Cbhz49. IH NMR (CDs;0D, 300 MHz): ¢ 3.18 (dd,J = 12.5, 3.7
Hz, 1 H), 3.32-3.39 (m, 2 H), 3.46 (ddd] = 14.1, 7.3, 2.7 Hz, 1
H), 3.66-3.81 (m, 3 H), 3.90 (s, 3 H), 4.04 @,= 8.0 Hz, 1 H),
4.93 (ddJ=6.4,3.4 Hz, 1 H), 6.58 (d] = 2.4 Hz, 1 H), 7.25 (d,
J=2.4Hz, 1 H) ppm. MS (DCI/NK) m/z286 (M + H)™, 284 (M
+ H)*. Anal. (G1H14N30Br-1.00CRCOH-0.50H:,0) C, H, N.
(1S,55)-tert-Butyl 6-(6-Bromo-5-carbamoylpyridin-3-yl)-3,6-
diazabicyclo[3.2.0]heptane-3-carboxylate (3¢-Boc-50).A solu-
tion of (1S59-3-N-Boc48 (383 mg, 1.0 mmol), urea hydrogen
peroxide (953 mg, 10.1 mmol), and®Os (14 mg, 0.1 mmol) in
acetone-water (v., 1:1, 10 mL) was stirred at ambient temperature
for 10 h. It was then diluted with C¥l, (50 mL) and washed
with saturated aqueous N@I solution (2x 5 mL) and brine (2x

Jietal.

1 H), 3.16 (ddJ = 12.4, 4.9 Hz, 1 H), 3.433.60 (m, 1 H), 3.71
(dd,J = 11.0, 5.3 Hz, 1 H), 3.89 (d] = 10.5 Hz, 1 H), 4.09 (d,
J=12.2 Hz, 1 H), 4.25 (dd) = 11.2, 8.8 Hz, 1 H), 5.03 (dd} =
7.0,5.3 Hz, 1 H), 6.69 (s, 2 H), 7.63 (@= 2.7 Hz, 1 H), 7.99 (d,
J=3.1Hz, 1 H) ppm. MS (DCI/NK) m/z336 (M + H)*, 334 (M
+ H)+, 332 (M+ H)Jr Anal. (CloHllBerg’l.OOQH404) C, H, N.

(1S,59)-3-(6-Bromo-5-chloropyridin-3-yl)-3,6-diazabicyclo-
[3.2.0]heptane (52) FumarateThis was prepared according to the
representative procedures D(c) and S(a) usirg53-6-N-Boc-
52. 'H NMR (CDs;0OD, 300 MHz): 6 3.07 (dd,J = 10.5, 6.4 Hz,
1 H), 3.17 (ddJ = 12.5, 5.1 Hz, 1 H), 3.443.59 (m, 1 H), 3.71
(dd,J = 11.2, 5.1 Hz, 1 H), 3.90 (d] = 10.5 Hz, 1 H), 4.09 (d,
J=12.5Hz, 1 H), 4.24 (dd) = 11.2, 8.5 Hz, 1 H), 5.03 (dd} =
7.1,5.1 Hz, 1 H), 6.68 (s, 2 H), 7.50 (@= 2.7 Hz, 1 H), 7.96 (d,
J=2.7 Hz, 1 H) ppm. MS (DCI/NK) mVz292 (M+ H)*, 290 (M
+ H)*, 288 (M + H)*. Anal. (CoH1:BrCINz-1.00CGH,O,) C, H,
N

5-[(1S,59)-3,6-Diazabicyclo[3.2.0]heptan-3-yl]-2-bromonico-
tinonitrile (53) Tosylate. This was prepared according to the
representative procedures D(c) and S(b) usirg53)-6-N-Boc-
53. 'H NMR (CD3OD, 300 MHz): 6 2.37 (s, 3 H), 3.10 (dd] =
11.0, 6.3 Hz, 1 H), 3.21 (dd] = 12.7, 5.3 Hz, 1 H), 3.453.62
(m, 1 H), 3.72 (ddJ = 10.8, 5.4 Hz, 1 H), 3.93 (d] = 10.5 Hz,
1H),4.13 (dJ=12.2 Hz, 1 H), 4.26 (dd) = 11.2, 8.8 Hz, 1 H),
5.06 (dd,J = 6.8, 4.7 Hz, 1 H), 7.22 (d] = 7.8 Hz, 2 H), 7.63
7.84 (m, 3 H), 8.22 (dJ = 3.1 Hz, 1 H) ppm. MS (DCI/NH) m/z
281 (M+ H)*, 279 (M+ H)*. Anal. (C;1H11BrN41.03GHgSO;s-
0.70H,0) C, H, N.

