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Abstract
This work is devoted to the synthesis and structure characterization of a new copper(I) n2-n-complex [Cus(Apt)2Cl4]
(1) based on 3-allylthio-4-allyl-5-(2-pyridyl)-4H-1,2,4-triazole (Apt). Crystals of the compound were obtained by
means of alternating current-electrochemical technique and studied by X-ray single crystal diffraction. The
m-complex crystallizes in the monoclinic centrosymmetric space group P2:i/n (a=10.884(3), b=10.944(3),
c=13.860(4) A, B = 93.96(3) °, V =1647.0(8) A3, Z = 2) and is built of polymeric chains. In its crystal structure, two
crystallographically independent copper(l) atoms have different coordination arrangements: Cul forms a close to
trigonal-pyramidal coordination environment composed of two triazole N atoms, an allylic C=C bond, and one
halogen atom, while distorted tetrahedral surrounding of Cu2 is formed by pyridyl N atom and tree bridging Cl
atoms. The pyridyl-substituted 1,2,4-triazole defines the formation of an infinite coordination polymer in 1.
Keywords: copper(1); 1,2,4-triazole; allyl derivative; crystal structure.

CUHTE3 TA KPUCTAJIITYHA CTPYKTYPA n-KOMIIJIEKCY KYIIPYM(I) X/IOPUAY
HA OCHOBI 3-AJIVITIO-4-AJIJI-5-(2-IIIPUANI)-4H-1,2,4-TPUA30JIY

Hpiit I. Cniuska,! iImutpo I. ImuTtpis,! [puropiit C. Jimutpis,! Hazapi#t T. [Toxoauso,!
Maue#t Ky6inbkuii,! [xerox /lyTkeBuy?

1/Ibei8cbko20 HayioHabHO20 yHIGepcumemy imeHi leana Ppanka, gy, Kupuaa i Meghodis, 6, 79005, Jlvsis, Ykpaina
2 Yuieepcumem Adama Miykesuua e [1o3HaHi, 8y4. [I03HaHCbK020 yHisepcumemy, 8, 61-614, [lo3HaHy, [Toabwa

AHoTalis
PoGoTa npucBAYeHa CUHTe3y Ta XapaKTePUCTHULi cTPyKTypHu HoBoro KynpyMm(I) n2-n-kommiekcy [Cus(Apt)2Cl4] (1)
Ha OCHOBI 3-ajinaTtio-4-anin-5-(2-nipuaun)-4H-1,2,4-tpuasony (Apt). Kpucranu cnosyku 6y/d OTpUMaHi MeTOAOM
3MiHHO-CTPYMHOrO eJIeKTPOXiMi4YHOro CHHTe3y Ta JAOCIiJ)KeHi 3a AONOMOroK PeHTTeHOCTPYKTYPHOTO aHaJi3y.
n-KoMIlekc KpUcTasli3yeTbcsd B MOHOKJIIHHIH IleHTPOCUMMEeTpU4Hill npocTopogii rpyni P21/n (a = 10,884(3), b =
10,944(3), ¢ = 13,860(4) A, B = 93,96(3) °, V = 1647.0(8) A3, Z = 2) i no6ys0BaHMIi 3 MoJTiMEPHUX JIAHLIOTIB. Y
KpUCTaJIiyHiil cTpyKTypi ABa KpucTtanorpagidyHo He3sasiexkHi aromu Kynpymy(I) mMawTh pi3He KoopJuHauiliHe
otouyeHHA: Cul yTBOpIO€ 6/IM3bKe 0 TPUTOHAJIbLHO-NipaMiJa/JbHOT0 KOOpAUHALiHHE OTOYEHHS, 0 CKJIAJA€EThCA 3
ABox atoMmiB N TpuasoJy, aaisibHOro 3B’s3Ky C=C Ta 0JZHOro MiCTKOBOro aTroMa XJopy, ToAi Ak AedpopmoBaHe
TeTpaeJpu4He TeTpaeApuyHe oTo4YeHHs Cu2 yrBopeHe atoMoM N mipMAU/IBHOro 3aMiCHUKa Ta TPbOMA MiCTKOBUMH
atromamu Cl. Iipuaun-zamimenuit 1,2,4-Tpuasos BU3Ha4yae ¢GOpMyBaHHsA HeCKiHUEHHOTro KOOpJAMHAILiiiHOro
noJjiimepy B 1.
Katouosi cnosa: kynpym(1); 1,2,4-Tpuasost; ajisibHe NOXiJHE; KPUCTaTiuHa CTPYKTypa.
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Introduction

