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Among various complexes of d-elements with nitrogen-containing 
polydentate ligands,1 the compounds incorporating tetrazole 
moieties attract more attention2 due to the many opportunities 
provided by coordinated tetrazole, in particular, obtaining mono-, 
bi- or polynuclear structures3 capable to act as independent 
structural units in the synthesis of supramolecular or polymer 
systems4 with interesting magnetic properties.5 On the other hand, 
azoles and, in particular, tetrazole are attractive as the ligands 
due to their reactivity and biological activity.6

Another interesting aspect of chemistry of the tetrazole 
complexes is so-called click-reactions,7–9 which allow one to 
create nitric fragments directly in the coordination sphere of 
complexes. Commonly, the click-type reactions involve the most 
reactive CN-a fragment forming the azole ligands via [3 + 2] 
cycloaddition.10 However, there are also examples of reactions 
accompanied by splitting of C–C bonds in nitriles to form free 
cyano-ligands.11–14

Here, we report on the reactions between NaN3 and Cu(Phen)Cl215 
in MeCN–H2O or MeCN–EtOH solvents under hydro(solvo)thermal 
conditions (Scheme 1).† Depending on the reaction conditions, 
two different copper complexes were obtained: the new cis-
[Cuii(Phen)2(mtz)2]∙H2O 1 (mtz is 5-methyltetrazolate anion) 

and the well-known coordination polymer [Cui(Phen)(m-CN)]n 2. 
In the case of 1, the formation of methyltetrazolate ligand 
(MeCN + N3

– ® mtz–) was accompanied by a disproportionation 
of initial complex [2Cu(Phen)2+ ® Cu(Phen)2

2+ + Cu2+
solv] that 

led  to the brown precipitate of metallic copper released from 

First example of a click-reaction on the aminate  
copper complexes: effect of reaction parameters

Igor V. Esarev,a Vladislav V. Gurzhiy,b Artem A. Selyutin,b Anastasia V. Laptenkova,b Andrey I. Poddel’sky,c 
Nicolay L. Medvedskiy,a Alexander I. Ponyaev,a Rostislav E. Trifonova,b and Alexey V. Eremin*a,d

a	St. Petersburg State Institute of Technology (Technical University), 190013 St. Petersburg, Russian Federation. 
E-mail: ha9room@gmail.com

b	St. Petersburg State University, 199034 St. Petersburg, Russian Federation
c	G. A. Razuvaev Institute of Organometallic Chemistry, Russian Academy of Sciences, 603137 Nizhnii Novgorod, 

Russian Federation
d	Peter the Great St. Petersburg Polytechnic University, 195251 St. Petersburg, Russian Federation

DOI: 10.1016/j.mencom.2018.11.014

LCuII
MeCN, N3

L = Phen

L2CuII N
N N

N Me

2

(L)CuI N C CuI(L)
n

The hydrothermal reaction of NaN3 with Cu(Phen)Cl2 in aceto­
nitrile solutions results in the formation of two complexes: 
new d9 mononuclear cis-[Cuii(Phen)2(mtz)2]∙H2O and d10 
coordination polymer catena-[Cui(Phen)(mmm-CN)]n (mtz is 
5-methyltetrazolate anion and Phen is 1,10-phenanthroline). 
The process involves in situ formation of mtz ligand via 
cycloaddition of acetonitrile and azide (in the case of 
[Cuii(Phen)2(mtz)2]) and cleavage of acetonitrile C–C bond 
(in the case of [Cui(Phen)(mmm-CN)]n). Both complexes were 
fully characterized by a comprehensive set of methods, 
including the single crystal X-ray diffraction data.

†	 All chemicals were purchased from commercial sources (reagent grade, 
analytical grade or related Russian qualifications) and used as received. 
Cu(Phen)Cl2 was prepared according to the known procedure.15 
	 cis-[Cu(Phen)2(mtz)2]∙H2O 1. Cu(Phen)Cl2 (0.2 g, 0.64 mmol) and 
NaN3 (0.083 g, 1.28 mmol) were mixed in a water–acetonitrile (1 : 1 v/v, 
10 ml) solution. The reaction mixture was sealed in a Teflon-lined stainless 
steel autoclave and kept at 105 °C for 24 h. After cooling to room 
temperature, the blue solution was filtered off, and the filtrate was left for 
evaporation. After several days, the green crystals of 1 were collected. 
The yield was 57%. IR (4000–350 cm–1): 720 (vs), 855 (s), 1425 (s), 

