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Syntheses and room-temperature single crystal X-ray structure determinations are recorded for
an array of complexes formed between copper(I) perchlorate and benzonitrile of CuClO4 : PhCN
(1:n) stoichiometry. Copper(I) perchlorate crystallized from neat benzonitrile solution yields a 1:5
CuClO4 : PhCN adduct, shown by the X-ray study to be of the form [Cu(NCPh)4](ClO4). PhCN,
and, on recrystallization from dichloromethane, the 1:4 adduct, shown to be [Cu(NCPh)4](ClO4), the
copper(I) atom in both the n = 4,5 adducts being in a quasi-tetrahedral four-coordinate environment,
< Cu−N > 1.99 Å. Heating of either of the above materials under vacuum to 70 – 80◦ or 85 – 90 ◦C
(Care!) yields 1:3 and 1:2 adducts respectively which may be crystallized from dichloromethane. The
1:3 adduct is shown to be of the form [(PhCN)3Cu(OClO3)], the CuN3 array quasi-trigonal planar
(Σ N-Cu-N 358.0◦; Cu-N 1.906(4)-1.958(4), <> 1.93 Å), with a long unidentate perchlorate oxygen
approach (Cu. . .O 2.404(4) Å). The 1:2 adduct comprises a pair of quasi-linear [(PhCN)Cu(NCPh)]
moieties (Cu-N 1.884(6), 1.866(5) Å; N-Cu-N 158.6(3)◦] linked about an inversion centre by a pair
of oxygen atoms from centrosymmetrically related perchlorate groups, so that a weakly bound four-
membered Cu(µ-O)2Cu central ring is obtained (Cu. . .O 2.445(4), 2.502(6) Å). The structural data
provide a basis for a comprehensive vibrational spectroscopic study across the whole array. These
spectra show features that can be attributed to the structural changes that are observed with the change
in the number of benzonitrile molecules in the compounds. The vibrational spectra of the acetonitrile
complex [Cu(NCMe)4](ClO4) have also been recorded and used to assist in the assignment of the
spectra of the various stoichiometries of the benzonitrile compounds.
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Introduction

Despite the well-known propensity for simple or-
ganic cyanides to stabilize copper in its univalent
state, a factor widely used in its hydrometallurgy, a
number of curious features, as underpinned by sin-
gle crystal X-ray studies, are observed in the as-
sociated chemistry. From acetonitrile solution, a 1:4
adduct may be crystallized with copper(I) perchlo-
rate, shown to contain the ligand coordinated in an ar-
ray of the form [Cu(NCMe)4](ClO4) [1]; by contrast
the halides CuX (X = Cl, Br, I) crystallize only as
1:1 complexes, [(MeCN)CuX](∞|∞), isomorphous and
polymeric in the well-known double-stranded ‘stair’
or ‘ribbon’ form [2], the X = SCN array being more
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complex [3]. With benzonitrile, arrays of similar form
and stoichiometry have been defined for X = Cl, Br,
[(PhCN)CuX](∞|∞) [2], but with the iodide, a highly
complex, three-dimensional polymer of 1:0.5 stoi-
chiometry [(PhCN)Cu2I2](∞|∞) is obtained [4]. A con-
vergence of these studies has occurred with physic-
ochemical measurements of copper(I) perchlorate in
benzonitrile solution [5, 6], in the course of which
the existence of crystalline adducts of 1:4 and 1:2
CuClO4 : PhCN stoichiometry has been defined. We
now describe how an extension of this work by sin-
gle crystal X-ray methods has led to the definition of
the solid-state structures of the complete array of com-
plexes of stoichiometry CuClO4 : PhCN (1:n), integral
n = 2−5, the consequent data, with earlier work, pro-
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viding a foundation for extensive comparative vibra-
tional spectroscopic studies.

