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Three-dimensional quantitative structure—activity relationship methods, the comparative
molecular field analysis (CoOMFA) and the comparative molecular similarity indices analysis
(CoMSIA), were applied using a training set of 45 ligands of the (a4).(32)s nicotinic acetylcholine
receptor (NAChR). All compounds are related to (—)-epibatidine, (—)-cytisine, (+)-anatoxin-a,
and (—)-ferruginine, and additionally, novel diazabicyclo[4.2.1]nonane- and quinuclidin-2-ene-
based structures were included. Their biological data have been determined by utilizing the
same experimental protocol. Statistically reliable models of good predictive power (CoOMFA
r2 = 0.928, g = 0.692, no. of components = 3; CoMSIA r? = 0.899, g?> = 0.701, no. of compo-
nents = 3) were achieved. The results obtained were graphically interpreted in terms of field
contribution maps. Hence, physicochemical determinants of binding, such as steric and
electrostatic and, for the first time, hydrophobic, hydrogen bond donor, and hydrogen bond
acceptor properties, were mapped back onto the molecular structures of a set of nAChR
modulators. In particular, changes in the binding affinity of the modulators as a result of
modifications in the aromatic ring systems could be rationalized by the steric, electrostatic,
hydrophobic, and hydrogen bond acceptor properties. These results were used to guide the
rational design of new nAChR ligands such as 48—52 and 54, which were subsequently
synthesized for the first time and tested. Key steps of our synthetic approaches were successfully
applied Stille and Suzuki cross-coupling reactions. Predictive r? values of 0.614 and 0.660 for
CoMFA and CoMSIA, respectively, obtained for 22 in part previously unknown ligands for the

(a4)2(52)s subtype, demonstrate the high quality of the 3D QSAR models.

Introduction

Over recent years, there has been steadily increasing
interest in NAChR agonists as potential analgesics and
therapeutics for the treatment of various neurological
and mental disorders related to a decrease in cholinergic
function.r=# Thus, for the advancement of nAChR-based
therapeutics, many efforts have been directed toward
the identification and characterization of novel, potent
nAChR ligands. This was stimulated by considerable
evidence suggesting that selective neuronal nAChR
agonists may provide therapeutic utility in the treat-
ment of Alzheimer’s and Parkinson’s diseases, attention
deficit/hyperactivity disorder, schizophrenia, and de-
pression.>2 Additionally, the discovery of the alkaloidal
toxin epibatidine® as a potent analgesic acting via
neuronal NAChR has evoked renewed interest in target-
ing NAChRs also for analgesia.®” However, the potential
therapeutic actions of the prototypical nAChR agonists
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such as the natural alkaloids (—)-epibatidine, (—)-
nicotine, (—)-cytisine, and (+)-anatoxin-a (Chart 1) are
accompanied by a variety of untoward effects.! Never-
theless, the emerging diversity of nAChR subtypes
opens up the possibility of developing receptor subtype
selective therapeutic agents without or with substan-
tially attenuated side effects.

Thus, based upon the approach that bioisosteric
alteration in the structures of the various alkaloids
might provide nAChR ligands with better ratios of
pharmacological to toxicological activity, numerous
novel neuronal NnAChR ligands have been developed
recently.8~13 Compounds belonging to class C in Schmitt's
classification scheme® especially constitute the most
populated class of nAChR ligands investigated, with
both the cationic center and the hydrogen bond accep-
tor—x moiety (HBA—x) within separate, nonfused rings.
In this context, among others, epiboxidine (Chart 1) in
which the 5-(2-chloropyridyl) ring of epibatidine has
been replaced by the methylisoxazol moiety is worth
mentioning.4 This epibatidine variant proved to be a
potent antinociceptive agent with a better activity/
toxicity ratio compared to the lead alkaloid. Addition-
ally, UB-165, a hybrid of anatoxin-a and epibatidine in
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Chart 1. Alkaloid nAChR Ligands Such as
(—)-Epibatidine, (—)-Nicotine, (—)-Cytisine, and
(+)-Anatoxin-a and the Synthetic nAChR Ligands
(+)-Epiboxidine, (+)-UB-165, (—)-Ferruginine, and
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which the acetyl group of anatoxin-a is replaced by a
5-(2-chloropyridyl) ring, was reported to show significant
NAChR binding affinity and stimulant activity.811

Under development as a potent broad-spectrum an-
algesic is ABT-594,” a novel 3-pyridyl ether nAChR
agonist that demonstrates a superior selectivity for
neuronal nAChRs and, consequently, an improved in
vivo side-effect profile compared with epibatidine.

Our recent efforts aim at the development of novel
semi-synthetic variants of highly potent nAChR ligands
that show a subtype profile toward the central, hetero-
pentameric (04)2(52)s NAChR (the main subtype found
in brain tissue), eliminating interactions with the gan-
glionic subtype. Until now, we have successfully pursued
this goal by synthesizing compounds following a more
traditional approach. By combining the “trial and error”
method with bioisosteric or other modifications of the
alkaloidal toxins (—)-epibatidine,'516 (—)-cytisine,1” (+)-
anatoxin-a,181° or (—)-ferruginine,’®=23 as well as diaza-
bicyclo[4.2.1]nonane- and quinuclidin-2-ene-based vari-
ants,?425 we obtained ligands with promising therapeutic
utility.

Although pharmacophore models for subtypes of
nAChRs had been long known,26=30 only recently the
high-resolution three-dimensional (3D) structure of a
soluble, homopentameric molluscan acetylcholine-bind-
ing protein (AChBP) has been determined by protein
crystallography.3! Even though this structure reveals
the essential features and the organization of the key
region of the agonist binding site3! and shows significant
sequence similarity with the extracellular parts of the
NAChR subunits, a 3D model of the extracellular
domain of (a4)2(52)s, a prerequisite for a structure-based
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design, has only been published after our work had been
completed.32 Hence, in this study, we decided to perform
three-dimensional quantitative structure—activity re-
lationship (3D QSAR) analyses to guide a ligand-based
rational design process aiming at the improvement of
the binding affinity of our lead compounds toward
(a4)2(B2)3.

To our knowledge, only a few QSAR studies for
agonists of NAChRs have been reported to date, 3923 with
Nicolotti et al.3* being the most comprehensive one in
terms of chemical classes of nicotinic agonists analyzed.
Despite deriving a generic model comprising all different
classes, the latter study especially notes the importance
of analyzing congeneric series separately, resulting in
more precious indications on physicochemical interac-
tions. This becomes even more important in light of two
recent studies of Dougherty and co-workers3536 that
strongly suggest that pharmacophore models for the
muscle-type nAChR should be expanded to include
distinct agonist binding modes for ACh-like compounds
and nicotine-like compounds, respectively. In the case
of 3D QSAR analyses, however, it is necessary that all
compounds considered adopt a similar binding mode.

In our study, 3D QSAR analyses (i.e., comparative
molecular field analysis (CoMFA) and comparative
molecular similarity indices analysis (CoOMSIA)) were
performed on a data set of 45 agonist compounds related
to (—)-epibatidine, (—)-cytisine, (+)-anatoxin-a, and (—)-
ferruginine; additionally, diazabicyclo[4.2.1]Jnonane- and
quinuclidin-2-ene-based nAChR ligands were included
in the training set and in the test set. To the best of
our knowledge, this is the most comprehensive data set
of “polycyclic derivatives” (following the classification
of Nicolotti et al.34) applied in 3D QSAR analyses of
ligands of the (a4)2(52); NAChR. In addition, all biologi-
cal data were determined with our recently published
radio ligand binding assay.!8 This is expected to improve
the signal-to-noise ratio in the biological data compared
to collecting affinity data from different laboratories or
experimental protocols.?

Both 3D QSAR techniques compare a series of mol-
ecules in terms of molecular interaction fields, that is,
they correlate field differences with differences in the
dependent target property, here the binding affinity. For
CoMFA " interaction fields are represented as steric
and electrostatic interaction energies calculated for a
molecule in the data set at the intersections of a grid
embedding that molecule. Alternative molecular inter-
action fields are applied in CoMSIA. 38 Gaussian func-
tions are used to describe steric, electrostatic, and
hydrophobic similarities. Similarly, hydrogen bond do-
nor and acceptor properties are considered.3® Compared
to CoMFA, this approach avoids particularly steep
potentials next to molecular surfaces and, thus, allows
determining similarity indices close to the atoms, too.
Regarding the interpretation of 3D QSAR results in
terms of field contribution maps, COMSIA denotes those
areas within the regions occupied by the ligands that
favor or disfavor the presence of a group of particular
physicochemical property. In contrast, CoOMFA high-
lights those areas where the ligand would interact with
a possible environment.#° Additionally, contribution
maps have been reported to be more contiguous for
CoMSIA than for CoMFA, facilitating the interpretation
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of the results of the former model.*° In fact, no electro-
static maps have been given for the CoMFA model of
“polycyclic derivatives” in the study of Nicolotti et al.3*
because they were “hard to be completely understood”.
We have shown recently, however, that subtle electro-
static influences of especially the heteroaromatic moiety
result in significant differences in binding affinities of
(+)-anatoxin-a-related agonists.'8 Hence, exploiting these
interaction maps from the CoMSIA model might provide
an interesting alternative.

Finally, the field contribution maps of the statistically
significant QSAR models were interpreted to generate
ideas for new nAChR ligands that might be more active
than our lead compounds already included in the
training set. After ranking the hypothetical molecules
by predicted binding affinities, several candidates (48—
52, 54, and 56—63) were synthesized for the first time
and included in our test set. Key steps of our synthetic
approaches were Stille and Suzuki cross-coupling reac-
tions. Subsequent biological testing of the new com-
pounds yielded an experimental validation of the sat-
isfying predictive power of our 3D QSAR models.
Applying the derived models for the design of new
compounds again clearly distinguishes our study from
former QSAR studies on nAChR agonists.

Methods

All molecular modeling and comparative molecular
field evaluations were performed using SYBYL*! version
6.6 running on a Silicon Graphics Indigo2 workstation.

Data Set and Alignment. A training set of 45
ligands (Table 1) was used for all CoOMFA and CoMSIA
analyses. Compounds 12, 16, 18, 19, and 29—37 thereof
are reported in this study for the first time. Since the
use of charged or uncharged molecules in comparative
modeling is still a matter of debate,*? 3D QSAR analyses
were performed with molecules either protonated or
unprotonated at the nitrogen of the bicycle. Here, only
a small influence on the statistical results is expected
because of the fact that CoOMFA and CoMSIA only relate
differences in molecular structure to differences in
binding affinities, and the change in protonation state
affects all molecules in equal measure. The molecules
are structurally close to the natural alkaloids epibati-
dine (1), ferruginine (17),%® anatoxin-a (20),** or cytisine
(39).17 In the novel ligands 29 and 30, the bicyclic
pharmacophoric element is represented by a quinucli-
din-2-ene moiety?> and, in compounds 34—37, by a novel
diazabicyclo[4.2.1]nonane scaffold.?* According to the
classification of Schmitt,3 the compounds are character-
ized by the requisite pharmacophoric elements typical
of NAChR ligands. Some of them, for example, 25—28
and the cytisines 38—45, are class E3 compounds where
both the cationic and HBA— sites are contained within
a fused polycyclic ring system. Most of the molecules
are class C ligands,® which show both the N-bicycle and
the HBA—x system within separate, nonfused rings.
These two pharmacophoric elements are joined by a
pivot bond. The rotational barriers at this central bond
of the ligands lead to a mixture of minimum conforma-
tions in solution at room temperature with different
inter-nitrogen distances more or less suitable for a
ligand—nAChR interaction.

