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SYNTHESIS, CRYSTAL STRUCTURE, HIRSHFELD SURFACE
ANALYSIS AND QUANTUM CHEMICAL CALCULATIONS OF
[Cu,(C,H,N,S),(CIO,),] I-COMPLEX WITH 2-ALLYLAMINO-5-
METHYL-1,3,4-THIADIAZOLE

This work is focused on the synthesis and structure characterization of the novel Cu(I)
n-complex [Cu,(Thiaz1),(ClO,),] (1) with 2-allylamino-5-methyl-1,3,4-thiadiazole (Thiaz1)
ligand. The crystals of the compound were obtained by means of the alternating-current
electrochemical technique and studied using single crystal X-ray diffraction. The crystal
structure of the complex 1 is constructed from the centrosymmetric dimers, in which two
copper(l) ions are coordinated by two Thiazl molecules through thiadiazole N atoms
and allylic C=C bond. Energy framework computational analysis for structure 1 has been
performed.

Keywords: copper(l) n-complex, thiadiazole derivatives, crystal structure, DFT calculation,
Hirshfeld surface analysis.

1,3,4-Thiadiazoles have a wide range of applications in pharmaceutical chemistry
[1] and due to their electron-deficient nature, good electron-accepting ability and
chemical stability were found to be excellent precursors for the crystal engineering
of organometallic materials with potential catalytic, magnetic, luminescent,
nonlinear optic activity [2]. An appearance of the olefin C=C bond in a skeleton of
the substituents, attached to the 1,3,4-thiadiazole ring, may serve as actual key for
the selected coordination of transition metal ions due to metal-olefin n-bonding [3,
4]. As it was shown recently, allyl derivatives of 1,3,4-thiadiazoles, which unite rigid
heterocyclic cores and conformation-flexible allyl group, were found suitable for the
preparation of m-coordination compounds with unknown (or less stable) in a free state
Cu(I) salts. For instance, the first examples of Cu(C,H,SO,) n-complexes as well as
the direct Cu(I)-~F(SiF,*) interaction have been observed in copper(I) m-compounds
with 2-allylamino-5-methyl-1,3,4-thiadiazole (Thiazl) and 2-amino-5-allylthio-1,3,4-
thiadiazole (Thiaz2) ligands [5]. According to the Cambridge Structural Database, more
than fifteen n-complexes of Cu(I) salts (CuCl, CuNO,, CuBF,, Cu,SiF, Cu(CH,S0,))
with mono- and diallyl derivatives of 1,3,4-thiadiazoles have been obtained and studied
by X-ray crystallography [6]. As part of our ongoing studies in this area, the synthesis
and structure of a novel [Cu,(Thiaz1),(ClO,),] (1) n-complex are reported here.

Experimental section

Unless otherwise mentioned, all chemicals were obtained from a commercial source
(Sigma Aldrich) and used without further purification. 'H NMR spectrum for Thiaz1l
was measured on a Bruker Avance 400 MHz NMR spectrometer. The chemical shifts
are reported in ppm relative to the residual peak of the deuterated solvent — CDCIl,. The

16

DOI: https://doi.org/10.18524/2304-0947.2021.1(77).226133
© Yu.I. Slyvka, E.A. Goreshnik, N.T. Pokhodylo, M. G. Mys’kiv, 2021



[Cu,(C.HNS),(CIO ) ] m-complex with 2-allylamino-5-methyl-1,3,4-thiadiazole

infrared spectrum for Thiazl was recorded on a Bruker Vertex 70 FTIR spectrometer
in KBr pellets. Diffraction data for 1 were collected on a Rigaku AFC7 diffractometer
equipped with a Mercury CCD area detector, graphite monochromatized MoK radiation.
Energy framework calculations were performed on the DFT/B3LYP/6-3 lG(d p) level
using the CrystalExplorer 17.5 software [7, 8].

Thiazl was prepared according to the reported previously procedure [9] starting
from the 4-allylthiosemicarbazide. Thiazl: NMR1H (400 MHz, CDCl,), 8, ppm 6.36 (s,
1H), 5.97-5.87 (m, 1H), 5.32 (d, J=17.2, 1H), 5.22 (d, J=10.4, IH), 3.94 (d, /= 5.6
Hz, 2H), 2.57 (s, 3H). IR (KBr, cm™): 3179(vs), 3076(m), 2978(vs), 2915(s), 2855(m),
2768(m), 2357(m), 2334(w), 1643(m), 1566(vs), 1491(vs), 1456(s), 1435(m), 1417(s),
1336(m), 1267(m), 1214(s), 1187(m), 1145(w), 1084(m), 1008(w), 992(m), 960(m),
925(s), 814(w), 756(m), 650(m), 617(w), 522(w).

