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Abstract

Objectives. The paper is devoted to the crystal structure characterization of 5-methyl-2-phenyl-
4H-pyrazol-3-one (compound I) and 2-(4-chlorophenyl)-5-methyl-4H-pyrazol-3-one (compound II).
Methods. Single-crystal X-ray diffraction studies and theoretical calculations: Density functional
theory and quantum theory of atoms in molecules.

Results. In the solid state, the crystal structure of compound I is characterized by the alternation
of OH and NH tautomers connected via O-H---O and N-H---N hydrogen bonds. For compound II,
the existence of chains built from the NH monomers via hydrogen bonding can be explained by
the peculiarities of cooperative effects. In the framework of quantum theory of atoms in molecules,
the following topological characteristics are calculated for all dimers: electron density, Laplacian
of electron density, density of kinetic, potential, and total energy in the critical point of the
intermolecular hydrogen bond. It is concluded that the hydrogen bond in dimers 1-4, 7 (compound I),
and 8-11 (compound II) can be assigned to the intermediate (between covalent and dispersion
types) interaction owing to hydrogen bond formation with the participation of electronegative
oxygen- (and/or nitrogen-) atoms, whereas H-bond in dimers 5 and 6 (compound I) can be
attributed to the dispersion one (no hydrogen bond formation or weak H-bond formation), and it
represents the weak interaction, being in agreement with length for intermolecular hydrogen bond
in dimers. The electron density and total energy density values demonstrate that the strongest
intermolecular H-bonds take place in dimers 1 (OH---O), 4 (OH---O), 7 (OH---N), 8 (OH---0O),
9 (NH---N), and 11 (OH---N). The results obtained for compounds I and II are compared with data
for antipyrine (1,2-dihydro-1,5-dimethyl-2-phenyl-3H-pyrazol-3-one; compound III).
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Conclusions. An important role of intermolecular hydrogen bonding in the crystal packing,
molecule association and self-organization via dimer- or more extended species formation has
been demonstrated.
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AHHOMaAuyus

IMenu. Paboma nocesaweHa paccmompeHuro ocoberHHocmell KpUCmaaiuueckozo CmpoeHust Oas
S5-memun-2-¢perun-4H-nupason-3-oxa, I, u 2-(4-xnopgperun)-5-memun-4H-nupason-3-oxa, II, 8
CcpasHeHUU ¢ pe3yslbmamamu meopemuuecKux pacuemos.

MemooubL. PermeeHocmpyKkmypHblil aHAIU3 U pacuembl 8 pAMKaxX meopul pYyHKUUOHANA NILOM-
HOCMU U K8AHMOBOI Meopuu amomos 8 MONeKYAAX.

Pesynomamet. [Ioxaszaro, umo Kpucmaanuueckas cmpykmypa I 8 meepoom azpezamHom co-
cmosiHuu xapaxmepusyemest anemepHayueiti OH u NH maymomepos, c8si3aHHbLX NoCpedCcmaom
800opoonsbix ceszelti O—-H---O u N-H---N. /Ins coeoureHus II cyugecmeosarue yenouek u3 Cesi3aH-
HbLX B000POOHOTL c8513610 MOHOMepo8 NH ob6bsicHsiemest 0coObeHHOCMSIMU KOOnepamugHblx agpgpexr-
moe u ¢ meopemuueckoli mouku 3peHus. B pamkax KeaHmosoili meopuu amomos 8 MOSeKYAaxX
(QTAIM) Onst ecex Oumepo8 8 KPUMUUECKOU MoUKe MEMNMONEKYNAIPHOU 8000POOHOU c8s3U bblau
paccuumarsl monosoeuuecKue napamempsl: IeKMpoHHASL NIOMHOCMb, LANJIACUAH 3/1eKMPOH-
HOU nJlomHoOCMu, NJIOMHOCMb KUHemMu4ecKol, NOMeHYyUAIbHOU U NoAHOU sHepauu. TlokasaHo,
umo 8000pooHast ceszb 8 oumepax 1-4, 7 (coedurerue I) u 811 (coedurerue II) omHocumes: K
83aUMO00elicmauio NPOMEIKYMOUH020 MUNA (MeXKOY KOBANEHMHBbIM U OUCNEPCUOHHBIM 83AUMO-
delicmguem) 3a cuem o0b6paszo08aHuUst 8000POOHBLX C8s3€ell C Yyuacmuem 1eKmpoompuyyamesrbHblxX
amomog Kuciopooa (u/uiu amomos azoma), a 8000pooHAsL 85136 8 oumepax 8§ u 6 (coedureHue I) —
K ducnepcuoHHOMY muny (omcymcmaeue 8000poO0HOU C8s13U UNU 0bpazosaHue craboil H-cessu) u
npedcmassnsiem coboii cnaboe 83aumoodeticmaue, umo Koppeaupyem ¢ ONUHOU MEIKMONEKYNSP-
HOUiL 8000pO0HOTL c8s13U 8 Oumepax. Ha ocHosaHuu aHanuza sHaueHull 91eKmpoHHOU NiomHocmu
U N1oMHOCMU NOJIHOU SHep2uU NOKA3AHO, YUMo Hauboslee CulbHble MeXKMmoeKyasapHole H-cesasu
peanusyromest 8 oumepax 1 (OH---O), 4 (OH---O), 7 (OH---N), 8 (OH---O), 9 (NH---N) and 11 (OH---N).
Pesynomamet, noayuerHole oas I u II, conocmasaensl ¢ 0aHHbimu oast 1,2-0ueudpo-1,5-oume-
mun-2-¢perun-3H-nupason-3-oxa, II.

Buteoout. [lokasaHa 8arKHAsL POJlb MEHKMONCKYAAPHOU 6000POOHOIL CEs3U 8 KPUCMAAUUECKOTL
ynakosKe, acCoyuayuu U cCamoopzaHu3ayuu MOSeKya.
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Knroueesvle cnoea:

aHMUNUPUH U e20 NpPous3sooHwle, S-memun-2-gpeHun-4H-nupason-3-oH,
2-(4-xnopgperun)-5-memun-4H-nupason-3-oH,

maymomepbvl, 8000pPOOHASL CB8513b, MEOPUSsL

(pyHKL,I,LLOH.CZJla rnJslomHocmu, rKeaHmoeast meopust amomos 8 MojJleKyslax, KpucmauviudecKast

cmpykmypa

Jna yumuposanua: Pyxx H.C., lamcues P.C., Ans60s JI.B., Mynpenosa C.H. CrpykTypHOE OnucaHue BOZOPOAHOMH
CBS3M B IIPOM3BOJHBIX AHTUITMPUHA: PEHTTCHOCTPYKTYPHBIC U TCOPETHUCCKHE UCCICNOBAHUA. TOHKUE XUMUuecKue mexHonouil.
2021;16(2):113-124 (Eng.). https://doi.org/10.32362/2410-6593-2021-16-2-113-124

