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A photochemical and photophysical investigation was carried out on (tbubpy)PtII(dpdt) and (tbubpy)PtII(edt) (1
and2, respectively, where tbubpy) 4,4′-di-tert-butyl-2,2′-bipyridine, dpdt) meso-1,2-diphenyl-1,2-ethanedithiolate
and edt) 1,2-ethanedithiolate). Luminescence and transient absorption studies reveal that these complexes feature
a lowest excited state with Pt(S)2 f tbubpy charge transfer to diimine character. Both complexes are photostable
in deoxygenated solution; however, photolysis into the visible charge transfer band in air-saturated solution induces
moderately efficient photooxidation. Photooxidation of1 produces the dehydrogenation product (tbubpy)PtII-
(1,2-diphenyl-1,2-ethenedithiolate) (4). By contrast, photooxidation of2 produces S-oxygenated complexes in
which one or both thiolate ligands are converted to sulfinate (-SO2R) ligands. Mechanistic photochemical studies
and transient absorption spectroscopy reveal that photooxidation occurs by (1) energy transfer from the charge
transfer to diimine excited state of1 to 3O2 to produce1O2 and (2) reaction between1O2 and the ground state1.
Kinetic data indicates that excited state1 produces1O2 efficiently and that reaction between ground state1 and
1O2 occurs withk ≈ 3 × 108 M-1 s-1.

Introduction

Transition metal-organic complexes display a rich array of
spectroscopic transitions and long-lived excited states with
charge transfer character.1-3 Depending on the details of the
electronic structure of the complex, inner sphere transitions
having metal-to-ligand charge transfer (MLCT), ligand-to-metal
charge transfer (LMCT), ligand-to-ligand charge transfer (LLCT),
and intraligand charge transfer (ILCT) are observed.4 A
significant amount of work has been carried out to determine
the factors that control the spectroscopic properties and pho-
tochemical reactivity of these charge transfer states.1-7 Interest
in this area has been driven by several factors, including the
possibility for development of useful photosensitizers for optical
to chemical energy conversion8 and/or luminescent chemical
sensors that may find application to chemical and biological
problems.9,10

Although by far the most work on charge transfer excited
states has focused on luminescent MLCT states in d6 transition
metal complexes containing diimine ligands,5 recent work by
Eisenberg and co-workers has drawn attention to the interesting
properties of charge transfer states in mixed-ligand Pt(II)
complexes that contain dithiolate electron donor and diimine
electron acceptor ligands (i.e., (NN)PtII(SS)).11-19 Through a
series of detailed investigations this group has demonstrated that

a wide range of (NN)PtII(SS) complexes display a solvatochro-
mic absorption band in the mid-visible region and luminescence
at room temperature in fluid solution.11-19 The electronic state
giving rise to the visible absorption band and the room
temperature luminescence has been assigned as arising from a
charge transfer transition from the HOMO that is delocalized
over the Pt(S)2 unit to the LUMO that is localized largely on
the diimine acceptor ligand.17,20,21 As such, the excited state
has mixed LLCT and MLCT character, and has been termed
charge transfer to diimine.17,19

While most of the work carried out to date on (NN)PtII(SS)
complexes has focused on the photophysics of the charge
transfer to diimine state, several recent reports suggest that the
chromophore is also photochemically reactive in oxygenated
solution. Thus, in a series of papers Srivastava and co-workers
demonstrated that photolysis of (bpy)PtII(tdt) (bpy ) 2,2′-
bipyridine and tdt) 3,4-toluenedithiolate) and several related
complexes in the presence of dioxygen leads to decomposition
of the complex.22-24 Although the products of the photode-
composition were not determined, several (NN)PtII(SS) com-
plexes were found to sensitize1O2

* with moderate efficiency.
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On the basis of this finding it was hypothesized that the
photochemical reaction involved oxidation of the dithiolate
ligand by 1O2

* in a manner consistent with the reactivity of
organic thioethers.22-24

Recent elegant studies by M. Darensbourg and co-workers
on the course of thermal and photochemical oxidation of Ni(II)
and Pd(II) complexes featuring N2S2 coordination spheres
provide considerable insight into possible pathways for the
photoreactivity of (NN)PtII(SS) complexes reported by Srivas-
tava’s group.25-28 First, Darensbourg’s group demonstrated that
metal-sulfinate and-sulfenate complexes (M[S(O)2R] and
M[SOR], respectively) derived from thermal oxidation and
photooxidation of the corresponding thiolate complexes are
stable and can be fully characterized (including X-ray structures
in many cases). Furthermore, through a series of product and
mechanistic studies they show that the reactivity of sulfur in
the nickel(II) and palladium(II) dithiolates is remarkably similar
to that of sulfur in thioethers.29-31 Thus, reaction pathways to
metal-sulfinate and-sulfenate complexes appear to be congru-
ent with the pathways for photooxidation and thermal oxidation
of organic thioethers to sulfonates and sulfoxides (RS(O)2R and
RSOR, respectively).

Our group has been studying the photophysics of MLCT and
LLCT excited states in transition metal complexes.32-36 During
the course of routine photophysical studies on (tbubpy)PtII(dpdt)
and (tbubpy)PtII(edt) (1 and2, respectively, where tbubpy)
4,4′-di-tert-butyl-2,2′-bipyridine, dpdt) meso-1,2-diphenyl-1,2-
ethanedithiolate, and edt) 1,2-ethanedithiolate) we discovered
that the two complexes were moderately photochemically
reactive in air-saturated solution. Given the previous work in
the area,22-24 we were not surprised by the photosensitivity of
1 and2 in the presence of dioxygen; however, we were intrigued
by preliminary results which suggested that1 and2 react via
different pathways. Thus, we embarked on a study of the
photophysics and photoreactivity of the two complexes in an
effort to ascertain the reaction products and the pathways by
which they form. The mechanistic and product studies reported
herein imply that the photoreactivity of both complexes arises
from a primary step involving energy transfer from the charge
transfer to diimine excited state Pt(II) complex to dioxygen to
produce singlet oxygen (1O2

*) which then reacts with the
dithiolate ligand in the ground state complex. The overall course
of the reaction of edt complex2with 1O2

* is remarkably similar
to that reported by Darensbourg and co-workers for Ni(II) and
Pd(II) dithiolate complexes.25-28 In contrast, the reactivity of
dpdt complex1 with 1O2

* is unique and apparently stems from

a difference in the secondary reactions undergone by the primary
adduct formed by initial attack of1O2

* on the ground state
complex.

