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Abstract

Ruthenium(II) sandwich complexes of the type Ru(h6-arene)2
2+ (arene is benzene or 1,3,5-trimethylbenzene) undergo photosub-

stitution of one arene ring by solvent (S) to yield Ru(h6-arene)(S)3
2+. Reaction occurs from the lowest ligand field triplet state of

the complex with a quantum efficiency that decreases with increasing methylation of the arene. Half-sandwich complexes of
general formula Ru(h6-arene)(L)3

2+ (L is CH3CN or NH3) undergo competitive photosubstitution of arene and L by solvent. The
relative importance of these pathways depends upon a number of factors, including excitation wavelength, solvent, and the nature
of L. Mechanisms for these photoreactions are discussed and comparisons to earlier studies are presented. © 1998 Elsevier Science
S.A. All rights reserved.
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1. Introduction

Karlen et al. [1] and the present authors [2] recently
investigated the solution photochemistry of metal-sand-
wich complexes of general formula Ru(h6-arene)2

2+.
Both groups observed that irradiation into the ligand
field absorption bands of these low-spin, d6 complexes
results in the substitution of one arene ring by three

solvent molecules (Eq. 1; S is solvent). The key photo-
chemical step appears to be the formation of an inter-
mediate, I, containing an h4-bonded arene ring and a
coordinated solvent molecule. Subsequent thermal reac-
tions of I with free solvent completes the deligation of
the ring-slipped arene to yield the half-sandwich photo-
product, Ru(h6-arene)(S)3

2+.
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Prolonged irradiation of the system results in the
secondary photolysis of the half-sandwich complex. A
detailed examination [2] of this process for Ru(h6-
mes)(CH3CN)3

2+ (mes is 1,3,5-trimethylbenzene or
mesitylene) in acetonitrile revealed that ligand-field ex-
citation causes the release of the mesitylene ligand to
yield the fully solvated metal ion (Eq. 2a). Precedent
for this behavior is provided by the work of Weber and
Ford [3], who reported that several Ru(h6-
arene)(H2O)n(NH3)3−n

2+ complexes follow a similar
pathway in aqueous solution. Quite interesting, how-
ever, is our observation that Ru(h6-mes)(CH3CN)3

2+

also undergoes efficient photochemical exchange of
coordinated and free CH3CN (Eq. 2b). In contrast,
negligible photolabilization of NH3 was observed for
Ru(h6-bz)(NH3)3

2+ and Ru(h6-bz)(H2O)(NH3)2
2+ (bz is

benzene) [3]. Several factors could contribute to this
striking disparity in the quantum efficiencies of
monodentate ligand substitution measured in the two
studies: these include the use of different (i) arenes
(benzene vs. mesitylene), (ii) monodentate ligands (s-
bonding NH3 vs. s-bonding and p-backbonding
CH3CN), and (iii) solvents (H2O vs. CH3CN).

We have now extended our investigation of the
photosubstitutional chemistry of half-sandwich com-
plexes of Ru(II) to include Ru(h6-bz)(CH3CN)3

2+,
Ru(h6-bz)(NH3)3

2+, and Ru(h6-mes)(NH3)3
2+. Irradia-

tion of these complexes in CH3CN results in competi-
tive replacement of the arene and monodentate
ligands by solvent (analogous to Eq. 2a, b). Reported
here are quantum yield data that allow us to assess
the relative contributions of these pathways in differ-
ent complexes and, in particular, to determine the
importance of factors (i)–(iii) noted above. Results of
a complementary photochemical investigation of
Ru(h6-bz)2

2+ and Ru(h6-mes)2
2+ also are described.

The information presented should prove useful to
those interested in applications that utilize these
Ru(II) complexes as photocatalysts [4] or photoinitia-
tors [5].

2. Experimental

2.1. Materials and syntheses

All chemicals were at least reagent grade quality and
used as received from the supplier (Aldrich Chemical,

unless noted otherwise). Solvents were HPLC grade
and used without further purification. Acetophenone
was purified by distilling twice under a nitrogen
atmosphere.

