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Abstract The crystal structures of three 3-halogeno
derivatives of 13N-substituted cytisine have been deter-
mined by X-ray diffraction. The two 13-acetyl substituted
compounds, 3-bromo (1) and 3-iodo (2) are isostructural,
with the isostructurality index as high as 99%. They both
crystallize in monoclinic P2, space group, with unit cell
parameters of a = 8.4709(10) A, b = 9.2266(12) A, ¢ =
8.6051(10) A, f = 98.528(11)° (1) and a = 8.2322(6) A,
b = 9.1724(7) A, ¢ = 8.5494(6) A, = 98.181(7)° (2). In
turn, 3-bromo-13-#-butyl-carbonate derivative (3) crystal-
lizes in orthorhombic P2,2,2; space group with a =
6.8171(3) A, b = 7.8994(4) A, ¢ = 31.4657(15) A. Con-
formation of the cytisine skeleton is similar in all three
molecules, with almost planar A ring, sofa conformation of
B-ring and C ring being an almost ideal chair. However,
the orientations of the double C=0O bonds in 13N-substit-
uents are completely different: in 1 and 2 it is cis with
respect to C12 (C12-N13-C14-015 torsion angle is 3.3(4)°
in 1 and 1.3(6)° in 2) while in 3 it is trans (—175.4(3)°). In
the structures of 1 and 2 the driving force of the crystal
architecture are quite strong C—H---X halogen bonds with
C.--X distances far shorter than the sums of van der Waals
radii (C---Br in 1 is 2.9430(19) A and C--I in 2 2.974(3)).
In contrast in 3—partially as the consequence of different
orientation of the substituent—there are no halogen bon-
dings but instead some weak C—H---O contacts organize the
molecules into two-dimensional patterns.
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Introduction

Cytisine is a natural quinolizidine alkaloid found in Fab-
acea plants such as Cytisus laburnum and Laburnum
anagyroides [1].

For many years cytisine has been used for smoking
cessation in central and eastern European countries [2, 3].
It is a partial agonist at the 242 nAChR. Cytisine also
shows high affinity for other nAChR subtypes, but the
therapeutic consequence of them is unknown. These
receptors have been identified as promising targets for the
treatment of several neurological disorders, such as Par-
kinson’s and Alzheimer’s diseases, Tourette’s syndrome,
dyskinesias, schizophrenia, anxiety, attention deficit dis-
order, and pain [4-6]. Additionally, this natural compound
was found to decrease nicotine-induced extra cellular
dopamine release in the nucleus accumbens [7], and was
shown to reduce ethanol drinking behaviors in mice or rats
[8, 9] and ethanol-induced dopamine and its metabolite
[10]. Therefore, nicotinic ligands could be developed as
potential therapeutic candidates for binge-like ethanol
drinking and dependence in humans.

Recent interest in the chemistry of cytisine (1) has been
growing because of a lack of understanding as to the
molecular basis of this underpinning partial agonist profile.
In terms of analogues, manipulation of cytisine itself is
readily achievable at C3 and C5, C10, and N12 [11-20] but
interest in cytisine as a target for total synthesis has also
been significant as well as the synthesis of cytisine deriv-
atives [21, 22].

In this context, in the present work we have attempted
to analyze the structures of cytisine derivatives halogenated
at C3 position (Scheme 1): 3-bromo-N-acetylcytisine
(1), 3-iodo-N-acetylcytisine (2) and 3-bromo-cytisine-N-t-
butylcarbonylate (N-boc-3bromocytisine) (3) [15, 23, 24].
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This side is favorable for binding to 042 nAChRs [22].  modified by Szafrariski and Kubicki [26] show that in this
We believe that together with biological research our work  case the degree of isostructurality is very high. The iso-
can help to understand how their structural differences are  structurality index which describes in principle the mean
responsible for their ability to bind to nicotinic receptors  difference between the positions of analogous atoms in the
and their different affinities.

Results and Discussion

Figures 1, 2 and 3 show the perspective view of the mol-
ecules 1-3, respectively. Table 1 lists some essential geo-
metrical parameters.

