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site since the orbital contribution to the magnetic moment is
quite different for d 2. It is interesting to note that even though
the chemistry of the binuclear complex reported here shows
marked differences from the complexes reported by Hatfield
and Hodgson,* the magnetic coupling is in agreement with
their prediction.

(D) Summary and Conclusions. We have prepared a new
type of binucleating ligand that provides three nitrogen donors
for binding each metal ion in addition to a phenolate group
to bridge the two metals. When the metal ion is copper(11),
an additional bridging ligand can be accommodated and each
copper center is five-coordinate. We have characterized the
u-hydroxo complex 2 crystallographically and find that the
copper ions are in different coordination environments. The
geometry of one copper ion is square pyramidal while that for
the other copper center is more distorted, falling between
square pyramidal and trigonal bipyramidal. In addition, we
have examined the magnetic susceptibility of 2 and find that
the two copper(II) centers are strongly antiferromagnetically
coupled (27 = —420 cm™),

The complex described herein may provide a structural
model for the active site in type-3 copper proteins. It meets
the salient structural requirements of two pentacoordinate
Cu(II) ions bridged by an “endogenous” phenolate ion in
addition to having the appropriate strong antiferromagnetically
coupled metal centers. No other single complex encompasses
all three of these features,’' suggesting the need for further

investigation of complexes of this type.
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(31) Karlin’s complex'® has the same structural features as the complex
reported here, but it has not yet been magnetically characterized. We
have recently prepared a new type of binucleating ligand in which the
aliphatic nitrogen donors are bound directly to the phenol ring (ligand
3 minus the benzylic carbons) and the (u-azido)dicopper(II) complex
of that ligand is diamagnetic: Sorrell, T. N.; O’Connor, C. J., submitted
for publication in Inorg. Chem.
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(u-Tetraphenylporphinato)bis[dicarbonylrhodium(1)], TPP[RhY(CO),],, in benzene solutions undergoes photochemical reaction
to produce rhodium(II) tetraphenylporphyrin, Rh!'TPP, which forms its diamagnetic dimer, [Rh'TPP],. The quantum
yields of the photoreaction depend strongly on the irradiation wavelengths: & ~ 0 at A > 420 nm, & = 0.025 in the range
350 nm < A < 400 nm, and & = 0.057 at A = 300 nm. The laser photolysis study using the fundamental (694 nm) of
a ruby laser and the second (532 nm) and the third (355 nm) harmonics of a Nd-YAG laser revealed that neither the lowest
excited singlet nor the triplet state of TPP[Rh!(CQ),], is concerned with the photochemical reaction. Higher excited singet
states, S, (probably n > 2), are assumed to be responsible for the reaction. The homolytic cleavage of one of the Rh—N
bonds of TPP[Rh!(CO),]; in S, is considered to be involved in the reaction pathway.

Introduction

In recent decades, several unusual metalloporphyrins that
have two metal ions in a molecule have been detected spec-
troscopically! and sometimes isolated as stable products.?-
The X-ray structure analysis carried out for some of these
binuclear complexes revealed that one metal ion is located on
each side of the porphyrin plane.®’ These complexes are

(1) Dorough, G. D.; Miller, J. R.; Huennekens, F. M. J. Am. Chem. Soc.
1951, 73, 4315-4320.

(2) Abeysekera, A. M.; Grigg, R.; Trocha-Grimshaw, J.; Viswanatha, V.
J. Chem. Soc., Perkin Trans. 1 1977, 36-44.

(3) (a) Yoshida, Z.; Ogoshi, H.; Omura, T.; Watanabe, E.; Kurosaki, T.
Tetrahedron Lett. 1972, 1077-1080. (b) Ogoshi, H.; Setsune, J.; Om-
ura, T.; Yoshida, Z. J. Am. Chem. Soc. 1975, 97, 6461-6466.

(4) Tsutsui, M.; Hrung, C. D. J. Am. Chem. Soc. 1973, 95, 5777-5778.

(5) Ostfeld, D.; Tsutsui, M.; Hrung, C. P.; Conway, D. C. J. Am. Chem.
Soc. 1971, 93, 2548-2549.

(6) Cullen, D.; Meyer, E.; Srivastava, T. S.; Tsutsui, M. J. Am. Chem. Soc.
1972, 94, 7603-7605.

expected to show photochemical behavior characteristically
different from usual mononuclear metalloporphyrins.