Analytically pure samples of [Ru(h6-bz)2](PF6)2,
[Ru(h6-mes)2](PF6)2, and [Ru(h6-arene)(CH3CN)3]
(PF6)2 were synthesized by previously described proce-
dures [2,6,7], while the [Ru(h6-arene)(NH3)3](PF6)2

complexes were prepared from the corresponding
[Ru(h6-arene)Cl2]2 dimers using the method of Weber
and Ford [3]. Isotopically-labeled [Ru(h6-bz)
(15NH3)3](PF6)2 was synthesized in an identical manner,
except that the procedures were scaled down by a factor
of four, and the source of aqueous ammonia was 14 N
15NH4OH (Isotec).

2.2. Instrumentation

Electronic absorption spectra were recorded on a
Varian DMS 300 spectrophotometer. Luminescence
measurements were performed on a Perkin Elmer
MPF-44B spectrofluorimeter. 1H-NMR spectra were
taken on a Bruker AC-250 spectrometer operating at

250.134 MHz. Chemical shifts were referenced to in-
ternal tetramethylsilane (TMS) by assigning the sol-
vent peak a value of 1.95 ppm. Prior to quantitative
measurements, appropriate relaxation delays (typically
20–30 s) between successive scans were determined by
evaluating the spin-lattice (T1) relaxation times for
signals of interest.

2.3. Quantum yield measurements

Quantum yields were determined via the photolysis
of magnetically-stirred samples contained in 1.0 cm
pathlength quartz cells maintained at 21.090.5°C.
Photolyses at 313 and 365 nm were performed using an
Illumination Industries Model LH351P high-pressure
mercury arc lamp situated 34 cm from the sample; the
desired wavelengths were isolated by use of a quartz-
faced water filter and an appropriate bandpass interfer-
ence filter (width at half-height of 12 nm at 313 nm and
either 25 or 31 nm at 365 nm). For experiments at 254
nm, the direct output of an Ultra-violet Pen-Ray low-
pressure mercury lamp situated 2 cm from the sample
was used. Typical concentrations of metal complexes
were 4–6×10−3 M. Corrections for inner filter effects
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and incomplete light absorption were applied when the
spectral characteristics of the photoproducts were
known. Light intensities at all wavelengths were deter-
mined by potassium ferrioxalate actinometry [8].

The extent of photolysis of Ru(h6-bz)2
2+ in CH3CN

was quantified spectrophotometrically by measuring the
increase in solution absorbance at 400 nm, a wave-
length at which Ru(h6-bz)2

2+ and Ru(h6-bz)(CH3

CN)3
2+ have extinction coefficients of 3.2 and 344

M−1 cm−1, respectively. Typically, 5–10% of the start-
ing material was reacted for quantum yield mea-
surements.

Photosubstitution processes of Ru(h6-bz)(CH3CN)3
2+

in CD3CN solution were monitored by 1H-NMR spec-
troscopy. The extent of arene deligation was deter-
mined from the ratio of the area of the ring proton
signal of free arene to the total ring proton area of the
sample. Photochemical solvent exchange was quantified
by measuring the decrease of the coordinated solvent
signal area, corrected for the calculated thermal ex-
change using the previously determined pseudo first-or-
der rate constant.

1H-NMR spectroscopy also was employed to follow
the photosubstitution reactions of Ru(h6-
arene)(NH3)3

2+ in CD3CN. For these complexes, the
areas arising from the ring proton signals of free arene
and Ru(h6-arene)(NH3)2(CD3CN)2+ provided mea-
sures of arene and NH3 loss, respectively. Since correc-
tions for competitive absorption of light by the multiple
photoproducts could not be calculated explicitly, the
quantum yields for each process were determined at
different extents of reaction and then extrapolated to
zero percent reaction. Photochemical ammine loss from
Ru(h6-bz)(15NH3)3

2+ was confirmed by monitoring the
appearance of the signals due to the ammine ligands of
Ru(h6-bz)(15NH3)2(CH3CN)2+.

2.4. Sensitization experiments

Sensitization studies were performed in CH3CN solu-
tions containing 5.04×10−2 M acetophenone and con-
centrations of Ru(h6-mes)2

2+ ranging from 3.92×10−4

to 3.92×10−3 M. Total sample absorbance was \2.5
at the 313 nm excitation wavelength, and most of the
incident light (70–96%) was absorbed by the sensitizer.
Each sample was thoroughly degassed via three freeze-
pump-thaw cycles prior to irradiation, and the extent of
reaction of Ru(h6-mes)2

2+ was quantified spectrophoto-
metrically by monitoring the increase in absorbance at
400 nm. Corrections for the contribution from direct
photolysis of the complex were applied as necessary,
employing the previously determined quantum yield at
313 nm. Quantum yields for arene loss, Farene, were
determined for samples containing various

Ru(h6-mes)2
2+ concentrations. The limiting quantum

yield at infinite complex concentration was determined
from the y-intercept of the double-reciprocal plot of
Farene versus Ru(h6-mes)2

2+ concentration.

