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New cyano complex of W(V), (AsPh,)[W(bpy)(CN)]:
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redox system W(bpy)(CN)s~/W(bpy)(CN)g*~
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Abstract

The preparation and spectroscopic characterization of the new cyano complex of W(V), (AsPh,)[W(bpy)(CN)e],
is reported. While the light yellow crystalline salt is thermally stable in the solid state and in aqueous solution,
in light it undergoes photoreduction to the W(IV) analogue with the initial quantum yield &3, =0.17 in H,O.
The electronic absorption spectrum in the visible part shows ligand-to-mctal charge-transfer (LMCT) bands which
are solvent dependent. Linear correlations between v, versus Reichardt E; parameter were found. The ESR
spectrum at 77 K shows characteristic g tensors with g, =1.9352, g,=1.9523 and g;=1.9726 (g,,=1.9486 at 293
K). Cyclic voltammetry measurements indicate a reversible one-electron, reduction leading to W(bpy)(CN)s*~
with formal redox potential E°=0.845 V (in 0.1 M aqueous KCl), dependent on the nature of the solvent. A
new synthetic route to (AsPhy),[W(bpy)(CN)e]-5H,0O is also presented.

Introduction

For many years, there has been great interest in
polypyridyl and mixed cyano-polypyridyl complexes of
transition metals, especially those which form redox
pairs [1]. The redox pairs of Fe(ILIII), Ru(ILIII),
Os(ILIII) and others have been utilized in many redox
systems, as electron relay species and in photochemical
systems for conversion of solar cnergy [2].

Previously we reported the syntheses and properties
of W(bpy)(CN)s*~ ion salts [3]. The redox potential
of the reversible couple and the stability of its W(V)
analogue are unknown. In this paper the syntheses and
properties of W(bpy)(CN),~ ion salts are presented.
Most attention has been paid to the spectroscopic and
redox properties of this new complex, which seems to
be comparable with the other cyano-bpy systems.

Experimental

Analytical methods

Carbon, nitrogen, hydrogen and tungsten were de-
termined as described earlier [4]. Water was determined
by isothermal dehydration in vacuo over P,O,,.

0020-1693/93/$6.00

Preparations
All synthetic work was performed under red light.
The initial compound, (bpyH);(H;O)[W(CN)g]-H,O
was synthesized as described earlier [4]. All other
reagents were of analytical grade (Aldrich) and used
as supplied.

Bis(tetraphenylarsonium) (2, 2’ -bipyridyl) hexacyano-

tungstate(IV) pentahydrate, (AsPH,),[W{(bpy)-

(CN)4] - 5H,0

4.0 g (3 mmol) of (bpyH);(HsO)[W(CN)g]-H,O dis-
solved in 30 cm? of hot anhydrous glycerol were heated
up to 150 °C. When the reaction mixture reached an
intense blue colour the solution was poured into cold
H,O (c. 150 cm?®) and a saturated solution of CdCl,
was then added to precipitate the reaction products.
The precipitate was filtered off, washed with H,O (up
to a negative reaction of Cl~ with AgNO,) and then
treated with excess of 1 M NaOH. To the blue—violet
solution thus obtained an excess (c. 0.5 g) of AsPh,Cl
in MeOH was added. The mixture was allowed to stand
overnight and the resulting dark violet crystals were
filtered off and washed with H,O. The salt was re-
crystallized three times from H,0-MeOH (1:2 vol./vol.)
solution. Yield c¢. 50%. Anal. Found: C, 56.7; N, 8.4:
H, 4.4; W, 13.5, H,0, 6.6. Calc.: C, 56.8; N, 8.3; H,
4.3; W, 13.6, H,0, 6.7%.
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Tetraphenylarsonium (2,2’ -bipyridyl) hexacyano

tungstate(V), (AsPh.)[W(bpy)(CN)s]

To 0.17 g (0.126 mmol) of (AsPh,),[W(bpy)-
(CN)]- SH;0 in 3 cm® of MeCN, an equivalent amount
of H,O was added. The resulting solution was acidified
with 0.5 ecm® of 0.2 M HNO, and oxidized with 0.1 M
KMnQ,. Then the solution was diluted four times with
H,O and allowed to stand for one day. The resulting
yellow crystals were filtered off, washed three times
with H,O and recrystallized three times from a
MeCN-H,O mixture (1:1 vol./vol.). Yield c. 70%. Anal.
Found: C, 54.4; N, 12.8; H, 3.6; W, 20.8. Calc.: C, 54.6;
N, 12.7; H, 3.2; W, 20.9%.