Experimental Section

General Synthetic Data. Solvents and chemicals used for synthesis
were of reagent grade and were not purified unless noted otherwise.
NMR spectra were obtained on either GE QE-300 or Varian Gemini
300 MHz spectrophotometers. K2PtCl4 was obtained from Aldrich
Chemical Company and used as received. 4,4′-Di-tert-butyl-2,2′-
bipyridine was prepared by coupling 4-tert-butylpyridine over 10% Pd/
C,37 (tbubpy)PtCl2 was prepared by reaction of K2PtCl4 with tbubpy,38

and fac-(tbubpy)ReI(CO)3Cl (3) was prepared from tbubpy and Re-
(CO)5Cl.36

(4,4′-Di- tert-butyl-2,2′-bipyridine)(meso-1,2-diphenyl-1,2-
ethanedithiolato)platinum(II) (1) . Compound1 was prepared by
reaction of (tbubpy)PtCl2 with meso-1,2-diphenyl-1,2-ethanedithiolate
(dpdt) by analogy to literature methods.19b The dpdt ligand was
prepared in three steps fromtrans-stilbene oxide according to the
method of Overberger and Druker.39 Under a nitrogen atmosphere,
30 mL of an ethanol solution containing 92 mg of dpdt (0.34 mmol)
and 80 mg of NaOH (2 mmol) was mixed with 20 mL of an acetone
solution containing 102 mg of (tbubpy)PtCl2 (0.19 mmol). A red
precipitate formed immediately upon mixing. The resulting suspension
was stirred for 1 h, whereupon the volume of the solvent was reduced
to 20 mL under reduced pressure. Then 40 mL of diethyl ether was
added to the mixture, the red solid was collected by filtration on a
medium porosity fritted funnel, and it was washed with excess ether.
The product was obtained as a blood-red powdery solid, yield 107 mg
(80%). 1H NMR (CDCl3): δ 1.43 (s, 18H), 4.45 (s, 2H, satellite peaks
are observed for coupling to195Pt), 7.06 (m, 6H), 7.32 (m, 4H), 7.43
(dd, 2H), 7.94 (d, 2H), 9.22 (d, 2H, satellite peaks are observed for
coupling to195Pt). 1H NMR (CD3CN): δ 1.43 (s, 18H), 4.34 (s, 2H,
satellite peaks are observed for coupling to195Pt), 7.04 (m, 6H), 7.34
(m, 4H), 7.60 (dd, 2H,J1 ) 2 Hz,J2 ) 6 Hz), 8.29 (d, 2H,J ) 2 Hz),
8.99 (d, 2H,J ) 6 Hz, satellite peaks are observed for coupling to
195Pt). HRMS (FAB, positive ion): calcd for C32H36N2S2Pt, 707.1968;
obsd, 707.2016.
(4,4′-Di-tert-butyl-2,2′-bipyridine)(ethanedithiolato)platinum-

(II) (2) . This compound was prepared from (tbubpy)PtCl2 and 1,2-
ethanedithiol according to literature methods.19 1H NMR (CDCl3): δ
1.44 (s, 18H), 2.50 (s, 4H), 7.48 (d, 2H), 7.85 (d, 2H), 9.17 (dd, 2H).
HRMS (FAB, positive ion): calcd for C20H28N2S2Pt, 555.1342; obsd,
555.1374.
Steady-State Photochemistry: Product Studies.Experiments

aimed at determining the products of the photochemical processes were
carried out using a 450-W medium-pressure Hanovia lamp that was
contained within a water-cooled Pyrex immersion well. The 366 nm
mercury emission from the arc lamp was isolated by placing Corning
7-54 and Schott LG 350 glass filters between the sample and the
Hanovia lamp. Photolysis of1 or 2 was carried out by dissolving
approximately 3 mg of the complex in 10 mL of CH3CN. The (air-
saturated) solution was placed in a Pyrex test tube and placed
approximately 6 in. from the filtered Hanovia lamp. The extent of
reaction was followed by monitoring the UV-visible absorption
spectrum. Irradiation was discontinued when UV-visible absorption
showed that>90% of the starting material had disappeared (ap-
proximately 10 min of total photolysis time was usually required). The
solvent was then removed under reduced pressure. The product from
photolysis of2 was not sufficiently soluble for NMR analysis. Solid
samples of both photoproduct mixtures were submitted for mass spectral
analysis.
Photoproduct from 1. 1H NMR (CDCl3): δ 1.24 (s, 9H), 7.08

(m, 10 H), 7.25 (d, 2H), 8.17 (s, broad, 2H), 8.49 (d, 2H). HRMS
(FAB, nitrobenzyl alcohol matrix, positive ion): calcd for C32H34PtN2S2,
705.1812; obsd, 705.1811.
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Photoproducts from 2. HRMS (FAB, nitrobenzylalcohol matrix,
positive ion): calcd for C20H28PtN2S2O2, 587.1240; obsd, 587.1282;
calcd for C20H28PtN2S2O3, 603.1190; obsd, 603.1185; calcd for C20H28-
PtN2S2O4, 619.1139; obsd, 619.1156. IR(KBr),ν(SO) (cm-1): 901,
912, 1062, 1210.
Mechanistic Photochemical Studies.Quantum yield studies were

carried out by using a 75-W high-pressure mercury short arc lamp
housed in an elliptical reflector housing (Photon Technology Interna-
tional, Model ALH-1000). The output of the high-pressure arc lamp
was passed through a grating monochromator and then focused into a
small sample holder box. The sample was contained in a 1× 1 cm
cuvette and was stirred continuously during photolysis. The light
intensity was calibrated at least one time each day by using the
Aberchrome 540 actinometer (typical intensity was 1.0× 10-8 einstein
s-1). Conversion efficiencies for complex1were determined by HPLC
analysis on a system comprised of a two-pump gradient system
controlled by a Macintosh SE computer (Rainin Instruments). Separa-
tions were performed on a C18 reversed phase column (Rainin
Microsorb-MV) eluting with a 75% CH3CN/H2O mobile phase.
Quantum yields for disappearance of1were determined by comparing
the HPLC peak area for the complex with that of an internal standard
(naphthalene). Conversion efficiencies for complex2were determined
by UV-visible absorption spectroscopy, since the photochemical
products were nonabsorbing.
Relative photochemical kinetics were carried out with the same arc