INTRODUCTION

Antipyrine  (1,2-dihydro-1,5-dimethyl-2-phenyl-
3H-pyrazol-3-one; compound III) and related
compounds are known to possess a number of bioactive
properties, such as analgesic and antipyretic ones.
They form a large number of complexes with alkaline-,
transition-, and rare-earth metals [1-8]. From this
point of view, searching for new ligands (including
representatives of antipyrine-based ones) is very
important [4, 9]. Using the method of computer prognosis
based on the Prediction of Activity Spectra for Substances
(PASS) system [10], it has been demonstrated that some
pyrazolone derivatives, such as 5-methyl-2-phenyl-
4H-pyrazol-3-one (compound I) and 2-(4-chlorophenyl)-
5-methyl-4H-pyrazol-3-one (compound II), possess
a relatively high probability of antimetastatic activity.
It should be underlined that the compound properties
are determined mainly by the specific features of
chemical bonding, including hydrogen bonding and
intermolecular interactions, between structural units.
These distinguishing features are responsible for the
self-organization of ions and molecules in crystal
packing with the formation of channels opened to the
intercalation of small species, for example, complexes
with neridronic acid (6-amino-1-hydroxyhexylidene-
1,1-bisphosphonic acid) showing promise for treating
osteogenesis and the Paget’s disease [11]. In the case
of solvation (e.g., styryl dyes of the benzoselenazole
series), the system of hydrogen bonding makes the
structure more rigid compared with the non-solvation
one owing to the solvate molecules participation in the
hydrogen bond formation [12]. This results in different
photocycloaddition reactivity of the solvated and non-
solvated compounds and thus a decreased reaction
rate for the solvated species. The same has been
demonstrated [13] for water molecules and imidazolium
salts with respect to the interaction and formation of
guest(H,O)@host (ionic liquid [IL]) complexes through
strong H-bonds involving the hydrogen atoms of water
molecules and nitrogen atoms of IL anions to produce a
quest@host supramolecular structure. Many biologically
active molecules contain multiple hydrogen-bonding

sites; e.g., barbiturates, a class of compounds widely
used for their physiological action as sedatives and
anticonvulsants, contain both donor and acceptor atoms
for multiple hydrogen-bonding formation. It should be
underlined that crystal engineering and design allow
obtaining different solid state structures in cocrystals
of barbiturate and melamine molecules (linear tape,
crinkled tape, or cyclic hexamer) [14]. The hydrogen-
bonding importance and its impact on drug efficacy
have been demonstrated [15]. In this connection the aim
of this paper is to explain structural particularities and
their comparison with results of theoretical studies for
compounds I, I, and TII.

EXPERIMENTAL

Compounds 1, II (Sigma-Aldrich, St. Louis,
Missouri, USA), and III (All-Russian Product
Classifier 931335, chem. pure) were first recrystallized
from ethanol. Single crystals were grown from
saturated aqueous solutions by isothermal evaporation
of the solvent at ambient temperature (ca. 20 °C).
Thermogravimetric and differential scanning calorimetric
(STA-409 Differential Scanning Calorimeter, Netzsch,
Germany) measurements were carried out over the
temperature range 293-573 K with a heating rate of
10 K/min under a helium atmosphere. Aluminum oxide
was used as a reference material.

Computational methods

The tautomers of compounds I and II (Scheme 1)
were examined by density functional theory using the
Priroda package [16]. Calculations were made using the
Perdew—Burke—Ernzerhof (PBE) exchange-correlation
functional [17] and TZ2P Gaussian-type basis sets. The
solvation effects were estimated in Gaussian 09 [18]
using the polarizable continuum model and solvation
model based on density (PCM-SMD; water used as
solvent, ¢ = 78.3553). Vibrational harmonic frequency
analysis was conducted for the optimized geometries to
ensure that a true local minimum was present with no
imaginary frequencies. The starting atomic coordinates
of compounds were taken from the X-ray refinement
results. Convergence criteria for self-consistent field
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cycles and geometry optimization were 1 x 107 and
1 x 107 a.u., respectively. The quantum-topological
characteristics of electron density in the critical points of
the intermolecular hydrogen bond were calculated in the
framework of the quantum theory of atoms in molecules
(QTAIM) using the Multiwfn 3.6 program [19].
Single-crystal X-ray crystallography

Crystallographic data were collected and refined on
CAD-4 EXPRESS diffractometer'. Data reduction was
carried out using XCAD42. The following programs were
used for theoretical modeling: SHELXS97 for structure
solving [20], SHELXL97 for structure refining [20], and
Mercury for molecular graphics [21]. The results are
given in Table A1 (see Appendix A, pages 125-126).

CCDC 1891632-1891634 contain the supplementary
crystallographic data forthis paper. These data can be obtained
free of charge from The Cambridge Crystallographic Data
Centre via http://www.ccdc.cam.ac.uk.

RESULTS AND DISCUSSION

There are three possible tautomers for compounds I
and II (CH: Ia, IIa; NH: Ib, IIb; OH: Ic, Ilc; Scheme 1,
Table 1) [22]. Here we compare theoretical and
single-crystal X-ray diffraction data to examine the
crystal packing particularities of compounds I-III.
The following order of stability for compound-I
tautomers in the gas phase was derived from Table 1:
Ia (CH) > Ib (NH) > I¢ (OH) [22]. The same order
of relative stability was theoretically obtained, the
results of which are shown in Table 2. Calculation
results of Gibbs free energy (AG,,,) values considering
solvation effects demonstrate a slightly lower energy
gap between Ia and Ib and a slightly higher energy
gap between Ib and I¢ (0.0, 24.4,and 31.2 vs. 0.0, 9.1,
and 28.4 kJ-mol™!, respectively, Table 2). The same
tendency can be observed for compound II (Table 2).

H
\ ok on
_Cc—c. H H
H C|:4 “3 H
~ /N\
o# sr}lf 2 07 ON"H
C
L.
C1(|5/ ﬁQ
C12\\ /C1o
?11
R R R
CH NH OH
Ia, Ia Ib, TIb Ic, Ilc

Scheme 1. Different possible tautomers for compounds I and II: R = H for the former and R = ClI for the latter.

Table 1. Calculated torsion angles (®, °), heat of formation (A1), relative energies (AE),
and dipole moments (p) of the tautomers for compound I [22]

®,° ©° AH, (kJ-mol™)
Method Tautomer [C(0)-N-C,C,] [H-N,-NC,] \E (k.(l)?mol‘l) n, Debye
Ia (CH) 155.6 - 0.0 2.68
AM1 Ib (NH) —-130.9 88.9 51.51 3.99
Ic (OH) —142.6 - 52.80 2.06
Ia (CH) 124.3 - 0.0 2.46
PM3 Ib (NH) —98.3 86.7 18.58 3.73
Ic (OH) —130.7 - 34.14 2.53
Ia (CH) 166.9 - 0.0 3.64
HF/6-31G* Ib (NH) —134.9 73.0 36.02 5.25
Ic (OH) —132.0 - 52.01 2.31
Ia (CH) 177.7 - 0.0 3.31
B3LYP/6-31G* Ib (NH) —149.5 63.0 32.76 5.03
Ic (OH) —140.6 - 43.97 2.09

" Enraf Nonius CAD_4 Software. Version 5.0. Delft (The Netherlands): Enraf Nonius, 1989.
2 Harms K., Wokadlo S. XCAD4. University of Hamburg, Germany.
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Table 2. Calculated torsion angles (, °), relative energies (AE), Gibbs free energy (AG
Gibbs free energy with PCM—-SMD corrections (AG

