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As an extension of a series of dopamine Ds receptor agonists involving FAUC 54, ex-chiral
pool synthesis, and biological evaluation of 3-substituted 7-aminotetrahydroindolizines was
performed. Considering the structural features of both series of enantiomers, we developed a
novel alignment hypothesis for D; agonists, allowing for the placement of the aromatic moieties
on two alternative, adjacent positions. COMFA and CoMSIA analyses yielded significant cross-
validated g2 values of 0.726 and 0.590, respectively, when a newly invented program application
(IRAS) controlling the alignment selection proved to be useful. Employing the CoMFA/CoMSIA
contribution maps, we were able to transform a previously constructed homology model of the
D3 receptor from an inactive into an activate state. Besides the established ionic interactions,
we propose s-stacking with Phe6.51 and a hydrogen bond between His6.55 and the acyl moiety

to be primarily involved in the D3 receptor binding of FAUC 54 and its analogues.

Introduction

Since the D3 receptor was cloned from a ¢cDNA library
by Sokoloff and co-workers! in 1990, considerable
progress has been made toward understanding its
physiological function and pharmacological impact. As
a member of the Ds-like subfamily of dopamine recep-
tors, D3 is coupled negatively to adenylyl cyclase. Strong
evidence exists for a preferential postsynaptic location,
but also some subsets are found presynaptically, when
controlling dopamine synthesis and release and neu-
ronal firing.2 Being preferentially expressed in brain
regions associated with emotional and cognitive func-
tions, the D3 receptor affects behavioral properties, such
as locomotor activity, reinforcement, and reward, and,
thus, has been regarded as an interesting therapeutic
target for the treatment of schizophrenia,® Parkinson’s
disease,* drug-induced dyskinesia,® and cocaine addic-
tion.® Additionally, D3 seems to be involved in cortical
development during gestation, obviously orchestrating
neuronal migration and differentiation.”

Starting from both isomers of enantiopure asparagine,
we have recently reported an ex-chiral pool synthesis
of 7-dipropylaminotetrahydroindolizines (ATHI) mim-
icking structural features of both lysergic acid and the
D3 agonist (R)-7-OH-DPAT when the (S)-3-formyl de-
rivative FAUC 54 displayed preferential Ds agonist
properties with nanomolar binding affinity.8 Extending
the pioneering work of Wilcox and co-workers? 1! and
further QSAR studies on Ds ligands!2717 as well as D3
and D, antagonists,'618721 we herein present an ex-
tended SAR investigation on a series of chiral 7-amino-
tetrahydroindolizines (ATHIs), gaining insights into the
structural requirements for D3 agonists. Employing a
training set of 34 ATHIs and 10 commercially available
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dopaminergics, significant COMFA and CoMSIA models
for the design of D3 agonists could be obtained (Scheme
1). Since the carbaldehyde function in position 3 of the
heterocyclic scaffold proved to be beneficial for Ds
receptor recognition, we tried to extend our recently
described set of ATHIs (S)-1—9 and (R)-1—98 by the
3-substituted target compounds 10—17 and 28-30,
which should be synthesized by application of a previ-
ously established ex-chiral pool approach.

Results and Discussion

Taking advantage of our recently described ex-chiral
pool protocol for the synthesis of enantiomerically pure
tetrahydroindolizines from asparagine, the central build-
ing blocks (S)-122 and (S)-9 (FAUC 54)% could be
prepared in sufficient quantity for further functional-
ization. Thus, regioselective Friedel —Crafts acylation of
(S)-1 led to the 3-acetyl, 3-benzoyl, 3-trifluoroacetyl, and
3-trichloroacetyl derivatives (S)-11, (S)-12, (S)-13, and
(S)-14, respectively (Scheme 2). Transformation of the
trichloroacetyl functionality of (S)-14 into an ethyl
carboxylate group could be realized upon treatment with
sodium ethoxide. When compared to the 3-formyl de-
rivative (S)-9 (FAUC 54), which displayed a favored
s-trans structure, the sterically more demanding carbon
substituents X make an s-cis conformation even more
unlikely.
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As a complement to the formal exchange of the formyl
hydrogen position, the sp? formyl oxygen should be also
displaced, giving access to putatively s-cis-substituted
derivatives. Thus, treatment of (S)-9 with malonodini-
trile under Knoevenagel conditions led to the dicyanovi-
nyl derivative (S)-29. On the other hand, oxime forma-
tion gave a mixture of the z-diastereomers (S)-16 and
(S)-17, which could be readily separated by flash
chromatography. According to diagnostic NOEs, the (E)-
isomer (S)-16 displayed s-trans geometry, whereas the
(Z)-isomer diastereomer (S)-17 unambiguously showed
the s-cis conformation, which is obviously due to steric
interactions between the HO-group and position 4 of the
ring system, preventing the s-trans conformation.

Further structural variations involved the transfor-
mation of the formyl sp? carbon into an sp system, which
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could be performed by oxime formation and subsequent
dehydration, giving access to the carbonitrile (S)-10.
Reductive amination of the carbaldehyde group fur-
nished the dimethylaminomethyl derivative (S)-30 with
a sp® C-substituent. Finally, the enlargement of the
m-system of the formyl group should be investigated.
Thus, the 3-phenylindolizine (S)-28 was approached
from (S)-4-amino-2-dibenzylaminobutan-1-ol,22 which is
readily available from natural asparagine. The reaction
sequence involved the Paal—Knorr reaction with 4-oxo-
4-phenylbutanal, cationic cyclization after activation of
the primary alcohol with help of Tf;O, and exchange of
the benzyl protecting group by propyl substituents,
which was done by hydrogenolysis and subsequent
reductive propylation. Synthesis of the series of (R)-
ATHIs was done analogously, when starting from (R)-
asparagine.

Except for the moderate D3 ligands 12, 14, and 15,
the binding data of the newly synthesized ATHIs clearly
indicated that the (S)-enantiomers showed substantially
higher affinity. The formal exchange of the formyl
hydrogen of (S)-9 (FAUC 54)% by carbon substituents
resulted in only weak reduction of D3 binding. Enlarge-
ment of the substituents, however, caused a more
substantial decrease. For the (S)-enantiomers of the
oximes 16 and 17, the E-configuration, obviously result-
ing in an s-trans conformation (according to NMR
experiments), resulted in an improved D3 receptor
recognition, which is in agreement with the s-trans form
of the lead compound (S)-9 in its bioactive conformation.
Whereas the 3-phenyl-ATHI 28 and the dimethylamino-
methyl derivative 30 gave poor binding, the (S)-enan-
tiomer of the dicyanovinyl derivative 29 showed an
acceptable pK; of 7.22. Formal exchange of the formyl
functionality by a cyano group proceeded under reten-
tion of D3 recognition, as indicated by a pK; of 8.14 for
the carbonitrile (S)-10. A comparison of the subtype
selectivity and the ligand efficacy of (S)-10 with the

Table 1. Dopamine Receptor Binding Data and Intrinsic Activity of FAUC 54 ((S)-9) and (S)-10 Compared to the Reference

Compounds Pramipexole and Quinpirole

FAUC 54 ((S)-9)

(S)-10

pramipexole (25)

quinpirole (27)

K; Values + SEM (nM)*

bD; K; low >20000 >20000 >20000 >20000

hDsjong K; high 52 + 13 190 + 38 21+49 63 + 17
K; low 6900 + 1800 6500 £+ 1700 6300 + 1300 3100 + 800

hDashort K; high 41+ 7.0 130 £ 59 21 +5.1 35+ 6.0
K; low 3000 + 170 5100 + 1300 1900 + 560 3000 + 590

hD3 K; high 53+1.1 7.2+3.2 0.88 +0.15 24 + 6.3
K; low 150 + 16 140 £+ 29 38+ 7.0 420 + 140

hDy44 K; high 32+8.5 40 + 18 8.1+1.1 1.8 +£0.093
K; low 2500 + 220 9700 + 2800 130 £ 22 53+5.9

Incorporation of [*H]Thymidine

I‘Dglong EC50b 11 42 9.2 4.8
intrinsic 98 99 85 100
activity®

rDoshort ECso 79 130 12 17
intrinsic 101 95 103 100
activity

hD3 ECso 1.1 2.4 1.5 2.6
intrinsic 86 59 93 100
activity

hDyso ECs 4200 15 8.7
intrinsic 67 0 84 100
activity

@ K; values in nM 4 SEM are based on the means of 2—10 experiments each done in triplicate. ® EC5 values are derived from the mean
curves of 2—8 experiments and are in units of nM. ¢ Rate of incorporation of [*H]thymidine (%) as evidence for mitogenetic activity relative

to the maximal effect of the full agonist quinpirole (=100%).
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Chart 1. 7-Aminotetrahydroindolizine (ATHI)
Derivatives 1—17 and Literature D; Agonists 18—27
Used in the Training Set
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dopamine receptor binding and efficacy profiles of (S)-
98 and the well-established dopaminergics pramipexole
(25) and quinpirole (27) clearly indicated D3 preference
and significantly better K; values for the high-affinity
binding site, except for quinpirole favoring the Dy
subtype (Table 1). Interestingly, the ED5 values for
ligand efficacy monitored by a mitogenesis assay some-
times do not correlate very well with the K; high
concentrations, which might be due to different agonist-
directed trafficking. For the D3 subtype, ED5¢/K; ratios
between 0.1 and 1.7 were calculated. Except for the Dy
subtype, the data of the functional assay clearly cor-
roborate the agonist properties deduced from the bi-
phasic competition curves.