1524 (m), 2371 (w), 3367 (m). Found (%): C, 55.2; Cu, 10.6; N, 27.4; 
H, 4.1. Calc. for C28H22CuN12∙H2O (%): C, 55.3; Cu, 10.4; N, 27.6; H, 4.0.
	 [Cu(Phen)(m-CN)]n 2. Cu(Phen)Cl2 (0.2 g, 0.64 mmol) and NaN3 (083 g, 
1.28 mmol) were mixed in ethanol–water (0.95 : 0.05 v/v, 7 ml) solution. 
Then acetonitrile (5 ml) was added. The mixture was sealed in a Teflon-
lined stainless steel autoclave and kept at 150 °C for 72 h. Once it was 
cooled to room temperature, the red needle-like crystals of 2 were 
formed and isolated by filtration. The yield was 21% (based on Cu). 
IR  (4000–350 cm–1): 667 (s), 730 (vs), 840 (vs), 1017 (m), 1420 (m), 
2360 (w). Found (%): C, 58.0; Cu,  23.2; N, 15.9; H, 2.9. Calc. for 
C26H16Cu2N6 (%): C, 57.9; Cu, 23.4; N, 15.7; H, 3.0.
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the reaction mixture containing complex 1. The formation of 2 
proceeds via a complicated mechanism including C–C bond 
cleavage of acetonitrile and reduction of Cuii into Cui. The 
crystal structure of complex 2 has been previously reported.16–18

Suitable crystals for the single crystal X-ray diffraction 
experiments were selected from the precipitate obtained by the 
evaporation of reaction solutions. The molecular structures of 
both complexes were confirmed by X-ray analysis.‡ Copper atom 
in complex 1 is surrounded by a distorted octahedral environment 
formed by the four nitrogen atoms of two Phen ligands and two 
nitrogen atoms of two mtz ligands in their deprotonated form 
(Figure 1). The Cu–N(Phen) and Cu(1)–N(12) bonds between 
the two trans-located Phen ligands are markedly elongated due 
to the greater trans-effect of Phen as compared to that of mtz 
ligand (Table S2, Online Supplementary Materials). The crystal 
structures of 1 and 2 are stabilized by stacking p–p interactions 
between the Phen ligands (Figure S1, Online Supplementary 
Materials). Lengths of Cu–N bonds in 1 and the known 
complexes of copper(ii) with tetrazole ligands19–23 are given in 
Table S2, while those of Cu–N(Phen) and Cu–(CN) bonds in 2 
and some similar compounds are given in Table S3 (see Online 
Supplementary Materials).16–18,24,25 Complex 2 synthesized in our 
work was structurally identical to those reported previously.16–18 
Note that other methods of synthesis involve the direct substitu
tion reaction of Cuii compounds with the donor of CN ligand 
(e.g., [Fe(CN)6]3–)16,17 or a reaction of CuiCN with Phen ligand.18 

However, we have observed the unusual formation of CN ligand 
that was generated via destruction of acetonitrile.

Synthesis of complex 1 is the first reported example of the 
tetrazolate ligand in situ formation within the coordination sphere 
of copper(ii) complex containing other amino ligands. According 
to other works,26–28 the mtz anion is formed upon attachment of 
N3

– to the nitrile ligand coordinated in the inner sphere of 
complex. In addition, the reaction mechanism may include the 
reduction of Cuii into Cui and also the disproportionation reac
tion: 2 Cui ® Cuii + Cu0. The latter reaction pathway is manifested 
by the presence of two Phen ligands in 1, which can be caused by 
partial splitting of initial copper compound along with the 
reduction of Cui into Cu0 and attachment of released Phen to the 
formed Cu2+

solv species.
The X-band EPR spectrum of polycrystalline sample 1 at 

298 K (see Figure S2, Online Supplementary Materials) possesses 
a  rhombic symmetry with g-tensor parameters of g1 = 2.212, 
g2 = 2.162, and g3 = 2.004 (gav = 2.126).§ The hyper-fine structure 
was not observed in the spectrum. The magnitude of g-factor 
and the anisotropy of spectrum are typical of the Cuii complexes 
bearing the unpaired electron localized on the d orbitals of 
copper(ii). The isotropic X-band EPR spectrum of complex 1 
in acetonitrile solution at 298 K reveals a quartet typical of Cuii 
complexes with gi = 2.1265 and HFC constant values on copper 
nuclei of ai(63Cu) = 52.6 G, ai(65Cu) = 56.3 G (63Cu, 69.15%, 
I = 3/2; 65Cu, 30.85%, I = 3/2). The EPR spectral parameters for 
complex 1 in solid state and in acetonitrile solution were similar 
and pointed out the preservation of internal coordination sphere 
of the complex in acetonitrile solution. The isotropic X-band 
EPR spectrum of 1 in DMSO solution also exhibits a quartet 
with anisotropy specific for the copper(ii) complexes and with 
parameters: gi =  2.136, ai(63,65Cu) ~ 65 G (Figure S3). It is 
possible that the structure of complex 1 in DMSO is not the same 
as that in its solid state (since gav = 2.126 in the case of solid, 
while gi = 2.136 in DMSO solution) due to the strong solvating 
ability of DMSO. It  is also possible that the dissociation of 
complex 1 providing DMSO-solvated [Cuii(Phen)2]2+ cations 
and methyltetrazolate anions occurs in the DMSO solution.

