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Abstract 

The novel mixed-ligand cyanochromate, I Cr(CN)4(N~) (OH)I :~~', has been synthesized and its LF-photochemislry has been studied and 
compmed with that of tile better known pentacyanohydroxochromate(lil). In both the cases the reaction consists in the photosubstitution of 
one CN ~ ligand followed by last thermal CN ~ release leading to the formation of one relatively stable product. The chemical and spectral 
analysis of the products showed their formulation as triacido-complexes, [Cr(CN)3(OH),(H20).~_,,]"~ and [Cr(CN)2(N~). 
(OH), (H20).a_,, ] "-, respectively. The results contribute to the discussion on preferential ligand photosolvation. 
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1. Introduct ion  

Mixed-ligand cyanochromates(Ill), unlike their Fe(ll),  
Fe(llI) or Co(Ill) analogues, are not so common II1. 
Recently, a large family of am(m) ine-cyanochromates(III) 
has been described, most of which are mono- and di-cyano 
species [21. Penta- and tetra-eyanochromates are relatively 
tare and mostly obtained with a poor yield by substitution or 
photosubstitution of one or two CN- in [Cr(CN)~I "~- by 
H~,O, Me~,SO, MeCN, NCS- or NH3 [2--41. One exception 
is K.~I Cr(CN).s(OH) ]. H20 which can be produced in good 
yield by the reaction of [ CrCi (NH~).s ] 2 ~ with KCN 15 ]. 

Recently, we have found that pentacyanohydroxochromate 
is a good starting material for preparing other mixed-ligand 
cyanoehromates, among those the [ Cr(CN) 4 (N3) (OH) 13 ~ 
complex 161. This novel compound revealed photochemical 
activity resembling that of the parent [Cr(CN)5(OH)]3- 
ion, for which photoenhancement of the thermal CN- aqua- 
tion mode and photoredox behaviour were reported as a result 
of LF and CT irradiations, respectively [ 7,81. 

This article reports on the LF photochemistry of [Cr- 
(CN)4(N3)(OH)] 3- and some new aspects of the LF 
photochemistry of [Cr(CN)5(OH)]3-.  The results should 
provide information on prelerential photosolvation behaviour 
of ligands differring in the w-bonding nature. 
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2. r .Jerimental 

2. !. Mater ia ls  

Potassium pentacyanohydroxochromate(lll) was pre- 
pared according to the literature procedure [ 5 ] by the reaction 
of [CrCI(NH3).~]CI2 with KCN followed by separation o~ a 
Sephadex G-25 gel column. The only modification was in 
precipitating K3[Cr(CN).~(OH) ]. H:O by means of metha- 
nol instead of ethanol. Purity of the samples was checked by 
IR and UV-VIS spectroscopy. The IR spectrum shows max- 
ima at: round 3500 cm- ~, m (Uon), 2128 cm- t, vs. (UCN), 
1628 c m  i, m (~.lOH), 1541 cm-i ,  m, 1343 cm ~° i, m, 1088 
c m - t  w, 876 cm-I,  m (8oo10, 538, vs, b, and 442, vs 
(Uc,cN). The UV/VIS spectrum (Fig. I (a))  is characterized 
by the bands at 435 nm ( e-- 120, '*A: -.-*'*'1"2), 364 nm ( ¢ = 78, 
4A2--.*'~l't) and 243 nm (e -4100 ,  LMCT). The data are in 
agreement with those previously published [ 5,8-12 ]. 