Crystals of the coordination compound [Cu,(Thiaz1),(ClO,),] (1) were obtained via
alternating current electrochemical synthesis [10]. Equimolar quantities (1 mmol) of
Cu(ClO,),-6H,0 and Thiazl were dissolved in 5 mL of 95% ethanol. The solution was
placed into a glass tube where it was sealed with a minimal volume of residual air using
a rubber stopper equipped with two copper wire electrodes. Alternating voltage of 0.5 V
with frequency of 50 Hz was applied to the electrodes for three weeks. Single crystals
appropriate for X-ray diffraction measurements were collected from the electrodes. The
yield was about 30%.

The collected diffraction data were processed with the Rigaku CrystalClear software
suite program package [11]. The structure was solved using SIR-92 program and refined
by least squares method on F? by ShelXL program with the graphical user interface of
WinGX [12-14]. Atomic displacements for non-hydrogen atoms were refined using an
anisotropic model. The hydrogen atoms were placed in ideal positions and refined as
riding atoms with relative isotropic displacement parameters. Crystal parameters, data
collection and the refinement parameters are summarized in Table 1.

Table 1
Selected crystal data and structure-refinement parameters of 1
Empirical formula C,H,CLCuNO,S,
Formula weight 636.46
Temperature, K 200
Wavelength MoK,
Crystal system, space group Triclinic, P 1

Unit cell dimensions, A

a,A; o, 7.8911(7); 112.483(3)
b,A; B,° 8.0996(9); 90.2844(19)
e A; .0 10.4198(10); 118.682(2)
v, A3 525.05(9)
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Crystal size, mm?

Z 1
Calculated density, g/cm? 2.013
Absorption coeff., mm'! 2.534
F(000) 320

Continued table 1

0.07 x 0.08 x 0.10

Theta range for data collection, ° 2.1-28.9
Measured reflections 5123
Used in refinement 2210
Refined parameters 145
R[F*>20(F?)] 0.0438
wR(F?) 0.1144
dp, JAp, . (e/A%) 0.597-0.797

max’

RESULTS AND DISCUSSION

Compound [Cu,(Thiazl),(CIO,),] (1) crystallizes in the centrosymmetric space
group P 1, with one organic molecule and one Cu(l) ion in the asymmetric unit.
Thiaz1 molecule acts as bridging chelate «, 6-ligand being attached to Cu(l) by means
of the C=C bond of allyl group and two N atoms of 1,3,4-thiadiazole ring (Fig. 1).
The copper(I) ion adopts trigonal-pyramidal (z,=0.79, 7, — four-coordinate geometry
index) surrounding, including in the basal plane of the polyhedron the N2 atom and
the allylic C=C bond of one Thiaz1 molecule, the N1 atom of neighboring heterocyclic
ring. The apical position of the pyramid is occupied by O1 atom of the anion. Thus,
metal ions connect two Thiazl ligands into centrosymmetric [Cu,(Thiazl),(ClO,),]
fragment with one six-member {Cu,N,} cycle and two six-member {CuN,C,} rings.
Similar centrosymmetric dimers were found previously in the structure of CuNO, and
Cu(CF,SO,) n-complexes with Thiazl [9] as well as CuNO, and CuClO, n-complexes
based on 2-allylthio-5-phenyl-1,3,4-oxadiazole ligand [15]. The strength of Cu(Il)—
(C=C) interaction in 1 is confirmed by the fact that allylic C=C bond is elongated to
1.355(5) A (compared with a nominal value of 1.33 A and a value of 1.340(7) A in
Thiaz] structure itself [5]) due to back-donation from an occupied 3d metal orbital to
a low-lying empty n* orbital of the olefin. Short Cu—m of 1.957(3) A (m — a middle
point of C5=C6 bond) distance and moderately large C—Cu-C of 38.2(2)° angle also
confirm this conclusion. The Cu(l) ion deviates from the base of the trigonal pyramid
only by 0.08(3) A, while the angle between the C=C bond and the polyhedron basal
plane is 12.2(1)°.
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Through N — H---O hydrogen bonds between the H atom of the ligand amino group
and the O toms of the ClO,” anion neighbouring [Cu,(Thiazl),(CIO,),] fragments are
linked into hydrogen-bonded stair-like chains (Fig. 1).