Unfortunately, until today neither the structure of the
vertebrate nAChR receptor nor the structure of a

Journal of Medicinal Chemistry, 2003, Vol. 46, No. 11 2033

ligand—receptor complex has been solved at the atomic
level .31 As a result, the biologically active conformation
of the ligands is not known. To test the influence of the
alignment on the outcome of the analyses, two different
strategies were pursued.

On one hand, a conformational search for some
compounds containing a pivot bond between the azabi-
cycle and the N-heterocycle indicated the existence of
only two favorable orientations of both rings with
respect to each other.111® Hence, to obtain a consistent
alignment, the dihedral angle 7 of the pivot bond (as
defined, e.g., for UB-165 and epibatidine33) between
these two pharmacophoric elements was initially set to
30°, a value close to the ones found in the conforma-
tional search. The generated conformations were sub-
sequently minimized without restraints with MOPAC
6.0,%546 using the AM1 Hamiltonian.*’ In the resulting
conformations of the (unprotonated) compounds UB-165
and epibatidine, values of r = 54° and 31°, respectively,
are in good agreement with those determined by Tonder
et al.?® (56° and 20°, respectively). Additionally, the
compounds fulfill the criteria for the distance between
the bicycle-N and the heterocycle-N as given by the
Sheridan model.2® Similar findings also hold for the
protonated compounds. The molecules were then rigidly
aligned by applying the RigFit method.*® RigFit uses a
Gaussian function representation describing chemical
features of the ligands such as steric occupancy, positive
and negative partial charge, hydrophobicity, and hy-
drogen bonding properties.*® Hence, this procedure
accounts for the ligands in total and not only for selected
pharmacophoric elements. In view of the restricted
conformational flexibility of the molecules, a rigid
alignment of properly determined conformations seemed
appropriate in this case. Although more active and
equally rigid ligands were in the training set, 10 was
chosen as a reference compound because it (a) shows
the highest binding affinity of the ferruginine-related
compounds with the HBA—m-pharmacophoric element
in the 2-position and (b) represents a compromise in
structural terms with respect particularly to the differ-
ent types of bicyclic systems. In principle, a few align-
ments were predicted by RigFit for each molecule. The
final one was chosen such that the interaction geom-
etries of the pharmacophoric elements of the nAChR
modulators, as postulated by Sheridan,?6 were aligned
best. These pharmacophoric elements are:

(A) a quaternary or protonatable nitrogen (e.g., of the
aliphatic bicycle in anatoxin-a (20))

(B) an electronegative atom as hydrogen bond accep-
tor (e.g., the pyridine nitrogen of epibatidine (1) or a
carbonyl oxygen of the acetyl group in anatoxin-a (20))

(C) an atom that forms a dipole with B (the carbonyl
carbon, e.g., in anatoxin-a (20) or a so-called dummy
point in the case of the center of the pyridine ring, e.g.
in epibatidine (1)); the line connecting B and C defines
the direction of the local dipole moment along which a
hydrogen bond is likely to be formed.

Alternatively, a flexible alignment applying the pro-
gram TorSeal*® was performed, again using the above-
determined conformation of 10 as a rigid reference.
TorSeal first generates an alignment of multiple rigid
conformations by a global search operation and then
conformationally relaxes the best-scored hits of this
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Table 1. Data Set of 45 Compounds Used in the Training Set and 22 Compounds Used To Predict Binding Affinities?

No. Structure R Ki Ref. pPKi ApK; No. Structure R K; Ref. pKi ApK;
CoMFA  CoMSIA CoMFA CoMSIA
Training Set Training Set
J LI ' 0.008 20 1110 0210 0.459 31w Nt 1659 22 578  0.052 -0.902
55/“ ol +0.0002 oy +354
2° o 0.029° 13 1055 -0.170  0.194 weod
Z
3° o 0.045 13 1035 -0382  -0.546 32 we N 9.6 22 8.02 049 0.060
- +0.0025 £¢ @
4° ”‘\ ! 0.025° 13 10.60 -0.418 -0.514 &
F
33 N 432 22 736 0329  -0.539
50 Moy S 0.027 13 1057 -0.015 0876 M
A" Z £0.0016
& N 0.028 13 1055 -0.045 1203 34 e N 0.873 24 906 -0.706  -0.071
Z +0.0026 L&ﬁ 7
I—R
7° /@z"' 0.036 13 1044 -0292 0321
& +0.0042 35 N 0.55 24 926  -0302 0368
| £0.15
8 " -COCH; 94 1620 7.03 -0.368  -0.307
® +2.1
Lb/ 36 /[Nj 265 24 658 0213 0.597
9 ﬁj 400 20 6.40  -0.043  -0.186 W
' +17
37 S 2.08 24 868  0.615 1.061
10 N 3.7 20 843 0369 -0.175 ()
/@, Yos Pe +0.14

1 D 8 1620 810 0276  -0.005 38 N g - 5.7 17 824 0792 0457
& +1.1 E&Cj t15
W

12 CIIN\] 4100 19 538  -0214  -0.479
w +300 39 I R;=H 0.123 17 991 0453 0.092
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13" /[N\] 31 19 751 0353 0.405 {' = 001
ﬁ N +24
R R
b Ny
14 g 2‘3604 1o 918 0516 0048 40 R'=Cl 25 17 860 -0.049  -0.922
v R?=Cl 04
s - 10 16 800 -0.162  -0.564
{
L& ’e £23 n R!=Br 108 17 797 0253 -0.603
16° " CIINj 210 19 6.68  0.082 0.078 R*=Br 04
W +25 |
2 R'=Br 0.010 17 11.00 0973 0.651
17" -COCH; 120 1620 692 0304  0.509 R°=H +0.001
5&“ +75
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18 -CON(CHs), 2000 19 570  0.006 -0.065 s §2ﬁg 2‘?)008 4 17 951 0803 0.199
+156 e 0ol
19 -CSN(CHs), >2x10* 19 <470 -0.249 -0.348 44 R'=H 0.230 17 9.64 0.777 -0.420
R’=1 +0.02
20 ™ -COCH; 1.1 18 896  0.198 0.581 ;
ﬁBR £02 s K 0.832 17 9.08 0459 0.532
N £0.056
21 1“\ ° 0.17° 8,18 977  0.489 -0.396 \ 7
&
Test Set
22 /[:3 12 18 792 0.020 0.465
¢ +£1.8
23 N 0.14 18 985  0.361 0.476 46> " A 0.026 10 10.59 -0.186 0.997
L2 )
N +0.03
24 ﬁ 19 18 772 <1093 -0.994
Z +2.5 47 PO o 30 16 7.5 0.771 0.727
~ 1.2
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" +4300
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Table 1 (Continued)?

Journal of Medicinal Chemistry, 2003, Vol. 46, No. 11 2035

No.  Structure R Ki Ref. pK; ApK;

CoMFA CoMSIA

No. Structure R Ki Ref. PKi ApK;

CoMFA CoMSIA

Test Set

Test Set

53° | 0.257 19 9.59 1.483 0.499
Z +0.06
54" N 0.151 19 9.82 0012 -0.233
;ES" j'v" +0.02
55 5 0.051 18 1029  1.650 1.083
Z +0.006
56 r N 7.6 25 8.12 -0.189  0.030
[NAJ/ - £0.49
57° B a8 1.54 22 8.81 0.131 -0.151
Lﬁ Z £0.02
R
58° L 1.25 22 8.90 0.413 0.974
N
59 he, 5 4931 22 531 0.166 -0.422
Lﬁ Z +144
R
CO,CH,
60 /(Nj 212 22 6.67 1.106 0.969
9

61 e N 12.6 23 7.90 0.418 0.140
;& ® /©‘ £0.07
62 "=°~E /@ﬁ' 8.9 22 8.05 0.296 -0.753
F
R
63 e, O 0.528 24 9.28 1.282 2.035
% Z +0.11
—R
64 reo R'=1 0.520 17 9.28 0.490 -1.440
N R*=1 +0.015
\ /—F
&
65 R'=Cl 0.022 17 1065  1.127 0.486
R’=H +0.005
66 R'=1 0.017 17 10.77 1164 0.204
R*=H +0.002
67 R'=H 2.5 17 8.60 0630  -1.034
R*=Cl £03
pred” 0614  0.660

@ The experimental binding affinities toward the (a4)2(62); NAChR subtype are expressed as pK; (—log Kj) values. Kj is given in nM.
ApK; is the error of fitted (training set) or predicted (test set) binding affinities and is given as (pKiactual — PKifittedipredicted)- © Racemate.
¢ Average of published data. 9 Predicted r? calculated with a standard deviation (SD) obtained from the test set: 0.617 (CoMFA), 0.657

(CoMSIA).

global search. The description of the molecules by shape-
associated physicochemical properties in space extends
the SEAL procedure®® and resembles RigFit. Again, the
final alignment of each molecule was chosen among the
first TorSeal solutions such that the geometric criteria
given by the Sheridan model were fulfilled. Ligand
coordinates of all molecules used in the analyses can
be obtained from us upon request.

The experimentally determined biological affinities of
the nAChR ligands are given as pK; values (Table 1).
The affinities of the 45 training set compounds spread
over a satisfactorily large range of pK; values from 4.7
to 11.10, that is, 6.4 orders of magnitude.5:52 A similar
range and distribution of pK; was obtained for the 22
test set compounds.

CoMFA and CoMSIA Analysis. Steric and electro-
static COMFA fields were calculated as implemented in
SYBYL*! using Lennard-Jones and Coulombic poten-
tials, respectively.3” Partial atomic charges were deter-
mined using the AM1 Hamiltonian*” within the semiem-
pirical package MOPAC.45:46

All calculations were performed with SYBYL stan-
dard parameters using an sp3-hybridized carbon probe
atom with a charge of +1.0 for the calculation of steric
and electrostatic COMFA fields. The five physicochem-
ical properties for COMSIA (steric, electrostatic, hydro-
phobic, and hydrogen bond donor and acceptor) were
evaluated using a common probe atom with 1 A radius,
+1.0 charge, and hydrophobicity and hydrogen bond
property values of +1. The value of the so-called
attenuation factor o was 0.3.

To test the influence of the grid spacing on the
statistical results, lattices of 1 and 2 A spacing, respec-
tively, were applied for the calculation of interaction
fields. The box sizes were chosen such that all molecules
were sufficiently embedded with a margin of at least
4 A. To allow a comparison of COMFA and CoMSIA

Table 2. Parameters of the Grid Boxes Used for COMFA and
CoMSIA Analyses

X y z X y z
grid spacing 1A 2A

lower corner -9.0 -50 —-9.0 -9.0 -50 —-90
higher corner 8.0 10.0 8.0 8.0 100 8.0
number of steps 18 16 18 9 8 9
points 5184 648

results, equal box coordinates were used in both cases.
The parameters of the grid boxes are given in Table 2.
CoMFA and CoMSIA fields were subsequently calcu-
lated as described above. PLS%354 analyses were per-
formed following the standard implementation in SYBYL.