Experimental Section
Synthesis

Copper(I) perchlorate: benzonitrile complexes of 1:2 and
1:4 stoichiometry are well established in the literature [5,6];
additional members of 1:3 and 1:5 formulation, crystallo-
graphically authenticated, have been established as augment-
ing the series in the present work, being obtained as follows:

Tetrakis(benzonitrile)copper(I) perchlorate was prepared
in the usual way by the reduction of copper(II) bis(perchlor-
ate) hexahydrate in benzonitrile with heating to 70 – 80 ◦C
and stirring until the supernatant solution became colour-
less. (The usual caveat about the heating of perchlorate salts
applies throughout the present work, which was undertaken
without misadventure). The hot solution was filtered, and,
on the addition of cyclohexane, deposited a colourless mate-
rial, which was washed twice with fresh quantities of cyclo-
hexane and dried under vacuum at 40 – 50 ◦C. An initial re-
crystallisation from benzonitrile yielded material ultimately
shown by the X-ray study to be a 1:5 complex which was
mounted damp with mother liquor in a capillary. Recrys-
tallisation from dichloromethane yielded the 1:4 complex,
as confirmed by the X-ray work. Further benzonitrile may
be removed under vacuum at appropriate temperatures, the
change in stoichiometry being followed by weight loss. Ma-
terial showing a weight loss corresponding to reduction of
the stoichiometry to 1:3 by heating under vacuum at 70 –
80 ◦C, was recrystallised from dichloromethane, the exis-
tence of a 1:3 complex being confirmed crystallographically
and by analysis (C21H15ClCuN3O4 (472.4): calcd. C 53.49,
H 3.25, N 9.10; found C 53.4, H 3.2, N 8.9). Further heating
at 85 – 90 ◦C under vacuum led to further weight loss, ulti-
mately corresponding to 1:2 stoichiometry, the material be-
ing recrystallised from dichloromethane, and confirmed crys-
tallographically as of that stoichiometry. All specimens (all
colourless) for the X-ray work were mounted in capillaries.

Spectroscopy

General details are given in an accompanying paper [7].

Structure determinations

General procedures are described in an accompanying
paper [7]; specific crystal/refinement details for CuClO4 :
PhCN (1:n) are as follows, all data being measured using a
single counter/‘four-circle’ instrument at ca. 295 K, gaussian
absorption corrections being applied.

n = 5. C35H25ClCuN5O4, M = 678.6. Triclinic, space
group P1̄ (C1

i , No. 2), a = 15.356(5), b = 12.244(8), c =
10.113(5) Å, α = 74.78(5), β = 74.70(3), γ = 68.41(4)◦,

V = 1676 Å3. Z = 2; ρcalcd. = 1.344 g cm−3. µMo =
7.8 cm−1; specimen: 0.60 × 0.40 × 0.65 mm; Tmin,max =
0.72, 0.86. 2θmax = 50◦; N = 5880, No = 3380; R = 0.048,
Rw = 0.059. |∆ρmax| = 0.34(2) e Å−3. (x, y, z, Uiso)H were
refined.

Variata. The perchlorate was modelled as rotationally dis-
ordered about Cl-O(1), O(2-4) being disposed over two sets
of sites, occupancy refining to x, 1−x, x = 0.62(1).

n = 4. C28H20ClCuN4O4, M = 575.5. Triclinic, space
group P1 (C1

1, No. 1), a = 9.706(2), b = 9.041(3), c =
8.735(2) Å, α = 73.76(2), β = 69.95(2), γ = 78.34(2)◦, V =
686.5 Å3. Z = 1; ρcalcd. = 1.392 g cm−3. µMo = 9.3 cm−1;
specimen: 0.45 × 0.75 × 0.48 mm; Tmin,max = 0.69, 0.73.
2θmax = 60◦; N = 3987, No = 2679; R = 0.047, Rw = 0.049.
|∆ρmax| = 0.30(4) e Å−3.

Variata. A full sphere of data (Nt = 6474) was mea-
sured to 2θmax = 50◦, the absolute structure being refined
(xabs =−0.02(2)). The perchlorate oxygen atoms were mod-
elled as disordered over two sets of sites, occupancies refin-
ing to x, 1−x, x = 0.73(1).

n = 3. C21H15ClCuN3O4, M = 472.4. Monoclinic, space
group P21/c (C5

2h, No. 14), a = 14.626(4), b = 11.169(3),
c = 15.113(6) Å, β = 117.81(2)◦ , V = 2184 Å3. Z =
4; ρcalcd. = 1.437 g cm−3. µMo = 11.5 cm−1; specimen:
0.70× 1.0× 0.50 mm; Tmin,max = 0.53, 0.65. 2θmax = 50◦;
N = 3841, No = 2365; R = 0.047, Rw = 0.057. |∆ρmax| =
0.51(3) e Å−3.

