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Structure and conformational analysis of a biden-
tate pro-ligand, C,;H34N,S,, from powder
synchrotron diffraction data and solid-state DFTB

calculations

The molecular and crystalline structure of ethyl
1'2'.3' 4 4a’,5' 6’7 -octahydrodispiro[cyclohexane-1,2"-quina-
zoline-4’,1”-cyclohexane]-8'-carbodithioate (I) was solved and
refined from powder synchrotron X-ray diffraction data. The
initial model for the structural solution in direct space using
the simulated annealing algorithm implemented in DASH
[David et al. (2006). J. Appl. Cryst. 39, 910-915] was obtained
performing a conformational study on the fused six-
membered rings of the octahydroquinazoline system and the
two spiran cyclohexane rings of (I). The best model was
chosen using experimental evidence from 'H and *C NMR
[Contreras et al. (2001). J. Heterocycl. Chem. 38, 1223-1225] in
combination with semi-empirical AM1 calculations. In the
refined structure the two spiran rings have the chair
conformation, while both of the fused rings in the octahy-
droquinazoline system have half-chair conformations
compared with in-vacuum density-functional theory (DFT)
B3LYP/6-311G*, DFTB (density-functional tight-binding)
theoretical calculations in the solid state and other related
structures from X-ray diffraction data. Compound (I) presents
weak intramolecular hydrogen bonds of the type N—H- - -S
and C—H- - -S, which produce delocalization of the electron
density in the generated rings described by graph symbols S(6)
and S(5). Packing of the molecules is dominated by van der
Waals interactions.

1. Introduction

Metal centers of Cu" in plastocyanin or azurin (Roat-Malone,
2002), Ni'' in nickel hydrogenase (Kain & Schwederski, 1994)
and Zn" in the so-called ‘zinc finger’ proteins involved in the
activation and regulation of the DNA transcription (Auld,
2001) have pseudo-tetrahedral coordination with the metal
atom surrounded by ligands containing two N atoms and two S
atoms as donor groups. Recently, a series of bidentate
nitrogen—sulfur pro-ligands of the type [NS]'~ were designed
and synthesized with the purpose of introducing structural
modifications that favor site distortions which approach the
entatic state characteristic of the metalloprotein systems
mentioned above (Contreras et al., 2001, 2005, 2006). Some of
these new pro-ligands were obtained as powders (Avila et al.,
2008). Here we report the molecular and crystalline structure
of ethyl 1'2'3'4'4a’ 5 6'7-octahydrodispiro[cyclohexane-
1,2’-quinazoline-4’,1"-cyclohexane]-8'-carbodithioate (I)
solved and refined from synchrotron X-ray powder diffraction
data.
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Table 1
AM]1 qualitative enthalpies of formation for the different conformers of
(D), and the value of Xproe (Xpawiey = 8-660) of the best solution for each
conformer obtained with the direct space simulated annealing program
DASH.

Initial model molecular for (I) AM1 SA
No. A B C D AH; (K mol™) o
1 Half-chair ~ Half-chair  syn syn —44.271 243

2 Half-chair  Half-chair  syn anti  —69.723 212

3 Half-chair ~ Half-chair  anti  anti —70.594 40

4 Half-chair ~ Half-chair  anti  syn —43.463 140

5 Half-chair  Boat syn syn —36.370 234

6 Half-chair  Boat syn anti  —71.243 251

7 Half-chair ~ Boat anti  anti  —63.221 110

8 Half-chair  Boat anti  syn —35.739 162

2. Experimental
2.1. General information

The UV-vis spectrum in a CH,Cl, solution of (I) was
recorded on a Shimadzu UV-vis UVmini-1240 spectro-
photometer. The FTIR spectrum (5000-400 cm ') was taken
in KBr pellets on a Fourier transform PE 1725X spectro-
photometer. Room-temperature "H and >*C NMR spectra in
CDClI; solutions were recorded on a Bruker Avance DRX
400 MHz spectrometer. The mass spectrum was obtained
using a Hewlett—Packard System 5988A GC-MS spectrometer
using electronic impact ionization.

