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Abstract

The solution photochemistry of C—H bond activating CpRh(CO),, Cp * Rh(CO), and (HBPz; )Rh(CO), complexes (Cp = 7°-C<Hs;
Cp*™ = 1°-CsMes; HBPz; = tris(3,5-dimethylpyrazolylborate) has been investigated at several excitation wavelengths. Quantitative
photochemical measurements have been obtained for ligand photosubstitution and intermolecular Si~H/C~H bond activation reactions
through a determination of absolute quantum efficiencies. In each complex the results reveal that the photochemistry is extremely
wavelength dependent and two low lying ligand field (LF) excited states are implicated in the mechanism. Population of the upper energy
LF excited state leads to effective CO dissociation and subsequent Si-H/ C—H bond activation, whereas excitation into the lower energy
LF excited state results in inefficient photochemistry. These experimental observations are related to the electronic absorption
characteristics of the molecules and are interpreted on a photophysical scheme involving excited states with quite distinct photochemical

reactivities.
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1. Introduction

Considerable attention has been paid in recent years
to studying the special reactivity of C—H bond activat-
ing systems and the ability of transition-metal com-
plexes to insert into saturated carbon centers under
relatively mild homogeneous conditions [1]. Among
organometallic systems there has been much interest in
the photochemistry of CpML, and Cp*ML, (Cp = 5°-
CHy; Cp® = n°-CsMe,; M =R, Ir; L =CO, C,H,,
PR;) as these complexes yield oxidative addition prod-
ucts from the intermolecular C~H bond activation of
hydrocarbon bonds upon light irradiation [2,3]. Re-
cently, the photochemically-induced C-H activation of
the analogous (HBPz; )Rh(CO), (Pz* = 3,5-dimethyl-
pyrazolyl) complex has also been reported [4].

Several experimental approaches have been taken in
an effort to learn about the photochemical reactivity in
these types of molecules and to characterize the primary
photoproducts and other key reaction intermediates in-
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volved in the mechanism. For instance, in the case of
the above cyclopentadienyl rhodium and irridium com-
plexes steady-state photolyses [5], time-resolved spec-
troscopic techniques [6], matrix isolation studies [7], gas
phase experiments [8], and low-temperature measure-
ments in liquefied noble gas solvents [9] have all been
employed in efforts to identify the reaction intermedi-
ates. The results clearly establish that the CpM(CO) and
Cp"M(CO) (M =Rh, Ir) monocarbonyl complexes,
which are formally 16e~ species, are initially produced
and are responsible for the intermolecular C—H bond
activation, although it should be recognized that these
intermediates are extremely short-lived and not ob-
served directly in solution. Indeed, under such condi-
tions these monocarbonyl complexes are only detected
spectroscopically as solvated adducts, CpM(CO) - - - S
and Cp*M(CO) - - - S (S = solvent molecule, such as
alkane or liquefied noble gas), before undergoing rapid
C-H activation [4-8]. Similarly, in recent studies of the
solution photochemistry of (HBPz; )Rh(CO), (HBPz;
= tris(3,5-dimethylpyrazolyDborate) it has been sug-
gested that the mechanism of this efficient C-H bond
activator also involves rapid CO dissociation from the
metal center [10].
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Despite the better understanding reached concerning
the intermediates in these photochemically-induced C-H
activation reactions, it is apparent that much less is
known about the influence of the molecule’s photophys-
ical pathways. These initial photochemical events are
significant because it is these routes that lead to the
primary photoproducts and ultimately influence the re-
action mechanism for C-H activation and its efficiency.
In this paper we provide additional data pertaining to
the solution photochemistry of the C—H bond activating
CpRh(CO),, Cp* Rh(CO), and (HBPz; )Rh(CO), sys-
tems following our earlier reports [5,10]. In particular
we are now able to draw attention to a number of
common photophysical features that exist in these highly
reactive molecules.

2. Experimental
2.1. Syntheses

The CpM(CO), (M = Rh, Ir) complexes were pre-
pared according to literature methods [12], except for
Cp " Rh(CO),, which was purchased from Strem Chem-
icals. IR, CpRh(CO), in decalin: »(CO) 2046, 1982
cm™' (lit. [12a] as a liquid, 2051, 1987 cm™'). The
(HBPz; )Rh(CO), complex was prepared via reaction
of chlorodicarbonylrhodium(I) dimer with potassium
hydrotris(3,5-dimethylpyrazolyl)borate according to a
procedure described by Ghosh [4b]. IR, (HBPz;)-
Rh(CO), in n-pentane: »(CO) 2054, 1980 cm™' (lit.
[4b] in n-hexane, 2054, 1981 cm™").