lamp system used for the quantum yield studies. Aliquots (3.0 mL) of
the solutions were placed in 1× 1 cm quartz UV-visible absorption
cells and exposed to 436 nm light from the high-pressure Hg arc lamp.
Relative rates of conversion were determined by monitoring the UV-
visible absorption of the solutions as a function of light exposure time.
Photophysical Experiments. Absorption spectra were obtained on

a HP-8452A diode array spectrophotometer. Steady-state emission
spectroscopy was carried out on a SPEX F-112 photon-counting
spectrofluorimeter. Luminescence quantum yields are reported relative
to Ru(bpy)32+ in H2O (Φem ) 0.055).40 Low-temperature emission
spectra were obtained on samples contained in a finger dewar that was
filled with liquid N2. Fluorescence lifetimes were obtained by time-
correlated single photon counting (FLI, Photochemical Research
Associates). Transient absorption spectroscopy was carried out on an
instrument that has been fully described in the literature.41a Samples
were excited by using the third harmonic output of a Q-switched Nd:
YAG laser (10 ns fwhm, 10 mJ/pulse). For transient absorption studies
sample solutions were contained in a recirculating cell (sample
pathlength 1 cm) that held a 100 mL total volume in order to minimize
the effects of photolysis during data acquisition. Degassing was effected
by bubbling with argon. Multiwavelength transient absorption kinetics
were analyzed by factor analysis methods using SPECFIT.41b,c

Results and Discussion

Absorption and Luminescence Spectroscopy.At the outset
we note that the absorption and luminescence properties of edt
complex2were previously studied by Eisenberg and co-workers
and all of the data presented herein for this complex compare
favorably with their report.19b The properties of2 were
examined in the present study in order to facilitate comparison
with data obtained on1, which has not been previously studied.
Figure 1 illustrates the near-UV and visible absorption spectra

of 1 and2 in CH3CN solution and Table 1 contains a listing of
the absorption bands and extinction coefficients. For both
complexes the low energy region of the spectrum is dominated
by a moderately intense charge transfer absorption band. This
transition has previously been assigned to arise from a charge
transfer configuration in which the donor (HOMO) orbital is
predominantly of Pt(S)2 character and the acceptor (LUMO)
orbital is dominated byπ* tbubpy (i.e., Pt(S)2 f tbubpy CT).17,20

The absorption spectra of1 and2 are nearly indistinguishable,
indicating that the 1,2-diphenyl substituents in the dpdt ligand
have little effect upon the electronic structure of the charge
transfer chromophore. This is not surprising, given that the
phenyl groups in1 are not conjugated with the thiolate donors.
An interesting feature is the shoulder appearing on the low-

energy side of the Pt(S)2 f tbubpy charge transfer transition.
This shoulder clearly signals the existence of a low-energy
transition having approximately1/10th the oscillator strength of
the stronger (spin allowed) CT band which is at higher energy.
The low energy transition is Stokes-shifted to a relatively small
extent from the emission of1 and2 in a low-temperature glass
(Vide infra). Since the emission is clearly from a state having
predominantly triplet spin character,19b it is likely that the low
energy shoulder observed in the absorption spectra of1 and2
may be the corresponding singletf triplet (Pt(S)2 f tbubpy)
(spin forbidden) charge transfer transition.
Steady-state and time-resolved luminescence studies were

carried out on1 and2 to compare their luminescence properties
(Table 2). Both complexes emit weakly at 298 K in CH3CN
solution, consistent with the reports of luminescence from
structurally similar (NN)PtII(SS) complexes by Eisenberg and
co-workers.19b Emission from1 is slightly more efficient than
that of edt complex2 as reflected by the slightly larger
luminescence quantum efficiency (Φem) for the former. The
emission of2 at 298 K is also slightly red-shifted compared to
that of1. Emission spectra were recorded for1 and2 in a 4:1
EtOH/MeOH glass at 77 K andλmaxvalues are reported in Table
2. The low temperature emission of the two complexes is
virtually superimposable and is strongly blue-shifted compared

(40) Harriman, A.J. Chem. Soc., Chem. Commun.1977, 777.
(41) (a) Wang, Y.; Schanze, K. S.Chem. Phys.1993, 176, 305. (b)

SPECFIT, version 2.10. Spectrum Software Associates, Chapel Hill,
NC, 1996. (c) Stultz, L. K.; Binstead, R. A.; Reynolds, R. A.; Meyer,
T. J. J. Am. Chem. Soc.1995, 117, 2520.

Figure 1. UV-visible absorption spectra as a function of irradiation
time in air-saturated CH3CN solution. Solid lines with point markers
are spectra prior to irradiation. Arrows indicate direction of change of
spectra with increasing light exposure. Key: (a) complex1; (b) complex
2.

Table 1. UV-Visible Absorption Spectra and Assignmentsa

λmax/nm (εmax/M-1 cm-1)

complex1 complex2 assignment

560 sh (740) 560 sh (790) Pt(S2) f tbubpy LLCT/MLCT
466 (6190) 466 (5420) Pt(S2) f tbubpy LLCT/MLCT
336 sh (4120) 336 sh (3800) Ptf tbubpy MLCT
296 (17200) 296 (16000) π,π* tbubpy
aCH3CN solution at 298 K. Estimated error inλmax is (2 nm and

in εmax is (5%.
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to the emission at 298 K. This luminescence rigidochromism
has been reported by Eisenberg for other (NN)PtII(SS) com-
plexes19 and is typical for charge transfer luminescence for
metal-organic complexes.2,42
Emission lifetimes were determined for1 and 2 in argon-

degassed and air-saturated CH3CN solutions (τem and τemair,
respectively, Table 2). The emission lifetimes are comparatively
short for both complexes; however,τem for 1 is slightly longer
than that for2. The emission lifetimes for1 and2 are shorter
in air-saturated solutions, indicating that O2 quenches the
luminescent excited state. Assuming that the concentration of
O2 is 1.9 mM in air-saturated CH3CN at 298 K,43 the second
order rate constant for oxygen quenching,kqO2 is 7.2× 109 M-1

s-1 and 9.7× 109 M-1 s-1 for 1 and 2, respectively. (The
mechanism for the oxygen quenching is discussed below.) The
emission lifetime data can also be used to estimate the fraction
of the charge transfer to diimine excited state that is quenched
by O2 (ηq*Pt), eq 1. Calculated values forηq*Pt are listed in
Table 2.