2.2. Synthesis of (I)

Carboxydithio  dispirotetracyclohexane  acid (6.8 g,
0.019 mol) synthesized as described in Contreras et al. (2001)
was placed in a beaker containing a 100 ml solution of NaOH
2N, and allowed to stir for 24 h to obtain a suspension. The
suspension was placed in a thermostatic bath between 263 and
268 K. Diethylsulfate (5.8 ml, 0.044 mol) was added dropwise,
and the mixture stirred for 2 h. A yellow solid was collected by
suction. Rectangular microcrystals were obtained by slow
evaporation of the recrystallization solvent dioxane, giving a
40% overall yield. Melting point: 350.8-351.4 K. The diagram
shows labeling of the various rings in the molecular structure
of (I). Mass spectroscopy (MS) data using electronic ioniza-
tion showed P+, m/z (I %): CyiH3uN,S,, 378.2 (12%). NMR
data (CDCl;, 400 MHz) (8, p.p.m.): g 14.87 (N—H, s, 1H);
3.19 (m, 2H);2.90 (dd, 1H, J, = 14.8,J,=4.3); 2.45 (td, 1H, J, =
14.6 and J, = 5.4);2.33 (t,1H,J=7.4); 2,16 (dd, 1H,J, =119y
J, =5.7); 1.91-1.09 (m, 26 H); § C 196.1 (—C=S), 161.4 (N—
C=C-), 113.6 N—C=C—), 67.9,53.2,48.1, 41.9, 41.5, 40.2,
37.8,28.7,28.2,27.4,26.5,25.7,24.5,22.4,21.9, 21.5, 20.6, 12.95.
UV-vis data (CH,Cl,) [A (nm), ¢ (M~ ecm™")]: 240.6 (5519),
319.7 (10 139), 401.1 (26 147). FTIR data (KBr pellet) [A,
cm L s = strong, m = medium, w = weak, br = broad]: V(N—
Hprigge)s 3449 m, br; v(N—Hge), 3282m; v(C=C) +
V,(C=N), 1588s; v(C=C), 1477 m; vs(C=N) + v,(C=Y),
1365 m; v,(S—CH,—), 1273 m; p-CH,, 946 w; v,(CSS—), 911
w; 1(CSS—), 778 w.

9

1IN NH S HN NI

1) NaOH (2N), stir, 24 h B H J
_
SH S
2) Cool (263 (0 268 K), o
diethylsulfate, stir, 2 h
M

2.3. X-ray crystallography

X-ray powder diffraction data were collected with the high-
resolution powder X-ray diffractometer on beamline ID31 at
ESRF (Fitch, 2004), using X-rays with a wavelength of
0.80098 (5) A. In order to obtain a homogeneous powder, a
small amount of (I) was lightly ground with a pestle in an agate
mortar and introduced into a 1.0 mm diameter borosilicate
glass capillary, mounted on the axis of the diffractometer and
spun during measurements. Data were collected and normal-
ized against monitor counts and detector efficiencies and
rebinned into steps of 260 = 0.003°.

The auto-indexing program DICVOL (Boultif & Lotier,
2004) indexed the diffraction pattern in a monoclinic cell, with
cell parameters a = 21.7356 (4), b = 10.0565 (2), ¢ =
9.4511 (2) A, and B = 99.9602 (8)° (refined) and figures of
merit M, = 65.5 (de Wolff, 1968) and F,, = 385.6 (0.0016, 33;
Smith & Snyder, 1979). Systematic absences unequivocally
assigned the space group as P2;/n (No. 14).

In order to solve the structure, the simulated annealing
method implemented in the program DASH3.0 (David et al.,
2006) was chosen. However, a key step in any structural
solution by this method is to access a molecular model whose
conformation matches as closely as possible that of the
molecule whose crystal structure is to be found. In the case of
this study, this step required a thorough analysis of all the
conformers arising from the different arrangements adopted
by the spiro cyclohexane rings (C and D) and the unsaturated
fused cyclohexene ring (B). Ring A was restricted to adopt a
half-chair conformation as confirmed by the analysis of the
uni- and bi-dimensional "H and *C NMR spectra (Contreras
et al., 2001). Table 1 contains the resulting eight models and
the nomenclature used to distinguish them. To optimize the
proposed structures, theoretical AM1 (Dewar et al., 1995)
calculations were run using the program PC Spartan Plus
(Deppmeier et al., 2002). Note that AM1 is in general an
adequate theoretical tool for conformational analysis (Pop et
al., 2002; Munro & Camp, 2003: Munro & Mariah, 2004). In
the models ring B adopts either the boat or half-chair
conformations. On the other hand, C and D are spiro rings and
therefore can only adopt the chair conformation as seen in 30
related spiro cyclohexane rings found in the Cambridge
Structural Database (CSD; Allen, 2002). The combination of
all these conformations gives rise to only two conformers.
However, the spatial orientation of the C and D rings in
relation to the octahydroquinazolidine system had to be taken
into account and, hence, eight conformers have been consid-
ered (see Table 1). The description of the nomenclature used
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Table 2

Experimental details.