To check the statistical significance of the models,
cross-validations were done by means of the “leave-one-
out” (LOO) procedure using the enhanced version of
PLS, the SAMPLS®% method. The optimal number of
components was determined in such a way that each
additional component had to increase the g2 (cross-
validated r?) by at least 5%. This approach considers
the “parsimony-principle”? by selecting the smallest
number of significant components. In our case, this
procedure yielded models with fewer components com-
pared to the use of the minimal spress value to deter-
mine the optimal number of components. The same
number of components was subsequently applied to
derive the final QSAR models. Here, in the case of
CoMFA, the “minimum ¢” standard deviation (“column
filtering” in SYBYL) was set to a threshold of 1 kcal/
mol, resulting in approximately 10% of the columns
considered in the PLS analysis. For CoMSIA, where
field values are given in arbitrary units and, hence, no
physical unit can be defined for the threshold value, a
o-value was chosen such that a similar amount of
columns is taken into account. Variations of these values
did not significantly influence the outcome of the
calculations, however. The statistical results are sum-



2036 Journal of Medicinal Chemistry, 2003, Vol. 46, No. 11 Gohlke et al.
Table 3. Summary of Results from the COMFA and CoMSIA Analyses
CoMFA CoMSIA CoMFA CoMSIA CoMFA CoMSIA CoMFA CoMSIA
alignment rigid rigid rigid flexible
grid spacing 1A 2A 1A 1A
bicycle-N unprotonated unprotonated protonated unprotonated
q? 0.692 0.701 0.623 0.709 0.503 0.590 0.528 0.601
SPRESS 0.973 0.958 1.090 0.945 1.235 1.122 1.204 1.134
r2 0.928 0.899 0.937 0.904 0.873 0.834 0.888 0.896
S 0.470 0.556 0.445 0.544 0.624 0.715 0.586 0.579
F 176.638 122.174 148.968 128.312 94.213 68.446 108.533 67.224
components 3 3 4 3 3 3 3 5
fraction
steric 0.401 0.033 0.476 0.032 0.541 0.035 0.452 0.048
electrostatic 0.599 0.140 0.524 0.151 0.459 0.110 0.548 0.139
hydrophobic 0.259 0.252 0.295 0.280
donor 0.266 0.261 0.221 0.270
acceptor 0.302 0.304 0.340 0.263

marized in Table 3. The g2, spress, %, and S values were
computed as defined in SYBYL. The most significant
3D QSAR analyses were obtained for the unprotonated
compounds, which were aligned with RigFit. While the
predictive power of COMSIA analyses obtained for grid
spacings of 1 or 2 Ais comparable, a more significant
CoMFA model is obtained with a 1 A grid (see also
Results and Discussion). Hence, unless otherwise stated,
results are reported for rigidly aligned, unprotonated
compounds using a 1 A grid spacing.

The plots of predicted versus actual binding affinities
for the fitted PLS analyses are shown in Figure 1.

Additionally, to perform an even more rigorous sta-
tistical test, several runs of a “leave-five-out” procedure
were performed, providing g2 values similar to those
from the corresponding LOO results (see Supporting
Information).

A common test to check the consistency of the models
is to scramble the biological data and repeat the model
derivation process, thus allowing detection of possible
chance correlations. After randomizing our data set,
solely values of g2 < O were observed in the PLS
analyses.

As shown in Table 1, compounds 1-7, 13—16, and
26 (training set) and 46, 52, 53, 57, and 58 (test set)
were used as racemates for biological testing. The
biological affinity of nAChR ligands is in most cases
enantioselective.3%.56 To consider the case that the other
enantiomer might be completely inactive, the K; values
of these compounds were doubled and model derivation
repeated. However, since only minor changes in the
statistical parameters were observed (see Supporting
Information), the original pK; values were used in the
final model.

To graphically interpret the 3D QSAR results in
terms of field contributions, isocontour maps were
generated using the field type “stdev*coeff’. To select
appropriate contour levels for each feature, the resulting
histograms of actual field values were analyzed. In an
iterative manner, a contour level was chosen that
produces the best interpretable contour map.5” These
contour maps were then used to guide the design of new
potential (a4)2(82);s NAChR ligands.

After ranking by the predicted binding affinities,
several candidates (the most promising as well as two
with an affinity predicted to be in the uM range) were
synthesized and tested. Finally, the calculated and the
experimentally determined binding affinities of the

newly designed (48—52 and 54) and 16 partly known
NAChR ligands (46, 47, 53, and 55—67) were compared,
again providing a test to assess the predictive power of
the computed CoMFA and CoMSIA models (Table 1).
The predictive r? was calculated according to the defini-
tion of Cramer et al.3” The plots of predicted versus
actual binding affinity for the test set molecules are
shown in Figure 2.

In Vitro Receptor Binding. In this study, a previ-
ously developed competition assay for the (04)2(52)s
NAChR subtype with (£)-[*H]epibatidine and P2 mem-
brane fractions of Sprague—Dawley rat forebrains was
utilized. The specific binding of (£)-[®*H]epibatidine to
crude synaptic membranes of rat forebrain, at concen-
trations up to 800 pM, is characterized by a single
population of binding sites with Ky = 8 & 0.3 pM.1858
Similar high-affinity binding of (£)-[3H]epibatidine was
observed in the rat,> mouse,®® human brain,®! and in
transfected cells stably expressing the (04),(52); NAChR
subtype.8?

Results and Discussion

Chemistry. The synthetic route to various enan-
tiopure ferrugininoids (structurally related to (—)-fer-
ruginine), such as the potential ligands 18, 19, 48, and
49 in which the acetyl moiety of the lead is bioisosteri-
cally replaced by a carboxamide or thiocarboxamide
group, started with anhydroecgonin® (68) as the chiral
building block (Scheme 1). Treatment of 68 with dimeth-
ylammonium chloride/thionyl chloride in benzene yielded
the dimethylamide 18 in good yield, which could be
transformed to the corresponding thioamide 19 with
tetraphosphorus decasulfide/sodium fluoride in DME as
sulfur transfer reagent.®* Demethylation of 18 by treat-
ment with ethyl chloroformate in the presence of potas-
sium carbonate®® afforded the carbamate 69. Subse-
guent deprotection with trimethylsilyl iodide (TMSI) in
boiling chloroform®8 followed by treatment with sodium
methoxide in methanol led to the N-8-demethylated
dimethylamide 48 that could be easily converted to the
corresponding thioamide 49 with 73% yield.

The novel chlorodiazine-containing ferrugininoids 12,
16, 50, and 52, the pyridyl-substituted analogues 51 and
53, as well as the anatoxinoid 54 were synthesized as
depicted in Scheme 2. A key step for the preparation of
the diazines 12, 16, 50, 52, and 54 was a palladium-
catalyzed Stille cross-coupling®” of the tributylstannyl
chlorodiazines 72 and 74 with the vinyl triflates 71, 79,
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Figure 1. Fitted predictions versus actual binding affinities
for the 45 compounds of the training set. The predicted values
were obtained by PLS analyses using the CoMFA (top) and
CoMSIA (bottom) method. In addition to the line of ideal

correlation, dotted lines are given, which indicate deviations
from the actual pK; by +1 logarithmic unit.

and 84 of the corresponding carbamate protected ke-
tones, the 2-tropanone 70, the 3-tropanone 78, and the
2-homotropanone 83. Optimal overall yields of the
desired coupling products 73, 75, 80, 81, and 85 were
reproducibly achieved in the presence of 10 mol % of
bis(benzonitrile)palladium(ll) chloride as the catalyst
under conditions recently described by us for the
syntheses of several diazine-containing bioisosteres of
(+)-UB 165.18 The introduction of the 3-pyridyl unit into
the bulky tropane moiety could be successfully realized
by a Suzuki-type cross-coupling of the vinyl triflates 71
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Figure 2. Predicted versus actual binding affinities for the
22 compounds not included in the training set. The predicted
values were obtained from the CoMFA (top) and CoMSIA
(bottom) models for rigidly aligned, neutral molecules using a
1 A grid spacing. In addition to the line of ideal correlation,
dotted lines are given, which indicate deviations from the
actual pK; value by +1 logarithmic unit.

and 79 with the 3-diethylboranylpyridine (76).%8 Bis-
(triphenylphosphane)palladium(l1) chloride was used as
a catalyst and aqueous sodium carbonate as a nucleo-
philic activator, affording the carbamate-protected tar-
get compounds 77 and 82. Removal of the protecting
group in the last step utilizing the synthetic protocol
with TMSI in boiling chloroform afforded the novel
potential NAChR ligands 12, 16, and 50—54 with
satisfying yields (see Experimental Section). The nAChR
ligands 12, 16, 18, 19, and 48—54 exhibited the expected
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a Reagents and conditions: (a) (H3C)2NHCI, CsHe, then SOClIy,
reflux, 3 h; (b) CICO;Et, K,CO3, CsHe, reflux, 12 h; (c) P4S10, NaF,
DME, rt, 20 h; (d) (CH3)sSil, CHCIs, 80 °C, 3.5 h, then NaOCH3/
CH30H.

1H and 13C NMR, IR, and mass spectral characteristics
and gave satisfactory high-resolution mass spectral
data. The syntheses and the preliminary biological
profile of the compounds 29—37, 56, and 58—63 will be
published elsewhere soon.

Predictive Power of 3D QSAR Analyses. With a
properly selected data set of 45 modulators of the
(04)2(B2)3 NAChR (class C and E compounds in Schmitt’s®
classification), all QSAR models derived are statistically
significant and show a high degree of predictive power
(Table 3). The pK; values of the compounds, all deter-
mined utilizing the same experimental protocol in our
laboratory, cover a range of more than 6 orders of
magnitude and are uniformly distributed. With respect
to the size of the training set, Nicolotti et al.3* recently
noted the importance of an in-depth analysis of a
congeneric series of molecules, which yielded better
information on specific physicochemical interactions
compared to a comprehensive QSAR model. Hence,
having in mind the design of improved ligands that are
accessible via the synthetic route recently developed by
us, we did not intend to grossly exceed the chemical
subspace represented by our training set compounds.
In our opinion, having a more restricted set of training
compounds, yet with highly accurate biological data,
should be preferred over a set of structurally more
diverse compounds related to lower-quality biological
data.

The CoMSIA analyses of the unprotonated, rigidly
aligned compounds revealed the models of highest
qualities (g2 = 0.701 (0.709) for 1 A (2 A) grid spacing)
(Table 3). The model derived by CoMFA analysis for the
same data set shows only a slightly smaller g2 value in
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the case of a 1 A grid (g2 = 0.692). A loss in quality is
observed in the case of COMFA where a lattice of 2 A
spacing has been used for calculating the interaction
fields (g2 = 0.623). Obviously, these fields contain less
information. Hence, unless otherwise stated, results are
reported for rigidly aligned, unprotonated compounds
using a 1 A grid spacing.

The plots in Figure 1 do not reveal any systematic
over- or under-prediction for parts of the activity range.
Furthermore, no trend can be observed for residuals
across different classes of compounds. Thus, both ob-
servations suggest that the present 3D QSAR models
represent the whole data set of compounds.

Because both the CoMFA and CoMSIA models show
comparable statistical significance as expressed by
similar g? values, the inclusion of three additional fields
in CoMSIA compared to those in the COMFA method
does not seem to be justified from a statistical point of
view. While using the hydrogen bond donor or hydro-
phobic field alone does not result in a statistically
significant model, CoMSIA analyses with the steric
(g2 = 0.475), electrostatic (g2 = 0.668), and hydrogen
bond acceptor field (g2 = 0.477) alone resulted in g2
values close to or beyond 0.5. Similar g2 values were
also found for all combinations, including two to four
field types. This finding corroborates the assumption
that strong intercorrelations prevail among the fields.5°
This effect can also be seen by the contribution of the
steric field: although the steric effect amounts to 40%
in CoMFA, it is only 3% in CoMSIA. On one hand,
omitting the steric field from the CoMSIA analysis
results in a g? value of 0.703, almost identical to the
one reported for the complete analysis. On the other
hand, calculations omitting, in turn, one of the electro-
static, hydrophobic, or hydrogen bond donor or acceptor
fields revealed that none of these fully accounts for the
decrease in the steric contribution alone because in all
cases, the contribution of the steric effect remained
<6.5%. Despite these obvious interdependencies, how-
ever, we decided to consider all five different property
fields in CoMSIA because they allow the partitioning
of the 3D QSAR results with respect to a more detailed
description of physicochemical determinants for binding
of the molecular structures.

