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Figure I. Amount of cyanide reacted following illumination with a 2.5-kW 
mercury-xenon lamp in 0.1 M KOH in the presence of doped anatase and 
oxygen. Solution volume was 10 ml. The illumination time and cyanide 
concentration are shown. 

dependent of the CN - concentration. A spot test for cyanate9 

showed the presence of CNO - in solution after irradiation. The 
studies of different forms OfTiO2 with irradiation for 30 min 
with the 450-W Xe lamp (Table I) demonstrated that the 
undoped anatase was the most active form. From the known 
quantum efficiency and current characteristics of a rutile 
electrode with this lamp,10 a quantum efficiency for C N -

oxidation of at least 0.06 is calculated assuming a two-electron 
reaction and absorption of only radiation beyond 3.0 eV (the 
TiO2 band gap). Previous studies1' have shown that the lamp 
output in this region is three to five times that of mid-day 
sunlight. When quartz sample tubes containing oxygen-satu
rated solutions of 1 mM CN - were placed where they were 
exposed to sunlight and left for 2 days, essentially complete 
oxidation of CN - was found with the tubes that contained 
TiO2 and no reaction was found in tubes where TiO2 was ab
sent. 

A mechanism for the process can be proposed based on the 
known operation of TiO2 electrodes. Irradiation of a TiO2 
particle with light of energy greater than the band gap causes 
excitation of an electron to the conduction band leaving a hole 
in the valence band. Apparently these electrons and holes can 
be trapped in surface levels with recombination being suffi
ciently slow that the electron transfer processes can occur. The 
conduction band electrons reduce oxygen while the valence 
band holes cause the oxidation of CN - : 

CN - + 2OH - + 2p+ — CNO - + H2O 

Further oxidation of CNO - is possible, as is the intermediacy 
of H2O2 from the reduction of oxygen, but we have no evidence 
for these processes. Since the extent of band bending that exists 
at a TiO2 photoanode in the usual electrochemical cell and 
which assists in the separation of the photogenerated electrons 
and holes is probably larger than at the surface of a single TiO2 
particle, recombination effects, and hence lower quantum ef
ficiencies, are expected with particles. Indeed the efficiencies 
found here are lower than those found for photoassisted elec
trolysis at a polycrystalline TiO2 electrode coupled to a Pt 
cathode but are still respectable. The higher efficiency of un
doped anatase can perhaps be attributed to a lower recombi

nation rate in it compared to the doped or rutile forms. 
Although this process uses only a small fraction of the 

available sunlight, it does show promise as a catalytic method 
for removal of cyanide from waste streams. Cyanide is a rather 
frequent pollutant, for example in rinse waters following steel 
surface hardening treatments, and is currently removed at 
considerable expense by chemical or electrolytic means.12 

Heterogeneous photocatalytic processes employing other 
semiconducting materials and for the oxidation or reduction 
of other solution species also appear promising and are cur
rently under investigation in this laboratory.13 
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The Designed Synthesis of H2FeRu2Os(CO)I3 and 
H2FeRuOs2(CO)Is. The First Examples of Clusters 
Comprised of Three Different Transition Metals 

Sir: 

The current interest in transition metal cluster chemistry 
has illustrated the need for the development of general syn
thetic methods for the designed synthesis of mixed-metal 
clusters. Carbonylmetalates have been widely used as synthetic 
reagents in cluster chemistry and a nurftber of interesting 
compounds have been prepared.' ~8 Several of the reported 
reactions appear to be adaptable to design, especially those of 
Knight and Mays7 who prepared a series of group 7-group 8 
tetrameric mixed-metal clusters through the addition of a 
carbonylmetalate to a closed Ma(CO)12 trimer. Employing a 
similar reaction, we have synthesized the known cluster 
H2FeRu3(CO)i3, whose structure 1 has been determined by 
x-ray crystallography,9 by the reaction of Ru3(CO))2 with 
Na2[Fe(CO)4]. Our synthetic yield of 49% represents a five
fold improvement over the previously reported10,1' pyrolysis 
procedures. As a test of the potential for designed synthesis 
using this carbonylmetalate approach, we set out to prepare 
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Figure V. Carbonyl region infrared spectra of (a) H2FeRu3(CO)13, (b) 
H2FeRu2Os(CO)I3, (c) H2FeRuOs2(CO)13, and (d) H2FeOs3(CO)13, 
measured in cyclohexane solution. 

the first examples of clusters which have three different tran
sition metals in the cluster framework. We now report the 
preparation and characterization of H2FeRu20s(CO)i3 and 
H2FeRuOs2(CO)I3. 