Crystal data

Chemical formula

M,

Crystal system, space group
Temperature (K)

a, b, c (A)

B()

V (A%

Z

Radiation type .
Wavelength of incident radiation (A)
p (mm—1)

Specimen form, size (mm)

Specimen preparation temperature
X)

Data collection
Diffractometer
Specimen mounting
Scan method
Data-collection mode
Absorption correction
26 values (°)

Refinement
Refinement on

Ry, Ryps Rexps Rp2, X
Excluded region(s)
Profile function

No. of parameters
No. of restraints
H-atom treatment
(A/G)max

Extinction method
Preferred orientation correction

C51H34N,S,

378.64

Monoclinic, P2,/n

298

21.7356 (4), 10.0565 (2), 9.4510 (2)

99.9602 (8)

2034.72 (7)

4

Synchrotron radiation

0.80098 (5)

0.00

Cylinder (particle morphology: thin
powder), 40.0 x 1.0 x 1.0

298

Beamline ID31

Borosilicate glass capillary

Step

Transmission

None

20min = 3.00, 20, = 50.00, 26, =
0.003

Intensity

0.044, 0.054, 0.024, 0.1263, 5.29
None

Pseudo-Voigt

127

186

Constrained

0.05

None

Spherical harmonic

Computer programs used: DASH (David et al., 2006), GSAS (Larson & Von Dreele,
2007), EXPGUI (Toby, 2001), DIAMOND 2.1e (Brandenburg, 2001), GSAS2CIF (Toby
et al., 2003), PLATON (Spek, 2009), pubICIF (Westrip, 2009).

in Table 1 is as follows: the syn—syn notation corresponds to
bonds C9—C10 and C12—C13 in ring C, C14—C15 and C17—
C18 in ring D being perpendicular to bonds C1 —N1 and C2—
C8 of ring B. Likewise, the anti—anti notation corresponds to
bonds C9—C10 and C12—C13 in ring C, C14—C15 and C17—
C18 in ring D being parallel to bonds C1—N1 and C2—C8 of
ring B, respectively. Crossover conformations also exist, syn—
anti and anti-syn. All these conformations are shown in Fig. 1.

Once all the models were constructed, each one was
introduced into DASH (David et al, 2006) as a z-matrix,
allowing the model to have six external and three internal
degrees of freedom. Each of the runs took 5h on a regular
Pentium 4 Dual-Core PC desktop. The preliminary Pawley
(1981) refinement routine of the program extracted 596
unique reflections in the 26 range 3.005-30.355° from the
powder diffraction data affording a figure of merit X%awley =
8.660. The solution of the crystal structure was obtained after
running the simulated annealing routine with a termination
criterion of x2, = 3 X12>aw1ey in order to reduce the number of
solutions. The conformer anti—anti with ring A adopting the
half-chair conformation afforded the structural solution with a
Xprofite Of 40, approximately 5 times xp,,, (see Table 1). The

structure was refined with the Rietveld (1969) program GSAS
(Larson & Von Dreele, 2007) using the graphical interface
EXPGUI (Toby, 2001).

The H atoms were placed in calculated positions with
restricted geometries using the HFIX command of the
program SHELXL (Sheldrick, 2008). The peak shapes were
modeled using the pseudo-Voigt peak shape function 4
(Thompson et al., 1987), which included the axial divergence
correction at low angle (Finger ez al., 1994) and the anisotropic
line-shape broadening model (Stephens, 1999). Background
was initially determined manually and then modeled using the
Chebyshev polynomial function. Restraints were applied to
bond distances (deviations =+ 0.01 A) and bond angles
(deviations =+ 1°) using average values derived with the
program MOGUL1.1 (Bruno et al., 2004) run on the CSD
(Allen, 2002). Restraints involving H atoms were kept tight
with deviations for bond distances and bond angles set at
+0.005 A and £ 1°.

The isotropic atomic displacement parameters were refined
as one overall Ui, for the non-H atoms starting from a value
of 0.03 A2. The isotropic displacement coefficients of each of
the H atoms were refined as 1.3 times the value of the
temperature factor of their riding non-H atom. The refinement
was stable and convergence was readily achieved.

