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However, as discussed by Juris et al.,2 the AE, value really defines
the effective barrier between two states, not the thermodynamic
energy difference. Equations 2 and 3 describe the minimal decay

k,

3CT —> 3d~d (2a)
L

3d-d —= ICT (2b)
k

3d-d —> GS 3)

scheme that allows for deactivation via a *d—d state, where the
ki, step represents decay to the ground state (GS). Since the 3d—d
state is a short-lived state that is populated via a thermally ac-
tivated process, it can be regarded as a steady-state species, in
which case the rate constant for decay through this channel can
be written as
k= k22 4

ﬂk_e + kb ( )

Limiting cases of eq 4 have been discussed by Juris et al.2 Case
I behavior obtains when &, > k_,. In this limit, the rate constant
for the relaxation process in question is effectively k,. As can be
seen from Table 11, the AE, processes all have frequency factors
of the order of 103 57!, which are consistent with a simple barrier
crossing (case 1) process. Accordingly, AE, is taken to be the
barrier associated with crossing from the *CT to the short-lived
3d—d state. As with 2,2-bipyridine complexes, this barrier is
enhanced by phenyl substituents located para to the donor ni-
trogens, but in the case of the trpy systems, the bulk of the effect
appears to associated with substitution at the 4’-position.

A second thermally activated decay channel can also be resolved
for the 4,4’-dpt and the tsite complexes, where the onset of
deactivation via the 3d—d state is displaced to higher energy. A
low barrier and a much reduced frequency factor are associated

(28) deCola, L.; Barigelletti, F.; Cook, M. J. Helv. Chim. Acta 1988, 71,
733-741.

with this channel. The magnitude of the frequency factor A, is
consistent with internal conversion between nested energy surfaces,
where the Franck~Condon factors for surface crossing are un-
favorable. Additional low-lying 3CT states are known to occur
in polyimine complexes of ruthenium(11),2° and there is evidence
that they, too, facilitate relaxation from the emitting state.2
Therefore, the AE, process is attributed to relaxation via a
neighboring *CT state. Equations analogous to egs 2 and 3 can
be written for this process as well, but a somewhat different kinetic
model is appropriate. In view of the fact that a series of nested
surfaces are involved and in view of the proximity of the two
excited states, we assume that repopulation of the emitting *CT
state is more facile than relaxation to the ground state; i.e., k_,
> ky. In this limit, the two 3CT states are thermally equilibrated,
and

ky ~ kok,/ k-, (5)

(Note that this is a limiting case of eq 4, but eq 5 may be valid
even if the steady-state assumption is inappropriate.) According
to this model, the low frequency factor is associated with inter-
system crossing from the proximal 3CT state to the ground state.
In line with this interpretation, A, is of the order of k.

One of the assumptions in our analysis is that direct intersystem
crossing from the lowest energy CT state to the ground state is
a temperature-independent process. The plateau regions in the
plots presented in Figure 3 are consistent with this model. Below
20 K, however, Agnew et al. have shown that & is also a tem-
perature-dependent quantity.’!

Acknowledgment. We wish to acknowledge Jon R. KirchhofT,
who carried out some initial studies of Ru(tsite),?*. This research
was supported by Grant CHE-8719638.

(29) Ceulemans, A.; Vanquickenborne, L. G. J. Am. Chem. Soc. 1981, 103,
2238-2241.

(30) Lumpkin, R. S.; Kober, E. M.; Worl, L. A.; Murtaza, Z.; Meyer, T. J.
J. Phys. Chem. 1990, 94, 239-243.

(31) Agnew, S. F.; Stone, M. L.; Crosby, G. A. Chem. Phys. Lett. 1982, 85,
57-60.

Contribution from the Department of Chemistry,
University of Minnesota, Minneapolis, Minnesota 55455

Emission and Photochemical Reactivity in Fluorescent Arene Complexes of
Cyclopentadienylruthenium(II). Requirements for an Emissive CpRu(arene)* Complex

Robert S. Koefod and Kent R, Mann*
Received July 20, 1990

The syntheses and characterization of five new compounds that contain the CpRu* (Cp = »°-CsH;) moiety bound to a highly
fluorescent arene ligand are reported. Nonemissive complexes of the highly emissive laser dyes coumarin-7 (3-(2’-Benz-
imidazolyl)-7-(V,N-diethylamino)coumarin) and coumarin-30 (3-(2’-N-methylbenzimidazolyl)-7-(NV,N-diethylamino)coumarin)
in which the CpRu* group binds the dye benzimidazoly! arene ring were prepared and are compared to the structurally analogous,
emissive complex of coumarin-6. Isomeric complexes of 9-phenylanthracene in which either the end anthracene ring or the
substituent phenyl group is bound by the CpRu* moiety were prepared for comparison to the structurally analogous complexes
of rubrene (5,6,11,12-tetraphenyinaphthacene). Room-temperature emission from fluid solutions of these [CpRu(#n®-arene)]*
complexes is only observed when the metal complex exhibits its lowest energy singlet absorption band at A,,, = 480 nm. Reaction
and emission quantum yields for the CpRu* complexes of coumarin-6, rubrene, and 9-phenylanthracene are reported and used
to clucidate the electronic and structural requirements for emission from these compounds.

Introduction

For the past several years, our group has been studying various
aspects of the thermal and photochemistry of the arene complexes
of iron, ruthenium, and osmium. Most recently, our efforts in
this area have turned towards the use of highly fluorescent arenes
as the arene ligand in [CpRu(n®-arene)]* (Cp = n°-CsH;) com-
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plexes. The emission associated with these ligands is very sensitive
to changes that result from binding ruthenium to the arene =-
system, making it an excellent spectroscopic probe of subtle
changes in ruthenium-arene bonding. Consequently, we decided
to investigate compounds of this type in the hope that they might
yield spectroscopic evidence for reaction intermediates proposed
to occur during the thermal' and photochemical? displacement

(1) McNair, A. M; Mann, K. R. Inorg. Chem. 1986, 25, 2519.
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of arene from [CpRu(n®-arene)]* complexes in acetonitrile so-
lution. Although we had previously prepared CpRu* complexes
of emissive arenes, including azulene, chrysene, anthracene, and
pyrene,! we did not observe room-temperature emission from fluid
solutions of any CpRu(n%-arene)* complexes until we prepared
the complexes of the laser dye coumarin-63 and the polyaromatic
hydrocarbon rubrene (5,6,11,12-teraphenylnaphthacene),* which
emit intensely in fluid solution. We became interested in un-
derstanding why only very specific arene ligands could retain their
fluorescence in the corresponding CpRu(n®-arene)* complexes.
Room-temperature emission in transition-metal compounds is
relatively rare, and delineation of the requirements for emission
in the {CpRu(n8-arene)]* complexes could be useful in suggesting
rational pathways to the preparation of other emissive organo-
metallic compounds. We wish to report emission and reaction
quantum yield data as well as reactivity and structural studies
for a series of CpRu* complexes of highly fluorescent arenes.
These studies suggest the structural and electronic requirements
for emission in ruthenium-arene complexes.