(1S,59)-3-(6-Bromo-5-methoxypyridin-3-yl)-3,6-diazabicyclo-
[3.2.0]heptane (54) FumarateThis was prepared according to the
representative procedures D(c) and S(a) usirg53)-6-N-Boc-
54. 'H NMR (CD;0OD, 300 MHz): 6 3.06 (dd,J = 10.3, 5.9 Hz,
1 H), 3.15 (ddJ = 12.4, 4.9 Hz, 1 H), 3.4%3.59 (m, 1 H), 3.73
(dd,J = 11.2, 5.1 Hz, 1 H), 3.93 (d] = 12.5 Hz, 1 H), 3.94 (s,
3 H),4.11 (dJ=12.2 Hz, 1 H), 4.26 (dd]) = 11.0, 8.6 Hz, 1 H),
5.03 (dd,J=7.1,5.1 Hz, 1 H), 6.68 (s, 2 H), 6.94 (= 2.7 Hz,
1 H), 7.58 (d,J = 2.4 Hz, 1 H) ppm. MS (DCI/Nk) m/z 286 (M
+ H)*, 284 (M+ H)*. Anal. (C;1H14BrN30-1.02GH404-0.80H,0)
C, H, N.

(1R,5R)-3-(6-Bromo-5-methoxypyridin-3-yl)-3,6-diazabicyclo-
[3.2.0]heptane (54) FumarateThis was prepared according to the
representative procedures D(c) and S(a) usirg5/)-6-N-Boc-
54. 'H NMR (CDs;0D, 300 MHz): 6 3.05 (dd,J = 10.5, 6.1 Hz,
1 H), 3.15 (ddJ = 12.5, 5.1 Hz, 1 H), 3.443.60 (m, 1 H), 3.73
(dd,J = 10.8, 5.1 Hz, 1 H), 3.93 (d] = 12.5 Hz, 1 H), 3.94 (s,
3H),4.12 (dJ=12.5Hz, 1 H), 4.26 (dd) = 11.0, 8.6 Hz, 1 H),
5.03 (dd,J=7.1,5.1 Hz, 1 H), 6.68 (s, 2 H), 6.94 (@= 2.7 Hz,
1 H), 7.57 (d,J = 2.7 Hz, 1 H) ppm. MS (DCI/Nk) m/z 286 (M
+ H)+, 284 (M+ H)+ Anal. (C_|_1H14BrN30‘10001H404'040|‘ho)

5 mL). The organic solution was concentrated, and the residue wasC, H, N.

purified by chromatography on silica gel (v. EtOAc:hexares:1)
to provide (5559-3-N-Boc50 (R: = 0.3, 203 mg, 51% yield}H
NMR (CDs;OD, 300 MHz): 6 1.44 (s, 9 H), 3.14 (ddJ = 13.6,
4.1 Hz, 1 H), 3.273.40 (m, 2 H), 3.66 (dd] = 8.1, 3.1 Hz, 1 H),
3.87 (d,J = 10.5 Hz, 1 H), 3.93 (dJ = 12.9 Hz, 1 H), 4.01 (tJ
= 8.0 Hz, 1 H), 4.71 (dd) = 5.8, 3.7 Hz, 1 H), 6.92 (d) = 3.1
Hz, 1 H), 7.60 (dJ = 3.1 Hz, 1 H) ppm. MS (DCI/NK) m/z 399
(M + H)*, 397 (M+ H)™.
5-[(1R,59)-3,6-Diazabicyclo[3.2.0]heptan-6-yl]-2-bromonico-
tinamide (50) Fumarate. This was prepared according to the
representative procedures D(c) and S(a) usir§58-3-N-Boc-
50. IH NMR (D20, 300 MHz): 6 3.22 (dd,J = 12.7, 3.2 Hz, 1
H), 3.32-3.44 (m, 1 H), 3.453.61 (m, 1 H), 3.7#3.83 (m, 3 H),
4.08 (t,J = 8.0 Hz, 1 H), 4.99 (ddJ = 5.9, 3.2 Hz, 1 H), 6.57 (s,
2 H), 7.10 (d,J = 3.1 Hz, 1 H), 7.74 (dJ = 2.7 Hz, 1 H) ppm.
MS (DCI/NH3) m/z299 (M + H)*, 297 (M+ H)™. Anal. (Ci;H15-
BrN4O-1.00GH404-0.20H0) C, H, N.
(1S,55)-3-(5,6-Dibromopyridin-3-yl)-3,6-diazabicyclo[3.2.0]-
heptane (51) Fumarate.This was prepared according to the
representative procedures D(c) and S(a) usirig53)-6-N-Boc-
51 'H NMR (CD;0OD, 300 MHz): 6 3.06 (dd,J = 10.5, 6.1 Hz,

5-[(1R,5S)-3,6-Diazabicyclo[3.2.0]heptan-6-yl[N-hydroxy-
nicotinimidamide (55) Fumarate. This was prepared according
to the representative procedures D(c) and S(a) usiSHSE3-N-
Boc55. *H NMR (CDsOD, 300 MHz): 6 3.15 (dd,J = 12.5, 3.4
Hz, 1 H), 3.32-3.36 (m, 1 H), 3.383.50 (m, 1 H), 3.70 (dJ =
12.2 Hz, 1 H), 3.74 (dJ = 12.6 Hz, 1 H), 3.79 (ddJ = 7.8, 3.1
Hz, 1 H), 4.06 (tJ = 8.0 Hz, 1 H), 4.93 (dd) = 6.4, 3.4 Hz, 1
H), 6.68 (s, 2 H), 7.20 (dd] = 2.7, 2.0 Hz, 1 H), 7.89 (d] = 2.7
Hz, 1 H), 8.24 (dJ = 1.7 Hz, 1 H) ppm. MS (DCI/NK) n/z 234
(M + H)*. Anal. (Ci;H1sNs0-1.00GH404) C, H, N.