Finally, to inquire if the diffraction data contain systematic
errors or if modeling of the peaks shapes and background was
correct, a refinement without a model (Le Bail et al., 1988) was
conducted. The Le Bail refinement produced excellent
agreement factors: R, = 0.031, R,,, = 0.038, and X2 = 2.588,
which do not differ greatly from the Rietveld agreement
factors: (with background/without background) R/R;, = 0.044/
0.048, Ryp/Ry,, = 0.054/0.059, R.yp = 0.024, Rp» = 0.1263 (1374
reflections) and X2 = 5.307; therefore, the problems described

I B 15 lz c17
Cl C ——Cl — .
c137 \NZ/ ~—Ci3 C|3/ \Nz/ \ cl8 A
»Cl5
o) c14| D Ic9 Cl4

anti-anti anti-syn
(a) ()
@ @
i“ i’* NI s
Cl2
\CB/CI\ /CZ\CIS CIZNCIJ/C]\ /C2\C]x—cl7
clg /™ \ Acno /T \ CISA
\cg c14| D \cg 1™
C a7 C D
CIs
syn-anti Syn-syn
© (d)

Figure 1

Schematic representation of the nomenclature used to describe the
spatial disposition of rings C and D towards the octahydroquinazolidine
system. The conformation of ring A, which can be half-chair or boat, is
not shown. The configuration anti-anti with ring A as a half-chair led to
the crystal structural solution with the lowest x}.oge-
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T relaxation iterative optimizations
of the wavefunctions. The
Monkhorst-Pack scheme
(Monkhorst & Pack, 1976), using

- the  supercell-folding routine
contained in the program DFTB+.
A posteriori dispersion corrections
for the van der Waals interactions
were applied (Elstner et al., 2000,
2001).

Atomic-coordinate-only optimi-
zations of (I) were performed in a
supercell with P1 symmetry using

LI I B B LR UR] LN LR L]

B | 'y T

L L

e o -

. as the initial geometry the experi-
mental cell parameters and atomic
positions obtained from the X-ray

I powder  diffraction  Rietveld

Figure 2

Final observed (points), calculated (lines) and difference profiles of the Rietveld plot for (I). The vertical
scale of the 10.2 and 16.0° portions of the profiles has been multiplied by a factor of 25 and 35,

respectively.

above were ruled out. Residuals in the last Fourier map were
+0.37 and —0.47 ¢ A7,

Fig. 2 shows the final Rietveld plot, while Table 2 displays
experimental details for the data collection, structural solution
and the Rietveld refinement.

2.4. Theoretical calculations

2.4.1. Solid-state DFTB calculations. The DFTB approx-
imation (Porezag et al., 1995; Elstner et al., 1998) is a tool for
the electronic structure simulation of systems with many
atoms (up to 1000), particularly in periodic three-dimensional
systems such as crystals. To determine the total energy and the
inter-atomic forces for a given set of atomic positions, the
calculations are based on the approximation of two-center
pairs with a non-orthogonal basis set for the matrix elements
of H°. Therefore, the generalized eigenvalues and eigenvec-
tors problem is computed by the explicit evaluation of the
elements of the matrix of the overlap integrals S; = (¢;|9;)S;;
and Hamiltonians H; = (cpi|H°|g0j). The |g;) basis sets are
eigenfunctions from density-functional theory/local density
approximation (DFT/LDA) calculations of a single atom in a
confined potential (Eschrig, 1988).

Self-consistent periodic DFTB calculations on (I) were
performed using the DFTB+ program (Elstner et al., 1998,
http://www.dftb-plus.info/) with the mio-0-1 set of parameters
(http://www.dftb.org/). The following input parameters were
used: DFT/LDA potentials (Porezag et al., 1995), Broyden
mixer in the self-consistent part and conjugate gradient

! Supplementary data for this paper are available from the TUCr electronic
archives (Reference: ZB5006). Services for accessing these data are described
at the back of the journal.

refinement. The structure was
evaluated and compared with the
structure obtained from X-ray
powder diffraction.

2.4.2. Density-functional calcu-
lations. DFT quantum chemical
calculations were performed with
Becke’s three-parameter hybrid
functional (Becke, 1993) and the correlation functional of Lee
et al. (1988) using the 6-311G* basis set, B3SLYP/6-311G*. All
calculations were carried out using the GAUSSIANO3 (Revi-
sion B.02) suite of programs (Frisch et al., 2003).

