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Introduction

Labile tetrakis-acetonitrile complexes of the [Cu(CH;CN)4]X
type, where X = BF, , PFs , ClO, ™ (ref. 1 and 2) are widely
used in research laboratories and industrial processes as
catalysts in cycloaddition®* and Ullmann® reactions, intra-
molecular aromatic annulations,*” oxidation of primary
alcohols® and many other popular reactions of organic
synthesis.”™® At the same time they serve as important
precursors for the synthesis of overwhelming majority of
mononuclear**® and homo-"” and hetero-polynuclear'®*®
copper(1) complexes, which also have numerous practical
applications,*** one of which is large-scale production of
emitting materials for OLED fabrication.?® Total number of
references related to these compounds as reagents/reactants
exceeds 3100 (over 100 of them during 2018 year), including
the papers in journals of highest rank. It is obvious that
production of these compounds is of great importance for
research and industry and simple, economical and environ-
mentally friendly method of synthesis is of high demand.

Complexes of the [Cu(CH3CN),]X type with bulky coun-
terions are known for many decades since the 1923 when the
first representative of this family was isolated by the reduc-
tion of silver nitrate with copper powder in acetonitrile.*
Since then the synthetic procedures were modified to exclude
expensive Ag(1) salts from the reaction scheme. At present
time there are two major ways for the synthesis of this
complexes: the first one consists in direct interaction of
copper(i) oxide with the corresponding acid in acetonitrile
(Scheme 1A),% and the second in comproportionation of the
corresponding CuX, salt with copper powder or wire in
refluxing acetonitrile (Scheme 1B).>
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optimized. The approach suggested allows using water as solvent and minimizes amounts of toxic
organic reagents in the synthetic protocol.

These approaches suffer of significant drawbacks such as
using of toxic solvent - acetonitrile (A and B) and application
of corrosive toxic acids (A) that is not desirable from the
safety point of view. Additionally, availability of the corre-
sponding CuX, salts or HX acids are required for the
synthesis of the complexes with desired counterions. Herein
we report on the improved procedure for the synthesis of
[Cu(CH;CN),JX (X = BF,~, PF, ClO,”) making it cheaper,
safer and “greener”.

Results and discussion

In our tactic we combined the methodology of Scheme 1B and
basic principles of ion metathesis to develop simple, fast and
effective one-pot comproportionation/metathesis method for
the synthesis of [Cu(CH3;CN),]X complexes (Scheme 2). As
starting materials, we chose the copper(n) sulfate pentahy-
drate and the corresponding MX metal salts with desired
counterions (MX: NaBF,, KPF,, LiClO,) since they are inex-
pensive, stable and low toxic. As a source of copper(0) we use
copper wire instead of powder as it could be easily removed
from the reaction mixture that makes product separation
technology particularly convenient. All the compounds used
in this reaction and the byproduct (M,SO, salt) are water-
soluble that makes possible to carry out the process in
water using only a small excess of acetonitrile. At the same
time the final products are low-soluble in water that allows
isolation of the products as pure solids from the reaction

NCMe
reflux, 30 min

A. Cu,0 + 2HX 2[Cu(NCMe)4]X + H,0

( X=8F, PF, CIO; |

NCMe
reflux, 30 min

B.CuX, +Cu [Cu(NCMe)4]X

Scheme 1 Syntheses of [CU(CH3CN)4]X described in literature.
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CuSO,5H,0 + Cu 2[Cu(NCMe)]X + M,SO,
+ H,0

100°C, 30 mi = - N . - o,
27Mx+8.2NCMe | O™ (X = BF, PFg CIO, | 82-87%

Scheme 2 Suggested reaction scheme.

mixture by simple centrifugation with a considerable yields
(82-87%).

By varying the molar ratio of reagents, time and temperature
we found optimal conditions for obtaining highly pure
[Cu(CH;CN),JX (X = BF,, PFs, ClO, ) complexes in high
yields (>80%). The protocol in brief can be described in the
following way (see Experimental for details): copper(u) sulfate
pentahydrate, alkali metal salt with bulky anion (2.7 eq.) were
placed in a plastic vial followed by addition of water and
acetonitrile (8.2 eq.); the salt and MeCN were added in a slight
excess. The vial was then charged with copper wire and closed
with cap. The reaction mixture was kept at 100 °C in water bath
for ca. 30 minutes, showing gradual disappearance of blue color
of the starting solution (Fig. 1). The mixture obtained was then
cooled to room temperature to give precipitate of white crys-
talline product, the copper wire was removed from the system
and suspension was additionally cooled in fridge to complete
crystallization of the product. The precipitate was then centri-
fuged, decanted, successively washed with water containing ca.
2% of CH;CN (slight amounts of acetonitrile were added at this
and the next steps in order to prevent complex degradation),
with ethyl acetate-ethanol mixture 1: 1 containing ca. 4% of
CH,;CN, with ethyl acetate containing ca. 2% of CH;CN and
dried.