Fig. 1. Fragment of crystal structure 1 with displacement ellipsoids drawn at the 50% probability
level. Symmetry codes: (i) —x,—y,—z; (if) —1—x,—1-y,—z.

Table 2
Selected bond distances (A) and angles (°) in the structure 1
Bond Angle
Cu-01 2.628(3) O1—Cu-—m 97.8(1)
Cu—NUI’ 1.972(3) NlI'=Cu—-m 133.5(1)
Cu—N2 2.014(3) N2—Cu—-m 111.5(1)
Cu—m 1.957(3) NI'—=Cu—-N2 114.6(1)
Cu-C5 2.057(3) O1—Cu—-NV 95.8(1)
C5—Co 1.355(5) C5—Cu-C6 38.2(2)

m — is a mid-point of C5—C6 double bond. Symmetry code: (i) —x,—y,—z.

For the deeper analysis of the intermolecular interactions among the fragments of
1, Hirshfeld surface analysis through the mapping of the normalized contact distance
(d,..) as well as calculation of the interaction energies were performed using the

CrystalExplorer software. The most prominent interactions N — H---O among the
amino-group H atoms and anion O atoms of neighboring moieties can be seen in
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the Hirshfeld surface plot as the strongly red areas (Fig. 2(a)). The other poorly red
and white areas on the surface plot correspond mainly to the C — H---O interactions.
Fingerprint plots were produced to show the intermolecular surface bond distances with
the regions highlighted for H---O and H---S interactions. The contribution to the surface
area for H---H contacts is 24.5%.

H---O (43.8%)

a | | T4 b d;

A 06 08 10 12 14 16 18 20 22 24 A) 06 08 10 12 14 16 18 20 22 24

a b c

Fig. 2. Hirshfeld surface for dimeric fragment of 1 mapped with d _ over the range —0.55 to 1.16 (a).
Fingerprint plots for molecule resolved into O---H/H---O (b) and S---H/H- S (c) contacts.

The energy framework calculations discussed in this paper were performed on
the DFT/B3LYP/6-31G(d, p) level. All the calculations were provided for clusters of
[Cu,(Thiaz1),(ClO,),] fragments within a radius of 3.8 A, which were generated around
a single fragment. This method provides a qualitative picture of the 3D-topology of the
main interactions in the crystal packings. The values of interaction energy calculated
between the dimeric fragments in 1 are tabulated in Table 3 and visualized in Fig. 3. The
cylinders in the energy framework represent the relative strengths of molecular packing
in the different directions — interaction energies are proportional to the thickness of
cylinders joining the centroids of fragments.

b-axis c-axis

Fig. 3. Energy frameworks of 1 representing the total interaction energy (blue)
along the different crystallographic directions.

20



[Cu,(C.HNS),(CIO ) ] m-complex with 2-allylamino-5-methyl-1,3,4-thiadiazole

According to the calculations (Fig.4 & Table 3), the main intermolecular interactions,
which corresponds to the N — H----O hydrogen bonding with two dimers I, cover the
total energy of —151.6 kJ/mol, with significant influence of electrostatic interaction. The
interaction energy with the next neighboring fragments I, which are located above and
below the main fragment, is —111.3 kJ/mol. The last value indicates significant influence
of the C — H----O hydrogen bonding between mentioned moieties. In contrast to I, IT
and IV, interactions of the main fragment with I1I are mostly determined by dispersion
interactions of ligand Thiazl methyl group. The total energy of all interaction between
the dimers in 1 appears to be —379.4 kJ/mol.

Fig. 4. The principal interactions between fragments [Cu,(Thiazl),(CIO,),] in 1 with numbering of
molecules involved in the interactions with the selected one.