Potassium azidotetraeyanohydroxochromate(III) was 
prepared as follows: 15 ml of aqueous solution containing 
5 g of K3[Cr(CN).~(OH) ]" H:O and 2 g of NaN3 was neu- 
tralized using I M CIt~COOH and the reaction mixture was 
stirred at room temperature under a permanent monitoring of 
pH and periodical adjustment to pH ~ 7 by addition of 1 M 
CH3COOH drop by drop. The substitution progress was fob 
lowed spectrophotometrically by periodical sampling. The 
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process was carried out until the absorption at A = 327 nm 
stopped increasing. The synthesis consisting in the substitu- 
tion of one CN- ligand by the azide ion 

[Cr(CN).~(OH) ] 3- +N3- ) 

[Cr(CN)4(N3) (OH) ] 3= + C N -  ( I )  

is accompanied by an increase in pH. The progress of this 
reaction depends strongly on pH, for instance the conversion 
was about 5% after 10 days at pH ~ 10, whereas at pH ~7 
it was complete within ca. 4.5 h. The compound was precip- 
itated by pouring the reaction mixture into CH3OH ( ! :2 vol) 
and then into cold (about 4 °C) C=HsOH (1:4 vol). The 
yellow crystals were filtered off and washed with ethanol, 
dried and stored in a desiccator over KOH. During all oper- 
ations the samples were protected against intense light. The 
yield of K~[Cr(CN)4(N3)(OH)] .H,~O was about 3.7 g, 
i.e. 68% of the theoretical. Analysis gave the Cr:C:N: 
(K+Na):H.,O ratio of 1.00:(4.12±0.12): (7.27±0.13): 
(2.88 ± 0.20):( 1.26 ± 0. I ). Under the described conditions 
the K:Na ratio was approximately 2.7:0.2. Some amount of 
the protonated form, K2 [ Cr( CN ) 4( N3 ) ( H 2 0 )  ] '  H 2 0  could 
also be coprecipitated. In an effort to precipitate the pure 
tripotassium salt, a higher concentration of K + ions was u~ed, 
but this led to coprecipitation of CH3COOK. Recrystalliza- 
tion, however, was found to be ineffective. The IR spectrum 
of K3[Cr(CN)s(OH) ] '  H20 shows maxima at: round 3500 
cm - ~, m (3625, 3551 and 3438 cm-~, Vo,), 2130 cm ~ * vs 
(~'cN), 2080cm= I vs, b and ~2035 c m - I  sh (V~N.~), 1613 
cm o i, m (~4o.), 1350 cm ° i, m and 1298 cm ~ i m ( U'N.O, 
1020 cm~ l w (~ro,). 656 cm= l w (gN.~). 449. S (VC~N) 
and 341 cm :~ *. m (uc,s:~). The UV/Vis spectrum (Fig. 
l(b)) is characterized by the bands at 440 nm (e=. 217. 
'*A=~'~T=). 327 nm (e~2. 050. LMCT overlaps the 
'*A~ =,'~Tt transition). 259 nm (e~5. 430). 228 nm (e~=7. 
340) and 197 nm (e~ 12. 360). 

Other chemicals were commercial of the available quality, 

2.2. Procedl~res and instrumentation 

2,2,1, Product spectra 
Product spectra (300-700 nm) were calculated from the 

spectra of either [Cr(CN)s(OH)! "~- or [Cr(CN)4(N3)- 
(OH)] 3~ solutions photolyzed at 436 nm, The apparent 
molar absorption coefficients of all products, g~,,,~,t, were 
calculated by 

e,,.,,., ' ~ ~  12) % 

where Aa.~ is the absorbance at A nm of the solution photo- 
lyzed for ¢ rain; es,~ is the molar absorption coefficient of the 
substrate at wavelength A; c~ and % are concentrations of the 
substrate and sum of the products, respectively, after t rain of 
irradiation, The substrate conversion was calculated from the 
decrease in absorbance in the spectral range where prod- 
uct absorption could be neglected, whereas that of the 
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Fig, !. UV/Vis absorption si~'clra of the substmte (curve ! ) and of the 
photolysis products (curves 2'-30' ) for 8.5 x 10- "~ M [Cr(CN)s(OH) ] 3- 
(Fig. I(a)) and 4,5 × 10 °'~ M [Cr(CN),t(N:Q(OH)I '~" (Fig. I(b)).  The 
product spectra were calculated f~om the difference: AA.,--C,e,.A (cf. Eq. 
(2) ) upon exposure to 436-nm radiation at 293 K for time shown at each 
curve, 

substrate was appreciable (between 280-320 nm for 
[Cr(CN)s(OH)] "~-, and 350-380 nm for the azide 
complex). 