3. Results and discussion
3.1. Molecular conformation of (1)

Fig. 3 shows the molecular structure and the atom labeling
of (I). The structure is basically built up from a rigid octa-
hydroquinazolidine two-ring system (A and B); joined in
positions 2 (C1) and 4 (C2) by two spiro cyclohexane rings (C

Figure 3
The asymmetric unit of (I) showing the atom-labeling scheme.

642 Edward E. Avila et al. - Bidentate pro-ligand, C,1H34N,S,
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Table 3

Relevant bond distances (A), bond angles (°) and torsion angles (°) for (I) from X-ray compared with solid-state DFTB and in-vacuum DFT calculations,
and averages derived from related structures using MOGUL1.1.

A(XRD/  A(XRD/  A(XRD/  A(DFTB/  A(DFTB/  A(DFT/

XRD DFTB DFT MOGUL  DFTB) DFT) Mogul) DFT) Mogul) Mogul)
S1—C19 1717 (6) 1701 1.697 1.66 (2) 0.016 0.020 0.057 0.004 0.041 0.037
S2—C19 1721 (6)  1.788 1.803 174 (2) —0.067 —0.082 —0.019 —0.014 0.048 0.063
S2—C20 1787 (5)  1.838 1.829 1.81 (1) —0.051 —0.042 —0.023 0.009 0.027 0.019
N1—Cl1 1456 (6) 1452 1.468 147 (1) 0.004 —0.012 —0.014 —0.016 —0.018 —0.002
N1—C7 1330 (6) 1338 1.337 134 (3) —0.007 —0.007 —0.010 0.001 —0.003 —0.003
N2—Cl1 1.440 (5) 1450 1.472 1.46 (2) —0.010 —0.032 —0.020 —0.022 —0.010 0.012
N2—C2 1459 (5) 1462 1.484 148 (2) —0.003 —0.025 —0.021 —0.022 —0.018 0.004
C2—C8 1529 (6)  1.545 1.562 1.55 (1) —0.016 —0.033 —0.021 —0.017 —0.005 0.012
C3—C4 1502 (5) 1507 1522 153 (2) —0.004 —0.020 —0.028 —0.016 —0.024 —0.008
c3—C8 1520 (5)  1.522 1522 1.53 (1) —0.002 —0.002 —0.010 —0.001 —0.008 —0.008
C4—Cs5 1489 (5) 1515 1525 152 (2) —0.026 —0.036 —0.031 —0.009 —0.005 0.005
C5—C6 1499 (5) 1516 1528 151 (1) —0.017 —0.029 —0.006 —0.012 0.011 0.023
C6—C19 1438 (7) 1430 1.431 1.433 (7) 0.008 0.007 0.005 —0.001 —0.003 —0.002
C6—C7 1416 (6)  1.420 1.409 135 (3) —0.004 0.007 0.066 0.011 0.070 0.059
C7—C8 1490 (6)  1.508 1527 150 (1) —0.018 —0.037 —0.010 —0.020 0.008 0.027
c20—C21 1488 (4)  1.508 1.526 1.50 (5) —0.021 —0.039 —0.034 —0.018 —0.013 0.005
C1—C9 1533(5) 1535 1.556 1.529 (6) —0.002 —0.023 0.004 —0.021 0.006 0.027
C1—Cl13 1542 (5) 1537 1.545 1.529 (6) 0.005 —0.003 0.013 —0.009 0.008 0.016
C19—S2—C20 1047 (3) 10647 105.83 104.1 (8) 18 —1.1 0.6 0.6 24 1.7
Cl—N1—C7 1268 (4) 12807 125.02 120 (4) -13 18 6.8 31 8.1 50
Cl—N2—C2 1180 (4)  119.88 119.18 119 (3) —-19 -12 -1.0 0.7 0.9 02
N2—Cl1—Cl13 107.4 (3) 10847 110.05 109 (1) 1.1 —27 —-16 —-16 -05 11
N1—C1—Cl13 1058 (4) 10745 106.95 109 (1) 17 -12 —32 0.5 —-16 2.1
N1—C1—N2 1125(3) 11081 111.46 108 (2) 1.7 1.0 45 0.7 2.8 35
N1—C1—C9 1081 (4)  107.58 109.43 109 (1) 0.5 —-13 —0.9 19 —14 0.4
N2—C1—C9 1141 (3) 11394 110.51 109 (1) 02 36 51 34 49 15
N2—C2—C8 1100 (3)  106.87 107.42 108 (1) 3.1 2.6 2.0 —0.6 —1.1 —0.6
N2—C2—Cl4 1131 (3) 11347 107.33 109 (1) —04 5.8 41 6.1 45 -17
N2—C2—CI8 1024 (3) 10651 111.62 109 (1) —41 —92 —6.6 -51 25 2.6
C4—C3—C8 1056 (3) 10852 109.95 111 (2) —-29 —44 —54 —14 25 1.1
C3—C4—C5 109.0 (3)  110.79 110.04 111 3) -18 —-1.0 —20 0.8 —02 1.0
C4—C5—C6 1155(3) 11571 113.78 111 (2) —02 1.7 45 1.9 47 28
C5—C6—C7 1187 (4) 11913 118.78 119 (3) —0.1 02 0.0 0.4 0.1 —02
C5—C6—Cl19 1147 (4)  115.89 118.01 118 (4) -12 -33 33 —2.1 2.1 0.0
C7—C6—C19 1263 (4) 12496 123.82 - 13 25 - 1.1 - -
N1—C7—C6 1200 (4) 12077 12375 123 (2) —038 -38 —3.0 —30 —22 08
C6—C7—C8 121.0 (4) 12177 12353 122.9 (7) 0.8 25 -19 18 1.1 0.6
N1—C7—C8 1187 (4) 11740 112.68 1157 (5) 13 6.0 3.0 47 1.7 —-3.0
C2—C8—C3 1170 (3) 11423 114.93 114 (2) 2.8 2.1 3.0 —-0.7 02 0.9
C2—-C8—C7 1116 (3) 11246 109.19 110 (2) —-0.9 24 1.6 33 25 —038
C3—C8—C7 1111 (3) 11050 113.96 108 (2) 0.6 —29 3.1 -35 25 7.0
S1—C19—C6 1242 (4) 12821 12831 126.1 (7) —40 —41 -19 —0.1 2.1 22
S2—C19—C6 1165 (4) 11405 112.82 113 (1) 25 37 35 12 1.0 —02
S1—C19—S2 1190 (3)  117.74 118.87 122 (2) 13 0.1 —3.0 —1.1 —43 -31
S2—C20—C21 1121 (3) 11261 114.26 1132 (2) -05 —22 1.1 -17 —0.6 11
C7—C6—C19—S1 14.9 8.2 -5.0 - - - - - - -
C20—S2—C19—S1 -1.0 —-15 2.0 - - - - - - -
C20—S2—C19—C6 —174.8 —1799  —1775 - - - - - - -
C19—S2—C20—C21 913 833 85.7 - - - - - - -