Table 3
The most prominent molecular interaction energies (kJ/mol)
for the [Cu,(Thiaz1),(Cl0O,),] dimers in 1
Ne N« Symop R? E ele E pol E_dis E rep E tot°
I 2 11+x’ Ity, z 816 | -1195 | -541 | -663 | 1174 | -1516
—lx,—ly, -z
1l 2 Itx, y, 2 7.89 678 349 | 429 | 382 -111.3
—1-x, 1-y, -z
I 2 x, -1ty z 8.10 274 272 | 569 | 503 -67.6
- X, l-y, -z
w | 2 Vo, Tty Tz 0048 | 231 | 2158 | -220 | 136 | -468
—1-x,—1y,~1z

“ N is the number of molecules involved in the interactions with the selected one.

b R is the distance between molecular centroids (mean atomic position) in A.

¢ Each energy should be multiplied by the conversion factors k= 1.057, kpol =0.740, k, = 0.871,
krep = 0.618 to obtain the total energy (£, ).
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CONCLUSIONS

We presented the synthesis and structure characterization of the novel T-complex
[Cu,(Thiazl),(ClO,),] (1) with 2-allylamino-5-methyl-1,3,4-thiadiazole (Thiazl)
ligand. Organic molecule reveals quite common coordination behaviour of allyl
1,3,4-thiadiazoles, being attached to the metal ion by means of allylic C=C bond
and two heterocyclic N atoms. Energy frameworks computational analysis confirms
the major role of N — H---O interactions (with predominance of electrostatic factor)
in the crystal structure organization: through N — H---O hydrogen bonds neighboring
[Cu,(Thiaz1),(ClO,),] fragments are linked into hydrogen-bonded stair-like chains. The
energy of C — H---O interactions were also quite high which confirms their considerable
impact in stabilizing the structure of 1.

SUPPLEMENTARY MATERIAL

CCDC number 2052890 (1) contains the supplementary crystallographic data for this
paper. Copies of the data can be obtained free of charge on applications to the Director,
CCDC, 12 Union Road, Cambridge CB2 1EZ, UK (Fax: int. code +(1223)336—033;
e-mail for inquiry: fileserv@ccdc.cam.ac.uk).
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CUHTE3, KPUCTAJIMYECKASI CTPYKTYPA,

AHAJIM3 NOBEPXHOCTH XUPLI®EJJIA U KBAHTOBO-
XAUMHWYECKHUE PACYETBI II-KOMIIJIEKCA
[Cu,(C,H,N,S),(CIO,),] C 2-AJUIMIIAMUHO-5-METHJI-1,3,4-
TUAJIUA30JIOM

Ilens 51O pOOOTBI — CHHTE3 M ONpEACNICHHE KPUCTAJUIMYECKOW CTPYKTYyphl HOBOTO
n-xomriekca Cu(l) cocrasa [Cuy(Thiazl),(ClO,),] (1) ¢ 2-anmunamuso-5-metui-1,3,4-
tuaguaszonoM (Thiazl). Kpucramisl coetuHeHNs TOMYYEeHbI METOJIOM IIEPEMEHHO-TOKOBOTO
JNEKTPOXUMHUYECKOTO CHHTE3a M HCCIEIOBaHbl PEHTTEHOCTPYKTypHO. Kpucrammmueckas
CTPYKTypa KoMIulekca 1 mocTpoeHa U3 HEHTPOCHMMETPUYECKUX THUMEPOB, B KOTOPBIX IBa
noHa menu(l) koopnuHupoBanbl 1ByMs Monekyinamu Thiazl aromamu N Tmammaszona u an-
mbHOIO cBs3bio C=C ymmranga Thiazl. [IpoBexens ananmu3 nmoBepxHocTH Xupuidenaa ast
JIUMEPHOI YacTULIbl KOMIUIEKCA ¥ KBAHTOBO-XUMUYECKHUE PAacUeThl SHEPTUil MEKMOIICKYILIp-
HBIX B3aUMOJCHCTBUH.

KiroueBbie cioBa: menp(l) m-xoMIuiekc, MpOW3BOMHBIC THAIMA30Ja, KPUCTAJITHYECKAst
cTpykTypa, pacdetsl DFT, ananus moBepxHocTH Xupidena.
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CHUHTE3, KPUCTAJIYHA CTPYKTYPA, AHAJII3 MTOBEPXHI
TTPIIPEJIBIA TA KBAHTOJBO-XIMIYHI OBUNCJIEHHS
M-KOMILJIEKCY [Cu,(C H,N,S),(CIO,),] 3 2-AJIIJTAMIHO-5-
METWJI-1,3,4-TIAIA30J10M