Experimental Section

All solvents were of spectroscopic grade and were used without further
purification. Coumarin laser dyes were obtained from the Eastman
Kodak Co. Rubrene and 9-phenylanthracene were obtained from the
Aldrich Chemical Co. Room-temperature UV-vis spectra of the com-
pounds were obtained with a Cary 17D spectrometer. Emission and
excitation profiles were recorded on a Spex F112x spectrofluorometer.
Standard 1D, 'H NMR spectra were obtained on an IBM Bruker 200-
MHz spectrometer and 2-D, COSY 'H NMR spectra were obtained on
an I1BM Bruker 300-MHz spectrometer.

Synthesis of Compounds. [CpRu(CH;CN);]PF and some previously
described laser dye complexes have been reported.!** The new complexes
of coumarin-30, coumarin-7,9-phenylanthracene, and rubrene were syn-
thesized by stirring the appropriate arene with 1 equiv of [CpRu-
(CH,CN),]PF¢ in degassed 1,2-dichlorocthane or acetone. The reaction
products were purified by column chromatography followed by recrys-
tallization. The details of these synthetic procedures are given in the
supplementary material.

[CpRu(coumarin-7)]PF,. The complex was prepared in 32% yield by
refluxing the starting materials in 1,2-dichloromethane for 23 h followed
by column chromatography using diatomaceous earth. '"H NMR (ace-
tonitrile-d;): 6 8.85 (s, 1 H, Hy), 7.61 (d, 1 H, Hy, J = 9.1 Hz), 6.95
(m, 2 H, protons ortho to the nitrogen substituents on the bound benz-
imidazoly! arene ring), 6.81 (d of d, | H, H¢, / = 9.1 Hz), 6.59 (weakly
coupled d, 1 H, Hg), 5.80 (m, 2 H, protons meta to the nitrogen sub-
stituents on the bound benzimidazoly! arene ring), 4.97 (s, 5 H, Cp), 3.50
(9, 4 H, ethyl CH,, J = 7.1 Hz), 1.20 (t, 6 H, ethyl CH;, J = 7.1 Hz).
UV-vis data (dichloromethane solution): Ap,, = 474 nm (¢y,, = 76000
M-t em™). Anal. Caled for CysH,N;O,RuPF,: C, 46.59; H, 3.75; N,
6.52. Found: C, 46.37; H, 4.00; N, 6.37.

[CpRu(coumarin-30)|PF;. The complex was prepared in 91% yield in
the same manner as the coumarin-7 complex. '"H NMR (acetonitrile-d;):
68.12(s,1 H, Hy), 7.50 (d, 2 H, Hy, J = 8.98 Hz), 6.95 (d of m, protons
ortho to the nitrogen substituents on the bound benzimidazolyl arene ring,
J=25Hz),6.78 (dofd, | H, Hg, J = 8.98 Hz), 6.60 (d, 1 H, Hg, J =
2.38 Hz), 5.88 (m, 2 H, protons para to the nitrogen substituents on the
bound benimidazolyl arene ring), 5.03 (s, 5 H, Cp), 3.64 (s, 3 H, CH,
from the N-methylbenzimidazolyl group), 3.50 (q, 4 H, CH, from amino
ethyl groups, J = 7.09 Hz), 1.20 (t, 6 H, CH, from amino ethy! groups,
J =707 Hz). UV-vis data (dichloromethane solution): A, = 437 nm
(émax = 35000 M~ cm™!). Anal. Calcd for CyHyN3O,RuPFg C,
47.42; H, 3.98; N, 6.38. Found: C, 47.36; H, 4.12; N, 6.47.

{CpRu(9-phenylanthracene) ]PF, (Anthracene-Bound Isomer). The
complex was prepared in 78% yield by stirring the starting materials in
1,2-dichloroethane at room temperature for 2.5 h followed by column
chromatography using diatomaceous earth. '"H NMR (acetone-d,): &
8.72 (s, 1 H, Hyp), 8.04 (d, | H, Hg, J = 8.5 Hz), 7.68 (m, 5 H, phenyl
group), 7.67 (d,  H, H,,J = 6.1 Hz), 7.48 (m, 3 H, Hs4;), 6.83 (d, 1
H, H;, J = 6.3 Hz), 6.64 (t, | H, H,, J = 5.8 Hz), 6.49 (t, | H, H3, J
=5.7Hz), 5.16 (s, 5 H, Cp). UV~visdata: A,,, = 486 nm (¢, = 3400
M-tem™). Anal. Caled for CosH gRuPFg: C, 53.10: H, 3.39. Found:
C, 53.20; H. 3.24.
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[CpRu(9-phenylanthracene) JPF (Phenyl-Bound Isomer). The complex
was prepared in 23% yield by refluxing the starting materials for 4 days
in acetone followed by column chromatography using alumina. 'H NMR
(acetone-dg): 69.12 (d, 1 H, unbound anthracene ring proton adjacent
to the phenyl bound CpRu* group, J = 8.92 Hz), 8.86 (s, | H, H,¢), 8.23
(m, 2 H, unbound anthracene ring), 7.9 (m, 2 H, unbound anthracene
ring), 7.67 (d, 1 H, unbound anthracene ring, J = 7.50 Hz), 7.57 (m, 2
H, unbound anthracene ring), 6.77 (m, 4 H, bound phenyl ring), 6.66
(m, 1 H, bound phenyl ring), 5.73 (s, 5 H, Cp). UV-vis data (acetonitrile
solution): Apax = 397 M (eax = 7000 M~ cm™), AL, = 379 nm (e,
= 7900 M~' cm™), Ay = 360 NM (€gx = 5300 M~ em™). Anal. Caled
for CigH,sRuPF: C, 53.10; H, 3.39. Found: C, 53.22; H, 3.46.

[(CpRu),(rubrene)](PF),. The complex was prepared in 51% yield
in the same manner as the coumarin-7 complex. 'H NMR (acetone-d,):
4 9.02 (d, 2 H, bay protons on naphthacene rings adjacent to metal
bearing phenyl groups, / = 9.16 Hz), 7.67 (m, 2 H, unbound napht-
hacene ring), 7.59 (d, 1 H, unbound naphthacene ring, / = 9.03 Hz),
7.36 (m, 9 H, unbound naphthacene and phenyl rings), 7.16 (d of d, 4
H, unbound phenyl rings, J = 7.1 Hz), 6.30 (m, 4 H, bound phenyl
rings), 6.21 (m, 6 H, bound pheny! rings), 5.39 (s, 10 H, Cp). UV-vis
data (acetonitrile solution): Apa, = 574 nm (e, = 13000 M~ em™),
Amax = 535 nm (emey = 12000 M™' cm™). Anal. Caled for
Cs;HygRuP,Fyy: C, 54.08; H, 3.32. Found: C, 54.00; H, 3.66.