Assuming that the luminescent excited state is populated with
unit efficiency following photoexcitation, it is possible to
calculate the radiative and nonradiative decay rates (kr andknr,
respectively) from the emission data by eqs 2 and 3, where the

approximation on the right hand side of eq 3 holds for1 and2
becauseΦem , 1. The values ofkr andknr for 1 and2 listed
in Table 2 are in accord with those previously reported for (NN)-
PtII(SS) complexes.19b In both casesknr . kr, and therefore
excited state decay is dominated by nonradiative pathways.
Photochemical Product Studies. Irradiation of deoxygen-

ated CH3CN solutions of complexes1 or 2 at 436 nm for
extended periods of time did not induce observable changes in
their UV-visible absorption spectra or HPLC chromatograms.
Thus, both complexes are photostable in the absence of oxygen.
In contrast, irradiation of air-saturated solutions of both
complexes at 436 nm led to relatively rapid changes in their
UV-visible absorption spectra (Figure 1). First, for complex
1 in air-saturated CH3CN, 436 nm photolysis leads to bleaching
of the 466 nm charge transfer absorption band with concomitant
development of a new absorption band withλmax ≈ 582 nm.
Isosbestic points are maintained during the photolysis at 336,
382, and 512 nm. The spectral changes observed during
photolysis of1 are indicative of a clean photochemical reaction
giving rise to a single visible region absorbing product.
Irradiation of2 in air-saturated CH3CN at 436 nm gives rise to

relatively uniform bleaching of the near-UV and visible absorp-
tion of the complex. No new absorption bands are observed in
the near-UV and visible regions.
In order to provide further information concerning the

products produced by irradiation of1 and 2 in air-saturated
solution, semipreparative photochemical studies were carried
out. These experiments were rendered difficult due to poor
solubility of 1 and2 and the photoproduct mixtures. For both
complexes, samples were photolyzed as dilute, air-saturated
CH3CN solutions with the 366 nm output of a medium-pressure
Hg arc. After photolysis, the solvent was removed under
reduced pressure. For complex1 the photoproduct residue was
sufficiently soluble in CDCl3 to allow 1H NMR analysis;
however, the photoproduct from2 was not sufficiently soluble
in any common solvent to allow NMR analysis. Photoproducts
from both samples were analyzed by high-resolution mass
spectrometry (HRMS) using fast atom bombardment (FAB) as
the ionization method.
The1H NMR spectrum of the photoreaction mixture from1

reveals a single major photoproduct with aromatic region
resonances for the tbubpy ligand atδ ) 7.25 (3,3′-tbubpy), 8.17
(5,5′-tbubpy), and 8.49 (6,6′-tbubpy) ppm. The corresponding
protons in the starting material (1) exhibit resonances atδ )
7.43 (3,3′-tbubpy), 7.94 (5,5′-tbubpy), and 9.22 (6,6′-tbubpy)
ppm. The interesting feature is that the resonances for the 3,3′
and 6,6′ protons are shifted upfield in the photoproduct
compared to their shifts in1. Since these protons are located
on the carbons with the largest coefficient for theπ* orbital of
the tbubpy ligand,17 they are the most sensitive to effects ofπ
backbonding with Pt. Thus, the upfield shifts observed for the
3,3′ and 6,6′ protons in the photoproduct indicate stronger Pt
f tbubpyπ-back-bonding in the photoproduct or alternatively
that the Pt(S)2 unit is a stronger electron donor in the
photoproduct. Note that this is consistent with the UV-visible
absorption spectral changes, which indicate that the low energy
charge transfer to diimine absorption band in the photoproduct
is at longer wavelength than in1.
The most revealing information concerning the structure of

the photoproduct obtained from1 is the high resolution mass
spectrum. The spectrum is dominated by a peak cluster centered
at m/e 705.1812, which is in excellent agreement with the
molecular formula C32H34PtN2S2. This formula corresponds to
1 minus two hydrogens.
Taken together, the spectroscopic information obtained on

the photoproduct of1 is consistent with the photochemical
reaction in eq 4. The UV-visible absorption band (λmax≈ 582

nm) and proton NMR chemical shifts for the tbubpy ligand in
the photoproduct are consistent with the greater degree of
delocalization and stronger electron donor properties of the Pt-
(S)2 unit in 4 compared to1. Indeed,λmax for the visible
absorption band for photoproduct4 (582 nm) is relatively close

(42) (a) Lumpkin, R. S.; Meyer, T. J.J. Phys. Chem.1986, 90, 5307. (b)
Lees, A. J.Chem. ReV. 1987, 87, 711.

(43) Murov, S. L.; Carmichael, I.; Hug, G. L.Handbook of Photochemistry,
2nd ed.; Marcel Dekker: New York, 1993.

Table 2. Photophysical Properties of Platinum Complexesa

compound λmax/nm (77 K)b Φem τem/ns τemair/ns ηq*Pt kr/s-1 knr/s-1

1 770 (623) 0.0010 18.7 14.9 0.20 5.6× 104 5.6× 107

2 785 (623) 0.00036 7.0 6.2 0.11 4.6× 104 1.3× 108

aData for CH3CN solutions at 298 K unless otherwise indicated.b Value in parentheses is emission maximum at 77 K in 4:1 EtOH/MeOH.