Two acetyl derivatives 1 and 2 are isostructural. They
crystallize in the same space groups, the unit cells are very
similar and the disposition of the molecules in the crystal
structure is almost identical. The values of the indicators of
isostructurality introduced by Kalman et al. [25] and

Fig. 2 Ellipsoid representation of molecule 2 together with the atom
labeling scheme. The ellipsoids are drawn at 50% probability level,
hydrogen atoms are depicted as spheres with arbitrary radii

1: X=Br, R=COCH3
2: X=I, R=COCHj3y
3: X=Br, R=COO(Bu)

Scheme 1  The formulae of compounds 1-3

(K)/Br3

Fig. 1 Ellipsoid representation of molecule 1 together with the atom Fig. 3 Ellipsoid representation of molecule 3 together with the atom
labeling scheme. The ellipsoids are drawn at 50% probability level, labeling scheme. The ellipsoids are drawn at 50% probability level,
hydrogen atoms are depicted as spheres with arbitrary radii hydrogen atoms are depicted as spheres with arbitrary radii
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Tableol Selected geometrical 1 2 3

data (A, °) with su’s in

parentheses N1-C2 1.407(3) 1.411(5) 1.419(4)
N1-C6 1.378(4) 1.418(8) 1.363(4)
C2-02 1.229(3) 1.211(5) 1.213(3)
C2-C3 1.445(4) 1.452(8) 1.453(3)
C3-C4 1.352(4) 1.331(8) 1.326(3)
C3-Br3 1.885(2) 1.889(3)
C3-13 2.082(3)
N12-C13 1.460(4) 1.463(5) 1.451(3)
N12-CI11 1.464(4) 1.450(5) 1.464(3)
N12-C14 1.356(4) 1.359(6) 1.354(4)
C14-015 1.228(4) 1.210(6) 1.210(3)
C6-N1-C2 123.7(2) 121.5(4) 125.0(2)
C6-N1-C10 122.4(2) 125.7(4) 123.7(3)
C2-N1-C10 113.7(2) 112.4(3) 110.6(3)
C11-N12-C13 113.9(2) 114.4(4) 113.3(3)
Cl11-N12-C14 120.6(2) 120.3(4) 124.5(3)
CI13-N12-C14 125.5(2) 125.3(4) 119.3(3)
C9-C11-N12-C14 122.8(3) 123.7(4) 105.2(4)
C11-N12-C14-015 3.3(4) 1.9(7) —175.4(3)
C11-N12-C14-C16 —176.6(3) —177.94)
C11-N12-C14-016 6.3(4)

Table 2 Intermolecular interaction data (10\, °) with su’s in
parentheses

1
C X 0 Cc-X X0 C-X--0 X--0=C
C3  Br3  OI5* 1.8852)  2.9430(19) 170.18(11)  108.64(16)
2

X o) c-X X0 C-X--0 X--0=C
G B 015  12.083(3) 2.974(3) 170.91(16)  110.23)
3
D H A D-H H-A DA D-H-A
cs H5 Br3® 093 3.16 4.035(3) 159
Cc7  H7 02> 098 247 3.140(4) 126
Cl13 HI3a 02° 097 2.59 3.138(3) 116
c9 H9  OI5 098 251 3.287(3) 136

Symmetry codes: * 1—x,—1/24y,—z ® x,—I+y,2: ¢ —I+xy,2

unit cell is almost ideal, equals to 98.9%. Of course, also
the geometrical parameters of these two molecules are
quite similar, so similar that in principle they make a good
example for the application of the normal probability dis-
tribution test [27, 28], which shows how far the differences
between two molecules can be described as statistical
only. In this case the correlation coefficient R* for bond
lengths (without the C—X bond) is 0.979 and for all bond
angles —0.963. The linear regression equations confirm
the frequently described overestimation of the standard
uncertainties by a factor of 2.