Emission Quantum Yields. The emission quantum yield for [CpRu-
(coumarin-6)]* was determined at 298 K in dichloromethane solution
with the comparative method of Demas and Crosby.> Coumarin-6 in
acetonitrile at 298 K was used as the standard (¢, = 0.63).* [CpRu-
(coumarin-6)]* solutions were prepared with the same absorbance as the
coumarin-6 samples at the excitation wavelength (absorbance ~ 0.05).
[CpRu(rubrene)]* (phenyl-bound isomer) was determined at 298 K in
dichloromethane solution by the same procedure, except that rubrene in
dichloromethane was used as the standard. (¢, = 0.94).7

Reaction Quantum Yields. Quantum yields were measured for the
photochemical release of arene from the [CpRu(n®-arene)]* complexes
in acetonitrile solutions. Monochromatic light was obtained from the
output of a 75-W medium-pressure mercury vapor lamp with the ap-
propriate interference filter (Oriel). The monochromatic light beam was
then passed into a sealed quartz cell. All solutions were stirred during
photolysis. Samples of [CpRu(9-phenylanthracene)]* and [CpRu-
(rubrene)]* (phenyl-bound isomers) were degassed by bubbling them
with N, for 5 min to insure clean photolysis; the quantum yield for
[CpRu(coumarin-6)]* was determined in nondegassed acetonitrile as the
photoreaction proceeded cleanly without degassing. [CpRu(9-phenyl-
anthracene)]* and [CpRu(coumarin-6)]* were irradiated at 365 nm, and
[CpRu(rubrene)]* was irradiated at 313 nm. Quantum yields are based
on the stoichiometry of eq I. The procedure for determining the

Ay
CHLCN

[CpRu(nS-arene)]* [CpRu(CH;CN);]* + arene  (!)
quantum yield for each compound involved measuring the differential
absorbance of the sample (at 411, 520, and 580 nm, respectively, for the
complexes of 9-phenylanthracene, coumarin-6, and rubrene) as a function
of photolysis time for two independently prepared solutions. The data
for a given solution were corrected for incomplete light absorption and
inner filter effects.® Actinometric measurements were made periodically
with an Aberchrome 540 actinometer.’ Quantum yields were calculated
as the average of all the data obtained for each compound (a minimum
of five data points).

Results and Discussion

Structural Determination. We have prepared CpRu* complexes
of a wide variety of different fluorescent arenes. Many of the
fluorescent arenes we have used as w-ligands are polyaromatic
systems, containing two or more aromatic rings to which the
CpRu* moiety can potentially coordinate. Because the electronic
transitions of these polyaromatic molecules that produce the
fluorescence are localized on particular arene rings, all the ben-
zenoid rings do not contribute equally to the spectroscopic
characteristics of the molecule. Consequently, it is very important
to know unambiguously which aromatic ring the CpRu* group
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Figure 1. 'H NMR spectra of the ring protons of coumarin-30 (above)
and [CpRu(coumarin-30)]PF¢ (below).
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Figure 2. (A) Proposed structures of [CpRu(coumarin-6)]*‘, {CpRu-
(coumarin-7)]*, and [CpRu(coumarin-30]*; X = S, N-H, and N-CH,,
respectively. (B) Proposed structures of coumarin laser dye complexes
in which the dyc contains only a single arene ring; R = H or CH,.

binds in any given complex in order to understand its spectroscopic
properties.

'"H NMR spectroscopy was used to elucidate the structures of
the newly synthesized, fluorescent-arene complexes. Complexation
of an arene ring with the CpRu* group characteristically shifts
the arene proton resonances upfield,'®'2 permitting the following
type of analysis: Figure 1 depicts the aromatic ring proton res-
onances of the laser dye coumarin-30 and its corresponding CpRu*
complex. The individual proton resonances of the free dye and
the metal complex are assigned on the basis of 2-D COSY 'H
NMR spectra (assignments of the proton NMR spectra of the
other compounds were made on a similar basis; detailed assign-

(10) The upfield shift in aromatic ring proton resonances incurred upon
binding a CpRu* group to the ring has been well established experi-
mentally'! as well as on theoretical grounds for related compounds.'?

(1) l\r;onarty.R M., Gill, U. S.; Ku, Y. Y. J. Organomet. Chem. 1988, 350,

(12) Clack, D. W.; Warren, K. D.; J. Organomet. Chem. 1978, 162, 83.

Inorganic Chemistry, Vol. 30, No. 3, 1991 543

Figure 3. Proposed structures of the anthracene-bound isomer (A) and
the phenyl-bound isomer (B) of [CpRu(9-phenylanthracene)]PF.

Figure 4. Proposed structures of (A) [CpRu(rubrene)]* (phenyl-bound
isomer), (B) [(CpRu),(rubrene)]*?, and (C) [CpRu(rubrene)]*
(naphthacene-bound isomer).

ments are given in the Experimental Section as compound
characterization data). The COSY experiment confirms that the
protons on the benzimidazolyl ring (labeled a, b, and ¢ in Figure
1) are only coupled to each other and the protons on the coumarin
arene ring (labeled e, f, and d in Figure 1) are similarly coupled
only to each other. Examination of the ring proton resonances
in Figure 1 shows that the chemical shift of the coumarin arene
ring protons shift only slightly upon formation of the CpRu*
complex. All four protons of the benzimidazolyl ring, on the other
hand, shift significantly upfield in the metal complex, clearly
indicating that the CpRu* moiety binds the benzimidazolyl arene
ring in [CpRu(coumarin-30)]*, as is depicted in Figure 2A.
Coumarin-7 is structurally analogous to coumarin-30, and analysis
of the 'H NMR spectra of [CpRu(coumarin-7)1* in the manner
outlined above indicates that it also contains the CpRu* group
bound to the benzimidazolyl arene ring.