Predictive Power—CoMFA and CoMSIA. Using
our properly selected training set of 44 D3 ligands (Chart
1 and Table 2), involving literature compounds with
extended structural diversity, we obtained statistically
significant QSAR models (Table 3). The initial PLS
analysis of the CoMFA model (A) without applying a
Omin data filter yielded a cross-validated g2 of 0.726 with
five components used, while the analogous PLS analysis
of the CoMSIA model (F) gave a cross-validated g2 of
0.590 using four components. Increasing the minimum
level of field variation om;, to purpose an efficient
reduction of noise, the CoMFA model differed slightly
around the initial value, giving a cross-validated g? of
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Table 2. Data Set of 44 Compounds Used in the Training Set
and Eight Compounds Used as Test Set To Predict Binding
Affinities®

compound pK- ApK;
no. Ry Ry Rs (exp) CoMFA CoMSIA
Training Set
R)-1 H H H 5.78 0.054 0.040
(S)-1 H H H 6.24 —0.239 —0.466
(R)-2 CH; H H 5.84 0.219 —0.226
(S)-2 CH; H H 6.17 0.101 0.068
R)-3 H CH; H 6.04 —0.155 0.220
S)-3 H CH; H 6.10 0.072 —0.111
(R4 H H CH; 6.21 0.082 0.206
S)4 H H CH; 6.38 —0.318 —0.231
(R)-5 CH,OH H H 6.49 0.200 0.582
(S)-5 CH,OH H H 5,01 —0.244 0.120
(R)-6 H CH,OH H 5.85 0.244 0.007
S)6 H CH,OH H 5.07 —0.105 —0.169
R)-7 H H CH,OH 6.14 —0.030 0.312
)7 H H CH,OH 6.38 —0.167 —0.116
(R)-8 CHO H H 6.30 —0.232 —0.046
(S)-8 CHO H H 544 —0.339 0.149
(R)-9 H H CHO 5.74 0.060 —0.320
$)-9 H H CHO 8.28 0.083 0.885
(R)-10 H H CN 5.55 0.090 —0.204
(S)-10 H H CN 8.14 0.256 0.285
(R)-11 H H CH;3CO 5.55 0.176 —0.190
(S)-11 H H CH5CO 7.3¢ —0.158 0.463
(R)-12 H H PhCO 5.81 0.104 —0.030
(S)-12 H H PhCO 5.72 0.0561 —0.310
(R)-13 H H CFsCO 5,60 —0.069 —0.474
(S)-13 H H CFsCO 7.64 —0.039 0.340
(R)-14 H H CCl3CO 7.06b 0.028 0.429
(S)-14 H H CCl3CO 6.58 —0.243 0.375
(R)-15 H H EtOCO 6.49% 0.001 0.374
S)-15 H H EtOCO 5.36 0.067 —1.435
(R)-16 H H E-HCNOH 5.68 0.098 0.155
(S)-16 H H E-HCNOH 7.51 0.023 —0.340
(R)-17 H H Z-HCNOH  5.32 0.041 —0.288
S)-17 H H Z-HCNOH  17.31° 0.112 —0.099
18 (R)-apomorphine 7.23 —0.127 —0.030
19 (R)-lisuridec 9.85 0.142 —0.195
20 (S)-lisurided 8.46 0.021 0.161
21 pergolide 9.07 -0.196 —0.167
22 (R)-7-OH-DPAT 9.10 0.507 0.274
23 (S)-3-PPP 7.60 0.001 —0.131
24 (R)-PD128907 8.85 —0.114 —0.207
25 (S)-pramipexole 9.14 0.015 0.519
26 quinelorane 9.03 —0.119 -0.121
27 quinpirole 7.62 0.097 -0.007
Test Sete

(R)-28 H H Ph 5.62 0.039 —0.388
(8)-28 H H Ph 510 —1.082 -—1.518
(R)-29 H H HCC(CN),  5.22 0.079 —0.635
S)-29 H H HCC(CN),  7.22 0.538 0.304
(R)-30 H H CH.N(CHj3), 4.92 -0.561 —0.174
($)-30 H H CH;N(CHj3): 5.44 —0.103 —0.156
(R)-31/  (R)-N-formyltetrahydroindole  7.36 0.353 1.247
(S)-8317  (S)-N-formyltetrahydroindole 7.41 —0.494 0.296
R?,c8 0.817 0.607

@ The experimental binding affinities toward the dopamine D3
receptor are expressed as pK; (—log K;) values. The K; is given in
nM and based on the means of 2—10 experiments each done in
triplicate (for SEM and more details, please see TableS1 in the
Supporting Information). ApK; is the error of fitted (training set)
or predicted (testset) binding affinities and is defined as (pKj,ex-
perimental — PKj fitted/predicted)- b K; values are determined from a
combined competition curve consisting of all normalized data
points from several individual experiments. ¢ (+)-(5R,8S)-lisuride.
d (—)-(5S,8R)-lisuride. ¢ Deviations reflect the prediction for the Rff-
aligned compounds. / EPC synthesis of (R)- and (S)-31 was done
by treatment of (R)- and (S)-5-N,N-dipropylamino-4,5,6,7-tetrahy-
droindole®® with n-BulLi (2 euiv) at —78 °C for 5 min, subsequent
addition of ethyl formate (2 equiv) and warming up to 0 °C.
¢ Predicted r2 calculated with a standard deviation (SD) obtained
from the test set only: 0.807 (CoMFA) and 0.586 (CoMSIA).
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Table 3. Summary of the Results from Different PLS Runs of the CoOMFA and CoMSIA Analyses

CoMFA CoMSIA
reg. focus. no no no 0.2¢ 0.3 no no no 0.3 0.4
Omin 0.0 1.0 5.0 05 05 0.0 1.0 5.0 0.5 05
PLS run A B C D F G H I J
Qv 0.726 0.711 0.741 0.746 0.763 0.590 0.588 0.556 0.626 0.646
SPRESS 0.719 0.739 0.699 0.692 0.677 0.868 0.871 0.905 0.840 0.828
r2 0.983 0.982 0.979 0.986 0.986 0.918 0.919 0.905 0.946 0.954
S 0.180 0.186 0.199 0.164 0.160 0.387 0.386 0.419 0.318 0.300
F 433.1 406.6 356.2 525.0 552.9 109.7 110.7 92.5 134.3 126.6
components 5 5 5 5 4 4 4 5 6
descriptors 19308 2827 733 2270 1841 49500 6499 1727 3839 3038
fraction
steric 0.745 0.663 0.567 0.650 0.630 0.036 0.045 0.076 0.104 0.128
electrost 0.255 0.337 0.433 0.350 0.370 0.181 0.188 0.214 0.189 0.185
hydroph 0.254 0.247 0.243 0.218 0.202
donor 0.327 0.319 0.281 0.300 0.294
acceptor 0.202 0.201 0.186 0.189 0.190
@ Appended exponent field controlling the sharpness of the focusing.
0.711 (five components) at oy, = 1.0 keal-mol~! (B) and — T T T T T T T T T
0.741 (five components) at oy, = 5.0 keal-mol~! (C). 1404 123129133 ]
Applying the same data filtering levels on the CoMSIA 120 ] £Y11“;15
model yielded identical or slightly impaired cross- | 7 \— ]
validated g2 values of 0.588 (four components) and 0.556 100 i
(four components) at opin = 1.023 (G) and 5.023 (H), \
respectively. Using region focusing as an advanced g g0 75 i
method of noise reduction together with a standard data g :
filter of owmin = 0.5, the model quality was slightly 2 604 45 .
improved for the CoMFA model to a g2 of 0.746 (five
components) at a focusing exponent of 0.2 (D) and to 404 15 ]
0.763 (six components) at a focusing exponent of 0.3 (E). ) 0_' ]
Similar small enhancements were obtained for the 2 ;
CoMSIA model using focusing exponents of 0.3 (I: g% o4——== 1 1 1 | e
= 0.626, five components) and 0.4 (J: g2, = 0.646, six 0.65 0.66 067 068 069 0.70 0.71 072 0.73 0.74 0.75 0.76

components). However, it should be noted that, fre-
quently, an increase of g%, values by less than 5% for
the use of an additional component is considered inap-
propriate due to the “parsimony-principle”.?* Interest-
ingly, while the noise reduction in the CoMFA model
decreased the fraction of the steric contribution from
74.5% down to 56.7%, it was increased by the noise
reduction in the CoMSIA model from 3.6% up to 12.8%.
The other CoMSIA field types typically contribute to the
full model in the order donor (28.1—32.7%) > hydro-
phobic (20.2—25.4%) > acceptor (18.6—20.2%) ~ elec-
trostatic (18.1—21.4%).

In contrast to CoMSIA, CoMFA analyses give a
noticeable dependence of g2 values on the relative
placement of the aligned ligands with respect to the
probe grid.?5 Thus, to test our CoOMFA model for robust-
ness, we applied a modified Aps procedure, originally
published by Wang et al.,?6 which systematically trans-
lates the aligned dataset in space, followed by a SAM-
PLS analysis after each displacement. The histogram
plot of the resulting 1000 model variants showed to be
approximately corresponding to a normal distribution
of the obtained g2 values (Figure 1). The quite narrow
range of the values between 0.656 and 0.746 with 50%
of the values lying between 0.701 and 0.721 indicated
that our initial CoOMFA model is comparably stable.
Considering that almost all superior model variants
were based on one or more additional components, we
decided to retain our initial model for further analysis
and interpretation of the fields.

The predictive power of the CoMFA (PLS mode A) and
CoMSIA (PLS mode F) analysis was further examined

q’(ev)

Figure 1. Histogram showing the distribution of the g2
values calculated as SAMPLS? leave-one-out cross-validation
after systematic translation of the aligned molecules within
the lattice by the APS (all placement search) script of Wang
et al.?® The stepwise displacement of all ligands in steps of
0.1 A along the x-, y-, and z-axis yields 1000 models. Their
g2 values are shown binned into 19 histogram ranges of 0.005
units size. The numbers on top of each corresponding bar
indicate how many models lie in the respective g2 range. For
comparison, a fitted normal distribution curve is overlaid on
the histogram bars.

using a test set of eight compounds ((R)-/(S)-28—31,
Chart 2) that had been omitted from the training set.
Due to our model building procedure, two alignments
had to be regarded for each ligand, the Tsar-based and
the rigid field fit-based. Although our iterative restric-
tion of alignment strategy IRAS successfully helped to
determine for which ligand of the training set realign-
ment with Rff improved the model quality, no general,
g%independent rule for the alignment preference of the
ligands could be derived afterward. Thus, we calculated
the predictive r? for the pure Tsar and Rff alignments
according to the definition of Cramer et al.,?” giving
better results for Rff in both the COMFA (r2yeq = 0.817)
and the CoMSIA model (r%yeq = 0.607). In addition, we
assessed a mean predictive r2 on basis of the mean
predicted pK; for each ligand. As this approach accounts
for both predictions with equal weights, we deem it to
yield the most unbiased value. For the external dataset,
the CoMFA and CoMSIA model have proven their
predictive power, yielding mean r%yeq of 0.652 and 0.573,
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Chart 2. 7-Aminotetrahydroindolizine (ATHI)
Derivatives 28—30 and N-Formylaminotetrahydroindole
31 Used in the Test Set

\/\N/\/ \/\N/\/

(R)-(S)-28

(R)-/(S)-29

NN =
\ )= o N-/
/N Qi'

(R)-/(S)-30 (R)-/(S)-31

respectively. The corresponding plots of the fitted or
predicted versus the experimental binding affinity are
shown for the training set (unfilled circles) and the test
set (filled circles) in Figure 2. For the test set, the
predictions for the Rff-aligned compounds are depicted.