2.2. Equipment and procedures

UV-visible and FTIR spectra were recorded on
Hewlett-Packard Model 8450A diode-array and Nicolet
Model 20SXC spectrometers, respectively. Emission
spectra were recorded on a SLM Instruments Model
8000/ 8000S dual monochromator spectrometer, which
incorporates a red-sensitive Hamamatsu R928 photo-
multiplier tube and photon-counting facilities. Samples
were maintained at 77 K as solids or EPA glassy
solutions with an Oxford Instruments DN1704K vari-
able temperature liquid-N,-cooled cryostat fitted with
synthetic sapphire inner windows and quartz outer win-
dows.

In all photolysis experiments the solution tempera-
tures were controlled to +0.1 K between 268 and 293
K by circulating a thermostatted ethylene glycol + water
mixture through a jacketed cell holder. Solutions were
stringently filtered through 0.22 um Millipore filters
and deoxygenated by purging with prepurified nitrogen
gas for 15 min prior to irradiation. Solutions saturated
with CO were obtained by initially bubbling CO gas
through the solution for 30 min and then stirring the

solution for a further 30 min under a sealed CO atmo-
sphere. During photolysis the solutions were rapidly
stirred to ensure sample homogeneity and a uniform
optical density in the light path. UV-visible and FTIR
spectra were obtained from solutions at regular intervals
throughout irradiation; resultant quantum efficiency val-
ues were determined in triplicate and were found to be
reproducible to within +5% in all cases. The photo-
chemical substitution measurements involving the phos-
phine and phosphite ligands were performed at 268 K to
minimize the effects of competing thermal reactions.
Ligand substitution reactions were also measured in the
dark to assess the extent of thermal processes and the
reported quantum efficiency values are corrected for
this contribution (typically 4-8% under our experimen-
tal conditions).

A Lexel Corp. Model 95-4 4 W argon-ion laser was
used to perform the visible photolyses at 458 nm; the
incident laser light intensity was calibrated by means of
a Lexel Corp. Model 504 external power meter. Typi-
cally laser powers of 100-200 mW (2.3-4.6 X 1073
einstein min~') were employed for irradiation of
CpRh(CO),, although results were also obtained with
reduced laser light powers of between 30 and 75 mW
and the determined quantum efficiency values were not
changed. For the 458 nm excitations of (HBPz;)-
Rh(CO), the typical incident laser power used was 20
mW (4.6 X 10 einstein min~'). Samples were irradi-
ated with UV light from an Ealing Corp. medium-pres-
sure 200 W mercury arc lamp and housing apparatus set
on an optical rail, and 10 nm bandpass interference
filters (Ealing Corp.) were used to isolate the excitation
wavelength. The incident light intensities were deter-
mined by ferrioxalate and Aberchrome 540 actinometry
[13], and were typically in the range of 5.2—11.3 X 10~

einstein min~'.

3. Results and discussion

3.1. Electronic absorption spectra

UV-visible data were recorded for the CpM(CO),,
Cp*M(CO), and (HBPz;)Rh(CO), complexes in
room-temperature alkane solvent (see Table 1). In each

Table 1
Lowest lying electronic absorption bands of CpM(CO),, Cp * M(CO),
and (HBPz; )Rh(CO), complexes in decalin at 298 K

Complex Apmay (nM) eM'em™!)
CpRI(CO), 425 (sh) 78
Cp* Rh(CO), 505 152
CpIr(CO), 355 (sh) 144
Cp* IKCO), 380 (sh) 67
(HBPz; )Rh(CO), * 356 2100

? Recorded in n-pentane.
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case the lowest lying electronic transition appears as a
weak band (or a shoulder) in the near-UV or visible
regions; the lowest energy absorption band of (HBPz;)
Rh(CO), is significantly more intense. These lowest
lying absorptions are believed to be ligand field (LF)
transitions because the molar absorptivities are so low
and their energy positions are consistent with the ligand
field strengths of these d® metals (the analogous
CpCo(CO), complex is red) [14]. Furthermore, the en-
ergy position of each of these lowest energy absorption
bands shows relatively little solvent dependence, in
accordance with the LF assignment [14,15].

While these lowest lying transitions are of particular
significance with respect to the photochemistry, higher
energy absorption bands are also observed for each of
these complexes in the UV region: e.g., CpRh(CO), in
decalin, 286 nm (&= 3820 M~!' cm™") [5¢],
Cp*1{CO), in n-hexane, 220 nm (&= 13000 M~!
¢m™ ') [4a] and (HBPz; )Rh(CO), in n-hexane, 221 nm
(e=17600 M~" cm™') [4a]. In the latter two com-
plexes these transitions are comparatively much more
intense than their lowest energy features and almost
certainly reflect charge transfer characteristics [14,15].