Reaction of [CpRu(CH;CN);]* with 9-phenylanthracene can
yield two different “ring-binding” isomers, one in which the CpRu*
binds the end ring of the anthracene core, as depicted in Figure
3A, and one in which the CpRu* binds the substituent phenyl
arene ring, as shown in Figure 3B. The anthracene bound isomer
forms quantitatively and rapidly at room temperature from the
9-phenylanthracene/[CpRu(CH;CN);]* reaction mixture as a
kinetic ‘product; prolonged refluxing of the reaction mixture in
acetone results in the gradual conversion of the kinetic product
to the more thermodynamically stable phenyl-bound isomer. This
reactivity is identical with that observed between [CpRu-
(CH;CN);]* and rubrene (5,6,11,12-tetraphenylnaphthacene),
which is structurally very similar to 9-phenylanthracene. A de-
tailed discussion of the kinetics and reaction mechanisms un-
derlying this arene ring complexation selectivity has been pub-
lished.*

The isomeric complexes of [CpRu(9-phenylanthracene)]* can
also be structurally characterized by 'H NMR spectroscopy. The
NMR spectra of the 9-phenylanthracene complexes are analogous
to those of the previously reported complexes of rubrene.® The
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'H NMR spectra of the anthracene-bound isomer and phenyl-
bound isomer are quite different and can be easily differentiated.
Binding the CpRu* group to the end anthracene ring has a strong
net shielding effect on the four end ring protons and spreads them
out into four well-resolved resonances at 6 7.67, 6.83, 6.64, and
6.49. In the phenyl-bound isomer, on the other hand, the most
upfield aromatic proton resonance is a multiplet that integrates
as five hydrogens, which we assign to the bound 9-phenyl ring.
The 'H NMR of the phenyl-bound isomer also exhibits a con-
spicuous doublet that is shifted unusually far downfield (6 9.12)
which we assign to the anthracene end ring proton that is adjacent
to the phenyl-bound CpRu* group. A similar, highly deshielded
doublet is also observed in the analogous phenyl-bound isomer
of [CpRu(rubrene)]* (see Figure 4A). The reactivity of the two
isomers also consistent with their structural assignment. The
anthracene-bound isomer is thermally unstable in acetonitrile; like
[CpRu(anthracene)]PFg,! it rapidly undergoes dissociation of the
bound arene in acetonitrile to yield [CpRu(CH,CN),]* and free
arene. The phenyl-bound isomer, on the other hand, is quite stable
in acetonitrile solutions that are protected from light. This be-
havior is also observed in the previously characterized isomers of
[CpRu(rubrene)]PF,.4

"H NMR spectroscopy again was useful in elucidating the
structure of the multiply metallated rubrene complex. The 'H
NMR spectrum of the bismetalated rubrene complex is analogous
to that of the monometalated, phenyl-bound complex.* A singlet
that integrates as 10 hydrogens is due to the two chemically
equivalent Cp groups in the complex. The furthest upfield res-
onances in the spectrum are multiplets that integrate as 10 hy-
drogens. A 2-D COSY spectrum indicates that these multiplets
are coupled only to each other; we assign them as the signals from
two chemically equivalent phenyl groups bearing the CpRu*
moiety. There is also a doublet shifted far downfield, like that
observed in the phenyl-bound monometalated isomer, that inte-
grates as two hydrogens and arises from the end naphthacene ring
protons adjacent to the two bound phenyl rings. There are three
structural isomers possible for a bimetallic, phenyl-bound complex
of rubrene; the CpRu* groups could be arranged vicinally, gem-
inally, or diagonally on the rubrene substrate. '"H NMR indicates
that a single isomer is isolated from the synthetic reaction but
cannot distinguish between the different isomers as they have
similar symmetry. We tentatively propose the diagonally sub-
stituted structure depicted in Figure 4B for the bimetallic rubrene
complex as it offers the least amount of steric strain.

Spectroscopic Properties of Coumarin Laser Dye Complexes.
One of the families of fluorescent arenes that we have had the
most success with in these studies has been the 7-aminocoumarin
laser dyes. We have previously reported the synthesis and
characterization of the CpRu* complexes of a variety of differently
substituted coumarin laser dyes.’ Complexes of the general
structure depicted in Figure 2B, corresponding to complexes of
the dyes coumarin-1, coumarin-2, coumarin-311, coumarin-314,
coumarin-334, coumarin-337, and coumarin-338, are nonemissive.
The loss of the intense emission of the laser dye upon formation
of complexes of this type can be understood by considering the
nature of the electronic transitions that give rise to the laser dye
fluorescence.

In the ground state, the 7-aminocoumarin chromophore is
primarily described by resonance form A, while the first singlet
excited state is primarily described by the polar resonance form

BN L.
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B.'*1*  When excited to its first singlet excited state, the 7-
aminocoumarin chromophore undergoes an intramolecular charge
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(14) Drexhage, K. H. In Dye Lasers; Schifer, F. P., Ed.; Topics in Applied
Physics 1; Springer-Verlag: West Berlin, 1973; Chapter 4.
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Figure 5. UV-visible absorption spectra of coumarin-7 (A) and

[CpRu(coumarin-7)]PF, (B) recorded at room temperature as di-
chloromethane solutions.

transfer (ICT) of an electron from a nonbonding orbital centered
on the nitrogen to a =* orbital associated with the pyrone ring,
giving rise to an extremely intense absorption band in the visible
region (¢ ~ 10* M~! cm™). Complexation of the main coumarin
arene ring by a CpRu* group localizes the arene = electrons into
metal-arene bonds, making the o electrons far less mobile in the
metal complex than they are in the free dye. It is far more difficult
for the metal-complexed coumarin chromophore to reorganize to
the stabilized, polar form in the emissive ICT excited state. The
electronic spectra of these complexes support this, as the intense
ICT absorption band of the laser dye completely disappears upon
complexation of the main coumarin arene ring by the CpRu*
group, and the emission associated with the ICT transition also
disappears.’

Complexation of a coumarin lase dye containing an additional
arene ring to which the CpRu* can coordinate yields a product
that exhibits very different behavior. Reaction of the laser dye
coumarin-6 with [CpRu(CH;CN);]* yields a complex in which
the CpRu* is no longer bound to the main coumarin arene ring
but rather is bound to the substituent benzothiazolyl arene ring,
as depicted in Figure 2A. In a complex of this type, the ruthenium
no longer strongly interacts with the orbitals involved in the
emissive electronic transitions of the dye, which are localized in
the coumarin—arene ring. Consequently, this complex exhibits
dye-localized electronic transitions very similar to those observed
in the free dye. While complexes in which the CpRu™* binds the
main coumarin arene ring exhibit neither the intense ICT ab-
sorption band nor the corresponding emission band characteristic
of the free dye, the complex of coumarin-6 exhibits both an intense
ICT absorption band and a corresponding emission band in fluid
solution at room temperature.’