Since the spectra obtained for the same reagent were prac- 
tically independent of irradiation time up to about 20 min (cf. 
Fig. I )  they were averaged and the whole procedure was 
repeated at least five times, The product spectra were calcu- 
lated by the same procedure in two laboratories (in KOln and 
Krak6w), by different experimenters (B.M. and H.B.Q.) 
using two different photochemical equipments and spectro- 
photometers (Cary 2300 and Shimadzu 2100). In both the 
cases the results were nearly identical. The calculated product 
spectra (Fig. 3 and Tables I and 2) are averages of at least 
50 spectra obtained under similar experimental conditions. 

2,2,2, Product analysis 
The product composition was determined by simultaneous 

spectral and electrochemical analyses of the photolyzed solu- 
tions. From the former, the actual reactant consumption was 
calculated, whereas the latter was used to determine the 
released CN- ions. The results enabled us to assess the num- 
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Table ! 
Photosubstitution in the [Cr(CN)s(OH)]3- complex: spectrum of the products, quantum yield, "to, and ratio between the product concentrations, R ('to 
determined spectrally from the substrate decay extrapolated to r = 0; R = c (released CN - ): c (complex product) averaged for t ~< 20 min; temperature 293 K 
and a,, 436 nm, if not otherwise stated) 

Conditions Product spectrmn 

Amad I ), nm(Em,,) Amax{2), nm(emax) 

Quantum yield Product ratio 

'to R 

NaOH I M 4735:8 (925: 15) 3705:3 (485:9) 
pH ~ 13 473 5:4 ( 85 5: 9) 371 5:4 (40 5:4 ) 0.062 5:0.003 

pH --- 13, 254 nm 0.17 5:0.03 
aerated 

pH ~ 13, 254 nm 0.14-t-0.03 
de, aerated 

pH 9.6 463 + 8 (87 ± 9) ~ 390 + 6, sh (49 ± 9) 
pH 8.9 462 5:9 ( 100 ± I I ) ~ 386 + 7, sh ( 55 + 5 ) 0.063 5:0.004 
pH 8.9, 278 K 449 ± 7 ( 103:1:2 ) ~ 378 ± 2, sh (6 ! :l: 0 ) 0.058 ± 0.006 
t . ,  ~ 3 rain 

pH 9.6 -b 3,3 451 :t: 5 ( 128 ± 20) 352 ± 3 ( I 12 ± 24) 

KCN 0.01 M 459 ± 6 (97 ± 8 ) ~ 375 :l: 5, sh { 51 ± 3 ) 0.068 ± 0,00:; 
KeN 0.09 M 470±2 (122±4) 370± I (65±9) 

av. spectrufn ,167 :~ 7 (97 ± 12) 377 ~ I 0 ( 51 ~ 9 ) 
pH ~ 8.9, 293 K 

!.92 5:0.36 
2.02 5:0.28 

2.04 ± 0.20 

1,35±0,13 

Table 2 
Photosubstitution in the [Cr(CN )4(N3)(OH)] 3- complex: spectrum of the product, quantum yield and ratio between the product concentrations (denotation 
of ~o and R the same as in Table I; temperature 293 K and Al,, 436 nm, if not otherwise stated) 

Conditions Product spectrum 

A ..... (1),nm(E ..... ) A ..... (2),nm(e .... ) 

Quantum yield Product ratio 

¢'o R 

pH ~ 13 4745:2 (1385: II) 3845:2 (595:3) 
pH ~ 13, 366 nm 0.15 ± 0.03 
pH ~ 13, 254 nm 0.34-I-0.05 

aerated 
pH ~ 13, 254 nm 0.35 :t:0.04 
deaerated 

pH ~ 12 473 ± I 0 ( 136 5: I 0) 390 ± 6 (67 ± 8 ) 0,062 ± 0,004 
pH9.6 478:1:2 (141 ± 10) 382:t:.2 (51 +7) 
pH 8.9 483 ± 10 ( 140 ± 15) 384 ± 10 (59 ± 11 ) 0,054 ± 0,003 