and D), and in position 8 (C6) by a carbodithioate group.
Table 3 shows selected bond distances, bond angles and
torsion angles for (I) compared with those obtained from in-
vacuum DFT B3LYP/6-311G* calculations, solid-state DFTB
calculations, and with averages found with MOGULI1.1
(Bruno et al., 2004) in searches based on related structural
fragments run on the CSD (Allen, 2002). A detailed look at
Table 3 shows the molecular structure of (I) obtained from
powder X-ray diffraction data agrees very well with the solid-
state DFTB calculations, with the average deviation for bond
distances being 0.012 A (largest deviations = +0.016 and
—0.067 A), for bond angles the average deviation is 0.37°

(largest deviations = +3.1 and —4.0°). The correctness of the
geometry of the refined molecule is also confirmed when it is
compared with the MOGUL1.1 average distances and angles.
For bond distances, the average deviation is 0.006 A (largest
deviations = +0.066 and —0.034) and for bond angles, the
average deviation is 0.27° (largest deviations = +0.80 and
—6.60°). When the Rietveld refined molecule is compared
with the in-vacuum DFT optimized molecule, slightly larger
deviations are observed, particularly associated with angles
N2—C2—C18 and N2—C2—Cl14. These differences in
angular values confirmed the slightly different orientation
adopted by the spiran ring D in the in-vacuum molecule, which
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Table 4

Intramolecular hydrogen bonds in (I).

D—H---A H---A (A) D---A (A) D—H---A (°)
N1—H11. 81 2.04 2.900 (5) 147
C5—H52.--S2 242 2.837 (5) 104
C20—H201- - -S1 2.46 3.016 (4) 115

inclines towards the octahydroquinazoline system most likely
due to a repulsive electronic effect associated with the N2 lone
pair.

