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Figure 1. X-band EPR spectra of copper porphyrin complexes in CHCI3 
solution at ~21 0C: (a) copper porphyrin complex Vl, 1000-G scan, (b) 
spin-labeled copper porphyrin complex, V, 1000-G scan, and (c) V, 200-G 
scan of nitroxyl region. All spectra were obtained at power levels well below 
saturation, using modulation amplitudes which did not cause observable 
broadening, on solutions sufficiently dilute that intermolecular exchange 
did not cause observable broadening. 

broadened by incomplete motional averaging.6 The EPR 
spectrum of the spin-labeled copper porphyrin V is substan
tially different from a superposition of the spectra of III and 
VII, exhibiting a doublet of triplets in the nitroxyl region and 
a greatly broadened copper spectrum. Integration of the 
spectrum relative to the spectra of III and VII indicates that 
the area is equivalent to two unpaired electrons. The splitting 
pattern in the nitroxyl region can be interpreted as an "AB"-
type pattern (by analogy with NMR nomenclature7). The 
splitting between the two triplets is 77 G (0.0072 cm"1) . The 
g-value differences for copper porphyrin and nitroxyl corre
spond to a Ag w 150 G. Using the standard formulae for in
terpretation of AB spectra,7 the intensities of the spectral 
components are predicted to be in the ratio of 3:1, as observed. 
J varied from 77 G in CHCl3 to 92 G in CS2 , with no obvious 
correlation with commonly cited solvent characteristics. 

Reduction of the nitroxyl by addition of phenylhydrazine8 

converts the spectrum of V to that of VII. 
Preliminary results for related complexes indicate that the 

metal-nitroxyl interaction is very sensitive to the details of as 
yet unidentified molecular parameters. For example, re
placement of the amide linkage in III by an ester linkage (VIII) 
yields a spectrum which does not have any features identifiable 
as "nitroxyl". Reduction of VIII with phenylhydrazine also 
returns the spectrum to that of the nonnitroxyl analogue. 

Owing to the clearly defined splitting of the nitroxyl region 
of the spectrum in V, the magnitude of the exchange interac
tion can be obtained directly. The extent to which dipolar in
teractions affect the EPR spectrum cannot be proven without 
further studies, which are in progress. The relative contribu
tions of exchange and dipolar effects may be dependent on 
electron spin relaxation time and molecular tumbling corre
lation times as well as details of metal-nitroxyl distance and 
nature of the intervening bonds.9 Thus the observation of ex
change in these spin-labeled copper porphyrin complexes does 
not prove that exchange contributes to the line shape of the 

nitroxyl in spin-labeled hemoproteins. Nevertheless, inter
pretation should proceed cautiously, considering quantitative 
data on both the metal and the nitroxyl EPR spectra. 
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Photochemical Reaction Pathways of Ruthenium(III) 
Complexes. Ultraviolet Irradiation of 
Tris(N,N-dialkyldithiocarbamato)ruthenium(III) 

Sir: 

The photochemical behavior of metal complexes with sul
fur-coordinating ligands has received little attention.1 ~* The 
electronic absorption spectra of complexes with the MS6 core 
are very rich, consisting primarily of intense charge-transfer 
bands which extend well into the visible region of the spec
trum.5-6 Therefore, the photochemistry of these complexes is 
expected to be characteristic of reactions from charge transfer 
excited states. For example, electron transfer from ligand to 
metal (CTTM) resulting in oxidized ligand dissociation and 
metal reduction is commonly found.7 The reactivity of 
charge-transfer excited states is currently receiving consid
erable attention due in part to recent interest in photocatalysis8 

and solar energy conversion9 and because few systematic 
studies have been done on complexes other than the cobalt(III) 
amines.7 We are in the process of studying the charge-transfer 
photochemistry of metal complexes with sulfur-containing 
ligands4 and report here the results of experiments which 
demonstrate the rich photochemistry of tris(7V,A'-dialkyldi-
thiocarbamato)ruthenium(III), Ru(R2dtc)3, complexes. 

Irradiation at X = 265 nm10 of Ru(R2dtc)3 ' ' where R = 
methyl or ethyl in CHCl3, CH2Cl2 , or C6H5Cl solution at 30 
0 C yields only two ruthenium-containing products, la and lb, 
according to eq 1. 
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Figure 1. Spectral changes during photolysis at 265 nm of Ru(Et2dtc)3 
in CHCI3 solution. Line a is due to Ru(Et2dtc)3. Line g results after ~80% 
of Ru(Et 2dtc)3 is converted into an 80:20 mol ratio of ClRu(Et2dtc)3 and 
«-[Ru2(Et2dtc)5]Cl, respectively (see text). 