The new complexes of coumarin-30 and coumarin-7 are
analogous to the previously reported [CpRu(coumarin-6)]* com-
plex. The two new complexes differ from the coumarin-6 complex
in that the sulfur atom of the coumarin-6 benzothioazolyl group
is replaced by a N-H or N-CH; group, respectively, to form the
benzimidazolyl group of coumarin-7 and coumarin-30. Because
the CpRu™* group is not bound to the main coumarin arene ring
in [CpRu(coumarin-30)]* and [CpRu(coumarin-7)]*, the Ru does
not interfere strongly with the laser dye chromophore, and con-
sequently the complexes are expected to retain the intense 1CT
transition characteristic of the free dye. The UV-vis spectra of
these complexes support this expectation. Figure S illustrates the
UV-vis spectra of coumarin-7 (Figure 5A) and [CpRu(couma-
rin-7)]* (Figure 5B). These spectra are analogous to those
previously reported for coumarin-6 and its corresponding CpRu*
complex.® Although the coumarin chromophore is not perturbed
strongly enough to remove the ICT absorption band from the
UV-vis spectrum, the CpRu* group does shift the dye-centered
transition to longer wavelength and increases its intensity. Both
of these effects likely result from the inductive influence the
electropositive CpRu™* group exerts on the chromophore. This
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Figure 6. UV-visible absorption spectra of (A) rubrene, (B)

[{CpRu),(rubrene)]*?, and (C) [CpRu(rubrene)]* (phenyl-bound iso-
mer) recorded at room temperature as dichloromethane solutions.

effect stabilizes the polar excited state, red shifts the absorption
band, and produces a larger electronic dipole moment change in
the electronic transition, which results in enhanced oscillator
strength for the transition.

Replacement of the sulfur atom with an amino group causes
the ICT absorption band of the free dye to shift to higher energy,
from 457 nm in coumarin-6 to 414 and 434 nm, respectively, in
coumarin-30 and coumarin-7. The ICT bands of the CpRu*
complexes of coumarin-30 and coumarin-7 are also shifted to
higher energy relative to [CpRu(coumarin-6)]*, by 46 and 10 nm,
respectively. Even though [CpRu(coumarin-30)]* and [CpRu-
(coumarin-7)]* are very similar to [CpRu(coumarin-6)]* in both
structure and electronic absorption spectra, the complexes of
coumarin-30 and coumarin-7 do not exhibit significant room-
temperature emission in fluid solution as does the coumarin-6
complex. These observations suggest that emissive [CpRu(laser
dye)]* complexes should retain a dye-localized lowest excited state.
The ICT lowest singlet transition that characterizes the 7-
aminocoumarin laser dyes is retained in the complexes of cou-
marin-6, coumarin-7, and coumarin-30, but the fluorescence
associated with that transition is only observed in the coumarin-6
complex. Because the structures of all three complexes are nearly
identical, it is unlikely that geometric structure causes the loss
of emission in complexes of coumarin-30 and coumarin-7. The
main spectroscopic difference between these three similar com-
plexes is the energy of their ICT transitions, suggesting that the
energy of the fluorescent transitions localized in the arene ligand
has an important influence on the emissivity of the corresponding
metal-arene complex.

Spectroscopic Properties of Phenylacene Complexes. To gain
insight into the factors that influence the spectroscopic behavior
of [CpRu(arene)]* complexes, we studied the complexes of the
two fluorescent phenylacenes, rubrene and 9-phenylanthracene.
The phenylacenes are analogous to coumarin-6, coumarin-7, and
coumarin-30, discussed above, as they contain arene rings that
are strongly associated with the fluorescent chromophore as well
as arene rings that interact relatively weakly with the fluorescent
chromophore. For instance, rubrene (5,6,11,12-tetraphenyl-
naphthacene) exhibits an electronic absorption spectrum in the
visible region with well-developed vibrational structure and a
corresponding intense, structured emission. Multiple substitution
of naphthacene with phenyl groups to yield rubrene leaves the
vibrational structure of the naphthacene lowest singlet—singlet
absorption band essentially unchanged, confirming that the
fluorescent electronic transitions of rubrene are localized in the
naphthacene core. However, the substituent phenyl groups do
produce a significant red shift of the naphthacene-centered
transitions, indicating that a small degree of interaction between
a perpendicular w-systems occurs.' In the phenylacenes, the

(16) Jaffé, H. H.; Chalvet, O. J. Am. Chem. Soc. 1963, 83, 1561.
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Figure 7. Emission spectra of (A) rubrene and (B) [(CpRu),(rubrene)]*?
recorded at room temperature as dichloromethane solutions.

substituent phenyl groups are analogous to the substituent ben-
zothiazolyl and benzimidazolyl arene rings in coumarin-6, cou-
marin-7, and coumarin-30. These arene rings are also weakly
interactive with the emissive chromophore. The acene arene rings
are direct analogues of the main arene ring of the coumarin
chromophore where the fluorescent transitions are localized.

Reaction of rubrene with 1 equiv of [CpRu(CH;CN);]* at
room temperature yields a complex in which the CpRu* group
is bound to the end ring of the naphthacene moiety, as depicted
in Figure 4C. This complex is analogous to the laser dye com-
plexes in which the CpRu” binds the main coumarin arene ring:
the Ru is bound directly to the main rubrene chromophore. Figure
6 illustrates the visible absorption spectra of rubrene (Figure 6A)
and the naphthacene-bound isomer of [CpRu(rubrene)]* (Figure
6C). These absorption spectra indicate that the CpRu* group
strongly interfers with the rubrene chromophore. The structured
I(w-*) transitions localized in the naphthacene core are com-
pletely lost upon formation of the naphthacene bound complex.
Instead of the intense, structured absorption band characteristic
of free rubrene, the naphthacene-bound isomer exhibits a weaker,
unstructured absorption band at ~660 nm. It is not surprising
that the emission associated with the structured '(z—*) transitions
in rubrene is also not observed in the naphthacene-bound CpRu*
complex. Emission spectra (A, = 460 nm) of a dichloromethane
solution of rubrene recorded at regular intervals following the
addition of [CpRu{CH;CN);]* indicate that the rubrene emission
rapidly decays as the metal complex forms until, after ~ 30
minutes, the free rubrene emission is barely detectable. No new
emission bands are observed to grow in as the reaction proceeds.
The previously reported complex [Cp*Ru(rubrene)]* (napht-
hacene-bound isomer; Cp* = p-pentamethylcyclopentadienyl)’
exhibits analogous spectroscopic characteristics.