When ionizable compounds are involved, one must
decide which protonation state of the molecules to use
in the calculations.*? CoMFA and CoMSIA analyses
obtained for compounds being protonated at the bicy-
cle-N also resulted in statistically significant models,
yet with lower g2 values (CoMFA: 0.503; CoMSIA:
0.590) compared to the results obtained with neutral
species. Changes in the protonation state affect a similar
region in all molecules and, thus, do not lead to large
changes in the structural differences among the data
set. This may explain why the influence of the pro-
tonation state of the molecules on the predictive power
of the models is still moderate. This is also demon-
strated by the similar contribution of the electrostatic
field in the case of COMSIA, although the contribution
of the electrostatic field in the case of COMFA analysis
of protonated compounds is reduced compared to that
in the analysis of neutral molecules. Comparable results
are also found using the flexibly aligned data sets (data
not shown).
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hydrochloric acid. Ligands 50, 52, and 54 were isolated as the corresponding hydrochloride salts and ligand 53 was isolated as the maleate

salt.

Finally, to test the influence of the alignment on the
outcome of the 3D QSAR analyses, the neutral mol-
ecules were flexibly aligned onto 10. Hereby, 10 was
held rigid to provide a reference that best complies with
the geometric criteria given by the Sheridan model.
Again, although the resulting QSAR models showed less
predictive power (CoMFA: g2 = 0.528; CoMSIA: g2 =
0.601) than the ones obtained with the rigidly aligned
molecules, both models are statistically significant.
Overall, obtaining comparable results for two indepen-
dently aligned sets of molecules supports the signifi-
cance of both.

Graphical Interpretation of the Fields. In the
following figures, the isocontour diagrams of the field
contributions (“stdev*coeff”) of different properties as
found by the CoMFA and CoMSIA analyses are il-
lustrated together with exemplary ligands.

In Figure 3, the steric properties derived from the
affinity data are displayed for CoMFA (left) and Co-
MSIA (right). Areas indicated by green contours cor-
respond to regions where steric occupancy with bulky
groups will increase affinity. Areas encompassed by

yellow isopleths should be sterically avoided; otherwise,
reduced affinity can be expected. As becomes im-
mediately obvious, the CoMSIA method provides more
contiguous contour diagrams,*® which allows an easier
interpretation of the correlation results mapped back
onto the molecular structures. Furthermore, CoMSIA
isocontour diagrams lie within regions occupied by the
ligands, whereas CoMFA contours highlight those areas
where the ligand would interact with a possible envi-
ronment. Yet, the combined application of different
methods enables one to verify the convergence of the
results or to complement either conclusion.”® An ex-
ample for both cases is given by the isocontour repre-
sentation close to the chloro substituent of epibatidine
(1), a very potent ligand for the (a4)2(52)s nAChR
subtype. Green contours revealed by both analyses
indicate that this region is favorable for steric oc-
cupancy. Yet, whereas the CoMFA contour mainly
indicates that the presence of the chloro substituent is
favorable, the CoMSIA contour also includes part of the
aromatic ring system. This finding can be understood
in considering rather low binding affinities of com-
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Figure 3. Stdev*coeff contour plots elucidating the steric features as obtained by CoMFA (left) and CoMSIA (right) analyses.
Green isopleths (contour level: CoMFA: 0.012; CoMSIA: 0.0016°) enclose areas where steric bulk will enhance affinity. Yellow
contours (contour level: CoMFA: —0.010; CoMSIA: —0.0010) highlight areas that should be kept unoccupied, otherwise affinity
will decrease. This is demonstrated by the highly affine epibatidine (1, orange), which orientates its chlorosubstituent toward a
green area, and the weakly affine ligand 31 (white). For the latter compound, the ester moiety reaches into a yellow highlighted

area.

pounds such as 17—19 or 25—28. These compounds do
not orient any molecular part into this region.

On the other hand, the less active ligand 31 orientates
two substituents into or close to disfavored regions. One
of these is the methyl group belonging to the nitrogen
of the bicycle, which points in a direction considered to
be unfavorable by the CoOMSIA model. This is in agree-
ment with findings from the CoMFA studies of Tonder
et al.33 and Glennon et al.3® However, it is well known
that in some cases, introduction of an N-methyl group
increases affinity (as with (—)-nornicotine—(—)-nicotine),
whereas N-methylation of pyrido[3,4-b]Jhomotropane
(PHT) or (—)-cytisinel” results in decreased affinity.
Finally, in some cases N-methylation has little to no
effect (as with (—)-epibatidine—(—)-N-methylepibati-
dine).%0 These findings are in agreement with a recent
report that the nAChR seems quite sensitive to changes
in the nature of the cationic center of the agonist.®> It
is important to note that, in our alignment, the very
active N-methylepibatidine (5) does not orient its N-
methyl group into the region found being sterically
disallowed, whereas the less active 18, for example,
does. In that respect, considering properties of the whole
ligands during superimposition, as done by RigFit, may
be advantageous compared to aligning molecules solely
by taking into account single pharmacophoric elements.
No unequivocal answer is given by the CoMFA maps
in this region. The other substituent belongs to the ester
moiety. Here, both models clearly indicate that this
group, being oriented in a region in front of the plane
of the aromatic ring (with respect to the viewer), is
disfavorable for binding.

Furthermore, CoMFA reveals two other regions that
are not shown by CoMSIA. On one hand, COMFA more
distinctively elucidates that steric bulk located in the
ring plane is considered favorable (as indicated by the

two smaller green contours at the bottom of the figure).
These contours would thus account for the rather high
affinity of 43 and 44, for instance. On the other hand,
the yellow contours to the right thereof show that steric
bulk, as given by the aromatic systems of 34—37, is less
favorable in this region. This disfavorable region is also
indirectly related to the 2-chloro substitution of the
aromatic ring system in 12. Steric interactions between
the chlorosubstituent and the bicyclic ring system lead
to a more perpendicular orientation between the aro-
matic moiety and the double bond in 12, resulting in a
tilt of the pyrazin ring as compared to, for example, the
unsubstituted compound 9 or epibatidine (1). Hence, the
CoMFA analysis also attributes part of the lower
binding affinity of 12 to the “displaced” 5,6-region of the
pyrazine moiety.

Hence, in addition to the main contours discussed first
above, the steric COMFA map reveals additional comple-
mentary information compared to the CoMSIA map. In
this respect, exploiting the results of both approaches
leads to a better interpretation at the 3D level of the
QSAR. In any case, however, it must be remembered
that all features derived from a comparative molecular
field analysis are only a mirror of the structural varia-
tions inherently present in the selected data set. Ac-
cordingly, selecting another structurally deviating data
set may result in different features leading to alterna-
tive conclusions.

Maps for electrostatic properties are shown in Figure
4. As opposed to the steric maps, COMFA and CoMSIA
reveal essentially similar results here. Hence, only a
CoMSIA map is given. nAChR modulators orienting
groups with increasing negative charge into areas
contoured in red will enhance binding as will groups
with a more positive charge placed into areas indicated
in blue. A red contour extends into the area between
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Figure 4. Contour plot of the CoMSIA stdev*coeff for the
electrostatic properties. Red isopleths (contour level —0.00757)
encompass regions where an increase of negative charge will
enhance affinity, whereas in blue-contoured areas (contour
level 0.006), more positive charges are favorable for binding
properties. Part of the pyrimidine substituent of 10 (orange)
lies within a red area favorable for negative charge. The
chlorosubstituent of the weakly affine 12 (white), on the other
hand, reaches into a blue area. Similarly, the nitrogens of the
bicycles are within a region that indicates that an increase in
positive charge will result in higher affinity of both compounds.

both nitrogens of the pyrimidine moiety of compounds
such as 10. The result may be interpreted in light of
our recent findings,'® in that in a series of diazine-
containing compounds such as 22, 23, and 24, the
nitrogens of the pyrimidine moiety show by far the most
negative atomic charge compared to the ones of the
pyridazine or pyrazine substituents (also see the inter-
pretation of the “lower” contour obtained for the hydro-
gen bond acceptor properties (Figure 6) (below)). Cor-
responding to earlier results,® this red area is also in
the vicinity of the halogen substituent of compounds
1-7, which, carrying high electron density, is favorable.
The blue isopleths around the basic nitrogen atom of
the bicycles clearly indicate that, in this region, a
positive charge is mandatory for activity. On the other
hand, the chlorosubstituent of the 2-chloro-3-pyrazinyl
moiety of the less active ligand 12 proved to be unfavor-
able. Accordingly, the blue contour at the bottom of
Figure 4 indicates that substituents with high electron
density (such as the ester moiety of 31) are also
unfavorable in this region.

White and yellow contours in Figure 5 indicate areas
where hydrophilic and hydrophobic properties are pre-
ferred, respectively. Most of the aromatic moiety of 1
and its halogen substituent are surrounded by a yellow
isopleths. This large contour does not seem to be able
to discriminate between molecules with an aromatic
moiety attached to the bicyclic system via a pivot bond.
In fact, visual inspection of all those molecules indicate
that, in all cases, the aromatic moiety orients at least
one carbon atom into this region. However, molecules
such as 8, 17, or 25 do not have a lipophilic moiety in
that area. Hence, the yellow contour indicates that a
missing part leads to the reduced binding affinities in
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Figure 5. Contour plot of the CoMSIA stdev*coeff for the
hydrophobic properties. Yellow isopleths (contour level 0.015%7)
encompass regions favorable for hydrophobic groups. In white-
contoured areas (contour level —0.005), more hydrophilic
groups are favorable for binding properties. For the aromatic
moieties, a picture similar to the electrostatic properties (see
Figure 4) appears for epibatidine (1, orange) and 12 (white).
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Figure 6. CoMSIA stdev*coeff contour plot for the hydrogen
bond acceptor properties. Isopleths in magenta (contour level®’
0.01) represent regions of hydrogen bond donors on the
receptor site. The carbonyl oxygen of anatoxin-a (20, white),
as well as the nitrogens of the pyrimidine-moiety of 14
(orange), both highly affine ligands for the (04)2(52); NAChR
subtype, are oriented toward these areas.

these cases. Finally, the chlorosubstituent of the pyr-
azinyl moieties in 12 and 16 as well as to some extent
the sulfur in 19 is unfavorable, as indicated by the white
contour.