(4)

ηq*
Pt ) 1-

τem
air

τem
(1)

kr )
Φem

τem
(2)

knr ) ( 1τem)[1 - Φem] ≈ 1
τem

(3)
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to the absorption maximum of the structurally similar complex
(tbubpy)Pt(tdt) (tdt) 3,4-toluenedithiolate) which isλmax )
567 nm in CH2Cl2.19b

Relatively less spectroscopic information is available con-
cerning the photoproduct produced by irradiation of edt complex
2. As noted above, photolysis of2 is accompanied by relatively
uniform bleaching of the visible charge transfer absorption bands
typical of the (NN)PtII(SS) chromophore. This observation
strongly implies that a dehydrogenation reaction analogous to
that observed for1 does not occur. Unfortunately, the product
mixture obtained from2 was not sufficiently soluble to allow
NMR analysis. However, the high resolution mass spectrum
provides information that is strongly suggestive of the structure
of the major photoproducts. The HRMS of the photoproduct
is dominated by three peak clusters which appear athigher m/e
compared to that of2. These peaks appear at m/e values of
587.1282, 603.1185 and 619.1156 and they correspond, respec-
tively, to the molecular formulas C20H28N2S2O2Pt, C20H28N2S2O3-
Pt, and C20H28N2S2O4Pt. In other words, the major photoprod-
ucts appear to result from addition of 1, 1.5, or 2 equiv of O2

to starting complex2.
In view of the UV-visible absorption and HRMS data for

photolysis of2, we suggest that the photoreaction involves
oxygenation of the thiolate ligand as illustrated in eq 5; e.g.,

the product complexes contain sulfinate (SO2R) or sulfenate
(SOR) ligands. Several lines of evidence support this mode of
reactivity. First, very similar reactivity has been reported by
Darensbourg and co-workers for thermal and photochemical
oxidation of Ni(II) and Pd(II) dithiolate complexes (Vide
infra).25-28 Second, structures5-7 are consistent with the UV-
visible absorption data, since the sulfinate and sulfenate ligands
are expected to be poorer electron donors compared to thiolate,
thereby shifting the charge transfer to diimine absorption to
higher energy. Finally, the presence of sulfinate and sulfenate
functionality in the photoproducts is confirmed by IR spectros-
copy of the reaction mixture which features moderately intense
bands at 901, 912, 1062, and 1210 cm-1. Assignment of the
ν(SO) IR bands in the photoproduct mixture is based on previous
work which reveals that nickel(II) and palladium(II) sulfinate
complexes display bands for asymmetric and symmetric SO
stretching at approximately 1050 and 1180 cm-1, respectively.
The corresponding palladium(II) bis(sulfenate) complexes (e.g.,
PdII[(SOR)]2) display two closely spaced bands at 910 and 930
cm-1. In view of this data, it appears as though the 1062 and
1210 cm-1 bands in the1 photoproduct mixture correspond to
sulfinate products (5 and/or 6) while the closely spaced
“doublet” at 901 and 912 likely corresponds to the bis(sulfenate)
complex7.
Mechanistic Photochemical Pathways.As noted in the

Introduction, a recent series of reports describes the course of
thermal and photochemical oxidation of Ni(II) and Pd(II)
complexes featuring N2S2 coordination spheres.25-28 This work
provides considerable insight into possible mechanistic pathways
for photooxidation of1 and2. In general, the reactivity of sulfur
in Ni(II) and Pd(II) dithiolates is similar to that of sulfur in

thioethers.29-31 Thus, reaction pathways to metal-sulfinate and
-sulfenate complexes are believed to involve reactive inter-
mediatesA (a sulfoperoxide) and/orB (a thiadioxirane) which

are formed by reaction of the dithiolate complexes with ground
state (triplet) or excited state (singlet) dioxygen (3O2 and1O2,
respectively) or oxygen transfer agents such as H2O2.26,27,44Of
most significance to the present study is the recent report that
UV photolysis of (NN)PdII(SS) (in this case NN) diamino)
complexes in the presence of O2 leads to product mixtures
containing sulfinato, bis(sulfinato), and mixed sufinato and
sulfenato ligands in the coordination sphere.26 It has been
suggested that the photoinduced reactions involve1O2 as the
oxidant, although this point has not been examined in detail.26

Scheme 1 contains several mechanistic pathways that are
consistent with the products observed in the photoreactions of
1 and 2 and are formulated based on the earlier studies of
(photo)oxidation of metal dithiolates.26,27 First, it is clear that
the products arise from a primary photochemical step involving
the interaction of the Pt(S)2 f tbubpy CT excited state (8) with
O2. This interaction may result either in (a) electron transfer
to form radical cation complex9 and superoxide (O2-•) or (b)
energy transfer to form the ground state complex (1 or 2) and
excited state (singlet) oxygen,1O2. Either pathway (electron
transfer or energy transfer) likely leads to formation of the
sulfoperoxide complex10, which we believe is the key reactive

(44) A mechanism for formation of bis(sulfenate) complex7 from 2 that
must be considered involves addition of dioxygen across the cis-sulfurs
to produce intermediateC

which may collapse directly to7. Evidence for such intermediates in
the reaction between1O2 and nickel(II) thiolates has been presented.28

At present we have not carried out a detailed study of the product
distributions, rates of formation, etc, for oxygenation of2 to delineate
the pathways for formation of all of the possible products. Such studies
are currently underway.

(5)

Scheme 1
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intermediate in the photoreaction.44 Sulfoperoxide complex10a,
which is formed from1, could decompose to11by loss of HO2-

via intramolecular proton abstraction from theR-carbon by the
oxyanion moiety. Cationic complex11 then could lose a proton
to a suitable base (i.e., HO2-) to form the observed dehydro-
genation product4. In sulfoperoxide complex10b, deproto-
nation is slower (see below) and hence the complex collapses
to sulfinate 5, likely via thiadioxirane 12. Although not
explicitly shown in Scheme 1, it is likely that disulfinate
complex6 (eq 5) is formed by addition of a second equivalent
of O2 to 5. Finally, although the mass spectrum of the
photoproduct mixture from2 reveals a peak cluster due to
addition of three oxygens to the starting complex, it is not
possible to rule out that this is a daughter ion formed by loss of
O from disulfinate complex6 in the gas phase. Previous mass
spectroscopic studies (FAB ionization, NBA matrix) reveal that
loss of one or more O atoms is a common mode of fragmenta-
tion in Ni(II) and Pd(II) sulfinate complexes.27

An interesting feature is the difference in the overall course
of reaction for1 and2. It is possible that this difference arises
because of a difference in the reactivity of sulfoperoxide
complexes10aand10b. The key step leading to dehydroge-
nation of 1 is likely decomposition of10a to 11 via loss of
HO2