CrarTd NpHUCBAYCHA CHHTE3Y Ta JOCIIIKEHHIO KPUCTAJIYHOI OYJ0BH HOBOTO TT-KOMILIEKCY
Cu(D) cknany [Cu,(Thiazl),(CIO,),] (1) 3 2-aninamino-5-metni-1,3,4-riaxiasonom (Thiazl).
Thiazl cuHTE30BaHO 3a BIZOMOIO METOAWKOI, BHXOISMYH 13 4-aminTiocemikapOasuiuy.
SxicHi MoHOKpHcTamu 1 onep)kaHO METOIOM 3MIHHO-CTPYMHOTO EIeKTPOXIMIYHOTO CHH-
Te3y Ha MiJHHX esekTponax (mpu Hanpysi 0.5 B, wactora 50 I'n) i3 eraHOIBHOrO PO3UMHY
opraniyHoro jiranay Ta kynpymy(II) nepxiopary rexcarinpary. Cromyxka 1 KpucrasisyeTscs
B IICHTPOCUMETPHUUHIT MPOCTOPOBii rpymi P 1, 3 OJHI€I0 OPraHIYHO MOJICKYJIOK Ta OJTHIM
ionom Cu(l) B acumeTpuuHiit yacTuHi komipku. Monekyna Thiazl BUKOHYE B CTPYKTypi poib
MICTKOBO-XEJIATHOTO JIiranzy, koopanHyouuch a0 ioHiB Cu(l) 38’s3xom C=C aniibHOi Tpy-
nu ta 1Boma aromamu N 1,3,4-tianiazonsHoro spa. lon kynpymy(l) dopmye TpuronambHo-
nipamiganbHe 0TOYEeHHs (reoMeTpHIHUi inaekc 7, = 0,79), sike y 6a3aibHil NIOMKHI oieapa
Bkutouae aroM N2 Tta 38’30k C=C oaniei monexynu Thiazl, a Takox arom N1 cycizHboro
TeTepPOLMKIIYHOrO sipa. ANiKaIbHY MO3ULI0 HipaMiay nocigae arom O mepxiopar-aHioHy.
Bracninok n-koopanHamii 10 IEHTPaIbHOTO aroMa moABiitHui 38’530k C=C nemo BHIOB-
xuBes 710 1,355(5) A, y nopisnsnHi i3 HekoOpAMHOBaHMM y CTPyKTYypi camoro Thiazl. Uepes
BomHeBi 38’13k N — H- O mik aromamu H aminorpymu niranmy ta aromamu O mepxJiopar-
anionis cycigni ¢pparmentu [Cu,(Thiazl),(CIO,),] 00’ eanyI0ThCs y BOAHEBO-3B’A3aHHH CXO0-
JUHKOBHH JIaHIOr. JIIsl IeTalbHOro aHaiizy MDKMOJICKYIIPHUX B3aeMOJiil MK (parMeH-
TaMHy IpoBeieHo aHai3 nosepxHi [ipmidensra. Buecok xontakris O---H, S---H i H---H
y TIIomLy moBepxHi cTaHOBHTH 43,8%, 5,1% 1 24,5%, BigmoigHo. Po3paxyHkm eHeprii
MIDKMOJIEKYJIIPHUX B3aeMoziit, npoBoamnuck Ha pieai DFT/B3LYP/6-31G(d, p). Bei po3pa-
XYHKH 311ificHeno s knactepis pparmentis [Cu,(Thiazl),(ClO,),] B paxiyci 3,8 A, sxi 6ymm
c(hopMOBaHi HABKOJIO OHOTO (hparMeHTa. 3a pe3yIbTaTaMH PO3PAXyHKIB, EHEPTis OCHOBHUX
MDKMOJICKY/ISIPHIX B3a€MOJIIT, 1110 BiAOBIAa0Th BogHEeBUM 3B’ si3kaM N — H---O 3 nBoma -
Mepamu, ckianae —151,6 kJlx/monb. CymapHa eHeprist BCiX MDKMOJEKYISIPHUX B3a€MOJIIH
y ctpykrypi 1 craHOBUTH —379.4 k/[)x/MOIB.

KurouoBi cioBa: m-xomruteke Kynpymy(l), moxigHi Tiagia3ory, KpucTanidyHa CTPYKTypa, 00-
yucnenns: DFT, anani3 nosepxni ['ipuidennbaa.
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