The reaction mechanism in the case of complex 2 is also of 
interest. There was no any reported example of obtaining the cyanide 
anion in the Cuii–MeCN systems under the reaction conditions 
similar to that revealed in the present work. However, it is believed 
that acetonitrile can react with water in the presence of Cu2+

solv 
with a cyanohydrin formation: MeCN + H2O ® HOCH2CN + H2. 
Under the conditions of hydrothermal synthesis, the resulting 

‡	 Crystal data for 1. Data were collected using a Rigaku Oxford Diffrac
tion Xcalibur diffractometer equipped with an Eos CCD area detector 
operating with a monochromated MoKa radiation ( l = 0.71073 Å) at 
100(2) K. The unit‑cell parameters for C28H24CuN12O, M = 608.13, mono
clinic, C2/c, at 100 K: a = 9.5063(3), b = 15.4116(6) and c = 17.5253(7) Å, 
b = 93.945(3)°, V = 2561.50(16) Å3, Z = 4, m = 0.903 mm–1. The 
parameters were refined by the least-squares method using 8250 reflec
tions in the 2q range of 5.43–55.00°. The structure was solved by direct 
methods and refined to R1 = 0.031 (wR2 = 0.071) for 2630 unique 
reflections with |F0| ³ 4sF using the SHELX software31 incorporated 
in the OLEX2 software package.32

	 Crystal data for 2. Data were collected using a Rigaku Oxford Diffrac
tion Xtalab diffractometer equipped with a semiconductor HyPix-3000 
area detector operating with microfocused monochromated CuKa 
radiation ( l = = 1.54184 Å). The unit-cell parameters for C26H16Cu2N6, 
M = 539.53, monoclinic, P21/c, at 100 K: a = 18.4775(8), b = 8.3433(3), 
and c = 16.5648(8) Å, b = 110.044(5)°, V = 2399.01(19) Å3, Z = 4, m = 
= 2.389 mm–1. The parameters were refined by the least-squares method 
using 14089 reflections in the 2q range of 5.09–140.00°. The structure 
was solved by direct methods and refined to R1 = 0.041 (wR2 = 0.105) for 
3919 unique reflections with |F0| ³ 4sF using the SHELX software31 
incorporated in the OLEX2 software package.32 The unit cell contains 
disordered ethanol molecules, which have been treated as a diffuse 
contribution to the overall scattering without specific atom positions by 
SQUEEZE/PLATON:33 total potential solvent accessible void volume is 
250 Å3 and electron count voids per cell is 69e that is approximately equal 
to 0.5 ethanol molecule per formula unit of 2. Both cyanide fragments in 
the structure of 2 are mutually positionally disordered (CN/NC) and their 
occupancies were refined as 0.55/0.45 and 0.58/0.42.
	 Absorption correction for both structures was applied in CrysAlisPro 
software complex34 using spherical harmonics, implemented in the 
SCALE3 ABSPACK scaling algorithm. The carbon-bound H atoms were 
geometrically located and included in the refinement according to the 
‘riding’ model approximation, with Uiso(H) set to 1.5Ueq(C) and C–H 
of 0.96 Å for the Me groups and Uiso(H) set to 1.2Ueq(C) and C–H of 
0.93  Å for the CH groups. Hydrogen atoms of water molecules in 1 
were localized from difference Fourier maps and refined with individual 
isotropic ADPs. The crystallographic data and refinement parameters 
for  1 and 2 are summarized in Table S1 (see Online Supplementary 
Materials).
	 CCDC 1836717 and 1837839 contain the supplementary crystallographic 
data for this paper. These data can be obtained free of charge from The 
Cambridge Crystallographic Data Centre via http://www.ccdc.cam.ac.uk.

§	 The spectra were recorded on a Bruker EMX spectrometer (working 
frequency 9.75 GHz). The spectral parameters were obtained by the 
simulation using the WinEPR SimFonia Software (v. 1.25, Bruker).
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Figure  1  Molecular structures of complexes (a) 1 and (b) 2 with thermal 
ellipsoids drawn at the probability level of 50%. Hydrogens are omitted.
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cyanohydrin can be decomposed releasing formaldehyde and 
HCN.14,29 It was assumed in some works11,13,30 that the presence 
of reducing agents in the reaction system contributes to the 
methyl radical elimination from MeCN, while the formation 
of CN– from tetrazole looks unlikely due to a high stability of 
copper(i) complexes with azole ligands under the reaction con
ditions.10

In conclusion, the obtained results are of general interest since 
they expand knowledge of the ligand effect on the click reaction 
providing the tetrazole compounds and coordination polymers.

This work was in parts supported by the Ministry of Education 
and Science of Russian Federation (grant no. 4.4697.2017/6.7) and 
by the Russian Foundation for Basic Research (grant no. 16-08-
01299). The single crystal X-ray diffraction experiments were 
carried out at the X-ray Diffraction Centre of St. Petersburg State 
University. The EPR investigations were performed using the 
equipment of Analytical Centre at the G. A. Razuvaev Institute of 
Organometallic Chemistry of the Russian Academy of Sciences.
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