Variata. A hemisphere of data was measured, Rint =
0.047. The perchlorate was modelled as rotationally disor-
dered about Cl-O(1), O(2-4) being disposed over two sets of
sites, occupancies refining to x, 1−x, x = 0.941(8).

n = 2. C14H10ClCuN2O4 (×2), M = 369.2 (×2). Tri-
clinic, space group P1̄, a = 10.583(3), b = 9.793(4), c =
8.299(3) Å, α = 75.39(3), β = 79.52(3), γ = 67.36(3)◦,
V = 764.7 Å3. Z = 1 dimer; ρcalcd. = 1.603 g cm−3. µMo =
16.2 cm−1; specimen: 0.55 × 0.32 × 0.70 mm; Tmin,max =
0.41, 0.65. 2θmax = 55◦; N = 3515, No = 1284; R = 0.039,
Rw = 0.048. |∆ρmax| = 0.29(6) e Å−3.

Variata. A full sphere of data was measured, Rint = 0.055.
We also record a low-temperature (ca. 153 K)

CCD area detector redetermination of the structure of
[Cu(NCMe)4](ClO4); the coordinate setting is based on
that of the original determination [1], the cell being reset
as Pna21:

C8H12ClCuN4O4, M = 327.21. Orthorhombic, space
group Pna21 (C9

2v, No. 33), a = 23.925(2), b = 8.3519(7),
c = 20.420(2) Å, V = 4080 Å3. Z = 12; ρcalcd. =
1.598 g cm−3. µMo = 18.1 cm−1; specimen: 0.5× 0.35 ×
0.35 mm; ′T ′

min/max = 0.69. 2θmax = 60◦; Nt = 44213, N =
5948 (Rint = 0.027), No = 5431; R = 0.027, Rw = 0.032.
|∆ρmax| = 0.45(7) e Å−3.

Variata. Friedel data were preserved, distinct, xabs re-
fining to 0.37(1). Despite good quality, extensive data,
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Table 1. Copper atom environments, CuClO4 : PhCN (1:n).
In the n = 3 adduct, for N(4) read O(1); in the n = 2 adduct,
for N(3,4) read O(1), O(1’) = O(1) (x̄, ȳ, z̄).
Compound n = 5 n = 4 n = 3 n = 2
Distances (Å):

Cu-N(1) 2.003(4) 1.973(8) 1.958(4) 1.864(6)
Cu-N(2) 1.976(4) 1.986(5) 1.933(5) 1.866(5)
Cu-N(3) 1.984(5) 1.966(5) 1.906(4) 2.445(4)
Cu-N(4) 1.991(5) 2.026(5) 2.404(4) 2.504(6)
C(1)-N(1) 1.141(6) 1.15(1) 1.137(6) 1.128(8)
C(2)-N(2) 1.138(6) 1.149(6) 1.140(8) 1.120(8)
C(3)-N(3) 1.137(7) 1.149(6) 1.140(6) –
C(4)-N(4) 1.120(7) 1.130(8) – –

Angles (degrees)

N(1)-Cu-N(2) 103.8(2) 107.3(2) 105.4(2) 158.6(3)
N(1)-Cu-N(3) 114.5(2) 119.8(3) 122.2(2) 99.9(2)
N(1)-Cu-N(4) 106.2(2) 105.3(2) 90.3(1) 94.1(2)
N(2)-Cu-N(3) 108.1(2) 110.1(2) 130.4(2) 99.8(2)
N(2)-Cu-N(4) 116.7(2) 107.8(2) 100.0(2) 98.8(2)
N(3)-Cu-(N(4) 107.8(2) 105.8(2) 93.1(2) 75.7(2)
Cu-N(1)-C(1) 162.6(6) 174.9(7) 166.8(5) 166.1(5)
Cu-N(2)-C(2) 167.2(5) 162.1(5) 169.9(4) 169.7(6)
Cu-N(3)-C(3) 166.3(5) 164.2(6) 166.9(4) –
Cu-N(4)-C(4) 169.2(5) 176.4(6) – –

In the n = 3 adduct, Cu-O(1)-Cl is 132.2(2)◦; Cl-O(1) is 1.425(4) Å.
In the n = 2 adduct, Cu-O(1)-Cl, Cu-O(1’)-Cl’, Cu-O(1)-Cu’ are
117.0(3), 125.0(3), 104.3(2) (Σ 346.3◦); Cl-O(1-4) are 1.439(4),
1.375(6), 1.403(5), 1.400(8) Å; O-Cl-O range between 108.3(4) –
110.5(3)◦ .