The tetraphenylarsonium cation in (AsPh,)-
[W(bpy)(CN)s] can be easily replaced by other cations
using MCIO, solution (M=H" or alkali metals) or by
passing through a cation exchange column(in H* form).

Physical measurements

IR absorption spectra in nujoll mulls or in KBr pellets
were recorded on a Briiker IFS 48 spectrometer. Elec-
tronic absorption spectra were measured with an M-
40 spectrophotometer (Carl Zeiss, Jena). ESR spectra
were recorded in MeOH with an SE/X-25 spectrometer
using dpph (dpph=diphenylpicrylhydrazyl) as a stan-
dard. Cyclic voltammetry measurements* were per-
formed with an Ammel model 552 potentiostat equipped
with an Ammel model 568 programmer and Ammel
560/A interface using a three-electrode setup in
0.1 M KCl (H,O solutions) or in 0.1 M (Bu,N)PF,
((Bu,N)PF, =tetrabutylammonium  hexafluorophos-
phate) for organic solvents. Pt working and counter
electrodes and an Ag/AgCl reference electrode were
used with sweep rates in the range 0.01-0.5 V s~

Steady-state photolyses were performed in a 1 cm
quartz cell with the focused output of an XBO 150
lamp equipped with a 10 cm path length quartz cell
filled with H,O for cutting off IR radiation and filtered
to isolate the 365 nm line (UV SIF 365 nm interference
filter, Carl Zeiss, Jena) of 3.15X 10" quanta s~'. The
photoreduction of W(CN)s*~ in aqueous acidic solutions
(9=0.81, A,,=365 nm) was used as the actinometer
[5]. The solutions of (AsPh)[W(bpy)(CN)]
(c=6.0x10"* M) were deaerated (Ar purged) prior
to use. The progress of photoreaction was followed
spectrophotometrically at 565 nm (A, of the metal-
to-ligand charge-transfer (MLCT) band of (AsPh,),-
[W(bpy)(CN)s], €max=4.900 [3]). Quantum yields of
formation of W(bpy)(CN).*~ were corrected for the
partial transmittance of substrate [6] (up to 15% of
conversion). All measurements were performed at room
temperature (c. 2012 °C).

*Measurements were performed in the Department of Chem-
istry, University of Ferrara, Ferrara, Italy.

Results and discussion

Synthesis and characterization

Oxidation of (AsPh,),[W(bpy)(CN)s]-5SH,O by
KMnO, in mixed solvent (H,O-MeCN) acidic solution
gives (AsPh,)[W(bpy)(CN)e]. The resulting salt is light
sensitive as a solid and in solution but in the dark (or
in diffuse light) it remains unaltered in air for long
periods. It is well soluble in polar organic solvents and
sparingly in water.

The synthetic method used previously to obtain
(AsPh,),[W(bpy)(CN)e] - 5H,O gives the product with
a yield not higher than 20% (see ref. 15). In this paper
a modified method was used, involving the thermal
decomposition of (bpyH):(H;0)[W(CN)g]-H,O in glyc-
erol. The high boiling point and good solubility in water
enable the product to be obtained with a yield of c.
50%.

IR spectra

Data for the prominent bands of
(AsPh,)[W(bpy)(CN)e] (A) that can be rather unam-
biguously assigned are summarized in Table 1. For
comparison, the bands for (AsPh,),[W(bpy)(CN)4]-
5H,0O (B) are also included. The complex show weak
bands at 2118 and 2163 cm ™' corresponding to C=N
stretching modes which are much weaker than that of
the W(IV) analogue and lie almost at the same position
as for octacyanotungstate(V) salts [7, 8]. In both salts
(A and B) the bands of bpy are diminished in intensity
in comparison with the free bpy, without significant
change in the band positions [3, 9]. There are no bands
in the region typical for water molecules confirming
that the salt is anhydrous.