Graphical Interpretation of the Fields. The three-
dimensional representations of the CoOMFA and CoMSIA
field contributions as “stdev*coeff” contour plots reveal
where variability in molecules’ fields is able to explain
experimental binding differences. In the following fig-
ures, these plots are exemplified by ligands of high and
low affinity. In several directions the aligned ligands
were found to be surrounded by yellow contours, indi-
cating that steric interaction with these regions reduce
the ligand affinity. Regions 1 and 2, as labeled in Figure
3, strongly delimit the sideward relocatability. Likewise,
region 3, which is lying above the partially saturated
ring system, and region 4, which is located parallel to
the plane of the aromatic moieties, restrict the spatial
orientation of the ligands. In contrast, the green con-
tours 5 and 6, which are directly adjacent to the sides
of the aromatic moieties, indicate that steric bulk is
favorable there. In terms of the substitution pattern at
the aromatic part of the tetrahydroindolizines, this
generally means that, for the typical orientation of the
(S)-series ligands, substituents in position 2 are less
tolerated than in position 1 or 3, where small substit-
uents are sterically favorable. However, especially in
position 3, huge substituents are likely to occupy the
surrounding forbidden regions 1, 3, or 4. For the typical
orientation of the (R)-series, smaller substituents in
position 2 are favorable, while any substituent in
position 1 collides with the forbidden region 3. For
example, the potent ligand (S)-10 (colored orange)
places its 3-cyano substituent in the favorable region 5
without any undesirable contacts to regions 1, 3, or 4,
while the low potency of (R)-2 can be partly explained
as it occupies the unfavorable yellow region 3 with its
1-methyl substituent.

Enclosing the aromatic moieties, a broad blue contour
(3 and 4) distinguishes areas where positively charged
groups of the ligands enhance binding. It is only
disrupted by two red regions (1 and 2), which indicate
favorable interactions for negatively charged compound
moieties. These regions (1 and 2) correspond to the
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Figure 2. Fitted predictions versus experimental binding
affinities for the 44 compounds in the training set (open circles)
and the test set (filled circles). In addition to the line of ideal
correlation, dotted lines are given, which indicate deviations
from the actual pK; by +1 logarithmic unit. Outliers are
labeled by their compound numbers.

placement of the formyl or acyl groups of several
tetrahydroindolizine derivatives, such as for the highly
potent (S)-9 (orange), which shows ideal orientation of
its 3-formyl oxygen into the red region 1, accounting for
strong favorable interactions. In contrast, the electron-
rich nitrogen of the 3-cyano group in (R)-10 is falsely
placed in a predominantly blue contoured region 3 with
only few contacts with the red region 2. The extension
of the blue region 3 can be primarily regarded as a result
of diverse amino and hydroxyl functions in the highly
potent literature compounds 18—27,which are placed
with their electron-deficient hydrogens directing to this
area.

Although comparison of the results reveals marked
similarities between CoMFA and CoMSIA analyses, also
a certain amount of complementary information can be
found. This has to be seen against the background of
the different approaches to obtain the interactions fields.
In CoMFA, steric and electrostatic interaction energies
are calculated for each molecule at the intersections of
a grid embedding that molecule.?” In contrast, steric,
electrostatic, hydrophobic, and hydrogen-bond-donor
and -acceptor similarities are described in CoMSIA
using Gaussian functions.?82° This approach avoids
particularly steep potentials next to the molecular
surfaces and, thus, determines similarity indices close
to the atoms, too. Hence, CoMSIA contour plots denote
areas within the ligands that favor or disfavor particular
properties, while in CoMFA contour plots areas are
distinguished, where the ligand would interact with a
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(R)-2: pK=5.84

(R)-10: pK;=5.55

(S)-10: pK=8.14 (5)-9: pK=8.28

Figure 3. Stdev*coeff contour plots illustrating steric (A + B) and electrostatic features (C + D) as obtained by the final CoMFA
analysis. In A + B, regions where steric bulk will enhance affinity are shown enclosed by green contours (contribution level®®
75%), whereas regions that should be kept unoccupied to prevent decrease of affinity are contoured in yellow (25%). This is
exemplified by the high-affinity ligand (S)-10 (orange), which properly occupies the favorable green regions (5 + 6), while the
weakly binding ligand (R)-2 (white) shows conflicts with yellow, unfavorable regions (3 + 4). In C + D, red contours (contribution
level®® 20%) encompass regions where electron-rich fragments with negative partial charges will improve affinity. Blue contours
(80%) indicate regions where reduced electron density (positive partial charges) is predicted to increase affinity. This is exemplified
by the high-affinity ligand FAUC 54 ((S)-9, orange), for which the preferential conformation of the formyl substituent places the
carbonyl oxygen directing to a red area (1) and the formyl hydrogen directing to a blue area (3). The weakly binding ligand (R)-10
(white), in contrast, directs with its electron-rich cyano substituent to the blue region (3), affecting its receptor binding adversely.

Depictions A and C are rotated by 90° toward the beholder to give depictions B and D, respectively.

putative environment.25> CoMSIA contribution plots are
typically found to be more contiguous. As a conclusion,
exploiting the results of both approaches leads to an
optimal interpretation at the 3D level of the QSAR.3°

Having a closer look at the steric contributions
(Figure 4, A), the green isocontour 1, located below the
molecules, shows similarity to the green contour 6 in
the CoMFA, indicating that the core of the structures
should be preferentially placed there and, thus, tends
to favor the (S)- over the (R)-series of the ATHIs. The
voluminous green isopleth 2, which is only present in
CoMSIA, is primarily caused by the 3,3-diethylureido
side chain of the superpotent agonist lisuride (19).
Additionally, 19 occupies the green isocontour 1 and
avoids any contacts with the sterically forbidden yellow
regions 3 and 4. These regions 3 and 4 are found to be
in accordance with regions 1 and 2 in the CoMFA. The
yellow isopleth 3 can be attributed to the low affinities
of some ATHIs with very bulky substituents in position
3, such as (R)-/(S)-12 or (S)-15. The isopleth 4 can be
explained by the fact that various potent literature
agonists (18, 23, 24, 26, 27) have a rigidized ring system
instead of a second propyl side chain or completely lack
a second propyl side chain at the amine-like pramipexole
(25) and, thus, do not occupy this region. Exemplifying

this findings, the weakly binding ligand (R)-12 places
its benzoyl substituent in region3 and its second propyl
side chain in region 4, while only partially occupying
region 1.

In the electrostatic CoMSIA plots (Figure 4B), only
the red isocontour 2 and the leftmost part of isocontour
4 correspond to the red CoMFA isocontours 1 and 2,
respectively. The blue isopleth 1, which is located at the
swl-moiety (see Experimental Section—Alignment) and
adjacent to it, where the 3-acyl substituents of the
ATHIs are typically placed, denotes a region of prefer-
ential electron deficiency. Above and below this ex-
tended blue region, the red isopleths 2 and 3 indicate
areas where electron-rich fragments should be placed.
Enclosing the #2-moiety, the red isopleth 4 reflects the
increased potency of several (S)-ATHIs compared to
their (R)-enantiomers (9—11, 13, 16, 17). While the (S)-
ATHISs are occupying this z%-position with their electron-
rich aromatic moiety, the (R)-ATHIs are unfavorably
occupying the blue isopleth 1 at the zl-position with it.
This is exemplified by the structure (S)-9, which fills
out region 4 with its electronegative field, while only
partially touching region 1. In addition, its formyl
oxygen shows a perfect overlap with region 2, simulta-
neously placing the positively charged formyl hydrogen
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Figure 4. Stdev*coeff contour plots illustrating steric (A), electrostatic (B), hydrophobic (C), hydrogen-bond-donor (D) and -acceptor
(E) properties revealed by the final CoMSIA analysis. (A) Green and yellow isopleths (contribution level®® 80%/20%) indicate
regions where steric bulk exerts favorable and unfavorable effects on ligand affinity, respectively. (B) Red and blue isopleths
(20%/80%) encompass regions where the affinity is enhanced by an increase of negative and positive charge, respectively. (C)
Yellow and orange isopleths (contribution level®® 80%/20%) enclose regions favorable for hydrophobic and hydrophilic groups,
respectively. In D, cyan isopleths (contribution level®® 80%) indicate regions where a proton acceptor on the receptor site is expected
and, thus, hydrogen-bond donors in the ligand directing to these regions are favorable, while donors directing to purple isopleths
(10%) are regarded as unfavorable. In E, magenta isopleths (80%) encompass regions where a hydrogen-bond donor on the receptor
site is expected and, thus, proton acceptors in the ligand directing to these regions increase the affinity, while proton acceptors
in the ligand directing to red regions (20%) decrease the affinity. For all features (A—E), a strongly and a weakly binding ligand
are shown in comparison. The steric field (contoured in A at a contribution level of 50%) of the particular ligand is depicted as a
transparent green surface, while the positively (85%) and negatively (15%) charged electrostatic fields are shown in B as blue
and red transparent surfaces, respectively. The hydrophobic (85%) and hydrophilic (15%) molecular fields (C) are given as
transparent yellow and orange surfaces, respectively. In D, the ligand’s donor field (70%) is depicted as a transparent cyan surface,
while the acceptor field (80%) in E is shown in magenta.
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in the blue region 1. In the less potent (S)-14, the
trichloromethyl group obviously withdraws much elec-
tron density from the carbonyl moiety and to some
extent also from the aromatic ring, leaving the red
regions 2 and 4 almost unoccupied, while the electron
rich trichloromethyl is adversely oriented toward the
blue region 1.

In Figure 4C, orange and yellow contours highlight
areas where hydrophilic and hydrophobic properties are
preferred, respectively. The yellow isopleth 1 encloses
the center of the s-systems, as some rather potent
compounds (18, 19, 21—-24, 26, 27) have lipophilic fields
in this area. Various polar amino and hydroxyl functions
in ligands with enhanced binding affinity ((S)-16, (S)-
17, 18, 22—26) are responsible for the large orange
isopleth 2, while the small isopleth 3 is mostly deter-
mined by heteroaromatic nitrogens in the ligands 19,
21, 26, or 27. Another orange isocontour (4) is located
at and above the protonated amine and is primarily
originated from corresponding hydrophilic fields in 19
and 21—27. For example, the less potent (S)-12 exhibits
one lipophilic field beside the aromatic moiety and
around the phenyl group of the benzoyl substituent and
one hydrophilic field around the carbonyl, the het-
eroaromatic nitrogen, and the protonated amine. As the
lipophilic field unfavorably penetrates the orange re-
gions 2 and 3 and the hydrophilic field falsely occupies
the yellow region 1, whereas it only partially overlaps
the orange field 4, the impaired affinity can be ex-
plained. In contrast, the hydrophilic and hydrophobic
fields of the highly potent ligand 21 agree quite well
with the required contribution maps in region 1, 3, and
4.