We have carried out systematic studies on the photochem-
istry of binuclear metalloporphyrins for an understanding of
their nature in their electronically excited states. The present
paper reports the photochemistry of (u-tetraphenyl-
porphinato)bis[dicarbonylrhodium(I)] (TPP[RhY(CO),],)
studied by steady-light and laser-flash photolysis.

Experimental Section

(u-Tetraphenylporphinato)bis[dicarbonylrhodium(I)] was prepared
according to the literature.> The absorption peaks of TPP[Rh!(CO),],
in benzene solution are located at 700, 460, and 370 nm with molar
absorption coefficients of 6.0 X 10 6.45 X 10% and 5.55 X 10* M™!
cm™, respectively. Sample solutions were degassed by freeze-
pump-thaw cycles.

(7) Takenaka, A.; Sasada, Y.; Ogoshi, H.; Omura, T.; Yoshida, Z. Acta
Crystallogr., Sect. B 1975, B31, 1-6.
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Figure 1. Absorption spectral change by 355-nm irradiation observed
for 8.1 x 10 M TPP[Rh!(CO),], solution in degassed benzene: 1,
before irradiation; 2, after 5 min; 3, after 10 min; 4, after 15 min;
5, after 20 min; 6, after 30 min; 7, after 40 min; 8, after 50 min; 6,
after 84 min.

Absorption and fluorescence spectra were recorded on a Hitachi
200-20 spectrophotometer and a Hitachi MPF-4 spectrofluorimeter,
respectively. X-band ESR spectra were measured by a JEOL JES-FE
3AX spectrometer.

Monochromatic light for steady-light photolysis was obtained by
using a xenon lamp and a monochromator incorporated in the
spectrofluorimeter. A relative light intensity distribution of the xenon
lamp between 290 and 600 nm was determined by measuring the
fluorescence excitation spectrum of the rhodamin B solution in ethylene
glycol (8 g/L).®2 The number of photons at 310 nm was determined
by using N-methyldiphenylamine (NMD) as a chemical actinometer;
NMD in aerated methylcyclohexane solution has been established
to form N-methylcarbazole by UV light irradiation with 2 quantum
yield of 0.42:°> From the relative light intensity distribution and the
number of photons at 310 nm, we obtain the absolute numbers of
photons at given wavelengths between 290 and 600 nm. Changes in
concentration of TPP[Rh!(CO),], upon irradiation were measured
by monitoring the absorbance at 700 nm.

Conventional laser photolysis was carried out by using a ruby laser.
Apollo’s Model 5, and a Nd-YAG laser, J. K. Laser’s Model HY 500,
equipped with second, third, and fourth harmonic generators. Ex-
citation of TPP[Rh!(CO),], was made by the fundamental (694 nm,
fwhm 30 ns, ca. 200 mJ/pulse) of the ruby laser and the second (532
nm, fwhm 20 ns, ca. 100 mJ/pulse) and third harmonics (355 nm,
fwhm 20 ns, ca. 40 mJ/pulse) of the Nd-YAG laser. Analyzing light
beams from a xenon lamp (Ushio UXL-150D, 150W) were intensified
by a factor of 20 during the detection of transient spectra. The
transmitted light beam through a sample cell was led into a Ritsu
monochromator (Model MC-20N), and the output from a photo-
multiplier attached to the exit slit of the monochromator was displayed
on a Tektronix oscilloscope (Model 7904).

Results and Discussion

Figure 1 shows the absorption spectral change observed
when a degassed benzene solution of TPP[RhI(CO),], was
irradiated with 355-nm light. The photoproduct, which has
absorption peaks at 412 and 521 nm, was confirmed to be
diamagnetic by ESR measurement. By aeration of the irra-
diated solution, the absorption spectrum gradually changed
and ultimately new absorption peaks appeared at 420, 528,
and 564 nm. The ESR spectrum revealed that the aeration
gives rise to the formation of an oxygen adduct of rhodium(II)
tetraphenylporphyrin, RhI'"TPP(O,),'®'! which was once for-

(8) Melhuish, W. H. J. Opt. Soc. Am. 1962, 52, 1256-1258.