It is interesting to compare Sheridan’s model for the
nicotinic pharmacophore?8 (see above, points A and B)
with the contribution maps of the hydrogen bonding
properties.
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The contour plot for the hydrogen bond acceptor
properties (Figure 6) shows two areas in magenta that
represent regions of proton donors on the receptor site.
Both are near the carbonyl oxygen (e.g., in anatoxin-a
(20)) and the nitrogens of the pyrimidine moiety of 14.1°
This is in line with the fact that 14 and 20 are potent
ligands of the (a4)2(52); NAChR subtype. The occurrence
of the lower of both contours is interesting because, at
a first glance, it proposes a second hydrogen bond donor
site in the receptor, not yet described by current
pharmacophore models.?%3334 As already mentioned
above, a related contour is found in the electrostatic map
(Figure 4). However, an alternative and more indirect
interpretation consistent with both isopleths has re-
cently been given by us.’® The hydrogen bond acceptor
capability of the heteroaromatic moiety depends on the
electron density at the respective acceptor nitrogen.”%72
As anticipated, the mutual reduction of electron density
at the ortho or para nitrogens in pyridazine or pyrazine
leads to less favorable interactions with a hydrogen bond
donor of the receptor side compared to the pyrimidine
ring with nitrogens located in meta position.”? In
addition, this latter explanation would also account for
the observed high activity of pyridine-containing com-
pounds, which lack a second nitrogen in the ring and,
thus, possess a more electron-rich aromatic moiety. In
that respect, it is interesting to note that at the chosen
contour level, the upper isopleths comprise a larger
region than the lower one, indicating the position of the
upper hydrogen bond acceptor to be more important.
However, underestimation of binding affinities of com-
pounds containing nonsubstituted pyridine moieties (46,
51, 53, and 55) and, hence, not orienting any ring ni-
trogen toward the lower contour may also be explained
(see Design and Prediction section). In this respect, it
is anticipated that including compounds with pyridine
substituents into the training set will lead to a further-
reduced influence attributed to the region of the lower
contour.

In Figure 7, the contour plot for the hydrogen bond
donor properties, the isopleths in cyan, must be re-
garded as regions where a proton acceptor on the
receptor site can be expected. In addition, the highly
affine ligands 32 and 39 are shown together with the
contour diagram. The two smaller isopleths can be
attributed to the basic nitrogen in the bicycle of com-
pounds such as 3, whereas the large isopleths result
from the hydrogen bond donating group in cytisine-like
compounds such as 39. It has to be noted that the
CoMSIA implementation in SYBYL takes into account
a possible inversion of aliphatic amine nitrogens, which
explains the occurrence of extended or multiple contours
in these regions. This is also corroborated by the fact
that inspection of the contour plot of the model derived
from charged molecules (and, thus, having a quaternary
bicycle nitrogen) (not shown) reveals a similar arrange-
ment.

It is widely accepted (although not proven) that the
binding mode of NAChR ligands encompasses a hydro-
gen bond between a hydrogen bond donor in the receptor
and a hydrogen bond acceptor in the ligand. Numerous
lines of investigations concerning interactions between
nAChR modulators and their receptor published by
Dougherty et al.,”®7 on the other hand, provide evidence
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Figure 7. CoMSIA stdev*coeff contour plot for the hydrogen
bond donor properties. Isopleths in cyan (contour level 0.01157)
can be regarded as areas where a proton acceptor on the
receptor site is expected. According to Dougherty’s investiga-
tions and the findings by Brejc et al., in these regions amino
acids capable of cation—x interactions are located. The N—H
bonds of the highly affine ligands 3 and 39 (taking also into
account a possible inversion at the bicycle N) are pointing
toward these areas.

that the cationic moieties of the nitrogen-containing
bicycle of various ligands bind at the receptor through
a cation—x interaction. Recently published results
obtained by Brejc et al.,3! who succeeded in determining
the three-dimensional structure of a molluscan acetyl-
choline-binding protein (AChBP), which is most closely
related to the oa-subunits of the nAChRs, corroborate
this hypothesis. In that study, it was found that multiple
aromatic tryptophan and tyrosine residues provide the
interaction region for the positively charged quaternary
ammonium group of a cocrystallized buffer molecule,
which has some similarity to known receptor ligands.
In that respect, it is interesting to note that the contours
found in our study that describe hydrogen bond acceptor
properties of the ligands are rather localized with
respect to the nitrogen atoms in the aromatic rings
(Figure 6), which is in agreement with the fact that
hydrogen bonds are strongly directional. The isopleths
for the hydrogen bond donor properties, however, appear
more widespread around the basic nitrogen in the
bicycles (Figure 7), which coincide with the less strongly
directional character of an interaction between a cation
and the negative electrostatic potential on the face of
an aromatic ring.”* In fact, while for ACh a potent
cation—u interaction with oTrp143 has been identified
in (muscle-type) nAChR, no such singular interaction
is as yet evident for nicotine.3536

Design and Prediction. Consulting all contribution
maps, especially those for steric, electrostatic, and
hydrophobic properties, one region seems to be particu-
larly interesting for substitution: the para position to
the pivot bond of the aromatic moiety. Considering these
findings, we introduced a chlorosubstituent in the
2-position of the pyrimidine-ring of ligands 10,%° 14, and
23,1118 which should result in compounds 50, 52, and
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54 with higher binding affinity. In the case of 50, the
affinity is indeed improved by 0.3 orders of magnitude
(pKi). Ligands 52 and 54, however, only show binding
affinities equal to those of 14 and 23.

Furthermore, to investigate the importance of a
substituent at the para position of the aromatic moiety,
the chlorosubstituents of compounds 1 and 218 were
removed, leading to the pyridine-containing ligands 462
(already known) and 55.1118 Compounds 51 and 53,7°
the latter previously known but not tested in our
radioligand binding assay, were also included in the test
set because of their pyridine moiety. For all of these
ligands, binding affinities were underestimated by the
QSAR models, although only 55 deviates by more than
one logarithmic unit in both the CoMFA and CoMSIA
models. In view of the restricted training set not
comprising any of these nonsubstituted pyridine deriva-
tives, the uncertainty in the affinity prediction of these
compounds is not unexpected. Recently, we have shown
that subtle electrostatic effects at the hetarene nitrogens
influence the binding affinity of compounds of a homolo-
gous series (see above). These subtle effects may not
have been incorporated in our models for nonsubstituted
pyridine-containing molecules because of the missing
training data.

Compounds 48 and 49 were suitable to investigate
the influence of the removal of the N-methyl group
compared to 18 and 19. Different tendencies are shown.
The desmethylated thioamide 49 is more affine than 19.
In contrast, in the case of the amides 18 and 48, the
removal of the methyl group decreases affinity. This
opposing (and unexpected) trend leads to the largest
deviation between experimentally determined and cal-
culated pK; values found for all compounds of the test
set in the case of 48.

Thus far, the composition of our test set is primarily
determined by the newly designed compounds. In this
respect, we were interested in obtaining highly active
compounds. To obtain a more uniformly distributed pK;
range that allows a more stringent evaluation of the
predictive power of our models, the test set was ex-
tended to 22 compounds. The predicted affinities of the
already-known isoxazole-containing 47 and ligands
56—67 are also reported in Table 1. No compound of
the training set contains an isoxazole moiety. Yet, the
error in the predicted binding affinity amounts to less
than 0.8 logarithmic units as determined for 47 by both
QSAR models. Of the other compounds, only 63 in the
case of COMFA and 57 and 63 in the case of COMSIA,
respectively, show errors in the predicted pK; values
that are considerably larger than one logarithmic unit.
The magnitude of these errors should be related,
however, to the range of pK; values covered by the test
set ligands, which amounts to almost 7 logarithmic
units. Additionally, apart from the pyridine-containing
compounds discussed above, no systematic trend in the
residuals across different classes of compounds can be
observed.

Finally, considering all compounds of the test set
together, predictive r? values of 0.614 and 0.660 for
CoMFA and CoMSIA, respectively, are found. Hence,
both models again show considerable predictive power,
with better performance obtained by the CoMSIA model,
as might have already been anticipated from the slightly
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higher g2 value found for the latter analysis (Table 3).
Obviously, for CoMSIA, the different functional form
used to evaluate molecular similarity in space, together
with the more distinctive property fields, results in a
more robust 3D QSAR model, compared to the one
obtained with CoMFA.

Conclusions

Two new 3D QSAR models (CoMFA and CoMSIA) of
convincing predictive power were developed for (a4)2(52)3
nAChR ligands. For the first time, field contribution
maps for hydrophobic and hydrogen bond donor and
acceptor properties were generated for nAChR ligands
that allow a more detailed understanding of their
binding affinities in structural terms. The hydrogen
bond property fields may especially be regarded as a
corroboration of current pharmacophore models. In
addition, electrostatic and hydrogen bond acceptor fields
in particular provide an explanation for the general
trends observed in binding affinity upon modifications
of the heteroaromatic moieties.

The properly selected training set of 45 structurally
varying nAChR modulators included 16 ligands (12—
16, 18, 19, and 29—37) reported for the first time in this
study. The same holds for 14 out of the 22 ligands in
the test set (47—52, 54, 56, and 58—63). Thus, inter-
preting the field contribution maps of the statistically
significant QSAR models, ideas for some of these new
ligands such as 48—52 and 54 were generated, and their
syntheses described herein. Replacing the acetyl unit
of (—)-ferruginine (8) with a dimethyl carboxamid or
thiocarboxamid moiety, as in 18 and 19, leads to a
diminished binding potency as compared to 8. Investi-
gating the influence of the removal of the N-8-methyl
group, the affinity decreased in the case of 48 (compared
to 18) and increased in the case of 49 (compared to 19).
Using the vinyl triflates 71, 79, and 84 as versatile
building blocks, the novel chlorodiazine-containing
NAChR ligands 12, 16, 50, 52, and 54 were easily
accessible. The Pd-catalyzed Stille or Suzuki cross-
couplings constitute the key reactions.

Unfortunately, only one of the designed nAChR
ligands, the ferrugininoid 50, showed a significant
improvement of affinity, whereas the affinities of ligands
with structural elements not represented in the training
set were underestimated. However, with increasing
structural and energetic data available, the current 3D
QSAR models based on a still-limited training set will
be improved in the future.

Experimental Section

For general procedures, in vitro binding studies, membrane
preparation, binding assays, and data analysis, see ref 18.