The cyan isocontours 1 and 2 besides the aromatic
ring in Figure 4D denote regions where proton acceptors
are expected in the receptor, and thus, a hydrogen-bond-
donating substituent should direct to these regions,
whereas they should not direct to the adjacent purple
regions 5 and 6. Surrounded on the distant site of the
ligands by the purple isocontour 4, the small cyan
isocontour 3 reveals the protonated amine as a ubiqui-
tous hydrogen-bond donor that in every ligand needs
to be strictly oriented to its Asp3.32 counterpart in the
receptor. Displacement of the protonated amine, for
example due to bulky substituents at the aromatic
system, results in an attenuation of this hydrogen-bond
interaction and, hence, to a loss of the ligand affinity.
For example, the weakly binding (R)-16 shows a
displaced donor field at the protonated amine, reaching
into the disallowed region 4, while not even fully
including the favorable region 3. Additionally, both
putative hydroxyl orientations of the hydroxyimino-
methyl substituent do not fit any of the preferential
regions 1 or 2. In contrast, the amino function of
quinelorane (26) directs simultaneously to both regions
1 and 2 and also places its donor field of the protonated
amine almost exclusively in the favorable region 3, while
only sparsely touching the forbidden region 4.

In the contour plot for the hydrogen-bond-acceptor
properties (Figure 4E), two areas (1 and 2) highlighted
in magenta represent regions where hydrogen-bond
donors are expected on the receptor site. Therefore,
placement of acceptor functions of the ligands directing
to these magenta isopleths is correlated with enhanced
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receptor binding, whereas acceptor functions directing
to one of the red isopleths (3 or 4) implicate decrease of
affinity. These findings are illustrated by the weakly
binding (R)-17, for which the acceptor field of its oxime
nitrogen shows only marginal intersection with the
favorable magenta isopleth 1 but overlap with the
unfavorable red region 3. Contrarily, the acceptor field
of the potent agonist 7-OH-DPAT (22) exhibits a perfect
fit to the magenta isopleth 1, which allows for a partial
explanation of the ligand’s high affinity.

Modeling of the Corresponding D; Binding Site.
Modeling the active state of G protein-coupled receptors
still is an unsolved challenge, due to the limited
experimental data available to date.3! To gain at least
a schematic model of the agonist bound active state of
the D3 receptor binding site, we tried to exploit our
CoMFA and CoMSIA fields, representing the binding
specific properties of a diverse set of D3 agonists.
Utilizing this structural information, the binding site
of our refined D3 homology model, which meets several
characteristics typically ascribed to the inactive state,
should be transformed into an activated conformation.32
For this purpose, the transmembrane helices 6 and 7
(TM6/TM7) were rotated 30°045° around their indi-
vidual helical axes in the direction of TM5, and their
orientation in terms of the interhelical angles toward
the other helices was slightly adjusted afterward. In
addition, some adaptations within the side chain tor-
sions of residues located in the binding site had to be
made. Performing these modifications, we were able to
derive a model of the binding site in the active state of
the D3 receptor closely matching the CoMFA and
CoMSIA information (Figure 5).

An overlay of the steric CoMFA field with the receptor
model A reveals that the yellow forbidden isopleths 1
and 2, which delimit the sideward extension of the
compounds, correspond to the serine residues in position
5.42 and 5.46 on one side and an aromatic interface
between TM3 and TM7 formed by Tyr7.43 and Phe3.28
on the opposite side. The yellow isopleth 3 above the
molecules is occupied by His6.55 in the receptor, which
is obstructing the ligand’s passage to the extracellular
medium. In consequence of the rotation of TM6 around
its helical axis, PHE6.51 is positioned parallel to the
expanded aromatic system of the ligands, allowing for
putative m-stacking interactions. This placement of
PHEG6.51 explains the forbidden yellow region 4, because
ligands occupying this region clash with this residue or,
when displacing it, necessarily impair the favorable
s—am-interactions. The green CoMFA isopleths 5 and 6,
indeed, are found to be unoccupied on the receptor site.
Only the hydroxyl function of Ser5.42 and an associated
water molecule next to SER5.46, which is inserted due
to the hydrogen-bonding CoMSIA fields discussed below,
are placed in region 5 and 6. However, Ser5.42 easily
opens up the required space for region 5 by changing to
another yj-rotameric state. Likewise, the water associ-
ated with Ser5.46 will be displaced without difficulty,
if required by a bulky substituent. The other side of the
green isopleth 6 is defined by Cys3.36, which also
defines the bottom of the binding pocket.

An identical overlay of the electrostatic CoMFA fields
with the receptor model B elucidates that the red
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Figure 5. Modified receptor structure overlaid with the steric (A) and electrostatic (B) CoMFA, as well as the hydrogen-bond
donor and acceptor CoMSIA contribution plot (C). Upper depictions show the receptor from within the membrane plane, and
lower depictions show a perspective from the extracellular medium onto the receptor. Contribution plot contours are presented
in agreement with previous figures. Only the section of the receptor containing the binding site and those residues that are
directly interacting with the ligands are displayed. The residues are numbered according to the Ballesteros—Weinstein scheme.*°

isopleths 1 and 2, which indicate preference for electron-
rich fragments of the ligand, are determined by the
hydrogen attached to the e-nitrogen of His6.55 and the
hydrogen of the Ser5.42 hydroxyl group. The orientation
of the oxygens in the hydroxyl group of Ser5.42 and
Ser5.46 is found to be accountable for the large blue
isopleth 3.

Superimposing the CoMSIA hydrogen-bond-donor and
-acceptor fields with the receptor model C discloses good

agreement with the findings for the electrostatic CoMFA
field. The larger magenta isopleth 1 complies with the
proton-donating effects of His6.55 and Ser5.42, while
the small magenta isopleth 2 is consistent with an
associated water molecule fixed between Ser5.46 and
Cys3.36. Additionally, the proton acceptor features of
the oxygens in Ser5.42 and Ser5.46 account for the cyan
isopleths 1 and 2. The small cyan isopleth 3 perfectly
fits to the position of Asp3.32.
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Conclusion

On the basis of our recently reported potent D3 ligand
(S)-9 (FAUC 54), extended SAR investigations of 34
7-aminotetrahydroindolizines and 10 classical dopam-
inergics are presented. Considering the structural fea-
tures of both series of enantiomers, we developed a novel
alignment hypothesis for D3 agonists, allowing for the
placement of the aromatic moiety on two alternative,
adjacent positions. COMFA and CoMSIA analyses were
performed, yielding significant cross-validated g2 values
of 0.726 and 0.590, respectively, when our newly in-
vented program application IRAS proved to be useful
to determine compounds, for which the alignment could
be improved using the rigid field fit method. Using a
test set of eight compounds, we evaluated the predictive
performance of the models on “external ligands”, dem-
onstrating their applicability by a mean predictive r2
of 0.652 for the CoMFA and 0.573 for the CoMSIA
model. Applying appropriate adaptations to transform
the binding site of a D3 homology model into an agonist-
bound active state, we obtained highly complementary
regions between the receptor and our COMFA/CoMSIA

A Fs38

H6.55

Figure 6. Conceptual illustration of the D3 receptor agonist
binding site, viewed from the membrane plane (A) and from
the extracellular medium (B). The extended aromatic system
is represented by the abstract indene symbol inferred from
the indole partial-structure of the template pergolide. Two
yellow spheres within the schematic indene indicate the
alternative placement possibilities of a single aromatic system
in the ligand. Cyan and magenta spheres denote areas where
hydrogen-bond donors and acceptors should be located on the
ligand site, respectively. The single cyan sphere next to
Asp3.32 marks the protonated amine, which is required to be
found in each agonist. Two yellow cones proximate to this cyan
sphere represent the hydrophobic side chains.
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contour maps. This achievement provided the opportu-
nity to interpret our QSAR investigations in terms of
real ligand—receptor interactions and to infer the cor-
responding binding mode postulations. The most rel-
evant findings are outlined in the conceptual Figure 6.
All ligands form a reinforced ionic bond between their
protonated amine (cyan sphere) and Asp3.32 in the
receptor and are anchored with at least one alkyl side
chain (yellow cones) in a primarily hydrophobic cavity.
The binding site crevice is delimited on one side by
serine residues in TM5 and on the other side by an
aromatic interface between TM3 and TM7 formed by
Phe3.28 and Tyr7.43. The cavity bottom is defined by
Cys3.36, while the passage from the cavity to the
extracellular medium is obstructed by His6.55. Parallel
to the aromatic system of the ligands, Phe6.51 borders
the binding pocket and provides favorable m-stacking
interactions, while on the opposite side the cavity is
restricted by Val3.33. In our model, the ligands are
tightly embedded by primarily hydrophobic residues,
except for Ser5.42, Ser5.46, and His6.55, which are able
to form various hydrogen-bonding interactions. There-
fore, under ideal conditions, substituents at the different
aromatic moieties can occupy up to two donor (cyan
spheres) and two acceptor (magenta spheres) positions.
With respect to (S)-9, the ligand gains affinity by
accepting a hydrogen bond, donated by His6.55, with
its formyl substituent. As a final conclusion, the com-
bination of CoOMFA and CoMSIA as purely ligand-based
methods with structure-based homology modeling is
capable of both enhancing the interpretability of the
QSAR data and contributing to the construction of
activated GPCR binding site models.