Conformations of rings A, B, C and D were evaluated under
the criteria described by Griffin et al. (1984). Rings A and B
were confirmed to adopt the distorted half-chair conformation
as shown by the C; mirror plane passing through atoms C3 and
C6, in ring A, and N1 and C2, in ring B, with values for AC, =
14.0 (6) and 3.0 (5)°. The spiro rings C and D adopt chair
conformations since they also display mirror planes passing
through atoms C10 and C13 with AC, = 2.1 (3)°, and C4 and
C17 with AC; = 2.9 (3)°, correspondingly; additionally both
rings have C, binary axes passing through the midpoints of
bonds C10—C11 and C1—C13 for ring C with AC, =2.9 (3)°,
C14—C15 and C17—CI18 for ring D with AC, = 1.2 (4)°.

The mixed hybridization states of atoms C6, C7 (sp*) and
C3, C4, C5, C8 (sp”) make ring A very asymmetric. Average
bond distances are: Csp>—Csp” = 1.416 (6) A, Csp*>—Csp® =
1.49 (1) A, Csp®—Csp® =1.50 2) A, which are in the range of
the averages obtained from a search in the CSD (Allen, 2002)
using MOGULI1.1 (Bruno et al., 2004): 1.39 (6), 1.50 (3) and
1.52 (3) A. On the other hand, the average bond angles for
ring A are: Csp>—Csp>—Csp® = 119.9 (8), Csp*>—Csp®—Csp?
= 113.3 (7), Csp’—Csp®—Csp® = 107.3 (6)°, which agree well
with average bond angles in related structures obtained with
MOGUL 1.1: 123 (4), 122 (4) and 111 (3)°.

For similar reasons ring B is asymmetric. Atoms C7 and N1
are spz, while atoms C1, N2, C2 and C8 are sp3. The average
bond distances are: Nsp>—Csp” = 1.330 (6) A, Nsp®—Csp?
1.450 (1), Nsp*—Csp® = 1.456(6) and Csp’—Csp® =
1.529 (6) A. The average bond angles are: Csp®—Nsp®—Csp
=126.8 (4), Nsp*>—Csp>—Csp® = 106.9 (8), Nsp® —Csp>—Csp®
=109 (2)°, which within the s. u. match those found in related
structures using MOGUL1.1: 123 (4), 111 (3) and 111 (3)°.

The S1—C19 bond distance, of the thione group, and the
two S—C bond distances of the thioester group, S2—C19 and
S2—C20, are 1.717 (6), 1.721 (6) and 1.787 (5) A. These values
agree with those found in related carbodithioates found in the
CSD: N,N'-bis(2-amino-1-cyclopentencarbodithioate)
(MEAMPT10; Sarkar & Gupta, 1981), N,N’-(3,6-diazaoc-
tane)-bis(2-amino-1-cyclopentencarbodithioate) methyl
(BEJYUK10; Sarkar & Gupta, 1982a), N,N’-diethylamino-
bis(2-amino-1-cyclopentencarbodithioate) methyl (BIBSUA;
Sarkar & Gupta, 1982b), (R)-bis(N-phenylethyl-2-amino-1-
cyclopentenmercaptomethyl  disulfur (GUDSUT; Cea-
Olivares et al., 1999), 2,2'-(propan-1,3-diyldiimino)bis(cyclo-
pent-1-en-1-carbodithioate) dibenzyl (SAZJOT, Contreras et
al., 2006) and cycloheptanspiro-3'(4'H)-6',7',8',9'-tetra-
hydrocyclohexa[b][1,4]thiazole-2'(5'H)-thione (Avila et al.,

[

2008). Additionally, the carbodithioate group is almost planar
as illustrated by the torsion angle C7—C6—C19—S1 being
close to 14.9°. On the other hand, the torsion angle C19—S2—
C20—C21 is 91.3 (5)°, which indicates that the ethyl substi-
tuent is perpendicular to the plane described by S1, C19, S2,
C7 and C6.

3.2. Intramolecular hydrogen bonding in (I)

Compound (I) displays intramolecular hydrogen bonds of
the type N—H---S and C—H- - -§, whose geometric descrip-
tions are given in Table 4. The formation of such hydrogen
bonds (see Fig. 4) was previously reported by Contreras et al.
(2006), giving rise to cycles of six and five members and
described by the graph symbols S(6) and S(5) (Etter, 1990).
These cycles stabilize the hydrogen-bond formation due to
electronic charge-density delocalization amongst the atoms
S1, C19, C6, C7, N1, H1 and S1, C19, S2. These findings are
consistent with the reported FTIR spectra of (I) (Contreras et
al., 2004), which display two types of asymmetric stretching
bands, uN—H:

(i) a weak and broad band at 3449 cm™' assigned to the
secondary amine participating in the N1—H1---S1 hydrogen
bond;

(ii) a narrow band with intermediate intensity at 3282 cm
assigned to the secondary amine N2—H2.