),
298
), and dipole moments (p) for the tautomers

of compounds I, II, and III

298,solv

PBE/3z 0 0 AE | Gy, | — -
C(0O)N—C-C, | H-N-N-C, kJ-mol™ Debye
Ia 179.7 - 0.0 0.0 0.0 3.39
Ib —149.5 61.8 19.3 24.4 9.1 5.15
Ic —154.6 - 26.2 31.2 28.4 2.68
IIa 179.8 - 0.0 0.0 0.0 5.11
IIb —148.5 63.7 20.2 25.2 8.5 6.02
Ilc -156.5 - 26.5 314 28.4 4.19
11 —127.7 — — - - 5.36

We calculated the parameters of dimer formation
from the monomers of compounds I and II, and
compared the experimental and theoretical results (Table 3).
The crystal structure of compound I is characterized by
the alternation of Ib and Ic tautomers (Fig. 1a and b)
connected via the O—H---O=C and N-H---N hydrogen
bonds (r,, ,=2.479 A, r_, = 2800 A, Table 3,
entries 1 and 2). Extended infinite chains can be
observed (Fig. 1b), as confirmed by the calculation
results (Table 3, entries 1-7). For the stronger

O-H---O H-bonding between the Ib and Ic
tautomers (r, . =2.62 A, r, . =298 A, Table 3,
entries 1 and 2) the Ib and Ic self-organization in the solid
state possibly begins with the formation of the stronger
O-H---O H-bonding, followed by the formation of N-H---N
one. This can explain the absence of the Ib—Ib (N-H---O),
Ia—Ic (O---H-0), Ic-I¢ (N---H-O), and la-Ia, Ia-Ib
(N---H-N) dimers in the solid state (Table 3, entries 3, 4,
7 and 5, 6), as confirmed by the AG,,, values for the
tautomer dimerization (Table 3, entries 1-7, column 6).

Fig. 1. Asymmetric unit of compound I with the crystallographic numbering scheme. Displacement ellipsoids are
drawn at the 50% probability level, (a); H-bonding between OH- and NH-tautomers (b).
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Compound II exists as the NH tautomer (Fig. 2),
the molecules of which are linked by N-H---O-type
H-bonds (ry, . =2.729 A; Fig. 2a and Table 3,
entry 10). This results in the formation of non-
interacting extended chains with mutual anti-
orientation (Fig. 2b). In the crystalline state,
compound II consists of IIb tautomers, not Ila
tautomers. The calculated AG,,, values for IIb
and Ilc dimerization (IIa unable to form dimers
with strong hydrogen bonding) demonstrate that
the IIb—IIc (O-H---O) dimer is the most stable
(AG,,, = —13.3 kI'mol™"), followed by the ITb—IIb
(N-H---O) dimer (AG,,, = —3.7 kl'mol™'; Table 3,
entries 8 and 10). It is easy to imagine that the
elongation of the chain built from the IIb monomers due
to H-bonding (Fig. 2) results in energy gain growth with
the number of monomers due to the predominance of the
enthalpy contribution (AH,,, = —39.2 kl'mol™) over the
entropy one (=TAS, = 35.5 klJ-mol™'; Table 3,
entry 10). The formation of chains built from the Ib
tautomers is possible, but, in this case, the enthalpy
contribution is approximately equal to the entropy
contribution (Table 3, entry 3), which can explain the
differing mode of monomer alteration for compound I
(Ib—I¢ [O---H-O] dimer existence).

For all dimers 1-11, the following topology
characteristics were calculated using QTAIM theory:
electron density (p), Laplacian of electron density (v*p),
density of kinetic (G), potential (V), and total energy (H)
in the critical point of the intermolecular hydrogen bond
(Table 4). On the basis of the v?p and H signs as well as

the V/G (1 < |V)/G < 2) ratio, it can be concluded that
hydrogen bond in dimers 1-4 and 7—-11 can be assigned to
the intermediate (between covalent and dispersion types)
interaction, whereas the H-bond in dimers 5 and 6 can be
assigned to the dispersion interaction, i.e., the weak
interaction. Analysis of p and A values demonstrates
that the strongest intermolecular H-bonds take place
in dimers 1 (O-H---0O), 4 (O-H---O), 7 (O-H---N),
8 (0-H---0), 9 (N-H---N), and 11 (O-H---N). The
same dimers are characterized by the shortest X-H---Y
distances and by a non-significant increase in the electron
localization function (). By comparing these results
with the Gibbs free energy values for dimerization, it
can be concluded that the dimer interaction energy is not
sufficiently strong to overcome entropy loss during their
formation. However, in spite of the H-bond-favorable
topology characteristics, the formation of dimers 9 and
11 is unlikely due to the positive AG,, value.

Experimental data for compounds I-I1I are given in
Appendix A (Tables A1-A10, pages 125-137).

Packing for compound III is characterized by the
absence of H-bonding and is based on the presumably
steric requirements (Fig. 3, Tables Al, A8—A10), the
crystallographic parameters of which are consistent with
the existing literature [23-25]. The experimental and
theoretical results are confirmed by the thermal analysis
data. The melting points for the compounds in question
are as follows: 397.6-398.4 (I), 431.8-436.3 (II), and
381.5-381.9 K (I1I), the melting enthalpy being equal to
18.5, 12.3, and ca. 16.7 kJ'-mol™" for (I), (IT), and (III),
respectively. The order of the latter values is possibly due

Fig. 2. Asymmetric unit of compound II with the crystallographic numbering scheme.
Displacement ellipsoids are drawn at the 50% probability level, (a); H-bonding between NH-tautomers (b).
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Table 3. Description of dimer formation (AH.
from the corresponding monomers of compounds I and IT

298

is enthalpy and AS

298

is entropy)

H-bond type and

AH —TAS AG
Entry | The species label and sketch length, A s 28 8
(calc./exp.) kJ-mol™!
1 2 3 4 5 6
How
H H
- _0 N
HSo T 0---H-0
1 2.62/2.479 —48.4 37.6 -10.8
H
Ib-Ic¢ dimer (O---HO)
ﬁ N-H---N
2 2.98/2.800 —28.8 39.6 10.9
@ *8_\(
Ib-Ic dimer (NH---N)
3 LS/ 2381 38.1 37.6 0.6
Ib—Ib dimer (NH---O)
H
H [ j
ot
\ O _N{ 0---H-O
4 N H 265 41.0 39.9 1.1

N
Nigo) ||
% H H
H
H

Ia—Ic dimer (O---HO)
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Table 3. Continued
H-bond type and
AH. —TAS AG
Entry | The species label and sketch length, A > o =
(calc./exp.) kJ-mol™
1 3 4 5 6
H
Jﬂi'*
5 I-I"J\/_S/ — —18.8 36.8 18.0
Ia—Ia dimer
mﬁ
N---H-N
6 i AX_V( o 202 418 21.6
Ia—Ib dimer (N---HN)
“ @
AN
N---H-O
7 HH 270 —33.5 33.5 0.1
Ic—Ic dimer (N---HO)
/i_A{ \ 0---H-O
8 )\/—S/ 6 ~48.7 35.5 -133
IIb—II¢ dimer (O---HO)
Cl
H
J— H
/N\
(0] N H N-H---N
9 297 —28.4 38.6 10.2