Ru(R2dtc)3 ^ C 1 R u ( R 2 d t C ) ^ 4- «-fRu2(R^tC)5]Cl 
la lb (D 

The identification12 of compounds la and lb was made by 
comparison of their 1 H N M R and electronic absorption spectra 
with spectra from authentic samples.13,14 The structures of la1 3 

and lb1 4 have recently been determined. The spectral changes 

Cl 

St" 

/ : S 

la 

during photolysis of Ru(Et2dtc)3 in CHCl3 solution at X = 265 
nm and 30 0 C are shown in Figure 1. The appearance of an 
isosbestic point at X = 356 nm results only if la and lb are 
formed in the mole ratio (la:lb) of 79:21.15 Similar photolysis 
experiments with Ru(Me2dtc)3 using CHCI3 and CH2CI2 at 
0 0 C were monitored by 1H NMR spectroscopy. The growth 
of signals due to la and lb is clearly evident and is shown in 
Figure 2 for irradiation in CHCI3 solvent. The results are es
sentially identical for CHCI3 and CH2CI2 solvents and signal 
integration using peak heights yields a mole ratio (la:lb) of 
82:18 which is constant with time.16 These results indicate that 
the same reaction mechanism is operative for R = methyl and 
ethyl and for CHCl3 and CH2Cl2 solvents. 

Quantum yields were measured at 30 0 C for irradiation at 
X = 265, 313, and 366 nm by monitoring spectral changes at 
560, 470, and 370 nm, where Ru(Et2dtc)3 has absorption 
maxima.17 The quantum yields for disappearance of 
Ru(Et2dtc)3 in CHCl3 solution at 30 0 C are * = 0.29, 0.071, 
and 0.010 at 265, 313, and 366 nm, respectively. These values 
were constant in the range of 0-20% conversion of Ru(Et2dtc)3 

to products. The quantum yields indicate that the photoactive 
band or bands in Ru(Et2dtc)3 are in the 265-nm region where 
several intense charge-transfer absorptions exist. These bands 
and their extinction coefficients in CHCl3 are \ m a x 284 nm (e 
28 200 M - ' cm- ' and 260 (38 900). St. Nikolov6 has assigned 

H. 

t - 0 mm 

t = 3 

Figure 2. ' H N MR of the reaction mixture at various times during pho
tolysis at 265 nm of Ru(Me2dtc)3 in CHCl3 at 0 °C. Spectra were recorded 
in CD3CN solvent at 100 MHz. The reaction is ~85% complete for the 
t = 15 min trace. 

bands in this region as CTTM -n- -* e*. It is likely that the 
smaller quantum yields found at 313 and 366 nm result from 
irradiation of the weakly absorbing shoulder of the intense CT 
bands at 260 and 284 nm, rather than from irradiation of the 
370-nm band. This is consistent with $ being smaller at 366 
than at 313 nm, since the 370-nm band is more intense at 366 
nm whereas the CT shoulders are more intense at 313 nm. 
Therefore, the excited state should have increased electron 
density in antibonding metal orbitals which will promote ligand 
oxidation and ruthenium reduction. A similar excited state has 
been proposed to account for the photochemistry of Fe(R2dtc)3 

where R = ethyl or benzyl.3-4 Irradiation of Fe(Et2dtc)3 at 265 
nm in dilute Cf1HsCI (benzene or acetonitrile solvent) yields 
ClFe(Et2dtc)2 and C6H5SC(S)N(C2Hj)2 quantitatively, with 
the quantum yield for Fe(Et2dtc)3 disappearance in neat 
C6H5Cl, $265, equal to 0.39.4-18 

Photolysis of Ru(Et2dtc)3 was also carried out using dilute 
C6H5Cl solutions in benzene and acetonitrile. In these exper
iments the concentrations of complex (~1 X 10 - 3 M) and 
C6H5Cl (~0.01 M) were selected to eliminate C6H5Cl pho
tolysis. An isosbestic point at ~356 nm was observed in both 
cases, which indicates that the ruthenium containing products, 
la and lb, are formed in the same relative yield as with pho
tolysis in CHCl3 and CH2Cl2. The nonvolatile organic products 
of the reaction were isolated by extraction of the solid residue 
with pentane followed by GLC-MS analysis. A small amount 
of C6H5SC(S)N(C2H5J2 was found which accounts for - 2 0 % 
of the S2CN(C2H s)2 lost in formation of the observed amount 
of ff-[Ru2(Et2dtc)5]Cl.19 Since C6H5SC(S)N(C2Hj)2 is 
known to undergo secondary photolysis,4 this yield is not in
consistent with the ester being the primary S2CN(C2Hs)2-
containing organic product. 