The presence of copper metal, Cu(0), in the reaction
mixture prevents disproportionation of the product and/or
its oxidation, which are typical detrimental channels of the
copper(1) ions degradation in the presence of water. This
approach is not new and was previously used by other
researchers.”” The reaction products are poorly soluble in
water that also shifts the reaction equilibrium toward the
desired Cu(i) complex. Nevertheless, solubility varies for
different counterions, we suppose it is slightly higher for the
perchlorate complex compared to the tertafluoroborate and
hexafluorophosphate compounds that result in lower yield of
the reaction in the former case.

The products obtained were fully characterized by
elemental analysis, X-ray powder diffraction analysis, 'H, "°F
NMR and IR spectroscopy, UV-VIS spectroscopy. All these

Fig. 1 Photographs showing the reaction mixture color changes
during reaction.
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analyses confirm formation of high purity targeted
compounds. XRD powder diffraction patterns for the
complexes with BF,” and ClO,  counterions are in good
agreement with those simulated from the data obtained for
single crystal XRD (Fig. 2, S1 and S21). In the case of PFgs~
there is some inconsistency that may be ascribed to the
presence of acetonitrile molecules in all the structures
uploaded to the CCDC, which we used for simulation. Addi-
tionally, we synthesized the corresponding complexes with
BF,” and PF¢~ counterions using “classic””®> methodology
and compared their powder diffraction patterns with those
for complexes synthesized under the framework of the
current study (Fig. S1 and S27).

The IR spectra recorded in Nujol display the bands char-
acteristic of the coordinated C=N bond" together with the
bands assigned to vibration frequencies of the corresponding
counterion (Fig. 3)."**

To make sure the completion of metathesis of the coun-
terions we examine the "H and "’F NMR (CDCl;) spectra of
the complexes obtained with addition of 2 equivalents of 4-
iodobenzotrifluoride (as an internal standard), in all the
cases integral intensities of the signals of counterions and p-
I-CcH,4-CF; are in good agreement with relative amount of
fluorine in these compounds (Fig. 4, S3-S5t). The “BaSO,
test” for the SO, anion detection also gave negative result
that confirms completion of the metathesis. In the "H NMR
spectra one sharp singlet signal at ca. 2.22 ppm occur with
integral intensity corresponding to four acetonitrile mole-
cules coordinated to copper(1) ion (Fig. 4, S3 and S47).

The completion of copper(i) reduction in the course of
reaction was monitored by visible color change of reaction
solution from blue to colorless. To make sure that final
products have no admixture of corresponding copper(u)
compounds we measured UV-VIS absorbance spectra of all

[Cu(NCMe),ICIO, experimental
T T T ' ! ' !
10 20 30 40 50
calculated
f T T " T ' I ' ‘
10 20 30 40 50

26, deg

Fig. 2 Powder X-ray diffraction patterns of [Cu(CHzCN)4I[CLO,4l:
experimental (red) and calculated from the single-crystal data CCDC
772755 (blue).
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Fig. 3 IR spectra of [Cu(NCMe)4]X complexes in Nujol.
the complexes obtained in acetonitrile. The Cu(ClO,),-6H,0
salt was used as a reference since it forms [Cu(MeCN),]
[ClO,], complex upon dissolving in acetonitrile.>® For all the
compounds 0.01 M solutions in acetonitrile were prepared
and their UV-VIS absorbance spectra were measured in the
range 250-1100 nm (Fig. 5).

The Cu(u) has clearly detectable strong absorption band in
the 600 = 1100 nm interval. On the contrary, we did not find any

[Cu(NCMe)4IPFg + 2eq. p-I-CgHy-CF3 Cu-NCMe '

-CF3 19¢

“PFg

d-acetone

-CeHym
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Fig. 4 'H and '°F (inset) NMR spectrum of [Cu(CH3CN)4I[PFe] in
presence of 2 equivalents of 4-iodobenzotrifluoride, acetone-dg, 298
K.

This journal is © The Royal Society of Chemistry 2019

View Article Online

RSC Advances
0,25 -
——[Cu(NCMe),](CIO,),
—[Cu(NCMe),I(BF,)
0,204 | ——[Cu(NCMe),]J(PF,)
—— [Cu(NCMe),J(CIO,)
[0]
2 0,15
3]
£
o
3
< 0,104
0,05
0,00 k

— T T T T T 1
800 900 1000 1100

Wavelength, nm

T 1 T T T T
300 400 500 600 700

Fig. 5 UV-VIS spectra of 0.01 M solutions of compounds in
acetonitrile.

absorption for the samples obtained in the same spectral range,
that clearly point to the absence of detectable amount of Cu(u)
ions in the final products.