Fig. 4 The comparison of molecules 1 and 3 fitted onto their A rings
(solid lines -1, dashed lines —-3)

Therefore in further analysis we will compare the
3-bromo-N-boc derivative (3) to 3-bromo-N-acyl deriva-
tive (1) only as 3-iodo-N-acyl compound (2) is almost
identical with 1.

Overall conformations of the molecules are quite simi-
lar; the cytisine skeleton is stiff and the rings have almost
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the same shape. Interestingly, it turns out that the proton-
ation of cytosine does not change its conformation (cf. [23,
24]); such a change was observed in e.g. sparteine (for
instance, [29, 30]) or multiflorine derivatives (e.g. [31,
32]).The ring A (cf. Fig. 1) is almost planar, maximum
deviation from the least squares planes are 0.020(3) Ain1,
0.006(2) A in 2 and 0.033(2) A in 3. Rings B are all close
to the sofa conformation; the asymmetry parameters [33]
which describe the deviations of these rings from their
ideal C, symmetry are 3.3, 5.8 and 3.7°. Finally, the rings C
are almost ideal chairs, with the appropriate asymmetry
parameters AC,; and AC, not larger than 5°.

Some conformational differences between 3 on one side
and 1 and 2 on the other should be however noticed
(Fig. 4), and it turns out that these slight changes mean a
lot for the crystal packing. First, the overall shape of the
molecules can be defined by the dihedral angle between
planar ring A and an approximately planar fragment from

another site of the molecule, which is the mean plane of the
Cl11, N12, C13, C14, O15, C(O)16 fragment. This angle
differs quite significantly, it is 44.33(8)° in 3 and 55.50(9)°
in 1 [56.57(14)° in 2]. Second, the orientation of the
C14=015 double bond is defined by e.g. the torsion angle
C11-N12-C14-015, and is completely different for 3
where it is —175.4(3)° (trans) and 1 where the orientation
is cis—the value of the torsion angle is 3.3(4)° [1.3(6)° in
2].

The crystal structures of compounds 3 on one side and 1
and 2 on the other are determined by quite different weak
intermolecular interactions. This might be regarded as
another example of the competition between weak hydro-
gen bonds and so-called halogen bonds, and this competi-
tion in the present case influences the conformation of a
side chain. In 3 there are some weak C—H:--O interactions
(Table 3), which organize molecules into a two-dimen-
sional pattern (Fig. 5). These interactions are weak, as

Table 3 Crystal data, data

. Compound
collection and structure P

refinement Formula

Formula weight
Crystal system
Space group
a(A)

b(A)

c(A)

BC)

V(A

V4

dy(g em™)
F(000)
p(mm ")

© range %)
hkl range

Reflections:
collected
Unique(R;,)

With I>26(1)

No. of parameter
Weighting scheme:
A

Flack parameter [39]
R(F) [I>26(1)]
wR(F?) [I>20(D)]
R(F) [all data]
WR(F?) [all data]
Goodness of fit
Max/min Ap (e A3

1 2 3
Ci3H13BrN2O, C13H13IN20, C16H2:BrN,O;
311.18 356.15/c 369.26
Monoclinic Monoclinic Orthorhombic
P2, P2, P2,2,2,
8.2322(6) 8.4709(10) 6.8171(3)
9.1724(7) 9.2266(12) 7.8994(4)
8.5494(6) 8.6051(10) 31.4657(15)
98.181(7) 98.528(11) 90
638.99(8) 665.12(14) 1694.46(14)
2 2 4

1.62 1.78 1.45

316 348 760

3.21 2.40 2.44
2.41-26.49 3.26-29.00 2.89-27.96
—10<h<9 —11<h<10 —8<h<7
—11<k<l11 —12<k<12 —10<k<4
—10<1<10 —11<1<11 —41<1<37
11482 10748 5768
2485(0.039) 3161(0.049) 3198(0.029)
2224 2041 1947