(1R)-8-Methyl-8-azabicyclo[3.2.1]oct-2-ene-2-carboxyl-
ic Acid Dimethylamide (18). A suspension of anhydro-
ecgonin-HCI (68) (609 mg, 3 mmol) and dimethylammonium-
chloride (489 mg, 6 mmol) in dry benzene (10 mL) was heated
to 50 °C under an atmosphere of argon. Thionyl chloride (0.42
mL, 5.4 mmol) was added dropwise. The mixture was stirred
at reflux for 3 h. The volatile components were removed in
vacuo, and the residue was purified by column chromatography
on silica gel (column, 3 cm x 15 cm; eluant, CH,Cl,/CH3;OH/
concentrated aqueous NH3; = 95:5:1) to yield a brown oil (408
mg, 69%). R = 0.36 (eluant CH,Cl,/CH3;OH/concentrated
aqueous NH; = 95:5:1). [a]®*p —73.8° (¢ 0.1, CH,CL). IR
(film): v (cm™1) = 2942, 1610, 1500. *H NMR (500 MHz,
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CDClg): 6 1.59—1.63 (m, 1H), 1.79 (dd, %J = 4.0 Hz, 2J = 18.7
Hz, 1H), 2.10—2.21 (m, 3H), 2.44 (s, 3H), 2.65 (m, 1H), 2.91
(m, 3H), 3.04 (m, 3H), 3.32—3.33 (m, 1H), 3.52 (d, 3J = 4.6 Hz,
1H), 5.71 (t, 33 = 2.9 Hz, 1H). *C NMR (125.8 MHz, CDCly):
0 29.5, 30.7, 34.2, 34.9, 36.1, 38.9, 57.6, 60.7, 124.4, 136.4,
170.2. MS (70 eV), m/z (%): 194 (94, M™), 150 (100). HRMS
calcd for C11H1gN,O: 194.1419. Found: 194.1417.
(1R)-2-Dimethylcarbamoyl-8-azabicyclo[3.2.1]oct-2-ene-
8-carboxylic Acid Ethyl Ester (69). To a stirred solution of
the amide 18 (800 mg, 4.1 mmol) in dry benzene (10 mL) were
added ethyl chloroformate (0.8 mL, 8.2 mmol) and K,CO3 (140
mg, 1 mmol). The mixture was heated at reflux under argon
for 12 h, cooled to room temperature, and filtered. The filtrate
was washed with 2.0 M aqueous hydrochloric acid (30 mL),
and the agueous wash was re-extracted with benzene (30 mL).
The combined organic layers were washed with saturated
aqueous NaHCOg3 (30 mL) and with brine (20 mL), then dried
with MgSO,, filtered, and evaporated. The residue was purified
by flash chromatography on silica gel (column, 3 cm x 15 cm;
eluant, ethyl acetate) to yield a slightly brown oil (570 mg,
55%). Rf = 0.27 (eluant, ethyl acetate). [a]*°5 —49.0° (c 0.49,
CH,Cl). IR (film): v (cm™) = 2981, 2955, 2836, 1738, 1695,
1650, 1618. 'H NMR (400 MHz, CDClg): ¢ 1.19—1.22 (m, 3H),
1.67—-1.69 (m, 1H), 1.87 (dd, 3J = 5.6 Hz, 2J = 22.8 Hz, 1H),
2.05-2.17,2.24—-2.31 (2m, 3H), 2.69—2.85 (m, 1H), 2.95—-3.02
(m, 6H), 4.07—4.13 (m, 2H), 4.31-4.38 (m, 1H), 4.43 (d, 3J =
5.6 Hz, 1H), 5.63 (bs, 1H). 33C NMR (100.5 MHz, CDCls, 2
rotamers): a: ¢ 14.1, 29.4, 33.2, 33.6, 35.2, 38.5, 52.0, 54.7,
60.3, 124.1, 140.0, 154.2, 170.0; b: 6 = 14.6, 30.2, 33.3, 34.8,
35.9, 38.8 5, 52.0, 54.7, 61.0, 125.2, 141.2, 154.3, 170.0. MS
(70 eV), m/z (%): 252 (34, M*), 208 (100). HRMS (M™) calcd
for Ci13H20N,O3: 252.1474. Found: 252.1485.
(1R)-8-Azabicyclo[3.2.1]oct-2-ene-carbocylic Acid Di-
methylamide (48). Following the procedure described for the
preparation of 12, 172 mg (95%) of 48 was obtained as a
slightly yellow oil from 260 mg (1 mmol) of 69. R = 0.37
(eluant, CH,CIl,/CH3;OH/concentrated aqueous NH; = 92.5:7.5:
1). [0]?°> —106.2° (c 0.28, CH.Cly). IR (film): v (cm~1) = 3020,
2943, 2828, 1650, 1611. UV (CH.Cl,): Amax (log €) = 277 (3.08).
H NMR (500 MHz, CDCl3): 6 1.55—1.60 (m, 1H), 1.84—1.92,
1.97-2.04, 2.10—2.15 (3m, 4H), 2.50—2.54 (m, 1H), 2.93—2.99
(m, 6H), 3.65—3.67 (m, 1H), 3.75 (d, 3J = 6.0 Hz, 1H), 5.57—
5.58 (m, 1H), NH signal not visible. 13C NMR (100.5 MHz,
CDClg): 6 30.3,35.1, 35.3, 36.0, 39.1, 52.4, 55.0, 124.3, 141.5,
170.7. MS (70 eV), m/z (%): 180 (58, M*), 136 (100). HRMS
calcd for C10H16N2O: 180.1263. Found: 180.1303.
(1R)-8-Methyl-8-azabicyclo[3.2.1]oct-2-ene-2-thiocar-
boxylic Acid Dimethylamide (19). A mixture of P4Sio (470
mg, 1.1 mmol) and NaF (86 mg, 2 mmol) in dry DME (8 mL)
was stirred at room temperature until a clear solution was
obtained (about 1.5 h). A solution of the amide 18 (150 mg,
0.72 mmol) in dry DME (5 mL) was added, and stirring was
continued for 20 h. A solution of saturated aqueous Na,COs3;
(15 mL) was added, and the resulting mixture was extracted
with diethyl ether (2 x 20 mL) and CH.Cl, (20 mL). The
organic layer was dried with Na,SO,, filtered, and concen-
trated in vacuo. Column chromatographic purification on silica
gel (column, 2 cm x 15 cm; eluant, CH,CIl,/CH;OH/concen-
trated aqueous NH3; = 95:5:1) yielded a yellow oil (46 mg, 32%).
Rt = 0.6 (eluant, CH,CIl,/CH3;OH/concentrated aqueous NH;
= 95:5:1). [a]*°> —67.4° (c 0.35, CH,Cl,). IR (film): v (cm™) =
2933, 2795, 1631, 1516. UV (CH.Cly): Amax (log €) = 285 nm
(4.03). *H NMR (500 MHz, CDClg): ¢ 1.59—-1.63 (m, 1H), 1.73
(dd, 33 = 4.9 Hz, 2J = 23.7 Hz, 1H), 2.10—2.26 (m, 3H), 2.44
(s, 3H), 2.46 (m, 1H), 3.23—3.26 (m, 1H), 3.36 (s, 3H), 3.44 (s,
3H), 3.57 (d, 3J = 6.9 Hz, 1H), 5.47 (s, 1H). *C NMR (125.8
MHz, CDCls): ¢ 29.9, 30.0, 34.6, 35.9, 42.6, 43.1, 56.8, 62.5,
119.6, 143.4, 201.0. MS (70 eV), m/z (%): 210 (100, M*). HRMS
calcd for C11H1sN2S: 210.1191. Found: 210.1203.
(1R)-8-Azabicyclo[3.2.1]oct-2-ene-2-thiocarboxylic Acid
Dimethylamide (49). Following the procedure described for
the preparation of thioamide 19, 105 mg (73%) of the title
compound 49 was obtained as a slightly yellow oil from 132
mg (0.73 mmol) of the amide 48. Ry = 0.38 (eluant, CH,CI,/
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CH3OH/concentrated aqueous NH; = 90:10:1). [a]*°p —60.6°
(c 0.24, CHCly). IR (film): v (cm~%) = 2960, 2928, 1700, 1685.
UV (CH,CL,): Amax (log €) = 286 nm (3.79). *H NMR (500 MHz,
CDCl3): 6 1.65—1.71 (m, 1H), 1.94—2.13, 2.38—2.47 (2m, 4H),
2.61-2.65 (m, 1H), 3.33 (s, 3H), 3.41 (s, 3H), 3.81 (t, 3J = 6.0
Hz, 1H), 3.93 (d, 3J = 6.0 Hz, 1H), 5.43 (d, 3J = 3.4 Hz, 1H),
NH signal not visible. 33C NMR (125.8 MHz, CDClz): 6 29.7,
345, 35.7, 42.7, 43.4, 52.2, 56.7, 120.0, 146.3, 199.3. MS (70
eV), m/z (%): 196 (100, M*). HRMS calcd for CioHi1sN2S:
196.1034. Found: 196.1042.

2-Tributylstannyl-3-chloropyrazine (72). A solution of
n-BuLi in hexanes (2.4 M, 1.5 mL, 4.8 mmol) was added to
cool (—10 °C) dry THF (30 mL) under an atmosphere of argon.
The mixture was cooled to —70 °C, and TMP (0.44 mL, 2.6
mmol) was added. After the mixture was warmed to 0 °C, the
solution was stirred for 30 min and then cooled to —70 °C
again. 2-Chloropyrazine (230 uL, 2 mmol) in dry THF (3 mL)
and tributyltinchloride (0.52 mL, 2.4 mmol) were added, and
stirring was continued for 2.5 h at —70 °C and for 12 h at room
temperature. The mixture was cooled to —60 °C, a mixture of
THF (5 mL) and water (1 mL) was added, the solution was
slowly warmed to room temperature, and the volatile compo-
nents were removed in vacuo. The residue was dissolved in
CH_ClI; (30 mL), and the resulting solution was washed with
water (2 x 20 mL). The organic layer was dried with MgSO,
(5 g), the suspension was filtered, volatile components of the
filtrate were removed in vacuo, and the residue was purified
by column chromatography (column, 2 cm x 15 cm; eluant,
(1) n-hexane, (2) n-hexane/ethyl acetate = 1:1). A yellow oil
was obtained (330 mg, 40%). R¢ = 0.18 (eluant, n-hexane). 'H
NMR (400 MHz, CDCls): 6 = 0.85 (t, 3J = 7.3 Hz, 9H), 1.19—
1.23 (m, 6H), 1.25—-1.34 (m, 6H), 1.51—1.58 (m, 6H), 8.13, 8.58
(2d, 33 = 2.4 Hz, 2H). *C NMR (100.5 MHz, CDCls): 6 = 10.8
(3C), 13.6 (3C), 27.2 (3C), 29.0 (3C), 141.7, 143.9, 157.6, 172.1.
MS (70 eV), m/z (%): 403 (1, M™"), 269 (100). HRMS calcd for
Ci16H2oCIN,Sn: 401.0957. Found: 401.0944.

The following general procedures were used to prepare all
compounds shown in Scheme 2 and are illustrated by the
conversion of vinyl triflate 71 via 73 to the ligand 12 as a
specific example. Characterization data for individual com-
pounds are then listed below.

General Procedure 1. Pd(0)-mediated cross-coupling of the
vinyl triflates 71,?° 79,%° and 841618 to the tributylstannylchlo-
rodiazines 72 and 74 to give the carbamates 73, 75, 80, 81,
and 85.

(1R)-2-(3'-Chloropyrazin-2'-yl)-8-azabicyclo[3.2.1]oct-
2-ene-8-carboxylic Acid Ethyl Ester (73). A solution of bis-
(benzonitrile)palladium(l1) chloride (25 mg, 0.08 mmol), Cul
(18 mg, 0.15 mmol), Ph3As (42 mg, 0.13 mmol), LiCl (120 mg,
2.9 mmol), and triflate 71 (330 mg, 1.0 mmol) in anhydrous
degassed DMF (1 mL) under argon was immersed in an oil
bath and maintained at a temperature of 80 °C. A solution of
the organostannane 72 (460 mg, 1.14 mmol) was added
dropwise. After the mixture was stirred for 14 h at 85 °C, the
black slurry was allowed to cool to room temperature. A
solution of KF (200 mg) in dry CH3;OH (10 mL) was added,
and the mixture was stirred for 40 min. Ethyl acetate was
added (25 mL), the mixture was filtered, the volatile compo-
nents were removed in vacuo, and the residue was purified
by flash chromatography on silica gel (column, 2 cm x 18 cm;
eluant, n-hexane/ethyl acetate = 4:1) to yield a colorless oil
(177 mg, 60%). Rf = 0.23 (eluant, n-hexane/ethyl acetate =
4:1). [a]?°5 —80.3° (c 0.2, CH.Cly,). IR (film): v (cm™t) = 2979,
1699, 1385. UV (CH:Cly): Ama (log €) = 281 nm (3.57). *H NMR
(400 MHz, CDCl3): 6 1.21—1.34 (m, 3H), 1.58—1.77 (m, 2H),
2.01-2.22 (m, 3H), 2.91-3.02 (m, 1H), 4.09—4.14 (m, 2H),
4.43—4.48 (m, 1H), 4.89—5.01 (m, 1H), 6.39—6.40 (m, 1H), 8.19
(bs, 1H), 8.45 (d, 3J = 2.5 Hz, 1H). *C NMR (125.8 MHz,
CDCl3): 0 14.7,27.8,29.7, 35.6, 52.0, 55.4, 61.0, 130.0, 141.2,
141.7, 142.3, 144.5, 146.8, 148.2. MS (70 eV), m/z (%): 293
(100, M*). HRMS calcd for C14H16CIN3O,: 293.0931. Found:
293.0924.