Experimental Section

Structure Generation and Conformational Analysis.
Molecular Modeling and QSAR investigations were performed
using primarily Sybyl6.7/6.93% and Tsar3.23* on Silicon Graph-
ics Indigo2 and Octane2 workstations. A training set of 44 D3
ligands complemented by a test set of eight ligands was used
for all COMFA and CoMSIA analyses (Charts 1 and 2, Table
1). Under physiological conditions, all of these ligands are
expected to be protonated at the tertiary amine function and,
hence, all were modeled in this protonated state. The tetrahy-
droindolizine core structure (R)-1 and all literature compounds
were generated using the Sybyl fragment library and initially
minimized by applying the standard TRIPOS force field® with
Gasteiger—Hiickel charges.?® Subsequently, these 11 struc-
tures were subjected to an extensive random torsional search
(energy cutoff, 10.0 kcal-mol~1; rms threshold, 0.2 A; max hits,
8; max iterations, 5000; chirality check; extracyclic and non-
terminal bonds were defined as rotatable) in order to explore
their conformational space efficiently. Using hierarchical
cluster analysis, the obtained conformations were classified
into five distinct families for every ligand. The lowest energy
structure from each of these families, enriched by the 10 most
favorable structures of all remaining conformers regardless
of their family affiliation, were selected for subsequent semiem-
pirical refinement. The AM1 Hamiltonian within Vamp3” was
employed to optimize all 15 conformations of each ligand,
allowing selection among the resulting, suitable structures
based upon their calculated heats of formation (AHy). As we
can presume that the propyl side chain, which is attached to
the protonated amine in almost all the ligands, is most likely
interacting with the same part of the binding pocket, all
conformations were checked for a common low-energy rota-
meric state of this propyl side chain. Thus, conformers with a
gauche 77 (torsion around the N—C bond), a fully staggered 2
(torsion around the following C—C bond), and the most
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Scheme 3. NMR-Based Evidence for the Preference of
the s-Trans Isomer in FAUC 54 and Synthetic Strategy
To Stabilize the Bioactive Conformation in 11—-17

s-trans s-Cis

FAUC 54

\/\N/\/
-»H

\/\N/\/
“LH

favorable AHy were chosen. Due to its application as an
alignment template, pergolide (21) was further structurally
refined by ab initio calculations. Following preminimization
with HF/3-21G*, the molecule was optimized on a B3LYP/
6-311G* level of density functional theory.

After the optimized structure of (R)-1 was inverted to yield
its (S)-enantiomer, we generated the various substituted
ATHIs (2—17 and 28—30) by modifying the particular unsub-
stituted enantiomer, utilizing again the Sybyl fragment library
to build the functional groups. Holding the already AM1-
optimized core structure rigid as an aggregate within Sybyl,
the conformational space of the substituents was sampled with
Grid or random torsional searches. NMR investigations on
(S)-9 (FAUC 54) have revealed strong NOE between the
formyl hydrogen and the pyrrole hydrogen in position 2, as
well as substantial downfield shifts (0.7 ppm) of the equatorial
hydrogen in position 5, caused by the anisotropy of the
carbonyl moiety (Scheme 3). Corresponding to these findings,
the s-trans isomer is favored by a difference in AHy of more
than 5 kcal-mol~!. Considering that this s-trans preference also
affects the bioactive conformation of (S)-9,% the analogues 11—
17 were designed to exclude the occupation of the s-cis state
completely by causing intense steric intramolecular clashes.
Thus, in all searches this torsional degree of freedom was
restricted from the first. Again, the best 10 structures were
subjected to AM1 optimizations in VAMP, which allowed us
to distinguish between several low-energy conformers based
on AH;.

For quinpirole (27), the 1H/2H-tautomerism in the pyrazole
ring has decisive influence on the putative electrostatic and
H-bond interaction pattern. Therefore, we calculated the
energy difference between both tautomers on successive ab
initio levels of theory. The 1.56 kcal-mol~! energy gap found
in favor of the 2H-form in a HF/6-31G(d) calculation was
almost identical (1.59 kcal-mol™!) when enhancing the basis
set to 6-311G(d,p). Using second-order Mgller—Plesset per-
turbation (MP2/6-311G(d,p)), the gap further increased to 2.47
kcal-mol . Finally, we considered solvation effects by applying
a self-consistent reaction field (SCRF) based on the isodensity
polarized continuum model (IPCM) upon a HF/6-31+G(d,p)
calculation. Again, the gap was enhanced, indicating with a
more favorable energy of 6.86 kcal-mol~' the undoubted
preference of the 2H-tautomer.

Alignment. Finding a suitable alignment is probably the
most crucial step to establish a 3D-QSAR model successfully.
For D; and Ds receptor agonists a “classical” alignment
hypothesis (A;) has been proposed?®3° that requires the
aromatic moiety of each ligand to be superimposed on one
center (1), as well as the protonated amine to be consistently
positioned and oriented (Scheme 4). For our dataset, only the
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Scheme 4¢. Classical (A1), Novel (Ay), and Inverted (B)
Alignment Hypotheses

@ The classical alignment (A1), which is typically used for (S)-
series-like molecules, postulates one common aromatic system (;)
with several H-bond donors and acceptors attached to it (putative
positions indicated by blue double-headed arrows). The novel
alignment (Ag) allows superimposition of the aromatic moieties
on two alternative aromatic systems ((R)-like molecules on 7! and
(S)-like molecules on 772). The five green and red dots in the middle
depictions indicate atoms used to generate an initial simple atom
fit alignment based on hypothesis Ag. Additionally, a third,
theoretical alignment (B) can be defined by orienting both enan-
tiomers identically.

latter postulation is actually applicable, as the protonated
amine is expected to be interacting with the conserved Asp in
position 3.32 in all aminergic receptors.’ Thus, the N—H-bond
should be directing to an identical point in space for all ligands,
demonstrating the ability to form a “reinforced ionic bond”.
The “classical” alignment has been used primarily with ago-
nists showing a stereochemistry that corresponds to the (S)-
ATHI series, such as the literature compounds apomorphine
(18), pramipexole (25), quinelorane (26), and quinpirole (27),
whereas it cannot produce similarly suitable superpositions
for compounds corresponding to the (R)-series, like 7-OH-
DPAT (22), 3-PPP (23), or PD128907 (24). We obtained
significantly better alignments by switching from a single
aromatic center 7 to two alternative aromatic centers, 7! and
7?2 (Ay). The idea for this alignment principle was derived from
the substantial binding affinities of (R)-lisuride (19) and
pergolide (21), which demonstrate that the receptor easily
tolerates placement of aromatic moieties in position 7!, 72, or
even both. Furthermore, the areas of hydrogen-bond interac-
tions (indicated by blue double-headed arrows in Scheme 4)
are shifted from #2 to 7! in Ay. On the basis of this novel
hypothesis, we generated an initial alignment, using a simple
rmsd-minimizing atom-fit procedure of the atoms indicated.
Choosing 24 and (S)-9 as representative members of the
training set, the As alignment on 21 is depicted in Figure 7.

In principle, a third theoretical alignment is conceivable by
orienting both enantiomers identically, despite their opposite
stereochemistry (B). Consequently, the orientation similarity
of the protonated amine and the superposition of the cyclic
tetrahydroindolizine structure cannot be optimal at the same
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Figure 7. Overlay of PD128907 (24) and FAUC 54 ((S)-9) on
pergolide (21) shown in their final IRAS alignment. (S)-9 and
24 are aligned on alternative aromatic moieties (7! and 7?) of
21 but share the placement of the carbonyl and hydroxyl
oxygen, respectively. The hydrogens attached to the protonated
amine, which are supposed to interact with Asp3.32 in the
receptor, are marked by spherical representations to point out
their identical orientation.

time. Following this alternative model to generate an initial
alignment, no significant CoOMFA model (g% < 0.5) was found
when applying the same procedure as described herein for the
favored alignment Ay. Thus, we abandoned the alternative
alignment hypothesis B.

To refine this coarse alignment involving molecular similar-
ity aspects, it was used as an input for the Tsar?**-module Asp,*!
which enabled us to perform an alignment by comparison of
steric overlap and molecular electrostatic potentials. First,
Vespa charges?? were calculated for all molecules using the
semiempirical program package Vamp. These atom-centered
partial charges, which are obtained by a fit of the electronic
wave function to the atomic positions, have the advantage that
the anisotropy of the electron distribution around the molecule,
in particular for aromatic systems, is described very well.

To quantify the relative orientation of two molecules, a
combined similarity index based on the Carbo index for
electrostatics*® and a shape similarity index to account for
steric differences was evaluated (with both indices weighted
equally) using three Gaussian functions for integration. This
combined index was then optimized by overlaying the centroids
of the molecules and performing a full translational and
orientational search of each rigid comparison molecule relative
to the lead compound pergolide (21) by systematically rotating
around the Cartesian x-, y-, and z-axes in 10° steps. For each
new orientation, a Simplex algorithm in combination with
simulated annealing directs the six degrees of freedom to an
alignment with optimal similarity.*! Finally, the orientation
and placement of each ligand on the template 21 with the
highest score revealed by this search algorithm was chosen to
yield the Tsar-based alignment (TBA). Although this align-
ment proved to be useful in first CoOMFA approaches regarding
the application of Advanced CoMFA H-bond fields, no signifi-
cant regular CoOMFA results involving steric and electrostatic
interaction fields could be obtained (g2, = 0.36; five compo-
nents).

Thus, a rigid field fit (RFF) as implemented in Sybyl was
performed for each molecule in its Tsar-based alignment on
the steric and electrostatic COMFA fields of 21. It should be
noted that, in contrast to the more frequently used flexible
field fit, the carefully determined conformation of the ligands
is completely maintained. As the field fit routine uses a
gradient method to find the closest local optimum, only minor
to moderate displacement of the ligands (rmsd 0.05—2.05 A)
could be observed. Albeit the full RFF-alignment only slightly
improved the significance of the model (g%, = 0.44; seven
components), interestingly, detailed inspections revealed that
some ligands seem to enhance the model quality, when being
realigned with RFF, while others impair it.

Considering that systematic variation of 44 training set
molecules in two alignment states requires more than 17.5 x
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102 calculations, we employed the self-written Spl** protocol
IRAS (iterative restriction of alignment selection) to determine
the favorable alignment state of each ligand. Within IRAS,
mixed alignments are built by probability-based selection of
an alignment state for each ligand and evaluated using their
CoMFA model performance, calculated as the cross-validated
g*value, as a fitness function. After taking 100 mixed align-
ment samples, the probability to select alignments with a
superior performance is augmented for the subsequent sam-
pling. Using this sequence of probability-based sampling,
evaluation of the preferential alignment and adjustment of the
probabilities was repeated in 15 iterations. Over the total
number of 1500 evaluated mixed alignments, the range of
model significance was enhanced successively to a g%, > 0.7.
A comparison of the investigator time between our approach
and a more standard one involving “manual iterations”
indicates that setting up one IRAS run takes a few hours and
the run itself required about 1—2 days computation time for
our test set on a regular single-processor workstation, whereas
a manual systematic variation with >10'2 combinations is
obviously not conceivable. A more detailed description of IRAS
can be found in the Supporting Information. Thus, we obtained
a superior IRAS-alignment, which we used for 3D-QSAR
analyses, subsequently.