-. This reaction probably involves intramolecular proton
transfer as shown in eq 6. The fact that10aundergoes proton

transfer and decomposition while10b simply collapses to
thiadioxirane 12 is likely due to the fact that the phenyl
substituent accelerates the rate of the intramolecular deproto-
nation step. This rate acceleration may result from a confor-
mational effect of the phenyl group on the transition state for
the deprotonation; the phenyl may force the metallacycle into
a conformation where deprotonation is more facile. Alterna-
tively, rate acceleration could simply arise because the phenyl
substituent stabilizes the product of the decomposition (11).
A key question in the current study is whether the primary

photochemical step involves electron transfer and superoxide
ion (path a) or energy transfer and singlet oxygen (path b). The
luminescence studies of1 and2 indicate that O2 quenches the
charge transfer to diimine excited state of both complexes at
near the diffusion controlled rate. This rate of quenching is
compatible with energy transfer (path b), since the charge
transfer to diimine excited state of1 and2 lies some 0.6 eV
above the energy of1O2 (i.e., energy transfer is exothermic by
0.6 eV). However, based on the estimated free energy change
for electron transfer from the charge transfer to diimine excited
state of1 or 2 to O2 (∆G ≈ -0.2 eV),45 we cannot rule out
that quenching occurs by electron transfer (path a). Therefore,
in an attempt to elucidate which pathway predominates, a series
of mechanistic photochemical studies was performed.
Mechanistic Photochemical Studies.Quantum yields for

disappearance (Φ-) were determined for1 and2 in air-saturated
CH3CN solution for irradiation at 436 nm. For complex1, Φ-
) 0.13( 0.04 and is invariant within experimental error for

concentrations ranging from 5× 10-5 to 2 × 10-4 M. For
complex2 (c ) 1 × 10-4 M) Φ- ) 0.05 ( 0.01. In both
cases, the observed disappearance quantum yields are lower than
the fraction by which O2 quenches the charge transfer to the
diimine excited state (ηq*Pt, Table 2), indicating that irreversible
photochemistry does not occur for each quenching encounter.
However, nonproductive quenching could arise from either
energy transfer or electron transfer pathways, and therefore, the
quantum yield data alone does not distinguish either reaction
pathway.
Next, a study of the effect of 1,4-diazabicyclo[2.2.2]octane

(DABCO) on photooxidation of1 in CH3CN was carried out.
DABCO was selected because it is an excellent quencher of
1O2, but it does not interact with superoxide.46,47 Prior to
examining the effect of DABCO on the photoreaction, a Stern-
Volmer luminescence lifetime quenching study was carried out
to determine whether DABCO quenches the charge transfer to
diimine excited state of1. This study revealed that, for
[DABCO] e 5 mM, lifetime quenching was not observed,
placing an upper limit on the quenching rate constant ofkq e
108 M-1 s-1. The rate of photoinduced (λ ) 436 nm) bleaching
of the visible absorption band was determined for two air-
saturated CH3CN solutions of1 (c ) 2 × 10-4 M), one
containing DABCO (c ) 1 mM) and the other with no added
DABCO. The results of this experiment are presented in Figure
2a as a plot ofA(t)/A(t ) 0) vs exposure time, whereA is the
absorption at the charge transfer to diimine band maximum. It
is quite clear from this figure that DABCO dramatically
quenches the photoreaction: the initial slope of the plot with
added DABCO is approximately a factor of 10 lower compared
to that in the absence of DABCO. Since DABCO does not
quench the charge transfer excited state of1, this experiment
provides strong evidence that1O2 is involved in the photooxi-
dation of1.

(45) On basis of the potential for the O2 + e- f O2
-• couple (E° ≈ -0.82

eV vs SCE) and the excited state oxidation potential of1 and2 (i.e.,
Pt*/+, E° ≈ -1.0 V vs SCE), we estimate that electron transfer (path
a) is exothermic by ca. 0.2 eV. The excited state potential of1 is
estimated from the excited state energy (1.6 eV) and the peak potential
for the irreversible anodic oxidation (+0.6 V).

(46) (a) Bellus, D. inSinglet Oxygen. Reactions With Organic Compounds
and Polymers; Ranby, B., Rabek, J. F., eds.; Wiley and Sons: New
York, 1978; p 61. (b) Fee, J. A.; Valentine, J. S. InSuperoxide and
Superoxide Dismutase; Michelson, A. M., McCord, J. M., Fridovich,
I., Eds.; Academic Press: New York, 1977; p 19.

(47) Kearns, D. R.; Merkel, P. B.; Nilsson, R.J. Am. Chem. Soc.1972,
94, 7244.

(6)

Figure 2. (a) Plot ofA(t)/A(t ) 0) vs exposure time for solution of1
in CH3CN, whereA ) absorption at 463 nm. Plot marked with
polygons: [1] ) 0.2 mM and [DABCO]) 1.0 mM. Plot marked with
triangles: [1] ) 0.2 mM and [DABCO]) 0. (b) Plot ofA(t)/A(t ) 0)
vs exposure time for solution of1. Plot marked with triangles: CHCl3

solvent. Plot marked with polygons: CDCl3 solvent.
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A second experiment to test for the involvement of1O2 in
the photooxidation reaction compared the relative photoreaction
rate of1 in air-saturated CHCl3 and CDCl3 solutions. Since
the lifetime of 1O2 is significantly longer in the deuterated
solvent (300µs in CDCl3 vs 30µs in CHCl3),47 it seemed likely
that if 1O2 is involved, the photoreaction will be more efficient
in the deuterated solvent. Figure 2b illustrates the results of
this experiment as a plot ofA(t)/A(t ) 0) for bleaching of the
charge transfer absorption band of1 as a function of exposure
time. As can be seen, this experiment indicates a slight, but
reproducibly larger bleaching rate in the deuterated solvent,
again consistent with the involvement of1O2.

Finally, since both kinetic studies pointed to the involvement
of 1O2 in the photoreaction of1, we rationalized that it should
be possible to effect reaction by using methylene blue to
sensitize the formation of1O2.48 Thus, an air-saturated solution
containing1 (c) 4× 10-4 M) and methylene blue (c) 3.0×
10-4 M) was photolyzed withλ > 600 nm light from a medium-
pressure mercury lamp. The long wavelength excitation insured
that light was absorbed only by methylene blue. UV-visible
absorption analysis of the solution during the course of the
photolysis revealed uniform bleaching of the visible charge
transfer absorption band of1, but without concomitant develop-
ment of the long wavelength absorption band characteristic of
the photooxidation product4.
Taken together, the mechanistic photochemical studies point

to involvement of1O2 in the photooxidation of1 (path B,
Scheme 1). The result of the DABCO experiment is clear in
that the reaction is suppressed almost entirely even at 1 mM
concentration of the quencher. There is also a noticeable
increase in reaction efficiency in CDCl3, a result which is
incompatible with the superoxide pathway.