(9) Forster, E. W.; Grellmann, K. H.; Linschitz, H. J. Am. Chem. Soc.
1973, 95, 3108-3115.

(10) Wayland, B. B.; Newman, A. R. J. Am. Chem. Soc. 1979, 101,
6472-6473.
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Figure 2, Absorption spectrum of TPP[Rh!(CO),], and the quantum
yields of photodecomposition of TPP[Rh!(CO),], as a function of
excitation wavelength.

mulated erroneously as Rh'TPP.!2 The absorption spectrum
of RhI'TPP(O,) prepared according to Wayland and New-
man!! is in good accord with that observed for the acrated
solution. It is well recognized!®!! that Rh"'TPP forms a
diamagnetic dimer, [Rh''TPP],, which absorbs oxygen to
produce Rh'TPP(O,). The photochemical reaction taking
place by steady-light irradiation, therefore, is represented as

TPP[Rh!(CO),], 2, RhITPP + [Rh(0) + 4CO] (1)
followed by
2RhITPP — [Rh!'TPP], 2)

The products of reaction 1 in brackets are assumed on the basis
of the stoichiometry, although we could not isolate them from
the reaction mixture owing to the low concentrations of the
products. The absorption spectra in Figure 1 indicate that the
photoproduct that has the porphyrin ligand is only [Rh"TPP],.
This fact supports the above reactions, which exclude the
formation of TPP compounds other than [Rh'TPP],.

The quantum yield, &, of the photochemical decomposition
of TPP[Rh!(CO),], was found to depend strongly on the ir-
radiation wavelengths: & ~ 0 at A > 420 nm, & = 0.025 +
0.005 at 350 nm < A <400 nm, and & = 0.057 £ 0.005 at
300 nm. Figure 2 shows the quantum yields as a function of
the excitation wavelength together with the absorption spec-
trum of TPP[Rh!(CO),], in benzene solution. From the ab-
sorption spectral measurements of the irradiated solutions, we
concluded that the photoproduct is [Rh'TPP], irrespective
of the irradiation wavelengths. The result that the photode-
composition of TPP[Rh!(CO),], takes place at excitation
wavelengths shorter than 420 nm, not by excitation of the first
and the second major bands (700 and 460 nm), leads to the
conclusion that the lowest excited singlet state, S,, is not re-
sponsible for the photodecomposition of TPP[Rh!(CO),],.

No fluorescence was observed for the benzene solution,
indicating that TPP[Rh(CO),], undergoes efficient radia-
tionless transitions from S, to the ground state and/or the
triplet state.

The photophysical and photochemical processes of TPP-
[Rh{CO),], in benzene solution were also studied by laser-
flash photolysis. As shown in Figure 3, the transient spectrum
observed at 20 ns after a 694-nm flash of the fundamental of
a ruby laser or a 532-nm flash of the second harmonic of a
Nd-YAG laser has absorption peaks at 580 and 800 nm. The
spectrum decays according to first-order kinetics with a lifetime

(11) Wayland, B. B.; Newman, A. R. Inorg. Chem. 1981, 20, 3093-3097.
(12) James, B. R.; Stynes, D. V. J. 4m. Chem. Soc. 1972, 94, 6225-6226.
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Figure 3. Transient spectrum observed immediately after a 532-nm
flash.
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Figure 4. Oscilloscope traces observed in laser photolysis: A, monitored
at 460 nm after a 355-nm flash; B, monitored at 420 nm after a
355-nm flash; C, monitored at 460 nm after a 532-nm flash; D,
monitored at 420 nm after a 532-nm flash.

of 167 ns. Oxygen-saturated benzene solution gives the same
transient spectrum as in the absence of oxygen, but the lifetime
was found to be as short as 63 ns. No photoproduct was
detected at all for both the degassed and oxygen-saturated
solutions even after several laser flashes, indicating that stable
photoproducts were not formed by 694- and 532-nm irradia-
tion. Taking account of the lifetime and the quenching by
oxygen, we concluded that the transient observed after laser
flash is ascribed to the photoexcited triplet state of TPP-
[Rh(CO),],, which is not concerned in the photochemical
" reaction, however.