(x, y, z, Uiso)H were not refinable. The results of the determi-
nation are in accord with those of the previous study [1], al-
beit with more useful precision. Cu-N are 1.971(5)-2.016(3),
<> 1.994(13), N-C 1.132(5)-1.147(5), <> 1.138(4) Å, with
N-Cu-N ranging between 105.2(1) – 112.9(1)◦ .

Crystallographic data for the structures have been de-
posited with the Cambridge Crystallographic Data Cen-
tre, CCDC 246243–246247. Copies of the data can be
obtained free of charge on application to The Direc-
tor, CCDC, 12 Union Road, Cambridge CB2 1EZ, UK
(Fax: int.code+(1223)336-033; e-mail for inquiry: fileserv@
ccdc.cam.ac.uk).

Discussion

Structural studies

In the system CuClO4 : PhCN (1:n), variations
in synthetic procedure, accompanied by appropriate
crystallization methods, have resulted in the isola-
tion and structural characterization by single crys-
tal X-ray methods of the total sequence of com-
pounds in the range (integral) n = 2 – 5. We discuss
each in turn, noting throughout a widespread gen-
eral feature in the molecular packing of confronting
(face-to-face) inversion-related phenyl groups from

Fig. 1. The [Cu(NCPh)4]+ cations as exemplified by that of
the 1:5 adduct.

Fig. 2. The [(PhCN)3Cu(OClO3)] array, projected normal to
the Cu-O line.

different/symmetry-related moieties in all compounds,
a probable concomitant of irregularities in the puta-
tive/potential/ideal symmetry of some of the complex
species. Although ubiquitous and entertaining, the re-
sulting structural arrays are not unusually spectacular,
no remarkable new principles being recognized, and
are not depicted. Two of the compounds are ionic, an-
other quasi-so, the tendency being toward the forma-
tion of neutral aggregates incorporating coordinated
perchlorate, albeit somewhat weakly, as n diminishes,
maintaining in all cases a (quasi-)coordination num-
ber of 4, the normal maximum in simple unhindered
unidentate ligand coordination complexes of copper(I).
Significant geometries are given in Table 1, with the
copper containing moieties depicted in Figs 1 – 3.

The ionic complexes are variations on the
[Cu(NCPh)4]+(ClO4)− array; CuClO4 : PhCN
(1:5), obtained by crystallization of the 1:4 complex
from solution in neat benzonitrile is the solvate
[Cu(NCPh)4](ClO4). PhCN, while CuClO4 : PhCN
(1:4), obtained by crystallization of the n = 5 adduct
from dichloromethane solution, is simply the pre-
viously described parent [Cu(NCPh)4](ClO4). The
copper environment and ligand disposition in both
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Fig. 3. The binuclear [(PhCN)2 Cu(OClO3)2Cu(NCPh)2] ar-
ray, projected oblique to the CuO2Cu plane.

is considerably distorted from the tetrahedral norm,
particularly in respect of the angular geometry (Ta-
ble 1, Fig. 1), the coordination of the benzonitrile
ligands in a number of cases being non-linear, with
Cu-N-C as low as 162.1(5)◦, and N-Cu-N ranging
from 103.8(2) to 120.1(2)◦; < Cu-N > through the two
arrays is 1.99(2) Å, the same value as that observed in
the acetonitrile counterpart [1] (also see above), and
rather shorter than that in [Cu(py)4](ClO4), 2.05 Å
(‘py’ = pyridine) [8]. It is also of interest to compare
the copper(I) environments with that in K3[Cu(CN)4],
that anion disposed on a three-fold axis, with Cu-C
2.01(1) (×1), 1.992(6) (×3), <> 2.00(1) Å, C-Cu-C
109.2-109.7(2)◦ [9].