Although the methylene blue experiment does not provide
evidence for involvement of1O2 in the reaction of1, the fact
that the dye does not act as a sensitizer does not preclude the
involvement of 1O2 in the self-sensitized reaction. This is
because the visible absorption of1 is uniformly bleached when
the complex is photolyzed in the presence of the dye, which
suggests that1may react directly with the triplet excited state
of methylene blue (3MB+*). A distinct possibility is that1 is
oxidized by the triplet state of3MB*, e.g.,3MB+* + 1 f MB•

+ 1+•; indeed, this electron transfer reaction is strongly
exothermic (∆G ≈ -0.75 eV).49 An interesting point in this
regard is that spectroelectrochemical studies demonstrate that
anodic oxidation of1 in CH3CN solution (tetrabutylammonium
perchlorate electrolyte) leads to uniform bleaching of the visible
absorption of the complex, in a manner similar to that observed
in the methylene blue sensitization reaction.

Transient Absorption Spectroscopy. Transient absorption
spectroscopy was carried out on1 and2 in order to characterize
the charge transfer excited state and to attempt to observe
intermediates involved in the photooxidation reaction. All
transient absorption studies were carried out with dilute solutions
of the complexes (c ≈ 2 × 10-4 M) in CH3CN solvent with
excitation at 355 nm.

The first series of experiments was carried out to characterize
the charge transfer to diimine excited states of1 and2. Thus,
the optical transients observed on the 0-500 ns time scale
following laser excitation were closely examined. A parallel
study was carried out onfac-(tbubpy)ReI(CO)3Cl (3), which has
a long-lived dπ (Re)f π* (tbubpy) MLCT excited state.50,51

Figure 3a illustrates the transient absorption spectrum of Re(I)
complex3 in degassed CH3CN at 10 ns delay following laser
excitation. This spectrum is dominated by a moderately intense
absorption band in the near-UV region withλmax ≈ 370 nm,
while broad, weak absorption extends throughout the visible
region. The absorbing transient decays with a lifetime of 45
ns, in good agreement with the luminescence lifetime of the
complex.50 This correspondence indicates that the transient
observed by laser flash photolysis is the luminescent excited
state of3. The photophysics of luminescent complexes of the
type (diimine)ReI(CO)3Cl have been studied in great detail and
the emissive state has been assigned as arising from a Ref
diimine MLCT transition.2,50,51 Thus, in a one-electron ap-
proximation, the excited state can be written as
(tbubpy-•)ReII(CO)3Cl. The strong near-UV absorption feature
observed in the transient absorption spectrum of3 is likely due
to aπ,π* or π*,π* transition of the tbubpy anion radical, (i.e.,
tbubpy-•), that is present in the MLCT state.50-52

Parts b and c of Figure 3 illustrate the transient absorption
spectra of1 and2, respectively, in degassed CH3CN solution
taken at a 5 nsdelay relative to the leading edge of the laser
excitation pulse. Within experimental error the spectra of the
two complexes are the same, with the exception that the lifetimes
of the transients observed for1 and 2 are 27 and 10 ns,

(48) Turro, N. J.Modern Molecular Photochemistry; Benjamin/Cum-
mings: Menlo Park, 1979.

(49) The free energy change for photoinduced electron transfer from1 to
triplet methylene blue, e.g.,3MB+* + 1 f MB• + 1+• is estimated
by the equation∆G ) Ep(1/1+•) - E1/2(MB+/MB•) - E00(3MB+*),
whereEp(1/1+•) is the peak potential for irreversible oxidation of1
(+0.6 V), E1/2(MB+/MB•) is the half-wave reduction potential of
methylene blue (0 V), andE00(3MB+*) is the triplet energy of
methylene blue (1.4 eV).

(50) Worl, L. A.; Duesing, R.; Chen, P.; Della Ciana, L.; Meyer, T. J.J.
Chem. Soc., Dalton Trans.1991, 849.

(51) Lucia, L. A.; Burton, R. D.; Schanze, K. S.Inorg. Chim. Acta1993,
208, 103.

(52) Watts, R. J.J. Chem. Educ.1983, 60, 834.

Figure 3. Transient absorption difference spectra following 355 nm
pulsed laser excitation (10 mJ dose, 6 ns fwhm): (a)3 in degassed
CH3CN, 10 ns delay after leading edge of laser pulse; (b)1 in degassed
CH3CN, 5 ns delay after leading edge of laser pulse; (c)2 in degassed
CH3CN, 5 ns delay after leading edge of laser pulse.
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respectively. The reasonably good correspondence between the
emission and transient absorption lifetimes suggests that for both
complexes the transient observed by flash photolysis is the
emissive Pt(S)2 f tbubpy charge transfer state. The transient
absorption spectra of1 and2 are characterized by a strong near-
UV band with λmax ≈ 370 nm and with weak absorption
throughout the visible region. The band which appears at 500
nm may be an artifact resulting from the ground state bleaching
which is clearly apparent in the spectra from 425 to 480 nm.
The interesting feature in Figure 3 is the close similarity

between the transient absorption spectra of1, 2, and3. Thus,
the dominating feature in all three spectra is clearly due to the
anion radical chromophore, tbubpy•-. The observation of this
band in the excited state absorption spectra of1 and2 clearly
supports the charge transfer to diimine assignment that has
been previously made on the basis of solvatochromic effects,
thermodynamic correlations and resonance Raman spectros-
copy.19-21 Unfortunately, absorption bands are not observed
for the “radical cation” chromophore counterpart to tbubpy-•