Experimental

General comments

CuS0,-5H,0, Cu(Cl0O,),-6H,0, NaBF,, KPF,, LiClO, and all the
solvents were used as received. The solution 1D 'H, '°’F NMR
spectra were recorded on a Bruker Avance 400 spectrometer.
Microanalyses were carried out in the analytical laboratory of
the University of Eastern Finland. The IR spectra were recorded
in Nujol using a Fourier transform infrared spectrophotometer
IRAffinity-1. X-ray powder diffraction analysis was carried out
using a Rigaku Miniflex II (Cu Ka) diffractometer, equipped
with a high-speed solid state Dtex type detector within the 26
angle range of 5-100° in the Bragg-Brentano geometry. The
measurements were done with a scan step 0.02° of 2¢ and speed
of 2° min~". UV/VIS spectra were recorded using a Shimadzu
UV-1800 spectrophotometer.

General synthetic procedure exemplified by
tetrakis(acetonitrile)copper(1) tetrafluoroborate

[Cu(CH;CN),][BF,]. Copper(u) sulphate pentahydrate (2.00 g,
8.0 mmol, copper(u) nitrate can be used instead), sodium tet-
rafluoroborate (2.38 g, 21.6 mmol, other alkali metal tetra-
fluoroborate can be used instead), acetonitrile (2.68 g, 65.4
mmol), copper wire coil (d = 0.7 mm, 60 turns with d = 6 mm,
other metal copper source can be used instead) and distilled
water (ca. 9 ml) were placed in a 16 ml plastic vial and tightly
closed with a cap. This mixture was shaken several times and
put in boiling water bath for 10 minutes. Then the vial was
taken out the bath and cooled to room temperature (RT) with
water flow, shaken several times and put back into water bath
for 10 minutes more. The operation (cooling — shaking - heating
for 10 minutes) was repeated once or twice until blue color of

RSC Adv., 2019, 9, 1553115535 | 15533
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Cu”* disappeared. The resulting reaction mixture was cooled to
RT, the copper wire was removed and the vial was again closed
with the cap. The obtained white suspension in water was
cooled in fridge to complete the precipitation of the product. It
was then centrifuged, white solid was consistently washed and
centrifuged twice with 5 ml of water (containing 0.1 g of
acetonitrile), two times with 5 ml of ethyl acetate/ethanol 1: 1
mixture (containing 0.2 g of acetonitrile) and twice with 5 ml of
ethyl acetate (containing 0.1 g of acetonitrile). The obtained
precipitate was dried at 50 °C in air for 2 hours and then in
vacuum at RT to give 4.34 g of the product as white crystalline
solid (yield 86%). '°’F NMR (acetone-ds, 298 K; 6): —151.35 (s,
BF,). '"H NMR (acetone-ds, 298 K; 6): 2.22 (s, Cu-N=C-Me),
Anal. calcd for CgH,,BCuF,Ny: C, 30.16; H, 3.85; N, 17.81 found:
C, 30.62; H, 3.83; N, 17.78. IR (in Nujol, v) 2275 (m), 2304 (m)
(C=N); 1050 (vs), 521 (s) (BF,) cm .

[Cu(CH;CN),][PFg]. Copper(i) sulphate pentahydrate
(1.00 g, 4.0 mmol), potassium hexafluorophosphate (1.99 g,
10.8 mmol, other alkali metal hexafluorophosphate can be
used instead), acetonitrile (1.35 g, 32.9 mmol), distilled water
(ca. 11 ml) were used as starting reagents. The product has
been obtained as white crystalline solid, 2.60 g (yield
87%)."°F NMR (acetone-dg, 298 K; 0): —72.63 (d, Jp_r =
707.4 Hz, PFg). '"H NMR (acetone-dg, 298 K; 6): 2.22 (s, Cu-
N=C-Me), Anal. caled for CgH;,CuF¢N,P: C, 25.78; H,
3.25; N, 15.03 Found: C, 25.61; H, 3.24; N, 15.14. IR (in Nujol,
v) 2275 (m), 2311 (m) (C=N); 850 (vs), 557 (s) (PFe) cm ™.

[Cu(CH;CN),][ClO4]. Copper(n) sulphate pentahydrate
(2.00 g, 8.0 mmol), lithium perchlorate (2.30 g, 21.6 mmol,
other alkali metal perchlorate can be used instead), aceto-
nitrile (2.68 g, 65.4 mmol), distilled water (ca. 9 ml) were used
as starting reagents. The product has been obtained as white
crystalline solid, 4.29 g of (yield 82%)."H NMR (acetone-ds,
298 K; 0): 2.22 (s, Cu-N=C-Me), Anal. caled for CgH;,-
CIlCuN,O,: C, 29.37; H, 3.70; N, 17.12 found: C, 29.44; H,
3.75; N, 17.07. IR (in Nujol, v) 2272 (m), 2301 (m) (C=N); 1083
(vs), 623 (s) (ClO4) em ™.

Conclusions

In conclusion, we elaborated an efficient protocol for the
synthesis of [Cu(CH3CN),]X complexes (X = BF,, PFs , ClO, ")
using stable, inexpensive and low toxic materials. The protocol
makes possible to carry out the reaction in aqueous media and
minimizes the amount of toxic acetonitrile in the synthesis.
According to this protocol the targeted complexes could be
obtained in high yield (82-87%) as pure crystalline material.
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