CuClO4 : PhCN (1:3), obtained after partial re-
moval of ligand under vacuum and recrystallization
from dichloromethane, may be regarded as a closely
associated ion pair of the form [(PhCN)3Cu(OClO3)];
a pseudo-trigonal-planar Cu(NCPh)3 array (Σ N-Cu-
N 358.0◦; N-Cu-N ranging between 105.4(2) and
130.4(2)◦) being approached by one perchlorate oxy-
gen atom (Cu-O 2.404(4) Å). Cu-N range between
1.906(4)– 1.958(4), <> 1.93(3) Å, shorter than in

the [Cu(NCPh)4]+ arrays as might be expected, and,
as in the CuN4 arrays, also shorter than in the pyri-
dine base counterpart [Cu(2mp)3](ClO4) (‘2mp’ = 2-
methylpyridine) (1.97 – 2.02, <> 1.99(2) Å [10]); the
longest Cu-N distance (1.958(4) Å) is opposed to the
largest N-Cu-N angle as might be expected.

Pyridine base arrays of the form [Cu(py-
base)2](ClO4) have also been described for py-base =
(2,4- or 2,6-)dimethylpyridine, the CuN 2 array being
essentially linear, with the copper atom disposed on a
crystallographic symmetry element (two-fold axis in
the 2,4- adduct [11] (Cu-N, 1.86(1); N-Cu-N 170(1) ◦;
inversion centre in the 2,6- adduct (Cu-N 1.936(5) Å)
[11], the latter determination being the more precise).
Perchlorate oxygen approaches are found at 2.74(4),
2.984(6) Å respectively, pairwise to either side of
the quasi-planar [Cu(py)2]+ array in the 2,6- adduct
monoclinic C2/c phase [11], 2.997(4) in the tetrag-
onal I41/acd phase [12] and (disordered) along the
two-fold axis toward the N-Cu-N reflex angle in the
2,4- adduct. Cu-N in the present n = 2 complex are
1.864(6), 1.866(5) Å, N-Cu-N being 158.6(3)◦, with
a pair of centrosymmetrically related oxygen atoms
approaching at 2.445(6), 2.504(6) Å, Cu-N and Cu-O
being much shorter than in the py-base adducts and
with an unusual mode of interaction whereby the pair
of O(1) atoms bridge centrosymmetrically related
oxygens in a loose dimeric aggregate with a central
four-membered ring (Cu. . .Cu’ 3.907(2); O(1). . .O(1’)
3.038(6) Å), the perchlorate groups (ordered here,
unlike the other structures above), disposed to either
side of that plane. This complex, CuClO4 : PhCN
(1:2), obtained after exhaustive pumping on the
complex above 80 ◦C, followed by recrystallization
from dichloromethane, may thus be described as
[(PhCN)2Cu(µ-OClO3)2Cu(NCPh)2]. The phenyl
rings of the ligands have dihedral angles of 78.2(2),
88.3(2)◦ to the Cu(µ-O)2Cu plane, and 68.8(3)◦ to
each other; in the n = 3 adduct, the phenyl dihedrals to
the N3 plane are 17.6(2), 13.0(2), 63.7(2) ◦, the copper
atom lying 0.154(1) Å out of the N3 plane toward the
approaching oxygen atom.

We believe that the present report is the first record
of any structure determination of a copper(I) oxyan-
ion : unidentate nitrile (1 : n) complex with n < 4. As
such, it provides features of interest in comparing the
present n = 3,2 arrays with pyridine base counterparts.
While the detail available for CuClO4 : 2mp (1:3) [9]
is limited (‘. . . the ClO−

4 ion which is placed at 4.5 Å
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Table 2. Selected bands (wavenumber/cm−1) in the vibra-
tional spectra of CuClO4 : PhCN (1:n).

n PhCN : ν(CN) ClO4
− ν(CuN)

IR Raman ν3(T2)IR ν4(T2)IR
5 2248, 2226 2252, 2229 1092 622 229
4 2249 2251 1094 628, 621 226
3 2248 2251 1090, 1069 627, 622, 619 227, 197
2 2248 2251 1113, 1061 627, 622, 619 237, 203
PhCN 2228 2230 (liquid)