3. Results and discussion

3.1. Spectroscopy and photochemistry of
Ru(h6-arene)2

2+ complexes

The electronic absorption spectrum of Ru(h6-bz)2
2+

in room-temperature CH3CN is shown in Fig. 1. By
reference to the reported molecular orbital diagram for
the complex [1], we assign the low-intensity band at 331
nm as the first spin-allowed ligand field transition,
1A1g�a1E1g (D6h symmetry). Shoulders appearing at
ca. 284 and ca. 262 nm most likely correspond to the
1A1g� (1B1g, 1B2g) and 1A1g�b1E1g ligand field transi-
tions, respectively, where we have assumed that the
splitting of the 1B1g and 1B2g levels is too small to detect
[9]. No feature attributable to the first spin-forbidden
ligand field transition, 1A1g�3E1g, is detected out to
600 nm. A similar absence was noted in the case of
Ru(h6-mes)2

2+ [2]. Moreover, neither complex phospho-
resces in argon-bubbled CH3CN at room temperature.
This lack of spectroscopic information makes it difficult
to locate the lowest ligand field triplet state in these
complexes. For use in the later discussion of sensitiza-
tion, we estimate that the energy of this state is B70
kcal by analogy to the triplet state energy of the related
d6 sandwich complex, ruthenocene [10]. The absorption
spectrum of Ru(h6-bz)2

2+ also contains a shoulder at
214 nm that lies on the tail of an intense absorption
extending below 200 nm. The corresponding features in
the spectrum of Ru(h6-mes)2

2+ appear at lower ener-
gies, suggesting that the transitions involved contain

Fig. 1. Room-temperature electronic absorption spectrum of (a)
Ru(h6-bz)2

2+, (b) Ru(h6-bz)(CH3CN)3
2+, and (c) benzene in CH3CN.
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Fig. 2. Spectral changes resulting from the photolysis of Ru(h6-bz)2
2+

in CH3CN. Spectra were acquired after 0, 1.0, 2.2, 3.5, 4.6 and 6.0
min of irradiation at 365 nm; arrows indicate the direction of the
absorbance changes. Similar changes occur upon photolysis at 254
nm, at 313 nm, and with Pyrex-filtered (\290 nm) light.

We investigated the nature of this photoactive state in a
series of sensitization experiments that employed the
triplet sensitizer, acetophenone. This organic carbonyl
compound undergoes intersystem crossing from its ex-
cited singlet manifold to the lowest triplet state with
unit efficiency [12]; moreover, the available triplet en-
ergy (ca. 74 kcal [13]) is sufficient to populate the lowest
ligand field triplet state of Ru(h6-mes)2

2+(B70 kcal) via
classical electronic energy transfer. We find that pho-
toexcitation of acetophenone in deoxygenated CH3CN
solutions containing the Ru(II) complex results in sensi-
tized substitution of one mesitylene ligand by solvent
(Eq. 1). Most importantly, the limiting value of Farene

determined in these sensitization experiments, 0.159
0.02, closely matches Farene measured in direct photoly-
sis (Table 1). This finding provides experimental
support for the proposal that arene substitution origi-
nates entirely from the lowest ligand field triplet of
Ru(h6-arene)2

2+ complexes [1]. This state arises from
the one-electron transition between a molecular orbital
that is essentially dz

2 in character and nonbonding, and
a higher-energy, predominantly metal-centered molecu-
lar orbital that is antibonding with respect to the
metal–ligand bonds [1,14]. The redistribution of elec-
tron density that results from this transition weakens
the Ru–arene bonding and creates an energetically
low-lying vacancy in the dz

2 orbital that facilitates at-
tack on the metal center by solvent. The photoactive
triplet state must be quite short lived, since our earlier
study [2] revealed that O2 does not quench arene photo-
substitution. Assuming a diffusion-controlled quench-
ing rate, we estimate a triplet lifetime of B10 ns.