1,2,4-Triazoles are fascinating nitrogen-rich
heterocyclic scaffolds for the synthesis and
design of versatile medicinal compounds and a
variety of transition-metal organometallic
compounds, that form stable mononuclear or

polynuclear complexes and coordination
polymers possessing luminescent, nonlinear,
catalyticc biochemical, and spin-crossover

activities [1-5]. Among them, allyl derivatives of
5-phenyl-1,2,4-triazole-3-thiols were used in the
preparation of mixed-valence and heterometallic
copper chloride m,0-coordination compounds
with magnetic and nonlinear optical properties
[6; 7]. Copper(I) m-complexes with allyl
derivatives of heterocycles are appealing objects
for modern interdisciplinary research and may
also have a number of potential applications in
advanced laser-operated materials [8-17]. The
allylic substituent attached to the triazole ring
serves as the key for the specific competitive co-
coordination to the soft Cu* acid of the
unsaturated C=C bond, heterocyclic N atoms, and
the anion of hard basicity [18; 19]. That's why
similar organic compounds have proven to be
constructive ligands for the preparation of unique
m-coordination compounds of unusual
stereochemistry [20-22].

Previously studied allyl derivatives of
5-phenyl-1,2,4-triazole-3-thiols reveal a strong
tendency to form with copper(I) dimeric
fragments, which act as the main building blocks
in crystal structure organization. In order to
diversify the coordination abilities of triazole allyl

a2th

derivatives, we suggest the functionalization of
the heterocyclic core with additional rigid donor
group, such as pyridyl to create a multidentate
ligand with an additional chelating or bridging
sites. In this report, we designed a new allyl-
containing ligand, namely 3-allylthio-4-allyl-5-(2-
pyridyl)-4H-1,2,4-triazole (Apt) and based on
this, we focused on the synthesis and structural

characterization of a novel copper(l)
m-compound [Cus(Apt)2Cls] (1).

Results and their discussion

m-Complex 1 crystallizes in the

centrosymmetric space group P2i/n, with one
organic molecule and two copper(I) atoms in the
asymmetric unit (Fig. 1). Cu(1) adopts a typical
for m-bonded copper(l), close to trigonal-
pyramidal coordination environment (four-
coordinate geometry index t4 [23] is 0.87)
including in the basal plane C=C bond of the
nz-allylthio group, N1 and N2 atoms of two
neighbouring triazole rings (Table 1). The apical
position of the Cu(I) polyhedron is occupied by a
U2-Cl1 atom. The main organometallic part in the
complex is represented by the {Cuz(Apt).}*
dimers, which contain a six-membered {Cu;N4}
ring comprised of two pairs of triazole fragments
and two six-membered rings formed by chelating
mode of the Apt. Similar organometallic moieties
have been previously found as the main building
blocks in the construction of copper(l) halide
m-complexes with 3-allylthio-4-allyl-5-phenyl-
and  3-allylthio-4,5-diphenyl-4H-1,2,4-triazoles
(Fig. 2a) [6; 7]

C3

Fig. 1. Fragment of 1 crystal structure. Displacement ellipsoids are drawn at the 50% probability level.
Symmetry codes: (i) -x+1, -y, —z+1; (ii) -x+1, -y-1, -z+1
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Table 1
Selected geometric parameters (A, °) of complex 1
Cul—cCI1 2.461(3) Cl1—Cul—N1 102.2(2)
Cul—N1 1.939(7) Cl1—Cul—m 105.3(3)
Cul—N2i «a 2.008(6) N1—Cul—m 110.4(3)
Cul—m ® 2.020(9) N2i—Cul—m 126.4(3)
C4—C5 1.40(1) N1—Cul—N2i 110.6(2)
Cuz—CI1 2.332(3) Cl1—Cu2—N4! 103.1(2)
Cuz—ClI2 2.363(3) Cl2—Cu2—N4! 102.9(2)
Cu2—CI2! 2.421(2) Cl1—Cu2—CI2 117.4(1)
Cu2—N4i 2.089(7) Cu2—Cl2—Cu?2i 73.83(9)

aSymmetry codes: (i) -x+1, -y, —z+1; (ii) -x+1, -y-1, -z+1;

bm is the mid-point of C4—C5 bond

Due to back-donation from an occupied 3d
metal orbital to a low-lying empty m*-orbital of
the olefin, the m-connected to the metal center
C4=C5 bond in 1 is elongated to 1.40(1) A in
comparison with the uncoordinated allylic C=C
bond with a typically observed 1.31+1.33 A bond
length [7;21]. Allylthio has a synclinal
conformation relative to the S1—C3 bond and
anticlinal conformation relative to the C3—C4
bond (corresponding torsion C1—S1—C3—C4
and S1—C3—C4—C5 angles are 70.5(10)° and
146.3(8)°). In contrast to the thioallyl
substituent, N-allyl group, which is located in 1
almost orthogonally to the triazole ring, remains
inactive regarding to copper(I). This group has a
synperiplanar conformation relative to its S1—C3
bond (N3—C6—C7—C8 7.4(15)°).