The laser-flash photolysis of TPP[Rh!(CO),], in benzene
solution by 355-nm flash of the third harmonic of the Nd-YAG
laser, on the other hand, provides a new aspect of the photo-
chemistry. Parts A and B of Figure 4 show the oscilloscope
traces monitored at 460 and 420 nm, respectively, after a
355-nm flash. The traces indicate that two species are pro-
duced by flash photolysis: one is a short-lived species having
a lifetime of 167 ns, and the other, a long-lived one, will be
discussed below. The short-lived species may be ascribed to
the triplet state of TPP[Rh!(CQ),]; on the basis of the same
lifetime as that of the triplet state that was concluded above.
The formation of the triplet TPP[Rh!(CO),], by a 355-nm
flash was confirmed from the transient spectrum appearing
in the wavelength region from 500 to 900 nm; the spectrum
and the lifetime were found to be in good agreement with those
obtained with 532- and 694-nm flashes.

Parts C and D of Figure 4 show the oscilloscope traces
monitored at 460 and 420 nm, respectively, after a 532-nm
flash, in comparison with parts A and B of Figure 4. These
traces show that the transient ascribed to the triplet TPP-
[RhI(CO),], regenerates the ground state TPP[RhI(CO),],
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Figure 5. Absorption spectrum of TPP[RhY(CO),], in benzene solution
and the photochemical and photophysical processes upon laser ex-
citation.

completely. No long-lived species was detected to be formed
with a 532-nm flash.

The laser photolysis using a 355-nm flash has revealed that
both the triplet state of TPP[Rh(CO),], and the long-lived
species are produced within the flash duration (20 ns). Since
several 355-nm flashes give the absorption spectrum of
[Rh'TPP],, the long-lived species is considered to be RhITPP,
which undergoes dimerization to form [Rh!'TPP], according
to reaction 2. We examined the flash-difference spectrum
measured at 500 ns after a 355-nm flash and found that the
spectrum is in accord with that obtained by steady-light
photolysis of TPP[Rh!(CO),],. This fact leads to the as-
sumption that the absorption spectrum of RhI'TPP is similar
to that of [RhI'TPP],. The assumption may be rationalized
when the distance between two porphyrin planes in [RhI'TPP],
is short enought for the spin-pairing of the unpaired electron
located in the 4d,: orbital of each Rh atom but not so short
as it causes substantial difference in the absorption spectrum
between RhU'TPP and [Rh!'TPP],.

The ratio of the triplet yield of TPP[Rh!(CO),], obtained
by 355-nm flashes to those by 532-mn flashes, ®gr(355
nm)/®Pg(532 nm), was found to be almost unity. This was
estimated by evaluating the relative number of photons of the
two laser flashes by measuring the absorbance at 490 nm of
the triplet-triplet absorption spectrum of tetraphenylporphyrin,
TPP, in benzene solution after laser excitation, on the as-
sumption that the triplet yield of TPP does not depend on the
excitation wavelength.

Figure 5 illustrates the photochemical and photophysical
processes revealed by laser photolysis in connection with the
absorption spectrum of TPP[Rh!(CO),],. The electronic ex-
citation of TPP[Rh!(CO),], by 532- or 694-nm laser flash
gives rise to the formation of the triplet state without any stable
photoproduct, while that by 355-nm laser flash, to the for-
mation of Rh!'TPP as well as the triplet state. These results
are in good accord with the fact that the photochemical re-
action of TPP[Rh(CO),], occurs by irradiation of light whose
wavelengths are shorter than 420 nm as revealed by the
steady-light photolysis.

The present results on the wavelength dependence of the
photochemistry provide evidence that neither the lowest excited
singlet nor triplet state is responsible for the photochemical
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reaction of TPP[Rh!(CO),],. We assume that the reaction
occurs from higher excited singlet states, S, (probably n >2),
in competition with the fast internal conversion. This as-
sumption, together with the low quantum yields for the pho-
todecomposition, gives a satisfactory account of the fact that
&57(355 nm)/®g7p(532 nm) ~ 1.

Above discussions lead to the reaction mechanism by which
RhUTPP is formed via S,. We consider that the initial process
is the homolytic cleavage of one of the Rh—N bonds in TPP-
[RhY(CO),], followed by the locking of a Rh atom in the center
of the porphyrin ligand as represented by Scheme I.