The marked drop in Farene that accompanies the
introduction of methyl substituents to the arene ring
(Table 1) finds precedence in the studies of Mann et al.
[15,16] and Karlen et al. [1], who noted that both steric
and electronic effects may contribute to this behavior.
Sterically, the larger size of CH3 relative to H more
effectively shields the metal from nucleophilic attack by
solvent and, in so doing, hinders the formation of the

some degree of arene-to-metal charge transfer
(mesitylene has a lower first ionization energy than
benzene [11]) and/or intraligand p–p* character (the
singlet p–p* transitions of mesitylene lie at lower ener-
gies than those of benzene [11]).

Ultraviolet irradiation of Ru(h6-bz)2
2+ in non-deaer-

ated CH3CN causes the spectral changes depicted in
Fig. 2. Two prominent bands appear in the region
above 290 nm, while fine structure attributable to free
benzene (Fig. 1) becomes evident around 250 nm. Fur-
ther characterization of the photoreaction was facili-
tated by 1H-NMR spectroscopy. In CD3CN solution
the parent complex exhibits a singlet at 6.82 ppm
arising from the protons of the coordinated rings. Pho-
tolysis causes the appearance of additional singlets at
7.39 and 6.19 ppm, which are assignable to the protons
of free benzene and Ru(h6-bz)(CD3CN)3

2+, respectively,
by comparison to the spectra of authentic samples. The
signal areas of these two photoproducts are equal to at
least 25% conversion, indicating that Ru(h6-bz)2

2+, like
Ru(h6-mes)2

2+, undergoes clean photosubstitution of
one arene ligand by solvent (Eq. 1).

Table 1 lists arene substitution quantum yields
(Farene) determined for Ru(h6-bz)2

2+ in the present
study and, for comparison, the corresponding data
obtained previously for Ru(h6-mes)2

2+ [2]. Since both
complexes are thermally robust (B1% reaction after 1
week) on the time scale of the photochemical experi-
ments, dark corrections to Farene were unnecessary.
Neither complex exhibits a significant dependence of
Farene upon the excitation wavelength, suggesting that
the high-lying electronic states populated via light ab-
sorption undergo efficient relaxation to a common,
lower-energy excited state from which reaction occurs.

Table 1
Photosubstution quantum yields for Ru(h6-arene)2

2+ complexes in
CH3CN

Wavelength (nm) Ru(h6-mes)2
2+ Ru(h6-bz)2

2+

Farene
a

0.1590.00 (3) 0.5690.02 (3)254
0.1690.00 (3)313 0.5590.02 (3)

365 0.4890.01 (3)0.1190.01 (4)

a Quantum yield for substitution of one arene ligand by solvent.
Error limits represent average deviation from the mean for two or
more runs; number of runs indicated in parentheses. The estimated
accuracy of the quantum yields is 910–15%.
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Table 2
Electronic absorption spectral data for Ru(h6-arene)(L)3

2+ complexes
inCH3CN solution

Complex Band position (nm) o (M−1 cm−1)

Ru(h6-mes)(CH3CN)3
2+ 923234 (sh)

254 (sh) 539
304 775

638369

230 1377
623Ru(h6-bz)(CH3CN)3

2+ 253 (sh)
796302

365 624

233 694
637258Ru(h6-mes)(NH3)3

2+

607297
490362

226 1335
796258Ru(h6-bz)(NH3)3

2+

295 695
358 471

Fig. 3. Qualitative molecular orbital diagram for a Ru(h6-
arene)(L)3

2+ complex; C3v geometry assumed (after Fig. 3 in [3]). MA
and ML refer to metal-arene and metal-NH3 or M-NCCH3 bonds,
respectively, while the asterisk denotes antibonding character.ring-slipped intermediate, I. Electronically, the electron-

donating inductive effect of CH3 strengthens metal–
ring bonding and thereby increases the likelihood that
the ring-slipped arene in I will displace coordinated
solvent to regenerate the parent complex. While the
previous workers reached different conclusions regard-
ing the relative importance of these effects in determin-
ing the photoreactivity of Ru(II) sandwich complexes
containing highly methylated rings, there was general
agreement that the inductive effect dominates in cases,
such as Ru(h6-bz)2

2+ and Ru(h6-mes)2
2+, where the

arene ring bears three or fewer CH3 groups.