There are essentially two factors which are responsible for the
formation of these intramolecular hydrogen bonds. Firstly, the
planarity of the S(6) ring system formed by the atoms S1,C19,
C1, C2, N1 and H1 with deviations from planarity being less
than +0.2 A. Secondly, the relocation of electron charge
density over the S(6) ring as shown by the Mulliken charges
over the atoms derived from the theoretical DFTB calcula-
tions, which are shown in Fig. 4; atoms S1, N1 and C6 are
negatively charged, while H1 and C7 are positively charged. S1
becomes an acceptor of H atoms and hence favoring the
S1---H1 hydrogen bond. The S(5) ring is less planar and the
delocalized electron density is only significant through S1—
C19—S2. To explore the possibility of the formation of the

-1

+0.2287

-0.1678 -0.5503
NI Hl""~s1---""Hzo1

+0.0843

PR
e

SRGI RS 0

C7 . C19
% +02175N~'/ \

+0.1878 ~C6

-0.1776 -0. 1677

A

Figure 4

Diagram showing the relocation of electron charge density over ring S(6)
and S(5) that favor the formation of intramolecular hydrogen bonds in
(I). Mulliken charges over the atoms were calculated from DFTB.
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C—H- - -S hydrogen bond which closes the S(5) ring (see Fig.
4), density-functional calculations were performed using a
B3LYP/6-311G* level using the GAUSSIANO3 program
(Frisch et al., 2003) on an isolated molecule of (I). We varied
stepwise the C19—S2—C20—H201 torsion angle between 0
and 360°, in steps of 45°, optimizing at each step all the other
geometrical parameters. There are two energy barriers, one
between the minima of H201 and H202, and the other through
the methyl group. The first energy barrier is of 0.42 kJ mol ™",
while the other is of 2.51 kJ mol . From these values we can
conclude that in vacuum there is free rotation of the methyl
group around the S2—C20 bond; therefore, the electrostatic
interaction between H201 and S2, essential for the hydrogen-
bond formation, is negligible, which we expect will be the case
in the crystal. However, in the crystal the frozen orientation of
these groups has geometrical distances and angles which
comply with those of a hydrogen bond, and correspond to the
minimum energy of the in-vacuum DFT and solid-state DFTB
calculations. Previously, in articles (Contreras et al., 2006; Hou
et al., 2008; Tamasi et al., 2009) involving N,S ligands these
types of weak interaction have been acknowledged as
hydrogen bonds, without any theoretical analysis.

3.3. Crystal packing

The crystal packing of (I) is dominated entirely by van der
Waals interactions, in which corrugated layers of molecules
alternatively oriented in the opposite direction along [100]
pack along [010]. Fig. 5 shows how the concavity of molecules
from successive layers complements each other to make an
efficient packing with 68.1% of occupied space (Spek, 2009).
Structural overlay of the crystal packing from powder X-ray
data and from the DFTB solid-state theoretical calculations
showed excellent agreement, with atom position r.m.s. being
less than 0.060 A.

4. Conclusions

From synchrotron powder diffraction data, the molecular
and crystal structure of ethyl 12,34’ 4a’,5',6',7-octahyd-

-

g 201

Figure 5
View of the packing of (I) molecules linked by van der Waals interactions
along the (001) direction.

rodispiro[cyclohexane-1,2'-quinazoline-4’,1"-cyclohexane]-8'-
carbodithioate (I) have been solved, which required a careful
combination of AM1 calculations and spectroscopic evidence
to construct conformational models that matched as closely as
possible that of the unknown compound. The powerful
simulated annealing minimization method was then used to
test all of the models against the diffraction data until the best
solution was obtained with the model having the anti-anti
orientation of the two spiran rings, with the hexahydropyr-
imidine ring (B) in the half-chair conformation. Later, in-
vacuum DFT B3LYP/6-311G* and DFTB theoretical calcu-
lations allowed us to confirm the experimental solution and
also to discuss the electronic and geometrical structure. We
expect this combination of theory and experiment will become
standard and will support future works concerning structural
reports of organic compounds.

We thank beamline ID31, ESREF, for providing synchrotron
radiation beam-time, the CDCHT-ULA (Subvention C-1511-
07-08-B) and the FONACIT (Project LAB-97000821 and
Subvention-200500703).
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