Cu2 environment (72 = 0.91) includes the

pyridyl N atom of the Apt molecule and three
chlorine atoms. These two Cu2 atoms in 1 form
inorganic

centrosymmetric subunits

{CICuCl,CuCl} through two u»-Cl2 atoms. A
similar inorganic subunit was previously
observed in the structure of heterometallic (Cu! -
Ag!) m-complexes with the 3-allylthio-4-allyl-5-
phenyl-triazole, in which the second metal
position (occupied by Cu2 in 1) is occupied by
Ag(1) with exclusively trigonal coordination (Fig.
2b) [7]. Previously, the analogue coordination
polymer based on a homometallic complex could
not be obtained, and realization of this in 1
became possible only through additional
coordination of the pyridyl substituent to the o-
bonded copper(I) of the inorganic subunit (Fig 3).
Comparing theheterometallic (Cu! - Agl)
m-complex and 1 one mey note, that in contrast to
the almost flat {C1AgClAgCl} subunit due to the
trigonal  planar  environment of = Ag(l),
homometallic {CICuCl;CuCl} subunit undergoes
distortion, which is stipulated by an increase of
the Cu(I) coordination number through pyridyl
ring connection (Table 1).

Fig. 2. (a) The main constructive unit in the copper(I) halides m-complexes with the 3-allylthio-4-allyl-5-phenyl-
triazole; (b) Fragment of heterometallic (Cu! - Ag!) coordination polymer based on the same organic ligand
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Fig. 2. An infinite chain in crystal structure of 1

Experimental part

General consideration

All  chemicals were obtained from a
commercial source (Sigma Aldrich) and used
without purification. 'H and 13C NMR spectra
were recorded on Varian Unity Plus 400 (400
MHz for 'H) and Bruker 170 Avance 500 (126
MHz for3C) spectrometers in CDClz solutions,
using TMS as internal references. Mass spectral
analyses were performed using an Agilent 1100
series LC/MSD with API-ES/APCI mode (200 eV).

1) EtOH, H,S0, cat
| N 2) HyNy-H,0

. ‘ N ! s
> OH N/ N N )k
3) Allyl isothiocyanate H

N
O

The overall yield is 67%. IR (cm): 3083,47
(w), 2982,21 (w), 2360,38 (w), 1718,59 (w),
1588,80 (w), 1464,72 (m), 1446,18 (w), 1416,23
(m), 1208,00 (w), 104541 (w), 982,66 (m),
922,76 (m), 791,55 (m), 774,43 (w), 743,06 (m),
730,22 (w), 701,70 (m), 668,89 (w), 626,11 (w),
616,12 (w), 590,45 (m), 577,62 (m), 549,09 (m),
543,39 (m), 524,85 (w), 510,58 (m); tH NMR (400
MHz, CDCls) 6 8.60 (br.s, 1H, Hpy-6), 8.27 (d, J =
7.7 Hz, 1H, Hpy-3), 7.80 (t, J = 7.2 Hz, 1H, Hpy-4),
7.38 - 7.24 (m, 1H, Hpy-5), 6.06 - 5.87 (m, 2H,
Hauy]), 5.33 - 5.21 (m, 3H, Hallyl), 5.19 - 5.10 (m,
ZH, Hauy]), 5.03 (d,] =17.2 HZ, 1H, Hauy]), 3.91 (d,]
= 7.0 Hz, 2H, Hany1); 3C NMR (126 MHz, CDCl3) &
152.83, 152.61, 148.68, 147.81, 136.91, 132.65,
132.27, 123.95, 123.26, 119.01, 117.92, 47.74,
36.27; LCMS (m/z, ES-API) 259 (M++1);
Calculated for Ci3H14N4S C, 60.44; H, 5.46; N,
21.69; Found: C, 60.71; H, 5.34; N, 21.53%.