Although the room-temperature reaction of rubrene with 1 equiv
of [CpRu(CH,CN),]* produces a complex that has lost the
spectroscopic characteristics of the arene ligand, the reaction of
rubrene with 2 equiv of the CpRu* reagent yields a product with
entirely different properties. Refluxing rubrene with 2 equiv of
[CpRu(CH,CN),]* yields the complex depicted in Figure 4B,
in which no CpRu* groups are bound to the naphthacene core
of the molecule. Rather, a CpRu* group is bound to two of the
substituent phenyl groups on the naphthacene core. This molecule
is analogous to the laser dye complexes depicted in Figure 2A,
in which the CpRu* group is bound to an arene ring that is not
directly involved in the fluorescent electronic transitions localized
in the ligand. By analogy with the coumarin laser dye complexes,
this bimetallic rubrene complex retains the spectroscopic char-
acteristics of the uncomplexed arene. The visible absorption
spectrum of [(CpRu),(rubrene)]?* depicted in Figure 6B shows
that the bimetallic complex exhibits a structured absorption band
that is essentially identical in shape with the absorption band of
free rubrene. As in the case of the coumarin laser dye complexes,
the CpRu* moiety weakly perturbs the naphthacene-centered,
I(w—w*) transitions, shifts them to longer wavelength, and increases
their intensity slightly. The inductive effect of the CpRu* is
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Table I. Emission and Reaction Quantum Yields for
[CpRu(ns-arene)]* Complexes

complex ¢‘ ission” d’ractionb
[CpRu(benzene)]* <1074 0.40 (4)4
[CpRu(coumarin-6)]* 0.07 (1) 0.075 (8)
[CpRu(rubrene)]* 0.024 (2)  0.0018 (2)

(phenyl-bound isomer)
[CpRu(9-phenylanthracene)]* <107¢
(phenyl-bound isomer)

0.048 (5)

2 Emission quantum yields are measured for dichloromethane solu-
tions of the compounds. °Reaction quantum yields are measured for
the displacement of arene from the compounds of acetonitrile solution
to yield [CpRu(CH;CN),]* and free arene. ‘Quantum yield is below
our detection limit. 4Data taken from ref 17.

somewhat less pronounced on the rubrene complex than the
coumarin laser dye complexes because the ICT transition in the
coumarin dyes involes a much larger electronic dipole moment
change than the =—=* transitions of rubrene. In addition to
retaining the structured !(7—*) absorption band characteristic
of rubrene, [(CpRu),(rubrene)]?* also retains the structured
emission associated with those transitions. Figure 7 illustrates
the emission spectra of rubrene (Figure 7A) and [(CpRu),-
(rubrene)]*? (Figure 7B). Again, the shape of the emission bands
of the metal complex are identical with those of rubrene, suggesting
that they arise from transitions that are primarily localized in the
rubrene chromophore, but are shifted to longer wavelength. The
previously, reported monometalated, phenyl-bound [CpRu-
(rubrene)]* complex, illustrated in Figure 4A, is structurally and
spectroscopically analogous to the bimetallic complex; it exhibits
structured and absorption and emission bands that are slightly
red-shifted with respect to the bands of free rubrene. A tetra-
metalated complex of rubrene in which each of the four substituent
phenyl groups is coordinated to a Cp*Ru* has also been reported
to exhibit structured, red-shifted absorption and emission bands
that are localized on the rubrene chromophore.’

The CpRu™* complexes of 9-phenylanthracene (see Figure 3)
are structurally analogous to the phenyl-bound complexes of
rubrene discussed above. Like the rubrene complex, where the
CpRu* group is bound to the substituent phenyl group of 9-
phenylanthracene rather than to the anthracene core, the complex
retains the electronic transitions that are localized on the an-
thracene moiety. The phenyl-bound isomer of [CpRu(9-
phenylanthracene)]* exhibits an absorption band with well-defined
vibrational structure that is red-shifted by ~13 nm from the
similarly shaped absorption band characteristic of uncomlexed
9-phenylanthracene. In contrast, the CpRu* group of the an-
thracene-bound isomer strongly disrupts the !(w—7*) transitions
localized in the anthracene core, and consequently the complex
exhibits a relatively weak, unstructured MLCT absorption band
at 486 nm instead of the structured absorption band characteristic
of the anthracene core.

As the phenyl-bound complexes of rubrene and 9-phenyl-
anthracene are analogous in structure and differ spectroscopically
primarily in the energy of the acene-centered !(w-m*) electronic
transitions, they provide an excellent model with which to examine
the effect of the energy of the ligand-centered bands on the
complex cmissivity. The phenyl-bound complex of 9-phenyl-
anthracenc does not exhibit observable emission at room tem-
perature in fluid solution. As for the complexes of coumarin-6,
coumarin-7, and coumarin-30, raising the energy of the ligand-
localized electronic transitions results in a loss of emission in the
metal complex.

Photochemical Reactivity. The [CpRu(n%-arene)]* complexes
undergo a very characteristic photochemical reaction. Upon
photolysis in acetonitrile, the bound arene ring is very readily
replaced by three acetonitrile ligands to yield [CpRu(CH,CN),]*
and free arene.'” Quantum yields for the photochemical dis-
placement of arene and for emission from some {CpRu(n®-arene)]*
complexes are listed in Table I. In general, the photochemical

(17) Gill, T. P.; Mann, K. R. Organometallics 1982, [, 485.
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Figure 8. Qualitative state diagram indicating the relative energies of
the fluorescent S, state and the reactive a’E, state in (A) [CpRu(rubr-
ene)]* (phenyl-bound isomer), (B) {CpRu(coumarin-6)]*, and (C)
[CpRu(9-phenylanthracene)]* (phenyl-bound isomer).

reaction is facile, as even the emissive [CpRu(coumarin-6)]*
complex generates free coumarin-6 when photolyzed in acetonitrile.
The efficiency of photochemical displacement of arene from the
CpRu* complex decreases in the order benzene > coumarin-6 >
9-phenylanthracene >> rubrene. The emissive CpRu* complexes
of rubrene are unusual because the photochemical displacement
of rubrene is inefficient. The phenyl-bound isomer of [CpRu-
(rubrene)] PF exhibits a quantum yield for arene labilization in
acetonitrile that is ~230 times smaller than that for the photo-
chemical labilization of benzene.!”

Discussion

The inverse relationship between emission and photochemical
reactivity observed in these different [CpRu(arene)]* complexes
can be understood by considering the important electronic tran-
sitions that characterize the compounds. The situation in these
[CpRu(arene)]* complexes is similar in some regards to one
present in binuclear Rh and Ir complexes'®'? and in substituted
ruthenium bypyridine complexes.?’® A qualitative Jablonski di-
agram illustrating the pertinent excited states in [CpRu(9-
phenylanthracene)]* (phenyl-bound isomer), [CpRu(coumarin-
6)]*, and [CpRu(rubrene)]* (phenyl-bound isomer) is shown in
Figure 8. In most of the previously studied [CpRu(arene)]*
complexes, the CpRu* group is bound directly to the main
chromophore of the aromatic substrate. Complexes of this type
characteristically exhibit relatively weak metal-to-ligand
charge-transfer (MLCT) transitions upon excitation to the lowest
singlet excited state, S,.!' The complexes discussed in this study
are fundamentally different in that the CpRu™* group is not bound
directly to the main chromophore of the aromatic substrate. The
electronic spectra of these complexes (vide supra) indicate that
the lowest singlet state is the arene-localized - * state (for the
rubrene and 9-phenylanthracene complexes) or ICT state (for the
complexes of coumarin-6, coumarin-7, and coumarin-30). Because
the emission spectra of the rubrene and coumarin-6 complexes
are almost identical in shape with the fluorescence spectra of the
uncoordinated arenes, the emission of these metal complexes is
assigned to an arene-centered fluorescence. This assignment is
consistent with the short emission lifetime (r = 11.6 (5) ns) that
has been measured for the analogous phenyl bound [(CpRu*),-
(rubrene)]** complex.”