3.2. Spectroscopy and photochemistry of Ru(h6-
arene)L3

2+ complexes

Table 2 summarizes electronic spectral data for the
Ru(h6-arene)(L)3

2+ complexes (L is CH3CN or NH3)
examined in this study. Each complex displays four
absorption features between 225–370 nm which, by
analogy to the earlier work of Weber and Ford [3], are
assigned as spin-allowed ligand field transitions. The
changes in electron density associated with these transi-
tions can be described in terms of the qualitative molec-
ular orbital scheme depicted in Fig. 3 [3]. The
lowest-energy ligand field transition, 1A1�1E, corre-
sponds to the excitation of one electron from the filled
a1 orbital to the empty 3e* orbitals. The a1 orbital is
essentially nonbonding with respect to the Ru–L bonds
and moderately p-antibonding toward the Ru–arene
bonds, while the degenerate 3e* orbitals are s-anti-
bonding with respect to both types of metal–ligand
bonds [17]. The three higher-lying transitions, 1A1�1E,
1Al, 1A2, correlate with the 2e to 3e* one-electron

excitation. The Ru–arene interaction in the 2e molecu-
lar orbitals is weakly bonding owing to poor (d-type)
overlap, while the Ru–L interaction is approximately
nonbonding for the s-donor ligand, NH3, and p-bond-
ing for the p-donor ligand, CH3CN.

Table 3
Photosubstitution quantum yields for Ru(h6-mes)(L)3

2+ complexes in
CH3CN

FL
aFarene

aComplex

254 nm
Ru(h6-mes)(CH3CN)3

2+ 0.002490.0002 (2) 0.4790.10 (3)
0.01390.000 (3)Ru(h6-bz)(CH3CN)3

2+ 0.6090.16 (6)
0.0255 (1) 0.065 (1)Ru(h6-mes)(NH3)3

2+

Ru(h6-bz)(NH3)3
2+ 0.043 (1) 0.073 (1)

313 nm
Ru(h6-mes)(CH3CN)3

2+ 0.001190.0003 (3) 0.4290.08 (3)
0.006690.0001 (2) Not determinedRu(h6-bz)(CH3CN)3

2+

Ru(h6-mes)(NH3)3
2+ B0.002 0.04790.005 (2)

0.04390.010 (4)Ru(h6-bz)(NH3)3
2+ 0.04190.011 (4)

365 nm
0.1890.01 (2)0.0002890.00004Ru(h6-mes)(CH3CN)3

2+

(2)
0.002090.0001 (2) 0.4090.10 (6)Ru(h6-bz)(CH3CN)3

2+

0.029 (1)B0.0008Ru(h6-mes)(NH3)3
2+

0.013 (1)0.0099 (1)Ru(h6-bz)(NH3)3
2+

a Quantum yield for substitution of one arene ligand (Farene) or one
monodentate ligand (FL) by solvent. Error limits represent average
deviation from the mean for two or more runs; number of runs
indicated in parentheses. The estimated accuracy of the quantum
yields is 920–30%.
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Fig. 4. Spectral changes arising from the photolysis of Ru(h6-
bz)(NH3)3

2+ in CH3CN. Spectra were measured in a 1.0 mm path-
length cell after irradiating the sample for 0, 100, 300, 600, 1100, and
2100 s at 365 nm in a 1.0 cm pathlength cell; arrows indicate the
direction of the absorbance changes.

3.03 ppm, and additional doublets in the region from
1.9 to 2.5 ppm. All doublets possess a coupling con-
stant of 71 Hz, indicating that they arise from protons
bound to 15N. The signals at 3.03 and 5.89 ppm are
assigned to the ammine and benzene protons, respec-
tively, of Ru(h6-bz)(15NH3)2(CD3CN)2+, in agreement
with the 1:1 ratio of signal areas that persists through-
out the course of photolysis. The doublets appearing
between 1.9 and 2.5 ppm are attributable to free 15NH3

and Ru(15NH3)3(CD3CN)3
2+ (note that fac and mer

isomers are possible). Collectively, these results estab-
lish that Ru(h6-bz)(NH3)3

2+ undergoes competitive
photosubstitution of arene (Eq. 3a) and ammine (Eq.
3b) ligands by solvent. Electronic and 1H-NMR spec-
tral changes similar to those just described occur upon
photolysis of Ru(h6-mes)(NH3)3

2+ in CH3CN, indicat-
ing that this complex also undergoes arene and ammine
photosubstitution. Quantum yield data for both tri-
ammine complexes are compiled in Table 3.