ESR spectra
The ESR spectrum in methanol (Fig. 1) at room
temperature shows symmetrical signal characteristic for

TABLE 1. Selected IR* frequencies for (AsPh,)[W(bpy)(CN)]
(A) and (AsPh,), [W(bpy)(CN)s]-SH,O (B) salts

Complex Some bands (in cm~!) characteristic for
CN cation  cation and bpy

A 2163vww  1004m  1610m, 1478w, 1448vs, 1322m,
2118vw 472s 1087s, 783vs, 758vs, 698vs,

B 2135w 1003m  1610v, 1480s, 1440vs, 1320vw,
2129m 470vs  1088m, 777s, 755vs, 698s
2125m
2118vs
2112vs

*The abbreviations v, s, m, w, denote very, strong, medium and
weak.
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Fig. 1. ESR spectra of (AsPh,)[W(bpy)(CN)] in MeOH solution
at 77 (—) and 293 (---) K.

Fig. 2. Cyclic voltammogram of 1x10~* M solution of B in 0.1
M KCI (H;O) vs. silver chloride electrode; scan speed 200 mV
s~!, Pt working electrode.

d'-W complexes. In glassy methanol (77 K) however,
the signal loses its symmetry and g,, g, and g, can be
calculated. The values of g tensors; g,=1.9352,
g,=19523 and g,=1.9726 with g, =19486 and
A(**W)=32.3 G are smaller than that for the W(CN)g*~
ion (g,=1.980, g, =1.965 with g,,=1.9705 [10]) but
are similar to those of substituted octacyanides such
as W(CN),(H,0)*~ (g.,=1.9482) [11]. The presence
of g,-g, tensors suggests that the complex is fully
anisotropic, without axial symmetry. Probably in this
system, similar to (AsPhy)[WO(bpy)(CN),]-2H,0-0.5
bpy [12], the bpy ligand is distorted and the pyridine
rings are not equivalent. This supposition is supported
by the results obtained for the 1,10-phenanthroline
(phen) analogue [13] for which g, and g, can be
calculated (being consistent with the fact that the phen
ligand is more rigid and cannot be distorted).

Cyclic voltammertry

Cyclic voltammetry measurements, performed in
aqueous solution in the range —0.5 to 1.0 V, indicate
(Fig. 2) that only one wave, typical for a reversible
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one-electron transfer appears (eqn. (1))
+e—
W(bpy)(CN)s™ == W(bpy)(CN)~ (1)

with formal redox potential E°=0.845 V and aF =70
mV (0.1 M KCl). The redox potential is solvent de-
pendent and decreases in the order H,O>MeOH
(E°=0.751 V)>Me,CO (E°=0.611 V).

The substitution of two cyano ligands by bpy in
W(CN)s*~ (E°=0.51 V [4, 14]) gives greater changes
in the redox potential than those for Fe(bpy)(CN),~
and Ru(bpy)(CN), ~ (with two cyano ligand substituted),
but similar to the complexes for which four cyano
groups are substituted. The difference in redox potential
between the W(CN)g@ -~ system and the
W(bpy)(CN)e "2~ system (AE®°=0.335 V) corresponds
rather well to values for the Fe(CN)s>~*~ and
Fe(bpy),(CN),”* systems (AE°=0.371 V) [1, 15]. A
similar situation also occurs for the Ru(ILIIT) analogues
[1, 16]. Thus the coordination sphere of octacyanides
is more sensitive to incorporation of electron with-
drawing polypyridyl than that of the other cyano com-
plexes.

The solvent shift of E° is very close to that observed
for Ru(bpy),(CN), but much smaller than that of mono-
substituted Ru(bpy)(CN),>~ [16]. On the other hand
the observed solvent shift is much smaller than that
of W(CN)g*~"~ [4] indicating that the solvent inter-
action with metal is tuned by the m-electron system of
the ligand.