CoMFA and CoMSIA. The descriptive steric and electro-
static components of the CoOMFA?” intermolecular interaction
field were calculated as implemented in SYBYL using Coulomb
and Lennard-Jones potentials, respectively. A distance-de-
pendent dielectric constant (1/r) was chosen, and the maximum
field values were truncated to 30 kcal-mol~! for the steric and
+50 kcal'mol™! for the electrostatic interaction energies,
applying a smooth transition to the cutoff plateau. The analysis
was performed using a sp® carbon probe (C.3, charge +1.0)
positioned at the lattice points (1 A increment) of a regular
grid. It was dimensioned to ensure that the distance of all
atoms to the grid borders was at least 4 A. Additionally, Bchm
et al. attributed the dependence of the g2, on the grid spacing
and the positioning of the molecules within the lattice to the
shape and steepness of the hyperbolic Lennard-Jones and
Coulomb potentials.?> As a consequence, increasing the lattice
space also enhances the probability to lose important contribu-
tions to the PLS analysis, due to the required arbitrary fixation
of the cutoff values. Thus, enlarging the increment to 1.5 or
2.0 A impaired the quality of the model, as anticipated. To
account for possible problems of the analysis arising from the
absolute placement of the molecules within the grid space, it
is useful to translate and/or rotate the entire data set within
the lattice. Employing the APS (all placement search) script
of Wang et al.,?® the position of all molecules in the data set
was systematically translated in steps of 0.1 A in each
direction along the x-, y-, and z-axis without changing their
relative orientation. After each of 10° steps of translational
displacement, the PLS analysis was repeated, giving a detailed
insight into the positional dependence and robustness of the
CoMFA.

The five physicochemical properties for COMSIA?® (steric,
electrostatic, hydrophobic, and hydrogen-bond donor and ac-
ceptor) were evaluated using a common probe atom with 1 A
radius, +1.0 charge, and hydrophobicity and hydrogen-bond
property values of + 1. The attenuation factor a, which
determines the steepness of the Gaussian function, was
assigned a default value of 0.3.2° To allow for comparison
between CoMFA and CoMSIA results, the APS-optimized grid
box coordinates were used for the final models of both methods.

With the Partial Least Squares (PLS) technique, regression
equations were obtained, explaining differences in the target
properties (pK; values) from differences in the interaction field
data. To check the statistical significance of the models, cross-
validations by the “leave-one-out” (LOO) method were per-
formed. The optimal number of components was determined
by the smallest predicted error sum of squares, sprrss. This
value, which does not necessarily correspond to the highest
g%, was used to derive the final QSAR model. In addition to
the unfiltered data (0mm = 0.0 kcal'mol™!), further PLS
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analyses were done considering only columns with a standard
deviation of more than oy, = 1.0 and 5.0 keal-mol !, resulting
in approximately 14% and 3.5% of the original data to be used,
respectively. Although the field values in CoMSIA are not
given by physical but by arbitrary units, a comparable column
filtering effect was achieved by application of these omin values.
It should be noted that, besides a substantial decrease in
calculation time, noise reduction is the main reason for this
column filtering. Another way to reduce the random, but cross-
correlated, “brown noise” in the data matrix is region focus-
ing,%56 a selective reweighting of the grid points in a region.
Thus, we used the quite robust and generally recommended
grid point-specific PLS parameter discriminant power with a
default exponential factor of 0.3 in this procedure and obtained
enhanced models, summarized with the previous ones in Table
3. The g2, sprrss, %, and S values were calculated as defined
in Sybyl.

Receptor Binding and Functional Assays. Dopamine
receptor binding profiles were evaluated in comparison to the
data of the reference compounds pramipexole and quinpirole
(Table 2 and Supporting Information). D; and Dy receptor
binding utilizing native dopamine receptors was measured in
competition experiments with bovine striatal membrane prepa-
rations employing the D; and Ds selective radioligands [*H]-
SCH23390 and [*H]spiperone, respectively.*” The affinities to
the human Doiong, Dashort,*® Ds3,*® and D, receptors were
determined by utilizing membranes of Chinese hamster ovary
cells stably expressing the different subtype of dopamine
receptor and the radioligand [*H]spiperone. Nonlinear regres-
sion analysis of the appropriate dose—response curves resulted
in K; values for antagonists or high and low K; values for
agonists. This differentiation was accomplished by calculation
of the Hill slope and analyzing the best fit for a monophasic
or a biphasic curve representing the binding of an antagonist
to the low affinity binding site or of an agonist to the high-
and low-affinity binding site of the receptor, respectively.

The most promising compounds, (S)-9 and (S)-10, and the
references pramipexole (25) and quinpirole (27) were further
evaluated in a functional test measuring the stimulation of
cell division induced by agonists (Table 2). This mitogenesis
assay is based on the receptor-mediated stimulation of the
incorporation of [*H]thymidine into growing cells affording
ECs5 data and the amount of intrinsic activity relative to the
reference quinpirole (=100%).5!

(S)-7-Dipropylamino-5,6,7,8-tetrahydroindolizine-3-
carbonitrile ((S)-10). To a solution of (S)-9% (58 mg, 0.234
mmol) in formic acid (1.5 mL) was added hydroxylamine
hydrochloride (34 mg, 0.49 mmol) and the mixture was
refluxed for 45 min. After cooling to room temperature, ice
water (10 mL), 5 N NaOH, and diethyl ether were added. The
organic layer was dried (MgSO,) and evaporated and the
residue was purified by flash chromatography (benzene/ethyl
acetate 4:1) to give pure (S)-10 (33 mg, 58%) as a colorless
oil. [a]?’p = —34.2° (¢ 0.8, CHCl3). 'H NMR (CDCl;, 360
MHz): 6 0.88 (t,J = 7.4 Hz, 6H), 1.45 (sext, J = 7.4 Hz, 4H),
1.92 (dddd, J = 12.9, 12.3, 11.7, 5.5 Hz, 1H), 2.11-2.19 (m,
1H), 2.41-2.51 (m, 4H), 2.66 (dd, J = 16.1, 11.3 Hz, 1H), 2.95
(ddd, = 16.1, 4.8, 1.7 Hz, 1H), 3.04 (dddd, J = 11.7, 11.3,
4.8, 2.8 Hz, 1H), 3.90 (ddd, J = 12.3, 12.3, 4.4 Hz, 1H), 4.30
(ddd, J = 12.3, 5.5, 2.4 Hz, 1H), 5.87 (d, J = 3.8 Hz, 1H), 6.75
(d, J = 3.8 Hz, 1H). EIMS (70 eV) m/z: 245 (M"). Anal.
(C15H2sN3): C, H, N. Starting from (R)-9, (R)-10 [[a]??p =
+32.9° (¢ 0.8, CHCl3)] was prepared under the same reaction
conditions.