Fig. 4. Far-IR spectra of CuClO4 : PhCN (1:n) for (a) n = 5,
(b) n = 4, (c) n = 3, and (d) n = 2.

from Cu in the apical position of a trigonal pyramidal
co-ordination of the metal’), the suggestion is strong
that Cu. . .O therein must be longer than the present;
(Σ N-Cu-N is 360◦. The situation in the 1:2 complexes
is more interesting, reinforcing that trend in that cf. the
CuClO4 : (substituted-) py (1:2) complexes, not only
is Cu-N shorter in the PhCN adduct, but the Cu-O in-
teractions although still weak are, nevertheless, suffi-
ciently strong that a dimer results.

Vibrational spectra

The far-IR spectra of CuClO4 : PhCN (1:n; n =
2− 5) are shown in Fig. 4, and the wavenumbers of
selected bands in the IR and Raman spectra are given

Table 3. Vibrational spectra (wavenumber/cm−1) of
[Cu(NCMe)4](ClO4) and constituent species.

MeCN, [Cu(NCMe)4]ClO4 Assignment
ClO4

− IR Raman
MeCN a

3009 3001 3004 ν5(E)
2954 2940 2940 ν1(A1)
2306 2302 2301 ν3 + ν4
2267 2274 2273 ν2(A1) [ν(CN)]
1453 1455 ν6(E)
1385 1376 1375, 1364 ν3(A1)
1041 1032 1036 ν7(E)
920 932 934 ν4(A1)
362 395 395 ν8(E)

ClO−
4

b

1119 1089 1105, 1087 ν3(T2)
928 910 911 ν1(A1)
625 624 625 ν4(T2)
459 460 459 ν2(E)

Metal-ligand bands
230 230 ν(CuN)
157 158
86 100

a Vibrational frequencies for MeCN vapour from: I. Nakagawa and
T. Shimanouchi, Spectrochim. Acta 18, 513 (1962). b ClO−

4 vibra-
tional frequencies from ref. [13], Part A, p. 199.

in Table 2. For the 1:5 complex, the presence of the
uncoordinated PhCN molecule is clearly evident from
the ν(CN) band at about 2230 cm−1, which is close
to the value observed for liquid PhCN (Table 2). The
presence of [Cu(NCPh)4]+ in the 1:5 complex is evi-
dent from the ν(CN) band at about 2250 cm−1, which
is close to the value observed for the 1:4 complex
[Cu(NCPh)4](ClO4). The increase in frequency of the
ν(CN) mode upon coordination is typical for the situ-
ation in which the nitrile behaves predominantly as a
σ -donor ligand [13], while the progressive increase in
the involvement of the ClO4

− ion in the copper(I) coor-
dination sphere with decreasing n is evident from the
progressive broadening and splitting of the IR bands
due to the ClO4

− T2 modes (Table 2).
In order to establish the likely frequency range

for ν(CuN) in the [Cu(NCPh)n](ClO4) complexes,
the vibrational spectra of the acetonitrile complex
[Cu(NCMe)4](ClO4) were recorded, and the spectra in
the low frequency region are shown in Fig. 5. Unlike
benzonitrile, acetonitrile has no vibrational modes be-
low 350 cm−1, so bands in the low frequency region in
its complexes can be more easily assigned.

The assignments of the bands in the IR and Ra-
man spectra of [Cu(NCMe)4](ClO4) are given in Ta-
ble 3. The shifts in the positions of the CH3CN bands
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Fig. 5. Low-frequency vibrational spectra of [Cu(NCMe)4]-
(ClO4) (a) IR, and (b) Raman.

upon coordination are similar to those observed pre-
viously for the corresponding SnCl6

− complex [14].
The greatest shift is for the ν8 band, which shows a
ca. 30 cm−1 increase in frequency upon coordination.
Splittings of the ligand E modes are not observed, con-
sistent with the approximate C3v local symmetry of the
ligands in the tetrahedral [Cu(NCMe)4]+ ions that are
present in the solid [1]. However, the ν3 (A1) mode
shows a slight splitting in the Raman spectrum, which
is probably due to coupling of this vibration in the four
ligand molecules to give two bands (A1(R) + T2(IR,
R) in the ideally Td [Cu(NCMe)4]+ ion). The perchlo-
rate bands occur at almost the same frequency as for
free ClO4

−, the ν3 band showing a small splitting in
the Raman spectrum, consistent with the lower than Td

site symmetry for these ions in the complex [1].