Electronic absorption spectra

The numerical data of the UV-Vis absorption spectra
of (AsPh,)[W(bpy)(CN),] in aqueous and non-aqueous
solvents are given in Table 2. For comparison the data
for (AsPh,),[W(bpy)(CN)e]-5H,0 and W(CN)g*~ in
H,O are also included. The electronic spectrum of the
W(bpy)(CN)s~ ion is similar to that of W(CN)g ™,
consisting of three ligand-to-metal charge-transfer
(LMCT) bands (at 242, 255 and 357 nm in H,0)
superimposed with the ligand-field (LF) transitions [17,
18]. The same positions of the lowest energy bands of
A as for W(CN),>~ indicate that substitution of the
cyano ligands by bpy does not significantly change the
electron energy levels, which are also LMCT in char-
acter. The bands at 356 nm (in H,O) seems to be
connected with the LMCT CN — M transition (by anal-
ogy with M(CN)g>~) whereas the band at 386 nm (in
H,O) seems to be a LMCT bpy — M transition similar
to other complexes of that type [1, 19].

The position and intensity of the bands at 356 and
386 nm (H,O) are solvent dependent, with a linear
correlation between v,,,, versus Reichardt E parameter
[20] (Fig. 3). The small number of solvents used results
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TABLE 2. UV-Vis spectral data for (AsPh,)[W(bpy)(CN)] (A),
(AsPh,),[W(bpy)(CN)e]-SH,O (B) and K,{W(CN)] (C) in H;O
and organic solvents

Complex Solvent A (nm) (¢x107? mol™! dm® cm™')

LMCT MLCT QOthers
A HO 386 sh 312(12), 274(6.4),
356(2.0) 264(7.2), 244(8.4)
MeCN 429(0.63) 312(12), 273(8.8),
365(2.4) 264(9.1), 240(10)
Me,CO  436(0.76) 2
366(2.1)
B® H,0O 565(4.9) *
380(2.9)
MeCN 660(9.2) *
440(3.9)
Ce H,O 357(1.9)
255(2.6)
242(2.6)

*Only selected data are presented. °Data from ref. 3.  “Data

from ref. 17.
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Fig. 3. Plot of v, vs. E1 of solvent.

from the decomposition of the complex in many of the
solvents studied.

The UV spectrum of A is dominated by two inter-
ligand (IL) bands at 312 and 247 nm of coordinated
bpy, superimposed with the bands of the cation (at
240, 268, 278 nm) [3] and LMCT bands of the anion.

Photochemistry

Irradiation within the LMCT band at 365 nm of
(AsPh,)[W(bpy)(CN),] in aqueous solution results in
the formation of the W(bpy)(CN)¢*>~ ion (Fig. 4) with
the isosbestic point at 360 nm and characteristic ab-
sorbance bands at 380 and 565 nm. The initial quantum
yield of the formation of the W(bpy)(CN)s>  ion ex-
trapolated to zero irradiation time is @5, =0.17+0.01.
The salt formed in light, W(bpy)(CN)s*~, is also light
sensitive [21] and upon prolonged photolysis disap-
pearance of the isoshestic point is observed (connected

B 2 u D
9 /410 3!

Fig. 4. Continuous photolyses of W(bpy)(CN);~ in H,O: d=1
cm, c=6.0x10"* M, A, =365 nm. Irradiation times: 1, 0; 2, 1;
3,2,4,3;,5, 4,6, 6,7, 11; 8, 19; 9, 34 min.

with the substitution of the bpy ligand by water (or
hydroxy) molecules in W(bpy)(CN)s*~). After longer
irradiation this latter process dominates and absorbance
at 565 nm starts to diminish with irradiation time (Fig.
4).

The observed pathway of photoreactivity of
(AsPh,)[W(bpy)(CN)e] seems to be similar to the pho-
toreduction of the W(CN);*>~ ion with the formation
of OH radicals [22].

Conclusions

The results presented here indicate that the
W(bpy)(CN)s~ ion is more similar to W(CN)g*~ than
to its W(IV) analogue. However it is more thermally
and photochemically stable than octacyanotungstate(V).
Increase of the redox potential, which is positive in all
solvents studied, should simplify the photochemistry of
this ion in organic solvents. Thus this salt seems to be
promising for further studies on the chemistry and
photochemistry of eight-coordinated compounds of
W(V), which are now in progress.

Acknowledgements

The author is grateful to Professor A. Samotus and
Professor O. Traverso for helpful discussions. This work
was supported by the Polish Research Grants Committee
(KBN No. 20677 91 01).