(1R)-2-(2'-Chloropyrimidin-5'-yl)-8-azabiyclo[3.2.1]oct-
2-en-8-carboxylic Acid Ethyl Ester (75): colorless oil,
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isolated in 54% yield from 320 mg (0,96 mmol) of vinyl triflate
71. Rf = 0.38 (eluant, n-hexane/ethyl acetate = 2:1). [0]®p
—141.8° (c 0.15, CHClp). IR (film): v (cm™) = 3034, 2982,
2913, 2833, 1700, 1634. UV (CH:Cly): Amax (log €) = 251 nm
(4.06). 'H NMR (400 MHz, CDCls): 6 1.21-1.25 (t, 3J = 7.2
Hz, 3H), 1.75-1.78 (m, 1H), 1.91-2.06 (m, 2H), 2.15—2.30 (m,
2H), 2.71—3.05 (M, 1H), 4.06—4.15 (m, 2H), 4.41—4.44 (m, 1H),
4.69—4.74 (m, 1H), 5.90—5.91 (m, 1H), 8.58 (s, 2H). *C NMR
(100.5 MHz, CDCls): ¢ 14.7, 29.8, 34.0, 34.8, 51.9, 55.0, 60.3,
61.3, 125.5, 131.0, 137.6, 154.6, 156.0, 160.0. MS (70 eV), m/z
(%): 293 (100, M*). HRMS calcd for C14H16CIN3O,: 293.0931.
Found: 293.0928.
(£)-3-(3'-Chloropyrazin-2'-yl)-8-azabicyclo[3.2.1]oct-2-
ene-8-carboxylic Acid Ethyl Ester (80): slightly yellow oil,
isolated in 83% yield from 330 mg (1.0 mmol) of vinyl triflate
79. Ry = 0.41 (eluant, n-hexane/ethyl acetate = 2:1). IR (film):
v (cm™1) = 3046, 2978, 1699, 1515. UV (CH2Cl,): Amax (log €) =
284 nm (3.88). *H NMR (500 MHz, CDCl3): 6 1.24 (t,3J=7.1
Hz, 3H), 1.80—1.85 (m, 1H), 2.01-2.07 (m, 2H), 2.20—2.33 (m,
2H), 3.04—3.12 (m, 1H), 4.13 (q, 3J = 7.1 Hz, 2H), 4.48—4.63
(m, 2H), 6.58—6.66 (m, 1H), 8.20, 8.42 (2d, 3J = 2.4 Hz, 2H).
BC NMR (125.8 MHz, CDClg): ¢ 14.7, 29.3, 34.7, 35.7, 52.1,
53.0, 61.1, 131.9, 136.3, 141.6, 141.7, 147.1, 153.1, 154.4. MS
(70 eV), m/z (%): 293 (62, M™), 192 (100). HRMS calcd for
C14H16N30,Cl: 293.0931. Found: 293.0941.
(£)-3-(2'-Chloropyrimidin-5'-yl)-8-azabicyclo[3.2.1]oct-
2-ene-8-carboxylic Acid Ethyl Ester (81): colorless oil,
isolated in 73% yield from 330 mg (1 mmol) of vinyl triflate
79. Rs = 0.3 (eluant: n-hexane/ethyl acetate = 2:1). IR (film):
v (cm~t) = 3037, 2980, 2957, 2872, 1736, 1694. UV (CHCl,):
Amax (log €) = 265 nm (4.04). *H NMR (400 MHz, CDCl): ¢
1.22 (t, 3J = 7.2 Hz, 3H), 1.68—1.74 (m, 1H), 1.94—2.06 (m,
2H), 2.13-2.26 (m, 2H), 3.07 (bs, 1H), 4.11 (q, 3J = 7.1 Hz,
2H), 4.58 (bs, 2H), 6.56 (s, 1H), 8.54 (s, 2H). 13C NMR (100.5
MHz, CDCl3): ¢ 14.6, 29.6, 34.5, 35.2, 51.6, 53.0, 61.2, 127.3,
131.5, 132.6, 154.2, 155.6 (2C), 159.9. MS (70 eV), m/z (%):
293 (9, M™), 84 (100). HRMS calcd for C14H16CIN3O,: 293.0931.
Found: 293.0922.
(1R)-2-(2'-Chloropyrimidin-5'-yl)-9-azabicyclo[4.2.1]Jnon-
2-ene-9-carboxylic Acid Ethyl Ester (85). The reaction was
carried out for 12 h at 80 °C. The resulting carbamate was
crystallized from n-hexane/ethyl acetate for several times.
Colorless powder, isolated in 64% yield from 315 mg (0.92
mmol) of vinyl triflate 84. R; = 0.42 (eluant, n-hexane/ethyl
acetate = 2:1). Mp 127-129 °C. [a]®*p —55.5° (c 0.24, CHCl,).
IR (KBr): v (cm™1) = 2982, 2918, 1686, 1570. *H NMR (400
MHz, CDCls, 2 rotamers, ratio 1:1): 6 1.15-1.19 and 1.22—
1.25 (2 m, 3H), 1.62—2.46 (m, 8H), 4.07—4.15 (m, 2H), 4.44—
4.47 and 4.53—4.55 (2m, 1H), 4.70 and 4.75 (2d, 3J = 9.2 Hz,
1H), 5.88—5.94 (m, 1H), 8.63 and 8.78 (2s, 2H). 13C NMR (100.5
MHz, CDClgs, 2 rotamers, ratio 1:1): a: 6 13.5, 24.3, 28.1, 30.3,
31.3, 56.3, 57.8, 61.1, 131.8, 134.3, 142.4, 153.2, 156.8 (2C),
159.6; b: 0 =14.8,24.4,29.1,31.1, 32.2,56.6, 58.4, 61.2, 132.4,
134.3, 143.2, 153.9, 157.5 (2C), 159.6. MS (70 eV), m/z (%):
307 (47, M), 41 (100). HRMS calcd for C15H1sCIN3O,: 307.1088.
Found: 307.1071.
(1R)-2-(3'-Pyridinyl)-8-azabicyclo[3.2.1]oct-2-en-8-car-
boxylic Acid Ethyl Ester (77). To a solution of triflate 71
(330 mg, 1 mmol) in dry THF (5 mL) were successively added
bis(triphenylphosphane)palladium(Il) chloride (8 mg, 0.01
mmol), 3-diethylboranylpyridine (76, 220 mg, 1.5 mmol), and
2 M agueous Na,COs solution (2 mL, 4 mmol). The mixture
was heated at 85 °C for 20 min. Diethyl ether (10 mL) and
water (5 mL) were added and the phases separated. The
organic layer was dried with Na,SO,, the suspension was
filtered, and the filtrate was concentrated in vacuo. The crude
product was purified by column chromatography on silica gel
(column, 3 cm x 15 cm; eluant, (1) n-hexane/ethyl acetate =
1:1, (2) ethyl acetate) to yield a colorless oil (196 mg, 76%).
R¢ = 0.54 (eluant, ethyl acetate). [0]*°p —143.2° (¢ 0.17, CH>-
Clp). IR (film): v (cm™?) = 2982, 2835, 1700, 1588. *H NMR
(500 MHz, CDClg): ¢ 1.18—1.29 (m, 3H), 1.68—1.79 (m, 1H),
1.93-2.02 (m, 2H), 2.07—2.18 (m, 1H), 2.21-2.31 (m, 1H),
2.79-3.01 (m, 1H), 4.09 (q, 3J = 6.7 Hz, 2H), 4.33—4.48 (m,
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1H), 4.69—4.85 (m, 1H), 5.76 (t, 3J = 3.3 Hz, 1H), 7.19-7.21
(m, 1H), 7.58—7.74 (m, 1H), 8.43 (s, 1H), 8.54 (d, “J = 1.9 Hz,
1H). 3C NMR (125.8 MHz, CDCls): ¢ 14.1, 29.7, 33.9, 34.7,
52.1,55.4,61.1, 121.7, 123.3, 132.0, 134.6, 141.2, 146.9, 148.5,
154.6. MS (70 eV), m/z (%): 258 (100, M*). HRMS calcd for
CisH1sN202: 258.1368. Found: 258.1362.

3-(3'-Pyridinyl)-8-azabicyclo[3.2.1]oct-2-ene-8-carbox-
ylic Acid Ethyl Ester (82). Following the procedure described
for the preparation of carbamate 77, 195 mg (75%) of 82 was
obtained as a slightly yellow oil from 330 mg (1 mmol) of vinyl
triflate 79. Ry = 0.57 (eluant, ethyl acetate). IR (film): v (cm™?)
= 2979, 2913, 2872, 1707, 1631. UV (CHCl,): Amax (log €) =
251 nm (4.05). *H NMR (500 MHz, CDCl3): 6 1.22 (t,3J =7.1
Hz, 3H), 1.66—1.76 (m, 1H), 1.93—2.04 (m, 2H), 2.20—2.28 (m,
2H), 2.97—-3.20 (m, 1H), 4.12 (q, 3J = 7.1 Hz, 2H), 4.49—4.65
(m, 2H), 6.43—6.52 (m, 1H), 7.19 (dd, %J = 4.7 Hz, 3J = 8.0
Hz, 1H), 7.58 (d, 3J = 8.0 Hz, 1H), 8.44 (dd, 23 = 1.4 Hz,3J =
4.7 Hz, 1H), 8.57 (s, 1H). **C NMR (125.8 MHz, CDCls): ¢ 14.6,
29.3, 34.1, 35.5, 51.8, 53.1, 61.0, 123.1, 129.7, 130.2, 132.0,
135.1, 146.5, 148.5, 154.3. MS (70 eV), m/z (%): 258 (60, M),
229 (100). HRMS calcd for CisHi1gN2O,: 258.1368. Found:
258.1360.

(1R)-2-(3'-Chloropyrazin-2'-yl)-8-azabicyclo[3.2.1]oct-
2-ene (12). In a sealed vessel, carbamate 73 (80 mg, 0.27
mmol) and concentrated hydrochloric acid (37%, 5 mL, satu-
rated with argon) were heated at 80 °C for 1 h. The volatile
components were removed in vacuo. Water was added, and
the aqueous solution was washed with CH,Cl, (5 mL). Then
concentrated aqueous NH; was added to the aqueous layer
until a pH of ~9 was reached. The aqueous layer was extracted
with CH.CI, (3 x 5 mL), the organic phase was dried with
Na,SO,, the suspension was filtered, the solvent was evapo-
rated, and the residue was purified by column chromatography
on silica gel (column, 1 cm x 15 cm; eluant, CH,Cl,/CH3;OH/
concentrated aqueous NH; = 95:5:1) to yield the free base as
colorless crystals (37 mg, 59%). Rt = 0.62 (eluant, CH,Cl,/CHj3-
OH/concentrated aqueous NH; = 90:10:1). Mp 97 °C. [a]®*’p =
—22.0° (c = 0.1 CH,Cly). IR (KBr): v (cm™1) = 2925, 1730, 1381.
UV (CH.CL): Amax (log €) = 287 nm (3.27). 'H NMR (500
MHz): 6 1.66—1.69 (m, 1H), 2.02—2.09 (m, 4H), 2.50—2.70 (m,
1H), 2.71-2.75 (d, 2J = 21.2 Hz, 1H), 3.78—3.80 (t, 3J = 6.0
Hz, 1H), 4.19-4.20 (d, 3J = 6.0 Hz, 1H), 6.23—6.24 (m, 1H),
8.16 (d, 3J = 2.4 Hz, 1H), 8.40 (d, 3J = 2.4 Hz, 1H). 3C NMR
(125.8 MHz, CDClg): 6 30.2, 35.5, 35.7,52.5, 55.8, 128.8, 141.3,
141.6, 141.7, 147.1, 152.3. MS (70 eV), m/z (%): 221 (97, M%),
192 (100). HRMS calcd for C;1H1,CINs: 221.0720. Found:
221.0718.