164 164 202

0.03 0.01 0.006
0.041(7) —0.003(8) —0.01(2)
0.025 0.035 0.034

0.055 0.043 0.034

0.029 0.068 0.068

0.056 0.045 0.036

1.111 0.990 0911
0.37/-0.24 1.09/-0.61 0.59/-0.36
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Fig. 5 The chain of molecules 1 connected by the relatively strong
C-Br---O halogen bonds (denoted as dashed lines)

o

Fig. 6 The fragment of the crystal structure of 3; with weak C-H---O
hydrogen bonds (dashed lines)

judged by their geometrical characteristics, but—Ilooking
at the crystal structure—they undoubtedly influence the
crystal structure. In the structures of 1 and 2 the driving
force of the crystal architecture are quite strong C-H---X
halogen bonds (X=Br for 1, I for 2). This kind of interac-
tion, postulated in the 1960s [34, 35] and confirmed as an
important player in the determination of the crystal struc-
ture (e.g. [36, 37] and references therein), are in principle
electrostatic interactions between a covalently bound hal-
ogen atom and the lone pair of the “acceptor” atom, and
they should be quite directional. This is exactly the case in
the crystal structures of 1 and 2, where the angles C-X-:-O
are close to 180° while the angles C=0---X suggest the
direction of the lone pair of the oxygen atom (cf. Fig. 6;
Table 2). These interactions are quite strong in 1 and 2. In
the Cambridge Structural Database (CSD, [38], version
5.33 of Nov. 2011) we have found 832 C-Br---O contacts
with Br---O distances closer than the sum of appropriate
van der Waals radii as defined by the CSD, but only less
than 50 of them are closer or comparable to the Br:---O
distance in 1 (2.9430(19) A). For iodine derivatives there
are 337 fragments with I---O distances shorter than the sum
of the van der Waals radii and only 40 closer than or equal
to the distance in 2 (2.974(3) A).

Experimental

The synthetic procedure has been described elsewhere [15,
23, 24]. Crystals appropriate for X-ray data collection were
obtained from the MeOH-EtOH (1:1) solutions by slow
evaporation at room temperature. Diffraction data were
collected at room temperature by the w-scan technique on
an Oxford Diffraction Xcalibur four-circle diffractometer
with Eos CCD-detector with graphite-monochromatized
MoK, radiation (A = 0.71073 A). The data were corrected
for Lorentz-polarization as well as for absorption effects
[39]. Accurate unit-cell parameters were determined by a
least-squares fit of 2312 (1), 5278 (2) and 4313 (3)
reflections of highest intensity, chosen from the whole
experiment. The structures were solved with SIR92 [40]
and refined with the full-matrix least-squares procedure on
F? by SHELXL97 [41]. Scattering factors incorporated in
SHELXL97 were used. The function Zw(|F,|*—|F.|*)* was
minimized, with w™'=[¢*(F,)* + (A-P)>+B-P] (P = [Max
(F2, 0) + 2F2)/3). The final values of A and B are listed
in Table 1. Anisotropic atomic displacement parameters
were refined for all non-hydrogen atoms. The hydrogen
atoms were placed in geometrically idealized positions,
and refined as rigid groups with their Ujy,’s as 1.2 or 1.5
(methyl) times Ueq of the appropriate carrier atom. The
absolute structure was assigned according to the known
parent compounds, and it was additionally confirmed by
the values of the Flack parameters [41] (Table 3). Pro-
grams XP [42] and Mercury [43] were used for graphic
representations, used in figures. Relevant crystal data are
listed in Table 1, together with refinement details.

Crystallographic data (excluding structure factors) for
the structural analysis have been deposited with the Cam-
bridge Crystallographic Data Centre, Nos. CCDC-851253
(1), CCDC-851254 (2) and CCDC-851255 (3). Copies of
this information may be obtained free of charge from:
The Director, CCDC, 12 Union Road, Cambridge, CB2
1EZ, UK. Fax: +44(1223)336-033, e-mail:deposit@ccdc.
cam.ac.uk, or www: www.ccdc.cam.ac.uk.

Open Access This article is distributed under the terms of the
Creative Commons Attribution License which permits any use, dis-
tribution, and reproduction in any medium, provided the original
author(s) and the source are credited.
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