References

1

2

G. Wilkinson, Comprehensive Coordination Chemistry, Per-
gamon, Oxford, Chs. I and IV, and refs. therein.

A. Moradpour, E. Amougal, P. Keller and H. Kagan, Nouv.
J. Chim., 2 (1975) 547; M. Kirch, J.-M. Lehn and J.-P. Sauvage,
Helv. Chim. Acta, 62 (1979) 1345; J. Kiwi and M. Gratzel,
J. Am. Chem. Soc., 101 (1979) 7214; R. Ballardini, A. Juris,
G. Varani and V. Balzani, Nouv. J. Chim., 4 (1980) 563; W.
J. Dressick, T. J. Meyer, B. Durham and D. P. Rillema,
Inorg. Chem., 21 (1982) 3451; C. A. Bignozzi, C. Chiorboli,
M. T. Indelli M. A. Rampi-Scandola, G. Varani and F.
Scandola, J. Am. Chem. Soc., 108 (1986) 7872; A. Juris, F.
Barigelletti, V. Balzani, P. Belser and A. von Zelewsky, J.
Chem. Soc., Faraday Trans. 2, (1987) 2295.

J. Szklarzewicz and S. Samotus, Transition Met. Chem., 13
(1988) 69.

J. Szklarzewicz, A. Samotus and A. Kanas, Polyhedron, 11
(1986) 1733.

B. Sieklucka, Inorg. Chim. Acta, 186 (1991) 179.

G. J. Ferraudi, Elements of Inorganic Photochemistry, Wiley,
New York, 1988.

A. Kanas and A. Samotus, Proc. IIl SOPTROCC, Mogilany-
Krakéw, Poland, 1980, p. 37.

A. Samotus, A. Kanas, S. Hodorowicz, J. Czerwonka, J.
Sciesifiski and Cz. Paluszkiewicz, Polyhedron, (1982) 779.
J. S. Strukl and J. L. Walter, Spectrochim. Acta, Part A, 27
(1977) 209.

10

11

12

13

14

15

16

17

18

19

20

21

22

89

B. R. McGarvey, Inorg. Chem., 5 (1966) 476; R. A. Pribush
and R. D. Archer, Inorg. Chem., 13 (1974) 2556; P. M. Kiernan
and A. P. Griffith, J. Chem. Soc., Dalton Trans., (1975) 2489.
T. J. Kemp, M. A. Shand and D. Rehorek, J. Chem. Soc.,
Dalton Trans., (1988) 285.

A. Samotus, J. Szklarzewicz and N. W. Alcock, Inorg. Chim.
Acta, 172 (1990) 129; J. Szklarzewicz, A. Samotus, N. W.
Alcock and M. Moll, J. Chem. Soc., Dalton Trans., (1990)
2959.

J. Szklarzewicz, A. Samotus, O. Traverso and S. Sostero, to
be published.

H. Baadsgaard and W. D. Treadwell, Helv. Chim. Acta, 38
(1955) 1669.

L. Meites and P. Zoman, in Inorganic Electrochemistry, Vol.
III, CRC, Boca Raton, FL, 1983.

V. Balzani, N. Sabbatini and F. Scandola, Chem. Rev., 86
(1986) 319; C. A. Bignozzi and F. Scandola, Inorg. Chem.,
23 (1984) 1540.

A. Golebiewski and H. Kowalski, Theor. Chim. Acta, 12 (1968)
293.

R. K. Butter, T. J. Kemp, B. Sieklucka and A. Samotus, J.
Chem. Soc., Dalton Trans., (1986) 1217.

R. E. Shepherd, M. F. Hog, N. Hoblack and C. R. Johnson,
Inorg. Chem., 23 (1984) 3249, and refs. therein.

C. Reichardt, Ldsungsmitteleffekte in der Organischen Chemie,
Verlag Chemie, Weinheim, 1968; C. Reichardt and E. Har-
busch-Gornert, Annalen, (1983) 721.

B. Sieklucka, J. Szklarzewicz and A. Samotus, J. Photochem.
Photobiol. A4, in press.

K. R. Butter, T. J. Kemp, B. Sieklucka and A. Samotus, J.
Chem. Soc., Dalton Trans., (1986) 1217, and refs. therein.