N/N O\H
wo |
H H
H
Cl

IIb-IIc dimer (NH---N)
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Table 3. Continued

H-bond type and
AH. —TAS AG.
Entry | The species label and sketch length, A > > 8
(calc./exp.) kJ-mol™
1 2 3 4 5 6
H Cl
H H
J— H
N
0~ °N" H
O N\ H N-H---O
10 <j jv—hg/ 5812720 -39.2 35.5 -3.7
H H
H H
Cl
IIb-IIb dimer (NH---O)
H
H Cl
H H
W \Q
Ho N
07N NN M N0
H -—-H-
H
Cl
Ile—IIc dimer (N---HO)
Table 4. Topology characteristics and length for the dimer intermolecular hydrogen bond
Dimer p,eA? v2p, e:A™S H, a.u. V, a.u. G, a.u. 1 R(X-H---Y), A
Compound I
1 0.0294 0.1165 —0.0147 —0.0585 0.0438 0.2540 1.61
2 0.0155 0.0739 —0.0011 —0.0207 0.0196 0.1660 1.94
3 0.0201 0.1067 —0.0037 —0.0341 0.0304 0.1650 1.77
4 0.0265 0.1139 —0.0112 —0.0508 0.0397 0.2261 1.65
5 0.0070 0.0523 0.0027 —0.0076 0.0103 0.0489 2.23
5% 0.0071 0.0527 0.0027 —0.0077 0.0104 0.0493 2.23
6 0.0108 0.0619 0.0014 —0.0127 0.0141 0.0619 2.09
7 0.0270 0.0845 -0.0126 —0.0464 0.0338 0.3011 1.70
Compound II
8 0.0295 0.1168 —0.0148 —0.0588 0.0440 0.2550 1.61
9 0.0296 0.1169 —0.0148 —0.0588 0.0440 0.2552 1.62
10 0.0200 0.1069 —0.0037 —0.0340 0.0304 0.1637 1.77
1 0.0275 0.0843 —0.0132 —0.0475 0.0343 0.3074 1.69

Note: 5% is for another position of O atoms.
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Fig. 3. Asymmetric unit of compound III with the crystallographic numbering scheme.
Displacement ellipsoids are drawn at the 50% probability level, (a); crystal structure packing (b).

to the absence of hydrogen bonding in compound III and
the presence of comparatively longer and weaker hydrogen
bonds between dimers in compound II compared with
compound I. The wide melting range for compound II
is possibly related to the intermolecular interactions with
participation of chlorine atoms.

CONCLUSIONS

Our study demonstrated that intermolecular
hydrogen bonding plays an important role in crystal
packing, molecule association, and self-organization,
and it explains some contradictions between the
theoretical data for the molecules in the gas phase
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Table A2. Fractional atomic coordinates and isotropic or equivalent isotropic displacement
parameters (A?) for compound I

Atom x y z U,*U,
N1 0.19338 (10) 0.37391 (8) 0.06745 (7) 0.0430 (2)
N2 0.27022 (11) 0.29948 (9) 0.02385 (7) 0.0498 (3)
C3 0.32777 (14) 0.37019 (11) —0.02844 (9) 0.0518 (3)
Cc4 0.29077 (14) 0.48962 (11) —0.01909 (9) 0.0530 (3)
H4 0.3209 (16) 0.5576 (15) —0.0496 (10) 0.067 (5)*
Cs 0.20504 (12) 0.48922 (10) 0.04174 (8) 0.0439 (3)
05 0.13825 (10) 0.57503 (8) 0.07625 (7) 0.0570 (3)
H5 0.1924 (18) 0.6493 (19) 0.0784 (12) 0.087 (6)*
Co 0.11839 (13) 0.32597 (10) 0.12979 (8) 0.0455 (3)
C7 -0.00259 (14) 0.37340 (13) 0.14200 (9) 0.0555 (3)
H7 —0.0347 0.4389 0.1105 0.067*
C8 —0.07485 (17) 0.32197 (17) 0.20172 (12) 0.0747 (5)
H8 —0.1553 0.3543 0.2110 0.090*
C9 —0.0297 (2) 0.22383 (18) 0.24762 (12) 0.0854 (6)
H9 —0.0802 0.1886 0.2865 0.102*
C10 0.0912 (2) 0.17804 (15) 0.23559 (11) 0.0802 (6)
H10 0.1224 0.1122 0.2670 0.096*
C11 0.16638 (17) 0.22889 (12) 0.17740 (9) 0.0598 (4)
H11 0.2484 0.1984 0.1702 0.072*
C12 0.41644 (18) 0.31848 (16) —0.08831 (12) 0.0780 (5)
HI2A 0.5048 0.3378 —0.0694 0.117*
H12B 0.3954 0.3514 —0.1437 0.117*
Hi2C 0.4061 0.2330 —0.0904 0.117*
N21 0.30234 (11) 0.96602 (8) 0.07065 (7) 0.0473 (3)
N22 0.26333 (12) 1.04936 (9) 0.00912 (8) 0.0517 (3)
H22 0.2696 (16) 1.1302 (18) 0.0200 (11) 0.075 (5)*
C23 0.16953 (14) 0.99970 (12) —0.04340 (9) 0.0546 (3)
C24 0.15371 (15) 0.88297 (12) —0.02102 (10) 0.0564 (4)
H24 0.0945 (16) 0.8289 (15) —0.0484 (10) 0.068 (5)*
C25 0.23756 (13) 0.85971 (10) 0.05141 (9) 0.0486 (3)
025 0.26042 (11) 0.76589 (8) 0.09483 (7) 0.0646 (3)
C26 0.41009 (12) 0.98926 (10) 0.12963 (9) 0.0468 (3)
Cc27 0.42958 (16) 0.92134 (13) 0.20319 (10) 0.0606 (4)
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Table A2. Continued

Atom x y z U, U,
H27 0.3720 0.8601 0.2137 0.073*
C28 0.53456 (18) 0.94523 (17) 0.26046 (11) 0.0752 (5)
H28 0.5485 0.8987 0.3090 0.090*
C29 0.61888 (18) 1.03716 (19) 0.24653 (13) 0.0799 (5)
H29 0.6887 1.0536 0.2859 0.096*
C30 0.59944 (16) 1.10417 (17) 0.17444 (13) 0.0750 (5)
H30 0.6563 1.1665 0.1652 0.090*
C31 0.49607 (14) 1.08054 (13) 0.11487 (11) 0.0595 (4)
H31 0.4847 1.1256 0.0655 0.071*
C32 0.10490 (19) 1.07208 (16) —0.11336 (11) 0.0751 (5)
H32A 0.0953 1.1532 —0.0947 0.113*
H32B 0.0208 1.0389 —0.1301 0.113*
H32C 0.1568 1.0710 —0.1606 0.113*