Pyrolysis of Ru3(CO) 12 with Os3(CO) 12 has been reported'2 

to yield the mixed-metal trimers Ru2Os(CO) i2 and Ru-
Os2(CO) 12. In our hands this pyrolysis gave a 1:2:2:1 mixture13 

of the four trimers, Ru3-, Ru2Os-, RuOs2-, and Os3(CO) 12, 
respectively, which could not be easily separated by conven
tional chromatography. In a typical cluster synthesis, a dried 
and deoxygenated THF solution of this trimer mixture which 
contained 30 mg of Ru2Os(CO) 12 and 30 mg of RuOs2(CO), 2 
was added to a THF solution of 80 mg of Na2[Fe(CO)4] and 
refluxed for 75 min. Evaporation of solvent under vacuum, 
followed by addition of hexane and then 20% H3P04, gave a 
brown hexane layer which was dried over MgS04 and chro-
matographed on silica gel. Elution with hexane afforded two 
principal fractions. The first consisted of unreacted trimers, 
a trace of H4Ru4(CO)i2, and Fe3(CO)i2 formed from un
reacted [Fe(CO)4]2-. The second fraction contained the tet-
rameric mixed-metal clusters from which orange-red 
H2FeRu2Os(CO)I3 and orange H2FeRuOs2(CO) ,3 were 
eluted in that order in yields of 30 and 40%, respectively, based 
on the initial quantity of mixed-metal trimers. Confirmation 
of our hypothesis that the new clusters were formed by addition 
of [Fe(CO)4]2- to Ru2Os(CO)I2 and RuOs2(CO) 12, rather 
than from random scrambling, comes from the observation that 
treatment of a 1:1 mixture of Ru3(CO) 12 and Os3(CO) 12 with 
[Fe(CO)4]2- under similar reaction conditions did not give 
either of the new species. 

The new clusters have been characterized by their infrared, 
NMR, electronic absorption, and mass spectra. The mass 
spectra of H2FeRu2Os(CO) 13 and H2FeRuOs2(CO), 3 af
forded parent ions of 818 and 908 mass units, respectively, with 
the observed isotopic distribution correlating well with the 
calculated distribution.14 For each cluster the parent ion was 
followed by mass peaks representing successive loss of the 13 
carbonyl ligands with the most intense peak in the spectra 
occurring after loss of six carbonyls. 

The carbonyl region infrared spectra of H2FeRu2Os(CO) i3 
and H2FeRuOs2(CO)|3 are shown in Figure 1 along with the 
spectra of H2FeRu3(CO) 13 and H2FeOs3(CO) ,3

15 for com
parison. All the spectra are virtually identical, with the new 
clusters differing from the bimetallic clusters only by a splitting 
of the two bands in the bridging carbonyl region. This spectral 
similarity strongly suggests that H2FeRu2Os(CO) 13 and 
H2FeRuOs2(CO) 13 have structures 2 and 3 analogous to the 
structure established9 for H2FeRu3(CO) 13 but with osmium 
replacing one and two rutheniums, respectively. The four band 
bridging carbonyl pattern shown by each of the new clusters 
suggests the existence of two structural isomers in which car
bonyl ligands bridge different metal-metal bonds. For exam-
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Figure 2. Electronic absorption spectra of H2FeRu3(CO)I3 (—), 
H2FeRu2Os(CO)13 (---), and H2FeRuOs2(CO)I3 (• • •) measured in 
hexane solution. 

pie, one isomer of H2FeRu2Os(CO) |3 would possess two 
bridged Fe-Ru bonds and the other isomer would have one 
bridged Fe-Ru and one bridged Fe-Os bond. 

\ / 

/ | \ 

\ / 
.Fe. 

O=C-V- v c = o 
- ^ R u O s ^ -

/ l \ 
2 3 

The 1H NMR spectra of H2FeRu2Os(CO) i3 and 
H2FeRuOs2(CO)I3 in CDCl3 solution at 26 0C exhibit poorly 
resolved multiplets centered at r 29.0 and 29.7, respectively, 
providing further support for the structural similarity of the 
new clusters to H2FeRu3(CO)i3 which shows" a sharp singlet 
at T 28.4. The spectra show the expected trend in increased 
upfield shift with increased Os content of the cluster. Prelim
inary temperature dependent studies show that the multiplets 
of each of the new clusters coalesce to sharp singlets by 90 0C 
suggesting that the structural isomers rapidly interconvert at 
elevated temperature. The similarity of the electronic ab
sorption spectra of the complexes shown in Figure 2 further 
supports the structural assignments. The spectra follow the 
trend established for Fe3(CO), 2, Ru3(CO), 2, and Os3(CO), 2 '6 

and for the mixed-metal iron-ruthenium trimers1' in showing 
a spectral blue shift as the second- or third-row metal content 
increases. Detailed NMR and x-ray crystallographic studies 
currently in progress for these new clusters should further 
elucidate their structural and fluxional characteristics. 
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Excited-State Reactivity Patterns of 
Hexakisarylisocyano Complexes of Chromium(O), 
Molybdenum(O), and Tungsten(O) 

Sir: 

The photochemical behavior of metal complexes possessing 
low-lying metal to ligand charge transfer (MLCT) excited 
states is poorly understood at present, owing to the virtual 
absence of systematic investigations on such systems.1 For this 
reason we have initiated a research program aimed at the 
elucidation of the photochemistry of low-valent metal com
plexes containing arylisocyanide ligands. Many of these 
complexes exhibit intense visible absorption bands attributable 
to MLCT transitions,2 and with third-row d6 metals such as 
W(O) and Re(I) there is reason to believe that these transitions 
are much less energetic than the lowest d-d excitation. Our 
studies to date have shown that the system comprised of hex
akisarylisocyano complexes of Cr(O), Mo(O), and W(O) ap
pears particularly promising from a photochemical standpoint. 
Accordingly, we communicate here the results of experiments 
that demonstrate the rich photochemical properties of this 
system. 