KCN 0.04 M 478±4 ( 152± 15) 388±4 (55:1:8) 

NaNs 0.04 M 482:t:3 {159+ 16) 380:t:2 (61 ± 15) 

av. spectrum 478:1:5 ( 144 ± 15) 385 :t: 5 (59 ± 8 ) 

1.47 ± 0.21 

1.48 ± 0.29 
2.14 + 0.28 
2.06 ± 0.27 

2.21 +0.07 

ber of  C N -  ligands in the product complexes. It appeared to 

be constant within the irradiation times t ~; 20 min, whereao 

it increased at longer times. The value was calculated as an 

average of  those constant values obtained for at least two 

series under the same conditions.  

The electrochemical analy sis was made by use of  a CN- 

ion selective electrode of  the type OP-CN-7112-OrtO350 in 

the buffered solution pH 12 (0. I M aminoacetic acid, 0.9 M 

NaOH, 0,1 M NaCI, saturated Agl ) .  The electrode was cali- 

brated using a standard KCN solution. 
Azide ions were analyzed by speetrophotometric deter- 

minat ion of  an F e ( I I I ) - N 3 -  complex (at 460 nm, ~3.6~, 

× 103) as well as by oxidation to nitrGgen [ 13,14]. 

2,2.3. Quantum yieM detennmations 
The equipment and procedure were the same as described 

before [ 15]. In all cases irradiations were limited to less than 

10% conversion. 

3 .  Results  a n d  discussion 

3, i, Structure and properties o f  l Cr( CN),,(N.O(OH) ] "~ ~ 

The novel complex was synthesized by the substitution 

reaction ( ! ) and composition of  its potassium salt was deter- 

mined by chemical analyses and IR spectra, 
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Although the crystals of K3[Cr(CN)4(N3)(OH) ] "H20 
were obtained in sizes not appropriate for X-ray structure 
determination, we assume that the complex was formed in 
the cis configuration. The assumption is based on the trans 
labilizing effect of the CN groups and stereoretentivity typical 
of the ground-state substitution reactions of chromium(III) 
complexes [2,4,9-12,16]. In the course of preparation of the 
azidotetracyanochromate from pentacyanohydroxochromate 
the cyanide ligand trans to OH- will be less reactive than the 
ligands on the CN-CN axes. Hence we concluded that the 
product is formed in the cis configuration. The conclusion is 
supplied by the UV/VIS and IR spectral characteristics of 
K3[Cr(CN)4(N3)(OH)]'H=O: (i) the extinction coeffi- 
cient of the 4A= ~ 4'1": band of the azido is roughly twice the 
value of the [ Cr(CN) sOH ] ~ = complex ( 217 and 120 M - 
cm ° t respectively); (ii) the stretching mode splittings of 
coordinated azid¢ vibrations, both v, and ~,,, are consistent 
with the less symmetrical cis configuration [ 17]. 

3.2. Thermal reaction 

Although thermal release of the CN-ligand from 
[Cr(CN)s(OH) ]3~ is acid catalyzed, it is still detectable in 
alkaline media [7]. Electrochemical monitoring of the CN- 
ions released from 8 × 10 ° 3 M [ Cr(CN) s (OH) ] ~ - solutions 
kept in the dark at 295 K showed a nearly linear increase in 
the CN° concentration within at least 90 rain with 
k,~,, ~ 2.7 × 10 =s s ~ t in aqueous (pH ,,,9.6) and 2,3 × 10 =s 
s-  t in alkaline ( I M NaOH) solution. The dark CN ~ sub- 
stitution is considerably enhanced by lxh = ions excess (e.g. 
at the ratio 2:! by the factor of 1,5), which leads to CN = 
release and the production of [Cr(CN)~(N3) (OH) ]'~ ~ (Eq, 
( ! ) )  in the ratio of about I (experimentally determined 
1,16) ,  