Note: The sign * indicates the isotropic displacement parameters, A2,

Table A3. Atomic displacement parameters (A2) for compound I

Atom ot U U U v e
N1 0.0534 (6) 0.0206 (4) 0.0566 (6) ~0.0024 (4) 0.0141 (5) ~0.0016 (4)
N2 0.0611 (7) 0.0248 (5) 0.0661 (7) 0.0017 (4) 0.0207 (5) ~0.0021 (4)
C3 0.0578 (7) 0.0343 (6) 0.0656 (8) ~0.0016 (5) 0.0180 (6) 0.0004 (6)
c4 0.0654 (8) 0.0278 (6) 0.0681 (8) ~0.0062 (6) 0.0182 (7) 0.0068 (6)
cs 0.0535 (7) 0.0206 (5) 0.0582 (7) ~0.0031 (5) 0.0080 (6) ~0.0013 (5)
05 0.0680 (6) 0.0238 (4) 0.0819 (7) ~0.0005 (4) 0.0224 (5) ~0.0055 (4)
c6 0.0581 (7) 0.0275 (6) 0.0522 (7) ~0.0118 (5) 0.0124 (6) ~0.0068 (5)
c7 0.0565 (8) 0.0460 (7) 0.0652 (8) ~0.0128 (6) 0.0128 (6) ~0.0136 (6)
cs 0.0718 (10) 0.0743 (11) 0.0825 (11) ~0.0306 (9) 0.0328 (9) -0.0272 (9)
C9 0.1175 (16) 0.0750 (12) 0.0694 (10) ~0.0501(12) 0.0415 (11) ~0.0159 (9)
C10 0.1320 (17) 0.0452 (9) 0.0659 (10) ~0.0267(10) 0.0222 (10) 0.0051 (7)
cll 0.0854 (10) 0.0328 (6) 0.0628 (8) ~0.0065 (6) 0.0152 (7) 0.0018 (6)
C12 0.0865 (12) 0.0592 (10) 0.0951 (12) 0.0037 (8) 0.0462 (10) ~0.0027 (9)
N21 0.0558 (6) 0.0203 (4) 0.0649 (6) ~0.0015 (4) ~0.0003 (5) ~0.0005 (4)
N22 0.0660 (7) 0.0233 (5) 0.0648 (7) ~0.0013 (5) ~0.0004 (6) -0.0012 (5)
C23 0.0625 (8) 0.0395 (7) 0.0613 (8) 0.0002 (6) 0.0019 (6) ~0.0059 (6)
C24 0.0623 (8) 0.0363 (7) 0.0699 (9) ~0.0102 (6) 0.0020 (7) ~0.0121 (6)
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Table A3. Continued

Atom vt [0 s v us U=
C25 0.0540 (7) 0.0220 (5) 0.0707 (8) ~0.0033 (5) 0.0099 (6) ~0.0068 (5)
025 0.0771 (7) 0.0234 (4) 0.0925 (8) —0.0051 (4) 0.0027 (6) 0.0034 (4)
26 0.0497 (7) 0.0283 (6) 0.0626 (7) 0.0039 (5) 0.0064 (6) ~0.0092 (5)
Cc27 0.0675 (9) 0.0459 (8) 0.0683 (9) 0.0036 (7) 0.0058 (7) 0.0002 (7)
C28 0.0793 (11) 0.0766 (11) 0.0676 (10) 0.0117 (9) ~0.0046 (8) ~0.0029 (8)
C29 0.0662 (10) 0.0902 (13) 0.0802 (11) 0.0004 (10) —0.0099 (9) —0.0195(10)
C30 0.0607 (9) 0.0674 (10) 0.0966 (13) —0.0145 (8) 0.0047 (9) —0.0190(10)
C31 0.0587 (8) 0.0446 (7) 0.0749 (9) ~0.0085 (6) 0.0050 (7) ~0.0059 (7)
C32 0.0907 (12) 0.0627 (10) 0.0691 (10) 0.0040 (9) ~0.0079 (9) 0.0032 (8)
Table A4. Geometric parameters (A, °) for compound I
Atom—Atom Bond length, A Atom—Atom Bond length, A
N1-C5 1.3581 (15) N21-C25 1.3826 (15)
NI1-N2 1.3768 (14) N21-N22 1.3827 (15)
N1-C6 1.4147 (16) N21-C26 1.4140 (18)
N2-C3 13237 (17) N22-C23 1.3413 (19)
C3-C4 1.3976 (18) N22-H22 0.92 (2)
C3-C12 1.493 (2) C23-C24 1.363 (2)
C4-C5 1.367 (2) C23-C32 1.484 (2)
C4-H4 0.966 (17) C24-C25 1.402 (2)
C5-05 1.3265 (15) C24-H24 0.938 (17)
O5-H5 1.00 (2) C25-025 1.2640 (16)
C6-C7 1.386 (2) C26-C31 1.3848 (19)
Co6—Cl11 1.3870 (19) C26-C27 1.392 (2)
C7-C8 1.382 (2) C27-C28 1.379 (2)
C7-H7 0.9300 C27-H27 0.9300
C8-C9 1.374 (3) C28-C29 1.376 (3)
C8-HS8 0.9300 C28-H28 0.9300
C9-C10 1.378 (3) C29-C30 1.367 (3)
C9-H9 0.9300 C29-H29 0.9300
C10-C11 1.381 (2) C30-C31 1.388 (2)
C10-H10 0.9300 C30-H30 0.9300
Cl1-H11 0.9300 C31-H31 0.9300
C12-HI12A 0.9600 C32-H32A 0.9600
C12-H12B 0.9600 C32-H32B 0.9600
Cl12-H12C 0.9600 C32-H32C 0.9600
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Table A4. Continued

Angle Angle value, ° Angle Angle value, °
C5-N1-N2 110.46 (10) C25-N21-C26 129.87 (10)
C5-N1-C6 129.57 (10) N22-N21-C26 120.54 (10)
N2-N1-C6 119.97 (9) C23-N22-N21 108.14 (11)
C3-N2-N1 105.48 (10) C23-N22-H22 123.9(11)
N2-C3-C4 111.05 (12) N21-N22-H22 121.0 (11)
N2-C3-C12 120.26 (12) N22-C23-C24 109.21 (13)
C4-C3-C12 128.67 (13) N22-C23-C32 119.58 (13)
C5-C4-C3 105.80 (11) C24-C23-C32 131.20 (14)
C5-C4-H4 127.9 (10) C23-C24-C25 108.13 (12)
C3-C4-H4 126.3 (10) C23-C24-H24 125.5 (10)
O5-C5-N1 119.74 (11) C25-C24-H24 126.3 (10)
05-C5-C4 133.05 (11) 025-C25-N21 121.75 (13)
N1-C5-C4 107.21 (10) 025-C25-C24 132.31 (12)
C5-05-H5 107.6 (11) N21-C25-C24 105.94 (11)
C7-C6-Cl1 120.33 (13) C31-C26-C27 119.65 (14)
C7-C6-N1 120.64 (12) C31-C26-N21 120.13 (13)
CI11-C6-N1 119.01 (12) C27-C26-N21 120.21 (12)
C8-C7-C6 119.05 (16) C28-C27-C26 119.71 (15)
C8-C7-H7 120.5 C28-C27-H27 120.1
C6-C7-H7 120.5 C26-C27-H27 120.1
C9-C8-C7 121.06 (17) C29-C28-C27 120.69 (17)
C9-C8-H8 119.5 C29-C28-H28 119.7
C7-C8-H8 119.5 C27-C28-H28 119.7
C8-C9-C10 119.44 (15) C30-C29-C28 119.59 (16)
C8-C9-H9 120.3 C30-C29-H29 120.2
C10-C9-H9 120.3 C28-C29-H29 120.2
C9-C10-Cl11 120.72 (18) C29-C30-C31 120.95 (17)
C9-C10-H10 119.6 C29-C30-H30 119.5
CI11-C10-H10 119.6 C31-C30-H30 119.5
C10-C11-C6 119.37 (16) C26-C31-C30 119.39 (16)
C10-Cl11-H11 120.3 C26-C31-H31 120.3
C6-Cl11-H11 120.3 C30-C31-H31 120.3
C3-Cl12-HI2A 109.5 C23-C32-H32A 109.5
C3-C12-HI12B 109.5 C23-C32-H32B 109.5
H12A-C12-H12B 109.5 H32A-C32-H32B 109.5
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Table A4. Continued