It is noteworthy that the disilver salt of TPP, TPP[Agl,],
formed in a pyridine solution! was found to undergo photo-
chemical reaction producing the divalent silver salt of TPP,
Agl'TPP:

TPP[Agl,] — Ag!'TPP + Ag(0)

This reaction may also involve the homolytic cleavage of one
of the Ag—N bonds in TPP[Agl;].

Registry No. TPP[Rh!(CO),],, 88083-36-7; Rh!'TPP, 38856-19-8;
[RhI'TPP],, 88083-37-8.
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The isomerization of trans-stilbene to its cis form was catalyzed by [Cu(CH;CN),]*-biL systems (biL = 2,2’-bipyridine
(bpy), 1,10-phenanthroline (phen), and their derivatives) upon irradiating with visible light (>390 nm). The activity of
these Cu(I) catalysts depends on the [biL}/[Cu(CH;CN),]* mole ratio and the concentration of [Cu(CH;CN),]*; the
greatest activity was obtained at [biL]/[Cu(CH;CN),]* = 0.5 and [[Cu(CH;CN),]*] = 5 X 10 mol/dm?. The quantum
yield of the cis-stilbene formation, ¢, is 0.11 for biL = phen at [trans-stilbene] = 5 X 1072 mol/dm?, while ¢.;; becomes
remarkably large at high concentration of trans-stilbene; ¢y, = 0.55 at [trans-stilbene] = 4 X 107! mol/dm®. The
trans-stilbene/ cis-stilbene mole ratio at the photostationary state, (¢/t)ps is 9.9 for biL = phen and 9.2 for biL =
4,7-dimethyl-1,10-phenanthroline. These (c/t),, values are about half of the (c/t), value obtained in the [Ru(bpy);]**
photocatalytic isomerization but substantially larger than the (c/t),, values obtained in the photocatalytic isomerization
with W(CO), and benzophenone. Possible photosensitization mechanisms are presented and discussed.

Introduction

Recently, the photochemistry of Cu(I) systems has been a
subject of increasing interest.!™ Especially, much attention
has been received by photoisomerization of norbornadiene to
quadricyclene catalyzed by Cu(I) complexes,'® because this
isomerization can be applied to the storage of solar energy.
Unfortunately, however, the photocatalysis by Cu(I) systems
needs UV (2313 nm) irradiation and no catalytic reaction is
known to proceed under visible-light irradiation; a visible-
light-induced electron transfer from [Cu(dmp),]* (dmp =
2,9-dimethyl-1,10-phenanthroline) to Co(III) complexes has
been reported,’®® but this reaction is noncatalytic.
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In this work, it is attempted to present a good Cu(I) pho-
tocatalyst efficient under visible-light irradiation. Here,
photoinduced isomerization of trans-stilbene to the cis form
was examined by using Cu(I) complexes with 2,2’-bipyridine
(bpy), 1,10-phenanthroline (phen), and their derivatives (these
ligands are abbreviated as biL), considering the following: (1)
Cu(I) complexes with biL, such as [Cu(dmp),], have a large
absorption at 440-460 nm,’? perhaps due to the charge-transfer
to ligand (CTTL) transition from the Cu dx orbital to the
ligand #* orbital. Thus, these Cu(I) complexes are considered
to be useful as photocatalysts. (2) Though the endothermicity
is small, the isomerization of frans-stilbene to the cis form is
an uphill reaction and can store light energy (ca. 45 kJ/mol).
The emphasis, a point of departure from previous works, is
to present the first Cu(I) photocatalyst efficient under visi-
ble-light irradiation and to find a new catalytic ability of the
Cu(I)-biL complexes, although the similar [Cu(dmp),]* has
been reported to be photochemically inert.?

Experimental Section

Materials. Tetrakis(acetonitrile)copper(l) perchlorate, [Cu(C-
H;CN),]CIO,, and [Cu(biL),]ClO, (biL = bpy, phen, or dmp) were
prepared by literature methods.2” Purities of these complexes were
confirmed by elemental analysis. These complexes were stored under
a nitrogen atmosphere in a desiccator.

All solvents were used after drying and purification. trans-Stilbene
was also used after two recrystallizations from ethanol. The other

(6) Wehry, E. L.; Sundararajan, S. J. Chem. Soc., Chem. Commun. 1972,
1135.
(7) Hemmerich, P.; Sigwart, C. Experientia 1963, 19, 488.
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