The [Cr(CN)4(N~) (OH) ]'~ ° complex is also susceptible 
to the thermal CN ° substitution with k , ~  1,6× 10 =s s °~ 
in aqueous, 1 ,2xI0  =s s °t in azide (i M NAN3) and 
5,~ X I0 =~ s ° t in alkaline ( I M NaOH) solution (295 g) ,  
No traces of released N~" ions were found unless the solution 
was acidic, In the quantitative treatment of the photochemical 
results the progress of the dark reaction was taken into 
account, 

&3, 1J: photochemistry 

Continuous irradiation of the [Cr(CN)s(OH) ]3= and 
[Cr(CN)~(N~)(OH) ]~= complexes within their LF band 
(')A= ~ *I'=) leads to the release ofthe CN = ligands and to a 
bathochromie shift of the UVIVis spectra (Fig, I ), Isosbestic 
points were observed for [Cr(CN~(OH) ]3- at 465 nm and 
484 nm, and for [Cr(CN)~(N3) ¢OH) ]3- at467 nm and482 
nm in aqueous and 0,1 M N~,~H, respectively, The LF irra- 
diations were ineffective in producing detectable amounts of 
fn~ N3-, 

The results are consistent with a photoaquation 

[Cr(CN)4X(OH)]3- +H20 h,,(LF) . . . .  ) 

[ C r ( C N ) 3 X ( O H )  (H20)  ]2-  + C N -  (3)  

and/or photosubstitution by O H -  
hv(LF) 

[ C r ( C N ) 4 X ( O H )  ] 3- + OH- - . . . . . . . . . .  ~- 

[Cr(CN)3X(OH)2] 3- + C N -  (4) 

where X = CN- or N3 =. 
Tetracyanochromates(III), however, arc known as ther- 

mally unstable species [9-1 ! ] and the same seems to be true 
for the azidotricyanochromate. A fast secondary CN- sub- 
stitution leads to the formation of a more stable tricyano [ 9-  
I ! ] or azidodicyano species. 

To verify this hypothesis the [ Cr(CN) sOH ] ~ - photolysis 
was performed at 278 K (Fig. 2, Table I ). A transient species 
was detected which could not be observed at room tempera- 
ture. Its spectral characteristic, being intermediate between 
that of the reactant and the tricyano product, as well as the 
ratio of cyanide released to reactant consumed ( R ~  1.35, 
Table 1) justify its formulation as tetracyanohydroxo- 
chromate(Ill), 

However, irradiations at 293 K resulted not only in differ- 
ent spectral changes but also in the release of two cyanide 
ligands from one reactant ion consumed (Tables 1 and 2). 
The results lead to the conlusion that the photosubstitution of 
the [ Cr(CN) 4 X ( OH ) ] 3 = (Eq. ( 3 ) or (4)) is followed by 
fast thermal CN-substitution and generation of one of the 
triacidochromates [Cr(CN)~X(OH),(H~O)3_,]"-.  Their 
spectra for the same X are similar in shape and differ only 
within experimental error. They are especially independent 
of the CN- or N3- iigand excess in the photolyzed solution 
(Fig. 3, Tables I and 2). 

The only difference detected was the effect of pH on the 
[Cr(CN)s(OH)] '~° photolysis (Fig. 3(a), Table I). The 
existence of protolytic equilibria among the various 
[ Cr ( CN ) 3 (OH),,  ( H 2 0 )  3 - ,  ]" - complexes suggested a way 
for reducing the number of reaction products by shifting the 

278 K 

hk) 

5O 

0 ~  
300 3so 400 (so see s~o eoo eso 

~,(nm) 
Fig, 2, Spectra of the substitution products of l~ntacyanohydroxochro- 
mate(Ill) photolysis, recorded at 278 K and at 293 K and calculated by 
Eq, (2), Conditions for curves: 2.6XI0 -3 M aqueous solution of 
[Cr(CN)s(OH) ] 3- irradiated for 3 rain by A=436 nm. 
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Fig. 3. Spectra of the substitution products generated by 436onm irradiation 
at 293 K of [Cr(CN).~(Olt) ]~= (Fig. 3(a) ) and [Cr(CN)4(N3) (OH) 1 ~- 
(Fig. 3(b)) in aqueous st~=tion (curve I). in 0.04 M KCN (curve 2), in 
0.1 M NaOH (curve 3) and in 0.04 NaN:~ (curve 4). 