A proposed mechanism for reaction 1 is shown in steps 2a-d. 
The excited state in step 2a most likely results from a CTTM 
transition and therefore possesses reduced metal and oxidized 
ligand character. This excited state reacts with RCl via two 

Ru'"(R,dtc) (Radtc),Ru" JO—N 
R 

R 
(2a) 

ClRu(R,dtc), + R'- (2b) 

[Ru(R,dtc),f + R'Cl —( ^ 

"ClRu(R,dtc\," + R'dtc (2c) 

"ClRu(dtc)/' + Ru(dtc)., —* a-[RU2(dtc)5]
+Cl (2d) 

lb 
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pathways. Pathway 2b involves chlorine abstraction resulting 
in the ruthenium(IV) complex, la, and an organic free radical, 
R'-, which subsequently reacts with solvent. Pathway 2c is 
proposed because it is the primary reaction of the iron ana
logue3'4-'8 and it accounts for the presence of the ester, R'dtc, 
where R' = phenyl. The complex ClRu(R2dtc)2 has never been 
isolated nor has it been synthesized by other means.13 The 
formation of lb results from reaction of ClRu(R2dtc)2 with 
Ru(R2dtc)3 and subsequent electron transfer to chlorine, 
yielding a[Ru2(Ridtc)sj+Cl~. Complex lb converts into /3-
[Ru2(R2dtc)5]+ Cl" (2) thermally in solution.14'20 

S /)~S + 

S-- j -S-- j -S 

V s 

2 

The excited state of Ru(R2dtc)3 shown in 2a is considered 
likely because chemically reduced air-sensitive R2dtc com
plexes of Fe(Il) or bimetallic Ru(II)-Ru(IIl) are known to 
abstract chlorine radicals from CHCl? or CH2CI2 in the 
dark.418-21 Excited states which contain oxidized ruthenium 
would not be expected to show chlorine abstraction. It is pos
sible that [Ru(R2dtc)3J* contains an intraligand excited state 
or that reaction 2a results from CT transitions which directly 
involve solvent. Neither of these possibilities can be eliminated; 
however, the UV-vis absorption spectrum of Ru(Et2dtc)3 is 
virtually identical in CHCI3, CH3CN, and C6H6 solvents, 
which suggests little or no specific solvent interaction. Since 
the rate of step 2d in the mechanism is likely to be concentra
tion dependent,22 experiments were carried out for initial 
concentrations of Ru(R2dtc)3 in CHCl3 between 1.0 X 10~4 

and 7.5 X 1O-4 M. The disappearance quantum yield for 
265-nm irradiation was constant ($ = 0.29 ± 0.01) over this 
range. In addition, the product distribution was found to be 
independent of initial Ru(R2dtc)3 concentration between ~1 
X 1O-4 and 5 X 10-3 M, within experimental error of 1H 
NMR integration. These experiments suggest that the product 
distribution is dictated by the relative rates of steps 2b and 2c 
and, since 2b is the major route, the expected concentration 
dependence of $ may not be detectable over the experimentally 
accessible concentration range. Electrochemical and redox 
experiments are in progress which should test the proposed 
mechanism. 

The diruthenium complexes lb and 2 do not react photo-
chemically under the above conditions; however, prolonged 
irradiation of either compound in CH3CN solution slowly 
yields a mixture of lb and 2. An alternate pathway for the 
formation of lb could involve photolysis of la in the presence 
of Ru(dtc)3. This reaction has been studied in CH3CN solvent 
and does occur, however, with a quantum yield for disap
pearance of Ru(dtc)3, $265, equal to only 0.015.23 This reaction 
is too slow to account for the 20 mol % of lb observed. Also, 
as shown in Figure 2, la and lb are formed simultaneously and 
their mole ratio is constant for at least 40-95% reaction. 

We have very carefully tried to eliminate solvent photolysis 
in the above experiments. Irradiation in CHCl3 and CH2CI2 
solution at A > 265 nm should effectively prevent solvent 
photolysis since the absorbances of these solvents are <0.026 
and 0.006 at 265 nm, respectively, for a 1-cm pathlength. In 
addition, for typical experimental concentrations the metal 
complexes are strongly absorbing (A » 2) in the region where 
the solvents have absorbance. Experiments using C6H5Cl do 
involve some solvent photolysis; however, internal filtering via 
strong complex absorption and the use of dilute C6H5Cl so
lutions should minimize this. Finally, the product distribution 

is invariant in these three solvents, suggesting that the same 
mechanism is operative. 

A photolysis experiment was carried out on Ru(Et2dtc)3 in 
CHCI3 solution where the solvent was intentionally irradiated 
(predominant irradiating wavelengths of 238, 240, and 248 
nm). In this case essentially the same product distribution was 
observed (isosbestic point at 358 nm) and the quantum yield 
$ was 0.5. This result suggests that chlorine radical formation 
via CHCI3 irradiation leads to the same reaction as that which 
is initiated by complex absorption and subsequent energy 
transfer to solvent, which must occur in steps 2b and 2c since 
C-Cl bond cleavage results. Additional experiments are cur
rently being carried out which should elucidate the role of the 
solvent in these reactions. 
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