(i.e., Pt(S)2+•). However, given that the dithiolate ligands are
saturated, strong absorption in the visible region is not antici-
pated for the Pt(S)2+• chromophore.
Next, a series of transient absorption studies were carried out

on 1 and2 in CH3CN solution that was saturated with O2 by
purging with oxygen for 30 min. These experiments were
carried out in an attempt to identify transients involved in the
photooxidation process. First, transient absorption spectra of
both complexes were obtained under conditions similar to those
used to obtain the spectra shown in Figure 3 (i.e., delay times
ranging from 0 to 500 ns following the laser excitation). For1
and2 the transient absorption spectra observed in O2 saturated
solution areidentical to those in degassed solution, with the
exception that the excited state decays more rapidly in the
presence of O2. Importantly, the transient absorption attributed
to the charge transfer to diimine excited state decays to the
baseline; that is, no long-lived bleaching or new transient
absorption bands are observed on the 0-500 ns time scale after
the charge transfer excited state decays. This observation clearly
indicates that in the presence of O2 the charge transfer excited
state decays back to the ground state cleanly. If this were not
the case, at the very least, long-lived bleaching would be
observed in the region where the ground state absorbs. On the
basis of this result, involvement of electron transfer and
superoxide (path a) in the mechanism of the photooxidation
reaction can be completely ruled out.
A final transient absorption experiment was carried out which

provides definitive evidence that1O2 is responsible for the
photooxidation reactions. In this experiment, a solution of1
(c ) 2 × 10-4 M) in O2-saturated CH3CN was subjected to
laser flash photolysis and the transient absorption spectral
changes were monitored on a time scale that ranged up to 50
µs after excitation. The results of this experiment are illustrated
in Figure 4. Consistent with the studies carried out on the faster
time scale, this experiment shows that at 800 ns delay following
the laser pulse little or no transient absorption or ground state
bleaching is apparent. However, over the 1-50 µs time scale,
bleaching of the ground state absorption atλmax ≈ 470 nm
occurs with concomitant development of a new absorption band
with λmax ≈ 570 nm. Note that these spectroscopic changes
are consistent with those observed in the absorption spectrum
of 1 under steady state photolysis (Figure 1a). Therefore, this
transient absorption data reveals that the reaction of1 f 4
occurs on the 50µs time scale following excitation. Further-
more, it implies that the reaction involves a nonabsorbing
reactive intermediate which is produced as a result of the initial

laser excitation. This reactive intermediate must be1O2, which
is reported to have a lifetime of 30µs in CH3CN.47

Figure 4 (inset) shows the kinetic traces for transient
absorption data at 460 nm (bleaching of1) and 600 nm
(absorption grow-in due to4). Inspection of this data reveals
qualitatively that the kinetics of the bleaching and absorption
increase are the same. Quantitative analysis of the transient
absorption data using factor analysis41b,cshows that the bleach
and absorption increase can be fitted with excellent statistics to
a single (pseudo) first-order rate process withkobs) 9.3× 104

s-1. The fact that the rate of bleaching of the absorption of1
and the grow-in of the absorption of4 is the same indicates
that the rate-determining step for the photooxidation reaction
is the initial attack of1O2 on 1 to form sulfoperoxide10a.
Apparently the subsequent reactions of10af f 4 are more
rapid than formation of the sulfoperoxide. Assuming that the
lifetime of 1O2 is 30 µs,47 it is possible to determine that the
second-order rate constant for reaction between1O2 and1 is
kq

1O2 ) 3.0 × 108 M-1 s-1 and that at [1] ) 0.2 mM the Pt
complex quenches1O2 with an efficiency ofηq

1O2 ) 0.65.53

Interestingly, the rate constant by which1 and organic thioethers
quench1O2 is very similar.54 This is in keeping with the
previously noted observation that the reactivity of metal
dithiolate complexes and thioethers with oxygen transfer agents
is similar.

Summary and Conclusions

Photolysis of (NN)PtII(SS) complexes1 and2 in air-saturated
solution leads to a novel photooxidation reaction. Product and
mechanistic studies indicate that this reaction involves1O2 as
the active oxidizing agent.1O2 is produced by energy transfer
from the luminescent charge transfer to diimine excited state

(53) The efficiency by which1 quenches1O2 (ηq1O2) is determined as
follows. The observed rate for reaction of1 (kobs) in the laser flash
photolysis is given bykobs ) kq

1O2 [1] + kd
1O2, wherekq

1O2 [1] is the
pseudo-first-order rate constant for the quenching process andkd

1O2 is
the decay rate of1O2 in the absence of quencher. Now the quenching
efficiency is given byηq1O2 ) kq

1O2 [1]/(kq
1O2 [1] + kd

1O2), which
rearranges toηq1O2 ) [1 - (kd

1O2/kobs)]. Substitution ofkd
1O2 ) 3.3×

104 s-1 andkobs) 9.3× 104 s-1 into the latter equation yieldsηq1O2

) 0.65.
(54) Foote, C. S. inSinglet Oxygen; Wasserman, H. H., Murray, R. W.,

eds.; Academic Press: New York, 1979; p 139.

Figure 4. Transient absorption difference spectra following 355 nm
pulsed laser excitation (20 mJ dose, 6 ns fwhm) of1 in oxygen-saturated
CH3CN solution. Delay times range from 0.8 to 50µs and arrows
indicate direction of change with increasing delay. Inset: Transient
absorption kinetics at 460 and 600 nm. Spike apparent at early time in
the kinetic traces is due to the absorption of the short-lived charge
transfer to diimine excited state.
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of the (NN)PtII(SS) complexes. While the overall course of
the photooxidation reaction differs for1 and2, the reaction is
believed to involve a common sulfoperoxide intermediate that
forms by attack of1O2 on the ground state dithiolate complex.
Photooxidation of1 and2 is moderately efficient and appears
to be general for (NN)PtII(SS) complexes in air-saturated
solution. The available kinetic data suggests that1O2 is
produced with nearly unit efficiency by energy transfer from
the charge transfer to diimine excited state; therefore the
quantum efficiency for photooxidation is limited only by the
efficiency of reaction between1O2 and the ground state (NN)-
PtII(SS) complex.55

While the (NN)PtII(SS) complexes exhibit properties that
could be useful for application in solar energy conversion
systems,11-19 this study clearly demonstrates that use of these

complexes in energy conversion would be limited to systems
that operate anaerobically.
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(55) As indicated in ref 53, at [1] ) 0.2 mM,ηq1O2 ) 0.65. Interestingly,
ηq1O2 is equivalent to the ratio of the quantum efficiency for
disappearance of1 to the efficiency for quenching of the charge transfer
to diimine excited state by3O2 in air-saturated solution: (Φ- /ηq*Pt)
) 0.64. This correspondence implies that (a)1O2 is produced with
unit efficiency when3O2 quenches the charge transfer to diimine state
of 1 and (b) irreversible product formation (i.e.,1 f 4) occurs with
unit efficiency when1 quenches1O2.
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