equilibria towards one side. Acidification of the mixture of 
[ Cr (CN) 6 - • (H~.O) ~ 13 - • complexes at pH 3-5, was reported 
to produce the triaqua form, ICr(CN).~(H20)~I [9-111. 
Reduction of pH for the examined photolyzed solutions to 
3-5 resulted in a hypsochromic shift of Am,x(I) to 451:1:5 
(128:1:20) and A ~ ( 2 )  to 352:t:3 (1125:24) (Table 1). 
The shift is qualitatively consistent with the protonation of 
the OH- ligands; the spectrum, however, does not corre- 
spond exactly to the spectral characteristics of the 
[Cr(CN).~(H20).a] complex reported earlier A,,a~(I): 467 
( i 15) and Ama~(2): 362 (26) [7,9] ). However, the isosbes- 
tic point found in the acidic solution at about 443 nm and 
e~  100 corresponds well to the earlier data 19-111. The 
consistence between the spectra should be recognized as 
satisfactory because in both the cases they were calculated 
from d~fferent mixtures of several forms. Moreover, the aver- 
age environment approximation for the [Cr(CN)6_,- 
(H20),,] ~ -3 series showed the best fitting of our spectrum at 
n = 2.85 and 3.22 for Am~(1) and Am~(2), respectively. 

Although LF photochemistry of the chromium (1II) com- 
plexes has been widely studied both experimentally and the- 
oretically, there are not many reports on complexes with 
ligands differing in ~--bonding such as CN- and N.~- or 
OH- .  In particular, only few articles dealing with the pref- 

erentiai ligand photosoivation of negatively charged mixed 
iigand cyanochromates are known [ 2,4]. Also the behaviour 
of the N3- ligand in preferential ligand photosubstitution has 
rarely been studied [ 13 ]. 

According to Adamson's rules [18] and Zink's and 
Wrighton's approaches [ 19-23], [Cr(CN)5(OH) ]3- and 
cis-[Cr(CN)4(N3)(OH)] 3- should dissociate CN- ,  
because cyanide is the strong field ligand on the weak field 
axis. Trans-[Cr(CN)4(N3) (OH) ]3- should release N3-. 
The observed reaction mode of the azido complex is in agree- 
ment with the assumed cis configuration. The Vanquicken- 
borne-Ceulemans model predicts the axial labilization and 
CN- release for [Cr(CN)s(OH) ]3- [24-26]• The predic- 
tion for cis-[Cr(CN)4(N3) (OH) ]3- is uncertain due to the 
numerous possible reaction modes and the lack of angular 
overlap data for Cr-N3, However, evaluation made with use 
of the parameters for the Co=N 3- and the procedures from 
references [24°°26] leads to the conclusion that tile Cr=N 3 "° 
labilization is to be expected for [Cr(CN)s(N~)I 3- and 
CN '° labilization for the cis-ICr(CN)4(N~)(OH)] ~- 
complex. 

Quantum yield of [Cr(CN)s(OH) ] ~  within the LF band 
(4A z -* 4T z) amounts to ~ 0.06 independently of pH within 
Refs. [9-13], whereas the value found earlier at pH ~ 14 
was 0.09 [8]. Quantum yields at 366 nm and 254 nm are 
much higher than at 436 nm (Table 1). Similar results 
were obtained for the [Cr(CN)4(N3)(OH)I 3- complex 
(Table 2). 

Irradiation within the CT bands leads to a photoredox reac- 
tion of both the complexes, which is also accompanied by the 
substitution of the CN- ligands (Tables I and 2, cf. also Ref. 
[8] ). In this case, however, the catalysis by a photoredox 
generated Cr(II) species contributes to the substitution reac- 
tion [ 8,27 ]. 