Fig. 5 provides a mechanistic framework for dis-
cussing the photochemical behavior of the Ru(h6-
arene)(L)3

2+ family. Photoexcitation of a complex
(denoted by an asterisk) at wavelengths ]254 nm
populates ligand field excited states that can interact
with solvent via two pathways. In path A, the substitu-
tion of a labilized monodentate ligand by solvent yields
Ru(h6-arene)(L)2S2+. Alternatively, the cleavage of one
metal–arene bond in path B generates an intermediate,
II, containing an h4-bonded arene ring and a coordi-
nated solvent molecule. This ring-slipped intermediate
then partitions among several pathways that lead to
stable products. Sequential breaking of the remaining
metal–ring bonds in path C results in complete substi-
tution of the arene by solvent to produce Ru(L)3(S)3

2+.
Competing with this process is recoordination of the
third metal–arene bond via displacement of a
monodentate ligand. Loss of the solvent molecule in
path D regenerates the parent complex, while loss of an
L ligand in path E yields Ru(h6-arene)(L)2S2+.

Certain features of this mechanism should be noted.
First, the formation of the monosubstituted product,
Ru(h6-arene)(L)2S2+, occurs via both direct (path A)
and indirect (path B followed by path E) routes. Sec-
ond, while Ru(h6-arene)(L)3

2+ complexes undergo pho-
tosubstitution of arene much less efficiently (Table 3)
than the corresponding Ru(h6-arene)2

2+ complexes
(Table 1), Farene for both families drops upon switching
the arene from benzene to mesitylene. This parallel
response to increasing ring methylation suggests some

The thermal and photochemical reactions of Ru(h6-
bz)(CH3CN)3

2+ in CD3CN closely parallel those ob-
served for Ru(h6-mes)(CH3CN)3

2+ (Eq. 2a, b). Thermal
exchange of coordinated CH3CN with solvent occurs
for both complexes with a pseudo first-order rate con-
stant of 3.6090.07×10−5 s−1 at 2091°C. Ultraviolet
irradiation accelerates this exchange and also induces
arene deligation. Table 3 lists the quantum yields, FL

and Farene, for these photosubstitution processes as a
function of excitation wavelength.

In contrast to the thermal lability of the monodentate
ligands in Ru(h6-arene)(CH3CN)3

2+, no detectable sub-
stitution of NH3 by solvent occurs for Ru(h6-
bz)(NH3)3

2+ in CD3CN after one week at room
temperature. This robustness of coordinated NH3 is
consonant with previous work [3] that found no NH3

loss from several Ru(h6-arene)(NH3)3
2+ complexes in

acidified water over several weeks. As seen in Fig. 4,
ultraviolet irradiation of Ru(h6-bz)(NH3)3

2+ in CH3CN
results in a large increase in the short-wavelength re-
gion of the electronic spectrum, accompanied by a
much smaller bleaching of the long-wavelength bands.
Detailed identification of the photoproducts was ac-
complished by 1H-NMR spectroscopy. The spectrum of
Ru(h6-bz)(15NH3)3

2+ exhibits a singlet at 5.77 ppm at-
tributable to coordinated benzene and a doublet
(1JNH=71 Hz) centered at 2.89 ppm arising from the
ammine ligands. Ultraviolet irradiation causes the ap-
pearance of an arene singlet at 5.89 ppm, a singlet at
7.39 ppm due to free benzene, a doublet centered at
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Fig. 5. Mechanistic scheme for the photosubstitution reactions of Ru(h6-arene)(L)3
2+ complexes in CH3CN.

commonality of mechanism. One obvious similarity is
the involvement of the ring-slipped intermediates, I and
II, whose proclivities toward recoordination of the third
metal–arene bond, and thus toward smaller FL values,
should increase as more electron-donating CH3 groups
reside on the rings. Lastly, in contrast to the behavior
of Ru(h6-arene)2

2+ complexes, members of the Ru(h6-
arene)(L)3

2+ family undergo photosubstitution with
wavelength-dependent quantum yields. Moreover, as
seen in Table 4, the FL/Farene ratio increases at longer
excitation wavelengths for Ru(h6-mes)(CH3CN)3