C3-C12-H12C 109.5 C23-C32-H32C 109.5
HI12A-C12-H12C 109.5 H32A-C32-H32C 109.5
H12B-C12-H12C 109.5 H32B-C32-H32C 109.5
C25-N21-N22 108.38 (11) - -

Torsion angle

Angle value, °

Torsion angle

Angle value, °

C5-N1-N2-C3 —0.26 (15) C25-N21-N22-C23 4.61 (15)
C6-N1-N2-C3 ~179.50 (12) C26-N21-N22-C23 173.22 (12)
N1-N2-C3-C4 0.60 (16) N21-N22-C23-C24 —4.54 (16)
N1-N2-C3-C12 —178.10 (14) N21-N22—-C23-C32 176.90 (14)
N2-C3-C4-C5 —0.72 (18) N22-C23-C24-C25 2.76 (17)
C12-C3-C4-C5 177.84 (16) C32-C23-C24-C25 —178.91 (16)
N2-N1-C5-05 179.90 (11) N22-N21-C25-025 175.97 (13)
C6-N1-C5-05 ~0.9 (2) C26-N21-C25-025 8.8 (2)
N2-N1-C5-C4 —0.18 (15) N22-N21-C25-C24 —2.85(15)
C6-N1-C5-C4 178.97 (13) C26-N21-C25-C24 —170.05 (13)
C3-C4-C5-05 —179.57 (15) C23-C24-C25-025 —178.53 (16)
C3-C4-C5-N1 0.52 (16) C23-C24-C25-N21 0.12 (16)
C5-N1-C6-C7 35.6 (2) C25-N21-C26-C31 150.33 (14)
N2-N1-C6—C7 —145.28 (12) N22-N21-C26-C31 —15.54 (18)
C5-N1-C6-Cl11 —145.78 (14) C25-N21-C26-C27 -30.3 (2)
N2-N1-C6-Cl11 33.30(17) N22-N21-C26-C27 163.82 (12)
C11-C6-C7-CS8 -0.5(2) C31-C26-C27-C28 -0.3(2)
NI-C6-C7-C8 178.05 (12) N21-C26-C27-C28 —179.65 (13)
C6—-C7-C8-C9 -1.2(2) C26-C27-C28-C29 1.3(2)
C7-C8-C9-C10 1.8 (3) C27-C28-C29-C30 -1.1(3)
C8-C9-C10-C11 -0.7 (3) C28-C29-C30-C31 -0.3 (3)
C9-C10-C11-Cé6 -1.0(2) C27-C26-C31-C30 -1.0(2)
C7-C6-C11-C10 1.6 (2) N21-C26-C31-C30 178.35 (13)
N1-C6-C11-C10 —176.98 (13) C29-C30-C31-C26 1.3(3)
Hydrogen-bond geometry (A, °)

D-H-—-A D-H He--A D---A D-H---A
05-H5---025 1.00 2) 1.49 (2) 2.4794 (14) 169.8 (18)
N22-H22---N2i 0.92 (2) 1.89 (2) 2.8004 (17) 170.5 (16)

Symmetry code: (i) x, y + 1, z.
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Table AS. Fractional atomic coordinates and isotropic or equivalent isotropic displacement
parameters (A?) for compound IT

Atom X y z U, U,
Cll1 0.03028 (10) 0.54630 (7) 0.35235 (4) 0.0752 (3)
NI —0.0218 (2) 0.11695 (18) —0.17303 (11) 0.0448 (3)
N2 —0.2362 (2) 0.00890 (18) —0.23953 (12) 0.0491 (3)
H2 —-0.3709 0.0045 —0.2140 0.059*
C3 —0.1961 (3) —0.0883 (2) —0.35162 (15) 0.0510 (4)
c4 0.0361 (3) —0.0560 (2) —0.35717 (15) 0.0510 (4)
H4 0.1068 —0.1099 —0.4241 0.061*
Cs 0.1557 (2) 0.0752 (2) —0.24282 (14) 0.0487 (4)
05 0.36892 (19) 0.14357 (19) —0.20424 (12) 0.0616 (4)
Cl12 —0.3968 (3) —0.2094 (3) —0.44703 (18) 0.0706 (5)
HI12A —0.5131 —-0.2709 —0.4079 0.106*
HI2B —0.3411 —0.3009 —0.5067 0.106*
HI12C —0.4657 —0.1344 —0.4881 0.106*
Co6 —0.0052 (2) 0.21556 (19) —0.04676 (13) 0.0431 (3)
Cc7 0.1996 (3) 0.3438 (2) 0.01551 (16) 0.0532 (4)
H7 0.3290 0.3629 —0.0256 0.064*
C8 0.2129 (3) 0.4441 (3) 0.13892 (17) 0.0579 (4)
H8 0.3511 0.5290 0.1816 0.070*
C9 0.0174 (3) 0.4155 (2) 0.19710 (15) 0.0544 (4)
Cl10 —0.1861 (3) 0.2891 (3) 0.13769 (15) 0.0565 (4)
HI10 —0.3152 0.2717 0.1793 0.068*
Cl1 —0.1989 (3) 0.1865 (2) 0.01432 (14) 0.0520 (4)
H11 —0.3361 0.0990 —0.0270 0.062*

Note: The sign * indicates the isotropic displacement parameters, A2,

Table A6. Atomic displacement parameters (A2) for compound I1

Atom o U= v U v U
cl1 0.0948 (5) 0.0763 (4) 0.0413 (3) 0.0189 (3) 0.0047 (3) -0.0013 (2)
N1 0.0331 (6) 0.0553 (7) 0.0374 (6) 0.0073 (5) 0.0003 (5) 0.0038 (5)
N2 0.0356 (6) 0.0574 (7) 0.0438 (7) 0.0084 (5) ~0.0002 (5) 0.0019 (6)
c3 0.0473 (8) 0.0519 (8) 0.0433 (8) 0.0116 (6) ~0.0036 (6) 0.0002 (6)
c4 0.0460 (8) 0.0585 (8) 0.0416 (8) 0.0166 (6) 0.0047 (6) 0.0015 (6)
cs 0.0395 (7) 0.0617 (8) 0.0426 (8) 0.0147 (6) 0.0049 (6) 0.0104 (7)
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Table A6. Continued