Another important excited state in these complexes is the triplet
d—d state (a’E,), which previous studies in our group have im-
plicated as the excited state that leads to the loss of the bound
arene ring in the photochemical reaction.?’ The energy of this

(18) Rice, S. F,; Milder, S. J.; Gray, H. B.; Goldbeck, R. A,; Kliger, D. S.
Coord. Chem. Rev. 1982, 43, 349,

(19) Rodman, G.S.; Daws, C. A.; Mann, K. R. lnorg. Chem. 1988, 27, 3347.

(20) Caspar, J. V; Meyer, T. J. J. Am. Chem. Soc. 1983, 105, 5583.

(21) McNair, A. M.; Schrenk, J. L.; Mann, K. R, /norg. Chem. 1984, 23,
2633.
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d—d excited state depends upon the splitting of the Ru d orbitals
caused by the ligand field arising from the Cp and arene ligands.??
The differences in the ligand field produced by the different types
of arene rings bound to the CpRu* moiety are relatively small
and the energy of the d—d a’E, state is relatively insensitive to
the nature of the arene ligand. In comparison, the energy of the
lowest ligand-localized singlet state of the complex is sensitive to
the nature of the arene ligand. These effects result in the dis-
tribution of the energy levels depicted in Figure 8. The reactive
a’E, states of all the complexes are at roughly the same energy
while the arene-localized first singlet state varies from relatively
low energy for the rubrene complex to intermediate energy for
the coumarin-6 complex to relatively high energy for the 9-
phenylanthracene complex.

There are two main factors that influence the efficiency of the
photochemical arene labilization reaction in these [CpRu(n%-ar-
ene)]* complexes. The first factor is the relative ease with which
the metal complex crosses from the first excited singlet state, S,,
to the reactive triplet excited state, a’E,. In turn, the ease of S,
— a’E, intersystem crossing depends primarily on the energy
match between the states as per the energy gap law,? other factors
being equal. As there is a high density of ligand states isoenergetic
with the upper triplet state, the crossing to a’E; may occur through
initial thermal population of an upper ligand triplet state. Once
the reactive excited state is populated, a second factor, the rate
of the arene displacement reaction, becomes important. Recent
experiments in our group have demonstrated that arene rings with
high degrees of aromaticity such as benzene or the pheny! sub-
stituents on rubrene and 9-phenylanthracene form significantly
more thermodynamically stable CpRu* complexes than arene rings
in which the aromaticity is compromised by extended conjugation
such as the rings in anthracene and naphthacene.* Consequently,
the Ru—arene bonds in [CpRu(benzene)]* should be stronger than
those in the CpRu* complex of coumarin-6, in which the bound
arene ring is conjugated to the CN double bond in the benzo-
thiazolyl group, and a corresponding inhibition effect for the
photochemical labilization of benzene over coumarin-6 would be
expected. The influence of the S, energy on the efficiency of the
photochemical labilization of arene can be analyzed separately
from the influence of ruthenium-arene bond strength by com-
paring CpRu* complexes that have similar types of arene rings
bound to them but exhibit different S, energies.?*

Comparison of the phenyl-bound isomers of [CpRu(9-
phenylanthracene)]* and [CpRu(rubrene)]* permits analysis of
the effect of the excited state energies on photochemical behavior
because the bound arene rings in these complexes are extremely
similar, acene-substituent phenyl groups. The rubrene complex
exhibits a relatively long wavelength absorption band, corre-
sponding to a low-energy S, state. The S, state in {CpRu-
(rubrene)]™* probably lies well below the energy of the reactive
a’E, state, as is depicted in Figure 8A. The S, — a’E, intersystem
crossing required for the photochemical displacement of rubrene
from the complex will be an energetically “uphill” process and,
consequently, will be relatively unfavorable and slow. This is
consistent with the small reaction quantum yield that is observed
for the phenyl bound rubrene complexes.

In the complex of 9-phenylanthracene, the situation is reversed.
[CpRu(9-phenylanthracene)]* exhibits a relatively short wave-
length absorption band, corresponding to an S, state that lies
higher in energy than the reactive triplet state, as shown in Figure

(22) A quantitative measurement of the energy of the a’E, state in these
complexes is not possible as the weak a’E, < 'A, transition is obscured
by other absorption bands in the LF region. However, a weak band
corresponding to this transition occurs in the analogous comzplex
{CpRu(hexamethylbenzene)]* at 26 300 cm™! (¢ = 8 M~! cm™!).%!

(23) Turro, N. J. Modern Molecular Photochemistry; Benjamin/Cummings:
Menlo Park, NJ, 1978.

(24) It is more difficult to measure the effect of ruthenjum-arene bond
strength on the reaction quantum yield because complexes with weaker
metal-arene bonds often undergo thermal arene displacement in ace-
tonitrile. Work is in progress to characterize suitable compounds to
permit an investigation of the bond energy contribution to the photo-
chemical reactivity of these complexes.
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8C. For this complex the S — a3E, crossing is an energetically
“downhill” process, and is expected to be favorable and rapid.?
Our experimental data support this, as the quantum yield for arene
loss from the 9-phenylanthracene complex is 27 times larger than
that from the structurally analogous rubrene complex. This model
also suggests an explanation for the emissivity of these complexes.
Because the photochemical deactivation of S, in [CpRu(rubr-
ene)]* is inhibited, the complex is able to competitively lose energy
by emission from S;. In contrast, the photochemical reaction
pathway of the [CpRu(9-phenylanthracene)]* complex is a facile,
energetically favorable process that occurs essentially to the ex-
clusion of any loss of excitation energy by fluorescence. The
complexes of coumarin-30 and coumarin-7, which are not depicted
in Figure 8, are analogous to [CpRu(9-phenylanthracene)]*; they
also exhibit relatively short wavelength absorption bands, are
photochemically reactive, and are nonemissive.