(S)-1-(7-Dipropylamino-5,6,7,8-tetrahydroindolizin-3-
yDethanone ((S)-11). To a suspension of AICl; (61 mg, 0.46
mmol) in 1,2-dichloroethane (5 mL) was added acetyl chloride
(33 uL, 0.45 mmol) at 0 °C. After 10 min, a solution of (S)-122
(20 mg, 0.09 mmol) in 1,2-dichloroethane (2 mL) was added
and stirring was continued under reflux for 22 h. After being
cooled to room temperature and addition of ice water and 2 N
NaOH, the mixture was extracted with diethyl ether (30 mL)
and the organic layer was dried (MgSO,4) and evaporated. The
residue was purified by flash chromatography (petroleum
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ether/ethyl acetate 4:1 to petroleum ether/ethyl acetate 1:1)
to give pure (S)-11 (14 mg, 58%) as a colorless oil. [a]?*’p =
—25.3° (¢ = 0.375). 'TH NMR (CDCls, 360 MHz): 6 0.88 (t,J =
7.3 Hz, 6H), 1.46 (sext, J = 7.3 Hz, 4H), 1.82 (dddd, J = 12.5,
12.5,12.5, 5.7 Hz, 1H), 2.06—2.15 (m, 1H), 2.38 (s, 3H), 2.41—
2.50 (m, 4H), 2.70 (dd, J = 16.6, 11.5 Hz, 1H), 2.91-3.07 (m,
2H), 4.02 (ddd, J = 12.5, 12.5, 4.6 Hz, 1H), 4.87 (ddd, J = 12.5,
5.7, 2.3 Hz, 1H), 5.90 (d, J = 4.1 Hz, 1H), 6.93 (d, J = 4.1 Hz,
1H). 3C NMR (CDCl;, 90 MHz): ¢ 11.81, 21.83, 26.56, 26.89,
27.12, 46.22, 52.41, 53.94, 106.76, 120.23, 129.54, 138.99,
187.46. EIMS m/z: 262. Anal. (C16H2N20): C, H, N. Starting
from (R)-1, (R)-11 [[a]?’p = +26.4° (¢ 0.25)] was prepared
under the same reaction conditions.
(S)-(7-Dipropylamino-5,6,7,8-tetrahydroindolizin-3-yl)-
phenylmethanone ((S)-12). To a suspension of AICl3 (91 mg,
0.68 mmol) in 1,2-dichloroethane (8 mL) was added benzoyl
chloride (76 uL, 0.68 mmol) at 0 °C. After 10 min, a solution
of (S)-1%2 (30 mg, 0.14 mmol) in 1,2-dichloroethane (2 mL) was
added and stirring was continued under reflux for 24 h. After
being cooled to room temperature and addition of ice water
and 2 N NaOH, the mixture was extracted with diethyl ether
(30 mL) and the organic layer was dried (MgSOs) and
evaporated. The residue was purified by flash chromatography
(dichloromethane/methanol 9:1) to give pure (S)-12 (5 mg,
23%) as a yellow oil. [0]2°p = —92.0° (¢ 0.25). 'TH NMR (CDCls;,
360 MHz): 6 0. 89 (t,J = 7.3 Hz, 6H), 1.48 (sext, J = 7.3 Hz,
4H), 1.89 (dddd, J = 12.3, 12.3, 11.4, 5.3 Hz, 1H), 2.12—-2.22
(m, 1H), 2.42—2.56 (m, 4H), 2.77 (dd, J = 16.3, 11.0 Hz, 1H),
2.98-3.15 (m, 2H), 4.23 (ddd, J = 14.2, 11.4, 4.6 Hz, 1H), 4.94
(ddd, J = 14.2, 5.3, 2.5 Hz, 1H), 5.93 (d, J = 4.2 Hz, 1H), 6.71
(d, J = 4.2 Hz, 1H), 7.39-7.53 (m, 3H), 7.73—7.78 (m, 2H).
EIMS m/z: 324. HRMS: m/z caled for Co1HsN2O 324.2202,
found 324.2207. Starting from (R)-1, (R)-12 [[a]?*’p = +94.6°
(c 0.43)] was prepared under the same reaction conditions.
(S)-1-(7-Dipropylamino-5,6,7,8-tetrahydroindolizin-3-
yD-2,2,2-trifluorethanone ((S)-13). To a suspension of AlCls
(696 mg, 5.2 mmol) in dichloromethane (20 mL) was added
trifluoroacidic acid anhydride (2.27 mL, 16.4 mmol) at 0 °C.
After 20 min, a solution of (S)-122 (180 mg, 0.8 mmol) in
dichloromethane (10 mL) was added and stirring was contin-
ued at room temperature for 3 h. After addition of ice water
and 2 N NaOH, the mixture was extracted with dichloro-
methane (75 mL) and the organic layer was dried (MgSO,)
and evaporated. The residue was purified by flash chroma-
tography (petroleum ether/ethyl acetate 4:1 to petroleum ether/
ethyl acetate 1:1) to give pure (S)-13 (193 mg, 75%) as a
colorless oil. [0]?°p = —26.4° (¢ 0.62). 'H NMR (CDCl3, 360
MHz): 6 0.89 (t,J = 7.3 Hz, 6H), 1.46 (sext, J = 7.3 Hz, 4H),
1.82 (dddd, J = 12.5, 12.5, 12.1, 5.6 Hz, 1H), 2.12—2.21 (m,
1H), 2.43—2.51 (m, 4H), 2.75 (dd, J = 17.1, 11.3 Hz, 1H), 2.96—
3.12 (m, 2H), 4.08 (ddd, J = 14.2, 12.1, 4.1 Hz, 1H), 4.83 (ddd,
J=14.2,5.6,2.4 Hz, 1H), 6.05 (d, J = 4.5 Hz, 1H), 7.17-7.21
(m, 1H). C NMR (CDCls, 63 MHz): ¢ 11.77, 21.62, 26.19,
27.39, 46.47, 52.35, 53.43, 109.58, 119.67, 123.61, 124.30,
124.37, 144.01. EIMS m/z: 316. Anal. (C16H23F3N20): C, H,
N. Starting from (R)-1, (R)-13 [[0]?p = +27.2° (¢ = 0.95)] was
prepared under the same reaction conditions.
(S)-1-(7-Dipropylamino-5,6,7,8-tetrahydroindolizin-3-
yD-2,2,2-trichlorethanone ((S)-14). To a suspension of
trichloracetyl chloride (75uL, 0.68 mmol) in diethyl ether (5
mL) was added a solution of (S)-122 (50 mg, 0.234 mmol) in
diethyl ether (10 mL) and stirring was continued under reflux
for 6 h. After addition of a saturated NasCOs, the mixture was
extracted with diethyl ether (30 mL) and the organic layer was
dried (MgSO,4) and evaporated. The residue was purified by
flash chromatography (petroleum ether/ethyl acetate 95:5,
petroleum ether/ethyl acetate 4:1) to give pure (R)-14 (62 mg,
75%) as a colorless oil. [a]?p = —21.1° (¢ 0.63). '"H NMR
(CDCls, 360 MHz): 6 0. 89 (t,J = 7.3 Hz, 6H), 1.46 (sext, J =
7.3 Hz, 4H), 1.87 (dddd, J = 12.2, 12.2, 12.1, 5.6 Hz, 1H), 2.12—
2.21 (m, 1H), 2.42—2.52 (m, 4H), 2.75 (dd, J = 17.0, 11.4 Hz,
1H), 2.96—3.12 (m, 2H), 4.09 (ddd, J = 14.2, 12.2, 5.0 Hz, 1H),
4.83 (ddd, J = 14.2, 5.6, 2.2 Hz, 1H), 6.02 (d, J = 4.4 Hz, 1H),
7.50 (d, J = 4.4 Hz, 1H). EIMS m/z: 364, 366, 368, 370. Anal.
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(C16H23N20OCls): C, H, N. Starting from (R)-1, (R)-14 [[o]%°p
= +21.9° (¢ 0.21)] was prepared under the same reaction
conditions.
(S)-7-Dipropylamino-5,6,7,8-tetrahydroindolizine-3-
carboxylic Acid Ethyl Ester ((S)-15). After reaction of
sodium (1.2 mg, 0.05 mmol) in ethanol (1 mL), a solution of
(S)-14 (62 mg, 0.17 mmol) in ethanol (9 mL) was added. After
being refluxed for 18 h, the reaction mixture was cooled to
room temperature. Then, saturated NaHCOj3; and diethyl ether
(30 mL) were added. The organic layer was dried (MgSO,4) and
evaporated and the residue was purified by flash chromatog-
raphy (petroleum ether/ethyl acetate 4:1) to give (S)-15 (28
mg, 65%) as a colorless oil. [a]?’p = —19.9° (¢ 0.29). 'TH NMR
(CDCls, 360 MHz): 6 0.88 (t,J = 7.4 Hz, 6H), 1.32 (t, J = 7.2
Hz, 3H), 1.46 (sext, J = 7.4 Hz, 4H), 1.86 (dddd, J = 12.4,
12.4,12.0, 5.5 Hz, 1H), 2.07—2.16 (m, 1H), 2.42—2.50 (m, 4H),
2.69 (dd, J = 16.3, 11.5 Hz, 1H), 2.96—3.06 (m, 2H), 3.98 (ddd,
J=13.7,12.4,4.8 Hz, 1H), 4.24 (q, J = 7.2 Hz, 2H), 4.82 (ddd,
J =138.7,5.5, 2.4 Hz, 1H), 5.87 (d, J = 4.1 Hz, 1H), 6.92 (d, J
=4.1 HZ, lH). EIMS m/z: 292. Anal. (C17H28N202)Z C, H, N.
Starting from (R)-14, (R)-15 [[a]?’p = +18.9° (¢ 0.28)] was
prepared under the same reaction conditions.
E-(S)-7-Dipropylamino-5,6,7,8-tetrahydoindolizine-3-
carbaldehyde Oxime ((S)-16) and Z-(S)-7-Dipropylamino-
5,6,7,8-tetrahydoindolizine-3-carbaldehyde Oxime ((S)-
17). To a solution of hydroxylamine hydrochloride (13 mg, 0.36
mmol) in water (2 mL) was added 2 N NaOH (90 uL, 0.18
mmol) at 0 °C. The mixture was adjusted to pH 5 by 2 N HCI.
After addition of (S)-9% (45 mg, 0.18 mmol) in ethanol (9 mL),
the mixture was refluxed for 2 h. Then, the mixture was
concentrated to 50% of the volume, and saturated NaHCO3
and diethyl ether (30 mL) were added. The organic layer was
dried (MgSO,4) and evaporated and the residue was purified
by flash chromatography (dichloromethane/methanol 98:2 to
dichloromethane/methanol 95:5) to give pure (S)-16 (21 mg,
55%) as a colorless solid (mp 104—108 °C) and, subsequently,
pure (S)-17 (11 mg, 29%) as a colorless solid (mp 138 °C).
Analytical data (S)-16: [a]*p = —13.9° (¢ 0.29). 'TH NMR
(CDCls, 360 MHz): 6 0. 89 (t,J = 7.3 Hz, 6H), 1.48 (sext, J =
7.3 Hz, 4H), 1.90 (dddd, J = 12.3, 12.3, 12.0, 5.5 Hz, 1H), 2.15—
2.25 (m, 1H), 2.38—2.56 (m, 4H), 2.70 (dd, J = 15.6, 11.4 Hz,
1H), 2.93—3.12 (m, 2H), 3.90 (ddd, J = 13.1, 12.3, 4.6 Hz, 1H),
4.54 (ddd, J = 13.1, 5.5, 2.1 Hz, 1H), 5.89 (d, J = 3.5 Hz, 1H),
6.34 (d, J = 3.5 Hz, 1H), 8.00 (s, 1H). HPLC: tg = 8.75 min
(Eurospher RP-18, aqueous NH4ClI solution (1%)/ethanol 4:1,
UV: 290 nm). UV (MeOH): Amax (nm) [log €]: 289 [4.04]. EIMS
m/z: 263. Anal. (C15H2N30): C, H, N. Starting from (R)-9,
(R)-16 [[0]?°p = +15.3° (¢ 0.55)] was prepared under the same
reaction conditions. Analytical data (S)-17: [a]?’p = —34.4°
(c 0.22). TH NMR (CDCl;, 360 MHz): 6 0. 89 (t, J = 7.3 Hz,
6H), 1.46 (sext, J = 7.3 Hz, 4H), 1.90 (dddd, J = 12.4, 12.4,
11.3, 5.7 Hz, 1H), 2.12—2.21 (m, 1H), 2.43—2.52 (m, 4H), 2.70
(dd, J = 16.0, 11.4 Hz, 1H), 2.94—3.07 (m, 2H), 3.88 (ddd, J =
12.1, 11.3, 4.6 Hz, 1H), 4.28 (ddd, J = 12.1, 5.7, 2.5 Hz, 1H),
5.99 (d,J = 3.7Hz, 1H), 7.24 (d, J = 3.7 Hz, 1H), 7.36 (s, 1H).
HPLC: ¢g = 6.75 min (conditions as for (S)-16). UV (MeOH):
Amax (nm) [log €]: 293 [4.28]. HRMS: m/z caled for C15H25N30
263.1998, found 263.1989. Starting from (R)-9, (R)-17 [[a]*°p
= +35.4° (¢ 0.35)] was prepared under the same reaction
conditions.
(S)-7-Dipropylamino-3-phenyl-5,6,7,8-tetrahydroindoliz-
ine ((S)-28). To a solution of (S)-4-amino-2-dibenzylamino-
butanol?? (1.6 g, 2.1 mmol) and sodium acetate (5.2 g, 63 mmol)
in acidic acid (30 mL) was added a solution of 4-oxo-4-
phenylbutyraldehyde® (0.6 g, 3.7 mmol) in acidic acid (25 mL)
at room temperature. The solution was heated at 70 °C for 75
min. After evaporation, 2 N NaOH and diethyl ether were
added at 0 °C. The organic layer was evaporated and the
residue was treated with a mixture of methanol (40 mL) and
K5COs (1.5 g) dissolved in water (20 mL). After being stirred
for 24 h at room temperature, the mixture was concentrated
and extracted with diethyl ether. The organic layer was dried
(MgSO0,4) and evaporated and the residue was purified by flash
chromatography (benzene/ethyl acetate 4:1) to give (S)-2-
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dibenzylamino-4-(2-phenylpyrrol-1-yl)butan-1-ol (intermediate
1) (1.21 g, 80%) as a yellowish oil. [o]%p = +62.2° (¢ 1.0, CHCl;).
H NMR (CDCls, 360 MHz): ¢ 1.42—1.54 (m, 1H), 1.92—2.04
(m, 1H), 2.60—2.75 (m, 2H), 3.21 (d, J = 13.2 Hz, 2H), 3.22
(dd, J = 10.1, 5.5 Hz, 1H), 3.36 (dd, J = 10.1, 10.1 Hz, 1H),
3.65 (d, J = 13.2 Hz, 2H), 3.81—-4.02 (m, 2H), 6.20 (dd, J =
3.4, 1.7 Hz, 1H), 6.22 (dd, J = 3.4, 2.9 Hz, 1H), 6.70 (dd, J =
2.9,1.7 Hz, 1H), 7.09—7.15 (m, 4H), 7.19—7.43 (m, 11H). CIMS
(methane) m/z: 411 (M + 1). Anal. (CysH30N30): C, H, N. To
a solution of the intermediate I (1.1 g, 2.68 mmol) in dichloro-
methane (50 mL) was added triethylamine (360 mg, 3.56
mmol) and trifluoromethanesulfonic anhydride (873 mg, 3.09
mmol) at 0 °C. The solution was stirred at room temperature
for 24 h when another portion of triethylamine (360 mg, 3.56
mmol) and trifluoromethanesulfonic anhydride (873 mg, 3.09
mmol) was added at room temperature. After 1 h, saturated
NaHCOs; and diethyl ether were added. The organic layer was
dried (MgSO,) and evaporated and the residue was purified
by flash chromatography (benzene/diethyl ether 95:5) to give
pure (S)-7-dibenzylamino-3-phenyl-5,6,7,8-tetrahydroindoliz-
ine (intermediate II) as a colorless solid (545 mg, 52%). Mp:
46—48 °C. [a]?*p = +71.5° (¢ 0.4, CHC]l;). 'TH NMR (CDCls, 360
MHz): 6 1.92 (dddd, J = 12.1, 12.1, 12.1, 5.1 Hz, 1H), 2.10—
2.20 (m, 1H), 2.96 (dd, J = 14.9, 11.1 Hz, 1H), 3.06—3.22 (m,
2H), 3.67 (d, J = 13.7 Hz, 2H), 3.71-3.81 (m, 1H), 3.75 (d, J
= 13.7 Hz, 2H), 4.13 (ddd, J = 12.2, 5.0, 2.3 Hz, 1H), 5.93 (d,
J =3.4Hz,1H), 6.17 (d, J = 3.4 Hz, 1H), 7.15—-7.43 (m, 15H).
EIMS (70 eV) m/z: 392 (M*). Anal. (CosHosNg): C, H, N.
Intermediate II (337 mg, 0.86 mmol) and 20% Pd(OH)./C (350
mg) in ethyl acetate (30 mL) and methanol (30 mL) were
stirred at room temperature for 24 h under a balloon of
hydrogen. After filtration through Celite, the mixture was
evaporated and the residue was purified by flash chromatog-
raphy (dichloromethane/methanol 4:1) to give pure (S)-7-
amino-3-phenyl-5,6,7,8-tetrahydroindolizine (intermediate I11)
(143 mg, 79%) as a colorless solid. Mp: 170 °C (dec). [a]*p =
—10.0° (¢ 0.1, MeOH/CHC]; 1:1). 'H NMR (CD;OD/CDCl; 1:1,
360 MHz): 6 1.88 (dddd, J = 13.0, 10.7, 10.3, 5.2 Hz, 1H),
2.14—-2.25 (m, 1H), 2.70 (ddd, J = 15.6, 9.9, 0.3 Hz, 1H), 3.21
(ddd, J = 15.6, 5.1, 0.9 Hz, 1H), 3.35 (dddd, J = 10.3, 9.9, 5.1,
3.5 Hz, 1H), 3.92 (ddd, J = 12.7, 10.7, 4.6 Hz, 1H), 4.14 (ddd,
J=12.7,5.2,4.1 Hz, 1H), 5.94 (br.d, J = 3.4 Hz, 1H), 6.17 (d,
J = 3.4 Hz, 1H), 7.24—7.31 (m, 1H), 7.34—7.41 (m, 4H). EIMS
(70 eV) m/z: 212 (M*). Anal. (C14H16N2): C, H, N. To a solution
of intermediate III (55 mg, 0.26 mmol) in methanol (25 mL)
were added propionic aldehyde (150 mg, 2.58 mmol) and
sodium cyanoborohydride (32 mg, 0.51 mmol) at 0 °C. The
solution was stirred at 0 °C for 15 min and subsequently at
room temperature for 18 h and then acidified with 2 N HCI
and finally basified with saturated NaHCOs. After addition
of diethyl ether, the organic layer was dried (MgSO,4) and
evaporated and the residue was purified by flash chromatog-
raphy (benzene/ethyl acetate 4:1) to give pure (S)-28 (53 mg,
69%) as a colorless oil. [a]2%p = +32.2° (¢ 1.0, CHCl3). 'H NMR
(CDCl;, 360 MHz): 6 0.89 (t, J = 7.4 Hz, 6H), 1.47 (sext, J =
7.4 Hz, 4H), 1.84 (dddd, J = 12.2,12.2, 12.2, 5.0 Hz, 1H), 2.02—
2.11 (m, 1H), 2.41-2.53 (m, 4H), 2.78 (br.dd, J = 14.9, 10.4
Hz, 1H), 3.00—3.15 (m, 2H), 3.87 (ddd, J = 12.2, 12.2, 4.2 Hz,
1H), 4.16 (ddd, J = 12.2, 5.0, 2.5 Hz, 1H), 5.94 (br.d, J = 3.4
Hz, 1H), 6.20 (d, J = 3.4 Hz, 1H), 7.22—-7.28 (m, 1H), 7.33—
7.40 (m, 4H). EIMS (70 eV) m/z: 296 (M"). HRMS: m/z caled
for ConngQl 2962252, found 296.2263 (M+) (R)-28 [[G-]23D
= —33.3°(c 0.1, CHCI;3)] was prepared under the same reaction
conditions.
(S)-2-(7-Dipropylamino-5,6,7,8-tetrahydroindolizin-3-
ylmethylene)malonitrile ((S)-29). To a suspension of (S)-
98 (50 mg, 0.20 mmol) and malononitrile (23 mg, 0.35 mmol)
in 70% methanol (1.4 mL) was added piperidine (37 uL, 32
mg, 0.38 mmol). After being stirred at room temperature for
90 min, the mixture was concentrated and the residue was
purified by flash chromatography (benzene/ethyl acetate 4:1)
to give pure (S)-29 (41 mg, 69%) as a yellow solid. Mp: 110—
111 °C. [0]?®p = —57.7° (¢ 1.0, CHCl3). 'H NMR (CDCls, 360
MHz): 6 0.89 (t,J = 7.4 Hz, 6H), 1.45 (sext, J = 7.4 Hz, 4H),
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1.94 (dddd, J = 12.9, 11.9, 11.9, 5.4 Hz, 1H), 2.16—2.27 (m,
1H), 2.39—2.54 (m, 4H), 2.77 (dd, J = 17.5, 10.8 Hz, 1H), 2.96—
3.12 (m, 2H), 3.85 (ddd, J = 12.1, 11.9, 4.8 Hz, 1H), 4.24 (ddd,
J =12.1, 5.5, 2.7 Hz, 1H), 6.20 (d, J = 4.6 Hz, 1H), 7.39 (s,
1H), 7.65 (d, J = 4.6 Hz, 1H). EIMS (70 eV) m/z: 296 (M™).
Anal. (C1gH24Ny): C, H, N. Starting from (R)-9, (R)-29 [[a]*p
= +59.0° (c 0.4, CHCl3)] was prepared under the same reaction
conditions.