Emission data from measurements of ML6 complexes (M 
= Cr(O), Mo(O), W(O); L = CNPh, CNIph; Ph = phenyl, Iph 
= 2,6-diisopropylphenyl) in pyridine at room temperature and 
in 2-MeTHF at 77 K are set out in Table I. Emission from the 
Mo(O) and W(O) complexes was also observed in 2-methyl-
pentane, benzene, and 2-MeTHF solutions at room tempera
ture. In each case the emission band is red-shifted and broad
ened in going from 77 to 298 K. Only extremely weak emission 
was observed for Cr(CNIph)6 at 298 K in fluid solutions. 

The low temperature emission band of each of the W(O) 
complexes overlaps an absorption system (at 550 nm in 
W(CNPh)6) that is found on the low energy tail of the lowest 
intense feature (Figure 1). Similar behavior was observed for 
the Mo(O) complexes. The Cr(O) complexes exhibit much 
weaker and broader emissions than those seen in the Mo(O) 
and W(O) complexes; in each case this emission overlaps the 
lowest intense absorption band (Figure 2). The emission life
times in 2-methylpentane for the M(CNIph)6 complexes are 

Table I. Emission Data" for ML6 Complexes 

Figure 1. Absorption and emission spectra of W(CNPh)6 in 2-MeTHF 
at 77 K. 
as follows: r (Cr) < 10 ns, r (Mo) 40.2 ± 0.5 us, r (W) 7.6 ^s 
(77 K); T (Mo) 43 ± 2 ns, T (W) 83 ± 2 ns (298 K). The much 
shorter lifetime for the Cr(O) complex suggests that in that case 
the emission is an allowed (singlet -» singlet) L T * -*• d?r pro
cess. As the emissions from the Mo(O) and W(O) complexes 
have longer lifetimes, they probably represent LTT* -*• d-ir 
transitions with triplet -*• singlet character, although the 
designation of the lowest spin-orbit excited state as a "triplet" 
is undoubtedly a gross oversimplification.'' 

Irradiation of ML6 (M = Cr, Mo, W) in pyridine solutions 
at 436 nm gives photosubstitution (eq I):3 

436 nm 

ML6 —>• ML5py + L 
py 

(D 

The quantum yields decrease in an interesting pattern, 
[Cr(CNPh)6] (0.23) ~ [Cr(CNIpIi)6] (0.23) > [Mo(CNPh)6] 
(0.055) > [Mo(CNIph)6] (0.022) > [W(CNPh)6] (0.011) » 
[W(CNIph)6] (0.0003). The lowering of the yield for substi
tution in going to the heavier metals and increased steric hin
drance of the ligand suggests that for the Mo(O) and particu
larly for the W(O) complexes the mechanism has associative 
character.4 That is, the small quantum yield for W(CNPh)6, 
which is drastically decreased in W(CNIph)6, may be ac
counted for by direct nucleophilic attack on the positively 
charged metal center in an MLCT state, [M+(CNPh)6

-]*. 
Such attack could not occur without great steric strain in 
W(CNIpIi)6. Our results for the two tungsten arylisocyanides, 
therefore, provide a convincing case for a bimolecular excited 
state substitution pathway, and stand in striking contrast to 
the many dissociative photosubstitution reactions that have 
been documented for M(CO)n (n = 4, 5, 6) complexes.5,6 

Irradiation of M(CNIph)6 (M = Cr, Mo, W) in well-de-

77 K 298 K 

Complex 

Cr(CNPh)6 

Mo(CNPh)6^ 
W(CNPh)6^ 
Cr(CNIph)6 
Mo(CNIph)6 
W(CNIph)6 

Xmax(nm)* 

590 (400) 
559(450) 
571(450) 
583(380) 
568 (450) 
578(400) 

"max (cm-1)*' 

16 900(1800) 
17 900(1100) 
17 500(900) 
17 200(2100) 
17 600(1200) 
17 300(1150) 

Vnax(nm)* 

Not obsd 
613(420) 
638(420) 
600 (380) 
579 (450) 
578 (420) 

"max (cm ')' ' 

Not obsd 
16 300(2700) 
15 700(3200) 
16 700 
17 300(2000) 
17 300(1800) 

" All spectra were corrected for phototube and monochromator response; 77 K measurements were made in 2-MeTHF glasses; 298 K mea
surements were made in pyridine solutions. * Excitation wavelengths (nm) are given in parentheses. c Full widths (cm-1) at half-height are 
given in parentheses. d Quantum yields at 77 K are as follows: Mo, 0.78 ± 0.08; W, 0.93 ± 0.07 (excitation at 450 nm; measured relative to 
Ru(bpy)3Cl2 yield of 0.376 ± 0.036, as reported by J. N. Demas and G. A. Crosby, J. Am. Chem. Soc, 93, 2841 (1971)). 
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