The assignment of the metal-ligand bands in
[Cu(NCMe)4](ClO4) has been discussed previous-
ly [15]. A strong band at 163 cm−1 in the far-IR spec-
trum has been assigned as ν(CuN), and a weaker band
in the range 220 – 240 cm−1 has been attributed to cop-
per(II) impurities. However, we have found that the rel-
ative intensities of the 230 and 157 cm−1 bands in the

far-IR are the same, even in freshly prepared samples
that contain no visible copper(II) contamination. Also,
a band at 230 cm−1 is observed in the Raman spec-
trum, and this is the strongest band below 300 cm−1.
We therefore assign the band at 230 cm−1 as ν(CuN).
This is much more consistent with the results for the
corresponding silver(I) complex [Ag(NCMe) 4](ClO4),
which is reported to show a weak, broad ν(AgN)
band at 187 cm−1 [15]. It would be expected that the
ν(MN) IR intensities would not be very different for
the M = Cu and M = Ag complexes, and that the fre-
quency of this mode should decrease with increasing
atomic mass of M, i.e. from M = Cu to M = Ag. The
current ν(CuN) assignment in Table 3 satisfies both of
these criteria. The assignment of the lower frequency
bands is less certain, although it is possible that the
157 cm−1 band is also ν(CuN). Two ν(CuN) modes
A1 (R) and T2 (IR, R) are expected for a Td CuN4 unit,
and assignment of these to the 230 and 157 cm−1 bands
respectively is possible, if the weak activation of the
230 cm−1 bands in the IR is attributed to reduction of
the symmetry of the complex in the solid.

Returning to the question of the assignment of
ν(CuN) bands in the [Cu(NCPh)n](ClO4) compounds,
the results discussed above for [Cu(NCMe)4](ClO4)
suggest that these should occur at or below 230 cm−1.
The far-IR spectra shown in Fig. 4 contain a number
of bands in the region 150 – 230 cm−1. However, in
contrast to the situation for [Cu(NCMe)4](ClO4) which
shows no ligand bands in this region, these are proba-
bly due at least in part to ligand modes. Liquid ben-
zonitrile shows a band at 173 cm−1, and the 1:5 com-
plex [Cu(NCPh)4](ClO4). PhCN shows an IR band at
174 cm−1 which can be assigned to the uncoordinated
benzonitrile molecule that is present in this complex.
The IR band at 196 cm−1 is presumably due to the
same mode of the coordinated benzonitrile molecules.
Consistent with these assignments is the fact that the
174 cm−1 band is absent but the 196 cm−1 band is
present in the 1:4 complex [Cu(NCPh)4](ClO4), which
contains the same cation as the 1:5 complex, but no un-
coordinated benzonitrile. The 196 cm−1 coordinated
ligand band seems to be present as a shoulder in the
spectra of the 1:3 and 1:2 complexes. The bands in the
150 – 230 cm−1 region that are present in addition to
those discussed above are assigned as ν(CuN), and are
listed in Table 2. The observation of two IR bands in
the case of the 1:3 and 1:2 complexes is not consistent
with the selection rules for ideal trigonal-planar and
digonal-linear coordination, for which only one IR-
active mode is expected, but the crystal structure stud-
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ies show that the copper coordination environments are
appreciably distorted from these ideal structures (see
above).

Conclusions

Adducts of copper(I) perchlorate with benzonitrile,
of 1:n CuClO4 : PhCN stoichiometry have been char-
acterized by single crystal X-ray studies for the first
time for stoichiometries involving RCN with n < 4,
as well as for n = 4, 5, defining species with quasi-
tetrahedral, -trigonal planar and -linear stereochem-
istry with Cu-N generally shorter than in pyridine-

base counterparts. Nevertheless, their geometries are
increasingly and more effectively perturbed by the
perchlorate with diminishing n, enabling extension of
the comparison with pyridine-base and, where rele-
vant, acetonitrile counterparts to the vibrational spec-
troscopy of the various stoichiometries.
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