Atom Ut v U» uv s U=
05 0.0345 (5) 0.0772 (8) 0.0577 (7) 0.0102 (5) 0.0046 (5) ~0.0020 (6)
C12 0.0497 (9) 0.0786 (11) 0.0591 (11) 0.0118 (9) ~0.0054 (8) ~0.0125 (9)
C6 0.0418 (8) 0.0480 (7) 0.0350 (7) 0.0106 (6) —0.0007 (5) 0.0072 (6)
C7 0.0411 (7) 0.0565 (8) 0.0490 (8) 0.0044 (6) 0.0035 (6) 0.0010 (7)
C8 0.0499 (9) 0.0589 (9) 0.0505 (9) 0.0031 (7) ~0.0035 (7) 0.0028 (7)
C9 0.0633 (10) 0.0550 (8) 0.0410 (8) 0.0165 (7) —0.0005 (7) 0.0085 (7)
C10 0.0531 (9) 0.0723 (10) 0.0408 (8) 0.0107 (7) 0.0099 (6) 0.0137 (7)
Cll 0.0432 (8) 0.0629 (9) 0.0401 (8) 0.0023 (6) 0.0006 (6) 0.0084 (7)
Table A7. Geometric parameters (A, °) for compound II
Atom—Atom Bond length, A Atom—Atom Bond length, A
Cl1-C9 1.7562 (18) C12-HI12B 0.9600
NI1-N2 1.3843 (17) Cl12-HI12C 0.9600
N1-C5 1.3914 (17) C6-C7 1.382 (2)
N1-C6 1.4077 (18) C6—Cl1 1.389 (2)
N2-C3 1.349 (2) C7-C8 1.385(2)
N2-H2 0.8600 C7-H7 0.9300
C3-C4 1.343 (2) C8-C9 1.377 (2)
C3-C12 1.488 (2) C8-H8 0.9300
C4-C5 1.426 (2) C9-C10 1.364 (3)
C4-H4 0.9300 C10-C11 1.391 (2)
C5-05 1.2440 (19) C10-H10 0.9300
CI12-HI12A 0.9600 Cl11—H11 0.9300
Angle Angle value, ° Angle Angle value, °
N2-N1-C5 108.65 (12) H12B-C12-H12C 109.5
N2-N1-C6 120.36 (12) C7-C6—Cl11 120.05 (14)
C5-N1-Cé6 129.59 (12) C7-C6-N1 120.55 (13)
C3-N2-N1 107.82 (12) C11-C6-N1 119.38 (13)
C3-N2-H2 126.1 C6—C7-C8 120.31 (15)
NI1-N2-H2 126.1 C6—C7-H7 119.8
C4-C3-N2 110.05 (15) C8-C7-H7 119.8
C4-C3-Cl12 129.74 (16) C9-C8-C7 118.70 (16)
N2-C3-C12 120.20 (15) C9-C8-H8 120.6
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Table A7. Continued

C3-C4-C5 108.29 (14) C7-C8-H8 120.6
C3-C4-H4 125.9 C10-C9-C8 122.01 (16)
C5-C4-H4 125.9 C10-C9-Cl1 118.99 (14)
05-C5-N1 123.33 (14) C8-C9-Cll 119.01 (14)
05-C5-C4 131.64 (14) C9-C10-Cl1 119.41 (15)
N1-C5-C4 105.03 (12) C9-C10-H10 1203
C3-CI12-HI2A 109.5 C11-C10-H10 120.3
C3-C12-HI2B 109.5 C6-C11-C10 119.51 (15)
HI2A-C12-HI2B 109.5 C6-C11-Hl11 120.2
C3-Cl12-H12C 109.5 C10-CI1-H11 120.2
HI2A-C12-HI12C 109.5 -

Torsion angle

Angle value, °

Torsion angle

Angle value, °

C5-N1-N2-C3 —-4.19 (17) C5-N1-C6-C7 24.4 (2)
C6-N1-N2-C3 -171.92 (12) N2-N1-C6-Cl11 7.6 (2)
NI1-N2-C3-C4 3.76 (19) C5-N1-C6-C11 ~157.28 (15)
N1-N2-C3-C12 —176.41 (16) Cl11-C6-C7-C8 0.0 (3)
N2-C3-C4-C5 —1.88 (19) N1-C6-C7-C8 178.29 (13)
C12-C3-C4-C5 178.31 (19) C6—C7-C8-C9 -1.1(3)
N2-N1-C5-05 —176.12 (15) C7-C8-C9—10 1.4 (3)
C6-N1-C5-05 -9.9(3) C7-C8-C9-Cl1 —178.39 (12)
N2-N1-C5-C4 2.98 (16) C8-C9-C10-C11 -0.6 (3)
C6-N1-C5-C4 169.22 (14) Cl1-C9-C10-C11 179.25 (12)
C3-C4-C5-05 178.28 (18) C7-C6-C11-C10 0.9 (2)
C3-C4-C5-N1 ~0.72 (17) N1-C6-C11-C10 —177.44 (14)
N2-N1-C6-C7 —170.78 (13) C9-C10-C11-Cé6 -0.6 (3)
Hydrogen-bond geometry (A, °)

D-H-—A D-H H---A D---A D-H-—A
N2-H2---05' 0.86 2.02 27293 (18) 139

Symmetry code: (i) x—1, y, z.

Table A8. Fractional atomic coordinates and isotropic or equivalent isotropic displacement
parameters (A?) for compound III

Atom X y z Uisc*/Ueq
N1 0.48507 (6) 0.37211 (12) 0.10131 (6) 0.0388 (2)
N2 0.47599 (6) 0.54096 (11) 0.13277 (6) 0.0393 (2)
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Table A8. Continued

Atom X y z Uisn*/Ueq
C3 0.38667 (7) 0.58089 (15) 0.09304 (7) 0.0399 (2)
C4 0.33980 (7) 0.43974 (16) 0.04683 (7) 0.0432 (3)
H4 0.2783 0.4342 0.0164 0.052%*
04 0.38798 (6) 0.14436 (13) 0.02542 (6) 0.0562 (3)
C5 0.40039 (7) 0.29940 (16) 0.05233 (7) 0.0397 (2)
Cé6 0.56111 (6) 0.26616 (14) 0.15091 (7) 0.0357 (2)
Cc7 0.59414 (8) 0.14975 (16) 0.11065 (8) 0.0445 (3)
H7 0.5680 0.1449 0.0520 0.053*
C8 0.66604 (8) 0.04131 (17) 0.15833 (9) 0.0490 (3)
HS8 0.6882 —0.0366 0.1315 0.059*
Cc9 0.70529 (8) 0.04735 (17) 0.24529 (8) 0.0475 (3)
H9 0.7532 —0.0271 0.2769 0.057*
C10 0.67305 (8) 0.16467 (17) 0.28522 (8) 0.0451 (3)
H10 0.6998 0.1699 0.3439 0.054*
C11 0.60106 (7) 0.27459 (16) 0.23843 (7) 0.0403 (2)
H11 0.5796 0.3536 0.2655 0.048*
C12 0.35505 (11) 0.75872 (19) 0.10678 (10) 0.0607 (4)
HI12A 0.3672 0.8489 0.0747 0.091*
H12B 0.3853 0.7889 0.1657 0.091*
H12C 0.2923 0.7533 0.0888 0.091*
C13 0.54237 (9) 0.67445 (18) 0.14061 (10) 0.0563 (3)
HI13A 0.5435 0.6874 0.0874 0.085%*
H13B 0.5997 0.6361 0.1827 0.085*
H13C 0.5277 0.7879 0.1569 0.085%*