(S)-3-Dimethylaminomethyl-7-N,N-dipropylamino-
5,6,7,8-tetrahydroindolizine ((S)-30). To a solution of (S)-
98 (32 mg, 0.129 mmol) in methanol (5 mL) were added
dimethylammonium chloride (53 mg, 0.65 mmol) and sodium
cyanoborohydride (16 mg, 0.25 mmol) at 0 °C. After being
stirred at room temperature for 24 h, further portions of
dimethylammonium chloride (53 mg, 0.65 mmol) and sodium
cyanoborohydride (16 mg, 0.25 mmol) were added, and stirring
was continued for further 24 h at room temperature. After
evaporation, saturated NaHCOj3; and diethyl ether were added.
The organic layer was dried (MgSO,4) and evaporated and the
residue was purified by flash chromatography (dichloromethane/
methanol 4:1) to give pure (S)-30 (23 mg, 64%) as a colorless
oil besides starting material (9 mg). 'TH NMR (CDCls, 360
MHz): 6 0.87 (t,J = 7.4 Hz, 6H), 1.45 (sext, J = 7.4 Hz, 4H),
1.86 (dddd, J = 12.3, 12.3, 12.1, 5.4 Hz, 1H), 2.02—2.11 (m,
1H), 2.18 (s, 6H), 2.39—2.52 (m, 4H), 2.66 (br.dd, J = 14.8,
11.3 Hz, 1H), 2.89—3.05 (m, 2H), 3.25 (d, J = 13.4 Hz, 1H),
3.32 (d, J = 13.4 Hz, 1H), 3.73 (ddd, J = 12.4, 12.3, 4.8 Hz,
1H), 4.25 (ddd, J = 12.4, 5.4, 2.3 Hz, 1H), 5.75 (br.d, J = 3.1
Hz, 1H), 5.94 (d, J = 3.1 Hz, 1H). EIMS (70 eV) m/z: 277 (M™).
Anal. (C17H3:1N3): C, H, N. Starting from (R)-9, (R)-30 was
prepared under the same reaction conditions.
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