To conclude, the results show that it is the cyano ligand 
which undergoes photosubstitution in the LF photolysis of 
the [Cr(CN)4(OH)X] ~ complexes (X~CN°  or N3=). 
The photoproducts are unstable towards thermal CN = sub- 
stitution and generate relatively stable triacidochromate (III) 
products. 

Acknowledgements 

The Polish-German cooperation was supported by the 
Deutscher Akademischer Austauschdienst and the Jagiellono 
ian University of Krak6w. Financial assistance by the Fends 
der Chemischen Industrie is gratefully acknowledged. 

References 

[ ! ] A.G. Sharpe, The Chemistry of Cyano Complexes rJf the T,ansi#on 
Metals, Academic Press, London, 1976, p. 50. 

[2] E. Zinato, Coord. Chem. Rev., 129 (1994) 195. 
[3] A. Marchaj and F. Wasgestian, Inorg. Chem. Acra, 102 (1985) L13. 



154 H.B. Quang etai./Journal of Photochemistry and Photobiology A: Chemistry 98 (1996) 149--154 

[4] 

[51 

[61 
[71 
[S] 

[91 

[10] 

[11] 
[12) 
(t3l 
(141 

P. Riccimi and E. Zinalo, lnorg. Chem., 29 (1990) 5035 and references 
cited therein. 
Y.M. Sakabe and Y. Matsumoto. Bull. Chem. Soc. Jpn.. 54 (1981) 
1253. 
H. Bui Quang and Z Stasicka. in preparation. 
A. Marchaj and Z. Stasicka. Polyhedron, 2 (1983) 485. 
A. Marchaj. Z. Stasicka and D. Rehorek. Polyhedron, 2 (1983) 
1281. 
R. Knshnamurthy. W.B. Schanp and J.R. Perumareddi. Inorg. Chem., 
6 (1967) 1338. 
W.B. Schapp, R. Krishnamurthy, D.K. Wakefield and W.F. Coleman, 
in S. Kirschner (ed.), Coordination Chemistry, Plenum, New York, 
1969. pp. 177-206, 
D.K. Wakefield and W,B, Schaap, lnorg, Chem,, 8 (1969) 512, 
L, Jefii¢ and S.W, Feldberg, J, Phys, Chem., 75 ( 1971 ) 2381. 
A, Vogler. J, Am, Chem, $oc,, 93 (1971) 5912. 
K,K, Sen Gupta, A, Sanyal and S,P, Ghost, J, Chem, Sot., Dalton 
Trans,, (1995) 1227, 

[ 15] H.F. Wasgestian and H.L. Schlitfer, Z Phys. Chem,, 51 (1966) 208. 
[ 16] E. Bias]us and H. August]n, Z lnorg. Allg. Chem., 417 (1975) 55. 
[ 17] S.S. Massoud. Polyhedron, 13 (1994) 3127. 
[ 18] A.W. Adamson,./. Phys. Chem., 71 (1967) 798. 
[ 19] J.l. Zink, J. Am. Soc., 94 (1972) 8039. 
[20] J.l. Zink. Inor&. Chem., 12 (1973) 1957. 
[21] J.I. Zink, Mol. Photochem., 5 (1973) 151. 
[22] J.l. Zink, J. Am. Chem. Soc., 96 (1974) 4464. 
[23] M. Wrighton, H,B. Gray and G.S. Hammond, Mol. Photochem., 5 

(1973) 165. 
[24] L.G. Vanquickenbome and A. Ceulemans, J. Am. Chem. Soc., 99 

(1977) 2208. 
[25] L.G. Vanquickenbome and A. Ceulemans, Inorg. Chem., 18 (1979) 

897. 
[26] L,G. Vanquickenbome and A. Ceulemans, Coo~. Chem, Rev,. 48 

(1983) 157. 
[271 B. Mainusch. H.B. Quang, Z. Stasicka and F. Wasgestian, to be 

published. 