General Procedure 2. The TMSI-mediated cleavage of the
carbamate protecting group was performed to give compounds
16 and 50—54.

(£)-3-(3'-Chloropyrazin-2'-yl)-8-azabicyclo[3.2.1]oct-2-
ene (16). To a solution of carbamate 80 (243 mg, 0.83 mmol)
in dry, degassed CHCI; (5 mL) was added TMSI (240 uL, 1.7
mmol), and the resulting light brown solution was heated
under argon in a sealed vessel at 85 °C for 3 h. After the
mixture was cooled to ambient temperature and after evapora-
tion of the volatile components in vacuo, a solution of HCI in
diethyl ether (2 M, 0.25 mL, 0.5 mmol) in dry CH3zOH (3 mL)
was added, and the resulting yellow-brown solution was stirred
for 10 min at room temperature. The volatile components were
removed in vacuo. After the residue was treated with water
(3 mL) and the mixture was extracted with CH,Cl, (3 x 5 mL),
concentrated aqueous NH3; was added to the aqueous layer
until a pH of ~9 was reached, and the resulting solution was
extracted with CH,Cl, (5 x 2 mL). The organic layer was dried
with MgSO,, filtered, and concentrated in vacuo. The crude
product was purified by column chromatography on silica gel
(column, 2 cm x 15 cm; eluant, CH,Cl.,/CH3;OH/concentrated
aqueous NH3z = 95:5:0.1).

As indicated by the spectral data, the product consisted of
a mixture of two colorless solids in a ca. 9:1 ratio. The main
component was separated by a second chromatographic puri-
fication on silica gel (column 1 cm x 15 cm; eluant as before)
to provide compound 16 as colorless crystals (51 mg, 28%).
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R = 0.29 (eluant, CH:CIl,/CH3;OH/concentrated aqueous
NH;z = 95:5:0.1). Mp 52 °C. IR (KBr): v (cm™1) = 2943, 1453,
1106. UV (CH30H): Amax (log €) = 283 nm (3.71). *H NMR (500
MHz, CDCls): 6 1.68—1.75 (m, 1H), 1.85—1.95 (m, 1H), 1.98—
2.12 (m, 2H), 2.20—2.28 (d, 2J = 17.6 Hz, 1H), 2.80—2.84 (dd,
8] = 4.2 Hz, 2J = 17.6 Hz, 1H), 3.78—3.80 (m, 2H), 6.59—6.60
(m, 1H), 8.15 (d, 3J = 2.4 Hz, 1H), 8.37 (d, 3J = 2.4 Hz, 1H),
NH signal not visible. 13C NMR (125.8 MHz, CDCl3): 6 29.9,
35.1, 37.6, 52.7, 53.4, 130.5, 139.0, 141.3, 141.7, 147.2, 153.6.
MS (70 eV), m/z (%): 221 (27, M*), 192 (100). HRMS calcd for
C11H12C|N3: 221.0720. Found: 221.0723.

For the impurity, identified as (4)-3-(3'-iodopyrazin-2'-yl)-
8-azabicyclo[3.2.1]oct-2-ene, the following spectral data could
be obtained: *C NMR (100.5 MHz, DsCOD): ¢ 29.4, 34.9, 35.0,
53.5,56.3, 129.6, 138.8, 142.5, 142.6, 147.3, 151.1. MS (70 eV),
m/z (%): 313 (2.2, M*). HRMS calcd for C11Hi2IN3: 313.0075.
Found: 313.0069.

(1R)-2-(2'-Chloropyrimidin-5'-yl)-8-azabiyclo[3.2.1]oct-
2-ene Hydrochloride (50): yellow, slightly hygroscopic pow-
der, isolated in 42% yield from 118 mg (0.4 mmol) of carbamate
75. Ry = 0.26 (eluant, CH,CI,/CH3;OH/concentrated aqueous
NH; = 95:5:1). Mp 235 °C. [a]?%, —72.2° (c 0.07, H:0). IR
(KBr): v (cm™%) = 2930, 1643, 1586. UV (H20): Amax (log €) =
250 nm (4.23). *H NMR (500 MHz, D,0): ¢ 2.11—2.18 (m, 1H),
2.41-2.55 (m, 3H), 2.58—2.63 (m, 1H), 3.10 (d, 2J = 19.5 Hz,
1H), 4.45 (d, 3J = 5.5 Hz, 1H), 4.85 (d, 3J = 5.5 Hz, 1H), 6.46
(s, 1H), 8.88 (s, 2H), NH signal not visible. 13C NMR (125.8
MHz, DsCOD): ¢ 29.4, 34.3, 34.9, 55.0, 56.6, 126.6, 131.2,
133.7, 158.2 (2 C), 161.7. MS (70 eV), m/z (%): 221 (16, M*),
36 (100). HRMS calcd for C11H12CINg (free base): 221.0720.
Found: 221.0708.

(1R)-2-(3'-Pyridinyl)-8-azabicyclo[3.2.1]oct-2-ene (51):
colorless oil, isolated in 44% yield from 224 mg (0.87 mmol) of
carbamate 77. Ry = 0.33 (eluant, CH,Cl,/CH3;OH/concentrated
aqueous NH; = 95:5:1). [a]*°> —74.4° (¢ 0,22, CH.Cl,). IR
(film): v (cm™1) = 2948, 2829, 1653, 1637. UV (CH:Cl,): Amax
(log €) = 249 nm (4.01). *H NMR (500 MHz, CDCls): ¢ 1.73—
1.78 (m, 1H), 2.08—2.21 (m, 4H), 2.73—2.77 (d, 2J = 18.5 Hz,
1H), 3.83—3.86 (m, 1H), 4.13 (t, *J = 2.9 Hz, 1H), 5.95 (t, 3J =
3.2 Hz, 1H), 7.31 (dd, 3J = 4.8 Hz, 3J = 8 Hz, 1H), 7.69-7.72
(m, 1H), 8.54 (dd, “J = 1.6 Hz, 3J = 4.8 Hz, 1H), 8.69 (d, 4J =
1.8 Hz, 1H). 3C NMR (125.8 MHz, CDCl3): ¢ 30.4, 35.7, 36.2,
52.5,55.7,121.5, 123.1, 131.9, 135.0, 142.1, 146.5, 148.0. MS
(70 eV), m/z (%): 186 (82, M'), 157 (100). HRMS calcd for
C12H14N2: 186.1157. Found: 186.1202.

(£)-3-(2'-Chloropyrimidin-5'-yl)-8-azabicyclo[3.2.1]oct-
2-ene Hydrochloride (52): colorless crystals, isolated in 73%
yield from 156 mg (0.53 mmol) of carbamate 81. Rf = 0.45
(eluant, CH,CI,/CH3;OH/concentrated aqueous NH3; = 90:10:
1). Mp > 240 °C dec. IR (KBr): v (cm™!) = 2880, 1653, 1638.
UV (H20): Amax (log €) = 250 nm (4.24). *H NMR (500 MHz,
D,0): ¢ 2.12—2.18 (m, 1H), 2.30—2.37 (m, 1H), 2.46—2.54 (m,
2H), 2.77—2.83 (m, 1H), 3.28—3.32 (m, 1H), 4.52—4.55 (m, 1H),
4.59—-4.61 (m, 1H), 6.74 (d, 3J = 5.8 Hz, 1H), 8.88 (s, 2H), NH
signal not visible. *C NMR (125.8 MHz, D,0): ¢ 27.8, 32.8,
34.4, 54.1, 54.5, 127.3, 128.4, 131.3, 156.0, 157.2 (2 C). MS
(70 eV), m/z (%): 221 (16, M™), 192 (100). HRMS calcd for
C11H12CIN; (free base): 221.0720. Found: 221.0718.

(£)-3-(3'-Pyridinyl)-8-azabicyclo[3.2.1]-oct-2-ene Male-
ate (53). The obtained base of 53 (94 mg, 71%) was dissolved
in butanone (2 mL), and a solution of maleic acid (58 mg, 0.5
mmol) in dry butanone (2 mL) was added at 80 °C. A white
precipitate formed immediately (128 mg, 59%). R = 0.39
(eluant, CH,CI,/CH3;OH/concentrated aqueous NH3; = 90:10:
1). Mp 110—112 °C. IR (KBr): v (cm™!) = 2951, 1641, 1569.
UV (CH30H): Amax (log €) = 240 nm (4.17). *H NMR (500 MHz,
D;COD): 6 1.77—1.83 (m, 1H), 1.89—2.02 (m, 1H), 2.09—-2.19
(m, 2H), 2.50 (d, 2J = 18.1 Hz, 1H), 2.94 (dd, 3J = 3.8 Hz,
2J = 18.2 Hz, 1H), 4.13 (t, 3J = 6.1 Hz, 1H), 4.19 (t, 3 = 5.8
Hz, 1H), 6.26 (s, 2H), 6.33—6.34 (m, 1H), 7.24—7.26 (m, 1H),
7.74—7.77 (m, 1H), 8.27—8.28 (m, 1H), 8.44 (d, *J = 2.3 Hz,
1H). 3C NMR (125.8 MHz, D;COD): 6 28.9, 34.0, 34.9, 55.1,
55.5, 125.5, 126.2, 133.1 (2 C), 135.4, 136.1 (2C), 146.9, 149.6,
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170.6 (2C). MS (70 eV), m/z (%): 186 (16, M™), 157 (100).
HRMS calcd for CioHisN, (free base): 186.1157. Found:
186.1180.

(1R)-2-(2'-Chloropyrimidin-5'-yl)-9-azabicyclo[4.2.1]Jnon-
2-ene Hydrochloride (54). Carbamate 85 (70 mg, 0.23 mmol)
was dissolved in dry, degassed CHCI; (5 mL). After addition
of TMSI (67 uL, 0.44 mmol), the resulting light brown solution
was heated under argon in a sealed vessel at 80 °C for 3 h.
After the mixture was cooled to ambient temperature, the
volatile components were removed in vacuo (1.5 h). Aqueous
hydrochloric acid (1 M, 0.5 mL, 0.5 mmol) was added, and the
mixture was again concentrated in vacuo (1.5 h) to yield a
colorless oil (35 mg, 64%). R = 0.33 (eluant, CH,CIl,/CH;OH/
concentrated aqueous NH3 = 95:5:1). [0]%°p 24.6° (¢ 0.21, CHa3-
OH). IR (film): v (cm™1) = 3423, 2925, 1635. UV (CH:Cl,): Amax
(log €) = 252 nm (3.81). *H NMR (500 MHz, CDClg): ¢ 1.92—
1.95,2.14-2.18,2.29-2.31, 2.54—2.65 (4m, 8H), 4.35—4.36 (m,
1H), 4.68—4.70 (m, 1H), 6.44—6.46 (m, 1H), 8.70, 8.79, 9.03
(3s, 2H). *3C NMR (125.8 MHz, CDCl3): ¢ 23.7, 27.8, 28.4, 31.0,
58.6, 58.7, 133.8, 136.7, 136.9, 157.2 (2 C), 160.2. MS (70 eV),
m/z (%): 236 (24, M™), 202 (100). HRMS calcd for C1,H14CIN3
(free base): 235.0876. Found: 235.0864.
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