34{(1R,55)-3,6-Diazabicyclo[3.2.0]heptan-6-}-5-cyanopyri-
dine 1-oxide (56) Fumarate.This was prepared according to the
representative procedure D(c) and S(a) usimgtBec-56. 'H NMR
(CDsOD, 300 MHz): 6 3.18 (dd,J = 12.5, 3.4 Hz, 1 H), 3.33
3.38 (m, 1 H), 3.39-3.51 (m, 1 H), 3.66-3.86 (m, 3 H), 4.06 (t,
J=8.0 Hz, 1 H), 4.94 (ddJ = 6.3, 3.6 Hz, 1 H), 6.68 (s, 2 H),
7.21 (ddJ=2.7,2.0 Hz, 1 H), 7.89 (d] = 2.7 Hz, 1 H), 8.25 (d,
J=1.7 Hz, 1 H) ppm. MS (DCI/NK) m/z234 (M+ NH4)". Anal.
(C11H12N4O‘1.10C1H4O4‘1.05|‘b0) C, H, N.

Binding Assay. Binding assay conditions were modified from
the procedures described in Pabreza éBtallembrane-enriched
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fractions from rat brain minus cerebellum (ABS Inc., Wilmington,
DE) were slowly thawed at 4C, washed, and resuspended in 30
volumes of BSS-Tris buffer (120 mM NaCl/5 mM KCI/2 mM
CaCh/2 mM MgCL/50 mM Tris-Cl, pH 7.4, 4°C). Samples
containing 108-200 ug of protein and 0.75 nM3H]cytisine (30
Ci/mmol; Perkin-Elmer/NEN Life Science Products, Boston, MA)
were incubated in a final volume of 5Q0 for 75 min at 4°C.
Seven log-dilution concentrations of each compound were tested
in duplicate. Nonspecific binding was determined in the presence
of 10uM (—)-nicotine. Bound radioactivity was isolated by vacuum
filtration onto prewetted glass fiber filter plates (Millipore, Bedford,
MA) using a 96-well filtration apparatus (Packard Instruments,
Meriden, CT) and were then rapidly rinsed with 2 mL of ice-cold
BSS buffer (120 mM NaCl/5 mM KCI/2 mM CagP mM MgCl,).
Packard MicroScint-20 scintillation cocktail (4Q.) was added to
each well, and radioactivity was determined using a Packard
TopCount instrument. The kgvalues were determined by nonlinear
regression in Microsoft Excel softwark; values were calculated
from the 1G values using the ChengPrusoff equation, wherk;

= ICs¢/(1 + [ligand]/Kp).

Functional Assay.HEK-293 cell lines expressing the recom-
binant human nAChRe&452 anda354 subunit combinations were
used in the determination of functional NAChR agonist activity by
measuring intracellular calcium changes using the fluorometric
imaging plate reader (FLIPR; Molecular Devices, Sunnyvale, CA).
Cells were plated at densities of 256880000 cells/well in
Dulbecco’s modified Eagle’s medium (Gibco) supplemented with
10% fetal bovine serum (Gibco) in 96-well clear bottom black-
walled plates precoated with pobHysine (Sigma, 75L/well of
0.01 g/L solution= 30 min) and allowed to incubate for 248 h
at 37°C in 5% CQ in a humidified environment. After the media
were aspirated off, the cell lines were incubated in the dark at room
temperature for~0.75-1 h with 2-=4 M Fluo-4 AM calcium
indicator dye (Molecular Probes, Eugene, OR) dissolved ir-0.1
0.2% v/v of DMSO (Sigma, United Kingdom) in NMDG Ringer
buffer (in mM: 140 NMDG, 5 KCI, 1 MgCJ, 10 HEPES, and 10
CaCl, pH 7.4). Cells were placed in the FLIPR, and/g0of 3x
stock concentrations of test compounds or buffer prepared in the
same NMDG ringer buffer was added. Raw fluorescence data were
corrected by subtracting fluorescence values from wells that
received buffer-only additions. Peak fluorescent values were
exported to Microsoft Excel, corrected for background signal, and

expressed as a percentage of the reference peak response for the

positive control of 10«M nicotine. Dose-response data were fitted
using a single sigmoidal function in GraphPad Prism (San Diego,
CA) for determination of Eg and maximum response. Data are
expressed as means SEM (n of six represents two replicates
across three separate plates).
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