2+,
Ru(h6-bz)(CH3CN)3

2+, and Ru(h6-mes)(NH3)3
2+. The

variability of this ratio requires the involvement of at
least two reactive excited states in the photosubstitu-
tional chemistry of these half-sandwich complexes. On
the basis of the present data, we cannot distinguish
between the case in which arene loss originates from
one state and ammine loss from another state, and the
case in which two (or more) states undergo both reac-
tions albeit with different FL/Farene ratios. Nonetheless,

it is clear from the wavelength response of the ratio that
arene release becomes relatively more important at
higher excitation energies. The wavelength insensitivity

Table 4
Ratios of the photosubstitution quantum yields for Ru(h6-
arene)(L)3

2+ complexes in CH3CN

313 nm 365 nmComplex 254 nm

FL/Farene

3809180a200960aRu(h6-mes)(CH3CN)3
2+ 710955a

46912a Not determined 200960aRu(h6-bz)(CH3CN)3
2+

\36.3\23.5Ru(h6-mes)(NH3)3
2+ 2.690.7b

1.390.3b1.090.6aRu(h6-bz)(NH3)3
2+ 1.790.5b

a Error limits calculated by propagating the errors (average deviation
from the mean) for each quantum yield.
b For those quantum yields without an average deviation from the
mean, the standard deviation of the quantum yield, determined from
the linear least-squares fit, was used to calculate the error limits in the
quantum yield ratios.
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of FL/Farene for Ru(h6-bz)(NH3)3
2+ is surprising, given

the similarity of its absorption spectrum to that of
Ru(h6-mes)(NH3)3

2+ (Table 2). While such behavior is
consistent with arene and ammine loss originating from
a single excited state, an equally plausible explanation
is that two excited states undergo both reactions with
comparable FL/Farene ratios.

We noted in the Introduction that our previous study
[2] of Ru(h6-mes)(CH3CN)3

2+ in CH3CN revealed effi-
cient photosubstitution of coordinated CH3CN by sol-
vent, whereas Weber and Ford [3] found negligible
photolabilization of NH3 from Ru(h6-bz)(NH3)3

2+ in
aqueous solution. Data collected in Table 3 can be used
to assess the importance of factors (i–iii) that were
cited as possible causes of this disparity. Changing the
arene from benzene to mesitylene (factor (i)) has rela-
tively little effect as seen from a comparison of FL

values for corresponding Ru(h6-bz)(L)3
2+ and Ru(h6-

mes)(L)3
2+ complexes. The nature of the solvent

medium (factor (iii)), on the other hand, appears to
play a more important role. Thus, Weber and Ford
reported quantum yields for ammine loss from Ru(h6-
bz)(NH3)3

2+ in aqueous solution that, depending upon
the excitation wavelength, are at least 25–150 times
smaller than those measured by us for this complex in
CH3CN. Interestingly, the quantum yields for arene
loss from the complex are quite similar in the two
studies, implying that solvent selectively affects one of
the two photosubstitution pathways.

Changing the monodentate ligand (factor (ii)) can
influence FL in ways that are best discussed by refer-
ence to the mechanism presented in Fig. 5. In the
pathway involving direct substitution of L by solvent
(path A), the extent of Ru–L bond labilization in an
excited state should be an important determinant of
photoreactivity. Exciting the 2e�3e* one-electron
transition (Fig. 3) depopulates a molecular orbital that
is p-bonding between Ru and CH3CN but essentially
nonbonding between Ru and NH3, while it populates
an orbital that is s-antibonding with respect to both
types of metal–ligand bonds. These changes in electron
density might be expected to cause greater labilization
of the Ru–NCCH3 bonds, thus accounting for the
larger FL values obtained at shorter excitation wave-
lengths for complexes containing CH3CN (Table 3).
Similar reasoning does not explain the preferential loss
of this ligand upon exciting the lower-energy a1�3e*
transition, since the a1 molecular orbital is largely non-

bonding with respect to the Ru–NH3 and Ru–NCCH3

bonds. In this case, a possible explanation takes ac-
count of the substitutional labilitity of L in intermedi-
ate II. Recall that, in Ru(h6-arene)(L)3

2+ complexes,
CH3CN undergoes thermal substitution by solvent
much more rapidly than NH3. Accordingly, we might
expect that displacement of L via recoordination of the
third metal–arene bond (path E) would be more facile,
and thereby yield higher FL values, when L=CH3CN.
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