Preparation of Cus(apt).Cly] (1)

Crystals of the m-complex 1 were obtained
under conditions of the alternating-current
electrochemical technique [6; 22] starting from
an acetonitrile solution of the triazole compound
and copper(Il) chloride. For this, a solution of Apt
(1.0 mmol, 0.258 g) and CuClz-2H20 (1.5 mmol,

IR spectrum for 1 was recorded with Shimadzu
FTIR spectrometer IRAffinity. Diffraction data for
1 were collected on an Agilent Xcalibur four-
circle diffractometer using Mo K, radiation (A =
0.71073 A).

Preparation of Apt

Ligand Apt (2-(4-allyl-5-(allylthio)-4H-1,2,4-
triazol-3-yl)pyridine, Ci3H14N4S) was obtained
from 2-pyridinecarboxylic acid, in several steps,
similarly to the reported method for 3-phenyl-4-
allyl-5-allylsulfanyl-4H-1,2,4-triazole [6]:

NaOH (j\(/ AIIyI bromide (j\(/

KOH EtOH
Apt /\/

0.256 g) in 5.0 mL of acetonitrile was prepared.
The prepared green solution was placed into a
small 5.5 mL test tube, and then copper-wire
electrodes in a cork were inserted. By the
application of an alternating current (frequency
50 Hz) of 0.80 V for three days, dark yellow
crystals of 1 appeared on copper electrodes. The
yield is about 25%. M.p. 157-158°C. IR (cm):
3054,95 (w), 2983,63 (w), 2893,78 (w), 2360,38
(w), 1718,59 (w), 1404,82 (m), 1380,57 (m),
1362,03 (w), 1347,77 (w), 1242,23 (m), 1209,43
(m), 1193,74 (w), 1149,53 (w), 1091,05 (w),
1049,69 (w), 1024,02 (w), 1002,63 (w), 994,07
(m), 921,33 (m), 909,92 (m), 901,37 (m), 882,83
(m), 790,12 (s), 751,61 (m), 728,79 (m), 714,53
(m), 687,43 (m), 668,89 (w), 661,76 (w), 626,11
(m), 604,71 (m), 569,06 (m), 549,09 (m), 514,86
(m), 492,04 (w), 472,08 (w), 466,37 (w).

Single crystal X-ray diffraction studies

Diffraction data for 1 were collected on a
Agilent Xcalibur diffractometer with MoK,
radiation (A = 0.71073 A). The structure was
solved by ShelXT and refined by the least squares
method on F? using ShelXL software with the
graphical user interface OLEX2 [24-26]. Atomic
displacements for non-hydrogen atoms were
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refined using an anisotropic model. Hydrogen

relative isotropic displacement parameters. The

atoms were placed on geometrically calculated crystal parameters, data collection, and
positions and refined as riding atoms with refinement are summarized in Table 2.
Table 2
Selected crystal data and structure refinement parameters of 1
Crystal data
Empirical formula C26H28Cl4CusNsS;
CCDC number 2542912
Formula weight (g-mol-1) 912.64
Crystal system monoclinic
Space group P21/n
a(h) 10.884(3)
b (A) 10.944(3)
cd) 13.860(4)
a(®) 90
B(9) 93.96(3)
Y () 90
Vv (43) 1647.0(8)
Z 2
u (mm-1) 3.032
F(000) 912
Crystal size (mm) 0.06x0.08x0.2
Crystal color and shape Colourless, block
Calculated density, g/cm3 1.840
Temperature, K 293
6 range for data collection (2) 2.3-28.7
Measured reflections 15296
Independent reflections 3629
Refined parameters 163
R[F2 > 20(F?)] 0.0659
WR(F?) 0.0792
Apmax/Apmin (e A-3) 0.736/-0.554
Conclusions the  3-allylthio-4-allyl-5-phenyl-triazole.  The

To sum up, we presented the synthesis and
structure characterization of a new copper(l) n2-
m-complex [Cus(Apt)2Cls] (1) based on 3-allylthio-
4-allyl-5-(2-pyridyl)-4H-1,2,4-triazole (Apt). Apt
molecule in 1 acts as chelate-bridging ligand and
is coordinated to the copper(l) atoms by means
of its triazole N atoms, N atom of pyridyl
substituent and allylthio group. The Apt molecule
does not fully utilize its coordination possibilities,
leaving the 4-allyl group inactive toward copper.
Instead, the participation of pyridyl N atom in
metal binding stabilizes inorganic {ClCuCl,CuCl}
subunit isotypic to which was detected only in
the heterometallic (Cu!' - Ag!) m-complexes with
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