Note: The sign * indicates the isotropic displacement parameters, A2,

Table A9. Atomic displacement parameters (A?) for compound ITI

Atom ot v v o U v
N1 0.0333 (4) 0.0354 (4) 0.0417 (4) ~0.0002 (3) 0.0118 (3) ~0.0046 (3)
N2 0.0368 (4) 0.0299 (4) 0.0447 (5) ~0.0007 (3) 0.0129 (4) ~0.0017 (3)
C3 0.0398 (5) 0.0369 (5) 0.0389 (5) 0.0063 (4) 0.0142 (4) 0.0074 (4)
c4 0.0340 (5) 0.0439 (6) 0.0433 (5) 0.0023 (4) 0.0102 (4) 0.0036 (4)
04 0.0471 (5) 0.0474 (5) 0.0614 (5) ~0.0062 (4) 0.0135 (4) ~0.0189 (4)
cs 0.0352 (5) 0.0420 (5) 0.0360 (5) ~0.0028 (4) 0.0109 (4) ~0.0027 (4)
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Table A9. Continued

Atom ot U U U v e
c6 0.0303 (4) 0.0341 (4) 0.0421 (5) ~0.0017 (3) 0.0159 (4) ~0.0018 (4)
c7 0.0435 (6) 0.0450 (6) 0.0456 (6) 0.0011 (5) 0.0209 (5) ~0.0071 (5)
cs 0.0429 (6) 0.0436 (6) 0.0635 (7) 0.0030 (5) 0.0268 (5) ~0.0089 (5)
9 0.0347 (5) 0.0413 (6) 0.0628 (7) 0.0033 (4) 0.0190 (5) 0.0029 (5)
C10 0.0384 (5) 0.0489 (6) 0.0437 (5) 0.0019 (5) 0.0148 (4) 0.0031 (5)
cl1 0.0364 (5) 0.0442 (5) 0.0415 (5) 0.0019 (4) 0.0186 (4) ~0.0027 (4)
c12 0.0625 (8) 0.0443 (7) 0.0662 (8) 0.0174 (6) 0.0212 (7) 0.0044 (6)
C13 0.0495 (7) 0.0408 (6) 0.0707 (8) ~0.0107 (5) 0.0202 (6) 0.0001 (6)

Table A10. Geometric parameters (A, °) for compound I1T

Atom—Atom Bond length, A Atom—Atom Bond length, A
NI1-C5 1.4021 (16) C8-C9 1.379 (2)
NI-N2 1.4098 (13) C8-H8 0.9300
NI1-C6 1.4210 (16) C9-C10 1.3823 (18)
N2-C3 1.3770 (17) C9-H9 0.9300
N2-C13 1.4554 (16) C10-Cl11 1.3854 (18)
C3-C4 1.3457 (17) C10-H10 0.9300
C3-C12 1.4860 (18) CIl1-H11 0.9300
C4-Cs 1.4329 (17) CI2-H12A 0.9600
C4-H4 0.9300 CI12-H12B 0.9600
04-C5 1.2281 (15) Cl12-H12C 0.9600
C6—Cl11 1.3883 (17) CI3-H13A 0.9600
C6—C7 1.3904 (15) CI13-H13B 0.9600
C6-C7 1.3904 (15) C13-H13B 0.9600
C7-H7 0.9300 - -

Angle Angle value, ° Angle Angle value, °

C5-N1-N2 108.98 (9) C7-C8-H8 119.6
C5-N1-Cé6 123.53 (10) C8-C9-C10 119.68 (11)
N2-N1-Cé6 118.50 (9) C8-C9-H9 120.2
C3-N2-N1 106.22 (9) C10-C9-H9 120.2
C3-N2-C13 121.31 (10) C9-C10-C11 120.42 (12)
NI-N2-C13 115.25 (10) C9-C10-H10 119.8
C4-C3-N2 110.46 (11) C11-C10-H10 119.8
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Table A10. Continued

C4-C3-C12 129.58 (12) C10-C11-Cé6 119.61 (11)
N2-C3-C12 119.94 (11) C10-C11-HI11 120.2
C3-C4-C5 108.73 (11) C6—C11-H11 120.2
C3-C4-H4 125.6 C3-Cl12-HI2A 109.5
C5-C4-H4 125.6 C3-C12-HI12B 109.5
04-C5-N1 123.29 (11) H12A-C12-H12B 109.5
04-C5-C4 131.71 (11) C3-Cl12-HI12C 109.5
NI1-C5-C4 104.94 (10) H12A-C12-H12C 109.5
Cl11-C6-C7 120.02 (10) H12B-C12-H12C 109.5
C11-C6-N1 120.88 (10) N2-C13-HI3A 109.5
C7-C6-N1 119.08 (10) N2-C13-HI13B 109.5
C8-C7-Cé6 119.56 (12) H13A-C13-H13B 109.5
C8-C7-H7 120.2 N2-C13-H13C 109.5
C6—C7-H7 120.2 H13A-C13-H13C 109.5
Co9-C8-C7 120.70 (11) H13B-C13-H13C 109.5
C9—-C8-H8 119.6 - —

Torsion angle

Angle value, °

Torsion angle

Angle value, °

C5-N1-N2-C3 ~8.50 (11) C3-C4-C5-04 174.74 (13)
C6-N1-N2-C3 ~156.86 (9) C3-C4-C5-N1 -2.69 (13)
C5-N1-N2-C13 ~145.85 (11) C5-N1-C6-Cl1 ~112.19 (12)
C6-N1-N2-C13 65.80 (14) N2-N1-C6-Cl1 31.29 (14)
N1-N2-C3-C4 6.83 (12) C5-N1-C6-C7 66.27 (14)
C13-N2-C3-C4 141.00 (12) N2-N1-C6-C7 ~150.25 (10)
NI1-N2-C3-C12 ~174.78 (10) C11-C6-C7-C8 0.83 (17)
C13-N2-C3-C12 ~40.61 (17) N1-C6-C7-C8 ~177.64 (11)
N2-C3-C4-C5 ~2.62 (13) C6-C7-C8-C9 0.02 (18)
C12-C3-C4-C5 179.20 (12) C7-C8-C9-C10 ~0.78 (19)
N2-N1-C5-04 ~170.83 (11) C8-C9-C10-Cl1 0.70 (18)
C6-N1-C5-04 ~24.42 (17) C9-C10-C11-C6 0.15 (18)
N2-N1-C5-C4 6.87 (11) C7-C6-C11-C10 ~0.91 (17)
C6-N1-C5-C4 153.29 (10) N1-C6-C11-C10 177.53 (10)
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