The complex of coumarin-6 provides an example of a system
that is intermediate between the complexes of 9-phenylanthracene
and rubrene. While the complex of 9-phenylanthracene is unable
to relax efficiently through fluorescence and the rubrene complex
is unable to relax efficiently through arene displacement, the
complex of coumarin-6 exhibits both fluorescence and photo-
chemical reactivity. This behavior arises from the position of the
energy levels in the complex. [CpRu(coumarin-6)]* exhibits an
absorption band that is intermediate beteen the bands observed
in the complexes of 9-phenylanthracene and rubrene. Conse-
quently S, in the coumarin-6 complex is between the S, energies
of the phenylacene complexes. We propose that S, is slightly lower
in energy than the reactive a’E, state, as depicted in Figure 8B.
This arrangement of energy levels makes the S, — a’E, inter-
system crossing required for photochemical reaction a somewhat
energetically unfavorable process and explains the inhibited re-
active quantum yield relative to that of a complex like {CpRu-
(benzene)]* in which the S; — a’E, crossing is very energetically
“downhill” and favorable. This hypothesis is also consistent with
the observation of room-temperature emission from [CpRu(cou-
marin-6)]*. Relaxation through the photochemical reaction
pathway for the coumarin-6 complex is inhibited enough to allow
competitive deactivation through fluorescence. The coumarin-6
complex is an interesting example of a [CpRu(arene)]* complex
in which the energy levels are balanced to permit both efficient
photochemical reactivity and fluorescence. We intend to direct
future efforts to study this system further as it offers the chance
to measure the rate of Ru—arene bond cleavage via fluorescence
measurements.

Conclusions

There are two main requirements for preparing [CpRu(n®-
arene)]* complexes that will exhibit room-temperature fluores-
cence in fluid solution. First, the complex should have an ar-
ene-localized lowest singlet excited state. This requirement is
generally met if the CpRu* group is not bound to an arene ring
in which the electronic transitions of the ligand are localized.
Violation of this requirement explains why previously prepared
CpRu* complexes of highly fluorescent aromatic ligands such as
anthracene, chrysene, and pyrene fail to emit. Each of these
ligands offer only aromatic rings with strong participation in the
chromophore. The second requirement for an emissive [CpRu-
(arene)]* complex is that the absorption energy of the arene-
centered, lowest singlet excited state cannot be much higher than
~20700 cm™ (the value observed for {CpRu(coumarin-6)]*.
Raising the energy of S, higher than this value increases the
energetic favorability of intersystem crossing to the reactive a’E,
state, which leads to excited-state deactivation through dis-
placement of the arene ring. The energy of S, required for an
emissive [CpRu(nS-arene)]* complex is quite critical. In

(25) In complexes with relatively high energy S, states like [CpRu(benz-
ene)]* or the phenyl-bound isomer of [CpRu(9-phenylanthracene)]*,
there will be a relatively large energy gap between S, and a’E,. In-
tersystem crossing in these complexes probably occurs initially from S,
to some upper triplet state, T,, which then undergoes rapid thermal
degradation to a’E,.
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[CpRu(coumarin-7)]*, for instance, S, is only 440 cm™! higher
in energy (AApmax = 9 nm) than in the coumarin-6 complex, but
this change is sufficient to shut down the ligand-localized emission
in the coumarin-7 complex. When ligand-centered emission is
observed from a ruthenium complex, it is always much less intense
than that of the corresponding uncomplexed arene. This decrease
in fluorescence efficiency probably results from intersystem
crossing within the dye manifold induced by the heavy ruthenium
atom.
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Mo;(u3-S)(u-S)3Cl4( PEt3);(H,0)5:OPEt; (1), Mo3(u3-S)(1-S);Br4(PEt;),(OPEt,H)(H,0)-2THF (2), and W3(u3-S)(u-S);Brg-
(PEt;),(OPEt,H)(H,0)-2THF (3) were prepared by reacting triethylphosphine with Mo,S,Cl,, Mo;S,Br,, and W,S,Br,, re-
spectively, in THF at room temperature. Compound 1 crystallizes in the monoclinic space group P2,/n with a = 13,290 (2) A,
b=18.282(4) A, c=17.934 (4) A, 8 =93.95(2)°, V = 4347 (3) A}, and Z = 4. Compounds 2 and 3 are isostructural and
crystallize in the triclinic space group P1. For 2, a = 12908 (4) A, b =18.299 (6) A, c = 12.153 (4) A, « = 98.26 (2)°, 8 =
116.69 (2)°, v = 77.21 (2)°, ¥ = 2498 (3) A%, and Z = 2. For 3,a = 12.925(4) A, b= 18.318 (6) A, c = 12.14] (4) A, a =
98.41 (3)°, 8 = 116.51 (3)°, v = 77.00 (3)°, ¥ = 2503 (2) A3, and Z = 2. All three compounds belong to the B,, M;X,; structure
family. An explanation for the formation of the Et,HPO ligand in 2 and 3 is proposed.

Introduction

Much attention has recently been directed toward trinuclear
transition-metal clusters. The discovery of new methods of syn-
thesis has contributed to the rapid evolution of this field. Solution
methods using mononuclear starting materials have been widely
used to prepare molybdenum and tungsten trinuclear clusters with
a variety of ligands.!® Other methods involve ligand substitution
on a preformed M, core with preservation of the triangular
structure.””'2  Recently, the synthesis and characterization of
polymeric trimers having the formula M;(u;-S)(u-S,);X, X, or,
more simply, M;S,;X, (M = Mo, W; X = CI, Br) opened new
routes for preparing substituted trimers.!>!* Several new com-

(1) Bino, A.; Cotton, F. A.; Dori, Z. J. Am. Chem. Soc. 1978, 100, 5252.
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4332,
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pounds have been prepared by utilizing M0,S,X, as the starting
material. For example, Federov et al. prepared Mo,S,X,-2PPh,
(X = Cl, Br) by reacting Mo,S;X, with PPh, in CH,CN.?* Saito
et al. reported the synthesis of Mo,(u3-S)(u-S);Cl4(PEL,),-
(MeOH);s_, (n = 3, 4) from Mo,S,Cl, reacted with PEt, in THF.!
In this laboratory, Mo3(u;-S)(u-S);Cl4(PPh;)(H,0),:3THF and
[Mo3(u3-S)(u-S);Cl;(PPh;) (dmpe);]Cl:2MeOH were prepared
by using this type of synthetic method.!” So far only two com-
pounds have been prepared by methods that make use of tungsten
trinuclear polymeric starting materiais, and only one of these
contained substituted phosphines. They are [WSg(PEt;)¢]'® and
[W3(13-S)(1-8)5(S4);(H,0)5]12.1% We report here the syntheses
and crystal structures of three new compounds that further ex-
emplify the use of molybdenum and tungsten trinuclear chalco-
genide halides as excellent synthons for trinuclear, triangular
clusters of the M,S, type having phosphine ligands in the outer
coordination sites.

Experimental Section

Materials and Methods. All experiments were carried out under an
argon atmosphere by using standard vacuum-line and Schlenk techniques.
Solvents were distilled under nitrogen over the appropriate drying agents.
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grade), Fisher; triethylphosphine, S,Cl,, molybdenum (100-mesh pow-
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