Finally, it should be noted that the extremely low
molar absorptivity of the lowest energy bands in the Cp
and Cp* complexes (see Table 1) implies that these
iransitions may have considerably more triplet charac-
ter. In contrast, the more intense lowest lying absorption
of (HBPz; )Rh(CO), is consistent with a singlet ('LF)
band, suggesting that the corresponding triplet feature is
unresolved (this point is further discussed below). In-
deed, most *LF bands of organometallic complexes are
oo weak to be observed directly and are usually buried
under overlapping charge transfer absorptions [14], but
« few examples where they have been identified are
W(CO)4(pip) (pip = pigeridine), 'LF is at 407 nm (&=
1960 M~! cm™') and "LF is at 443 nm (&= 560 M ™!
¢m~ ") [16), and W(CO),en (en = ethylenediamine), ' LF
s at 397 nm (&= 1400 M~ cm~") and °LF is at 450
am (¢=400 M~" cm™') [17]. It ought to be stated,
however, that the use of the spin multiplicity terms
“singlet’” and ‘‘triplet’” for these heavy-atom excited
states is not strictly appropriate because of the large
¢xtent of spin-orbit coupling in these molecules [18].
Consequently, these excited states should be regarded as
heing heavily mixed in terms of their spin designations.

3.2. Luminescence observations

Emission measurements were carried out at 77 K
from CpRh(CO),, Cp* Rh(CO), and (HBPz; )Rh(CO),
in EPA glassy solutions and as solids. Spectra were
recorded between 350 and 700 nm on a photon-counting
tuminescence spectrophotometer and no luminescence
features were observed from any of the complexes
following excitation into their lowest energy absorption

bands. This result is concordant with extremely rapid
nonradiative decay from the lowest energy excited states
in these molecules and hence the LF assignments [18].

3.3. Photochemical reactivity

The solution photochemistry of CpRh(CO), and
Cp” Rh(CO), has recently been investigated in consid-
erable detail [5b,c] and the C—H bond activation reac-
tion is understood to take place via an initial CO
dissociation step (Eq. (1)). However, the photoproduct
is found to be unstable over the period of light irradia-
tion. Previously it has been shown in flash photolysis

CpRh(CO), =% CpRh(CO)

lRH
CpRh(CO)(R)H (1)

measurements that CpRh(CO)XR)H undergoes reductive
elimination (k > 3 X 10® s™') to form bridged
[CpRh( u-CO)],, and subsequently more slowly to
Cp,Rh,(CO), [6b]. As noted above, the CpRh(CO)
monocarbonyl complex is highly unstable and rapidly
forms a solvent adduct, CpRh(CO) - - - S, before yield-
ing photoproduct [5-9]. Consequently, in order to study
the photochemistry quantitatively an entering ligand
must be added in excess concentration; we have chosen
to use phosphine and phosphite (PR ) nucleophiles, or
triethylsilane (Et,SiH), each of which is known to
effectively scavenge the monocarbonyl intermediate (see
Egs. (2) and (3)) [5¢c].

PR, _»CpRH(CO)PR, )]

hv, -CO
—_—

CpRh(CO), CpRh(CO)

BuSIH ™ CpRh(COXSIEL,) (€))

UV-visible absorption spectral changes observed ac-
companying the 313 nm photolysis of 2.5 X 1073 M
CpRh(CO), in decalin containing 0.05 M P("Bu), at
268 K are depicted in Fig. 1. During the course of the
light excitation these spectra reveal a slight absorption
increase. The data were recorded at 10 min irradiation
time intervals and are typical of those observed for the
ligand photosubstitution reaction (Eq. (2)). FTIR spectra
were simultaneously obtained and they indicate a de-
cline of the reactant’s v(CO) bands centered at 2046
and 1982 cm™' with a concurrent increase of a new
v(CO) feature at 1940 cm™', representative of the
monocarbonyl CpRh(CO)P("Bu), photoproduct (lit. [5c]
in n-pentane, 1943 cm™!). These FTIR spectra are also
analogous to those observed for this ligand photosubsti-
tution reaction as described previously [5c]. Importantly,
the observed spectral changes illustrate that there is a
smooth conversion of reactant to product in a photo-
chemical process that is uncomplicated by side or sub-
sequent reactions.
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Fig. 1. UV-visible absorption spectra accompanying the 313 nm
photolysis of 2.5x10™* M CpRh(CQ), in deoxygenated decalin
containing 0.05 M P("Bu), at 268 K. Initial spectrum was observed
prior to irradiation; subsequent spectra were recorded following 10
min time intervals.

For (HBPz;)Rh(CO), it is determined that the
light-induced C-H bond activation (Eq. (4)) can be
directly monitored spectroscopically without any inter-
ference in the photochemical transformation [10]. Again,
the photochemistry is understood to proceed via a
monocarbonyl intermediate which is solvated rapidly

(HBPz; )Rh(CO), 2% (HBPz; )Rh(CO)

lRH

(HBPz; )Rh(CO)(R)H
(4)
after the initial CO extrusion; however, in this case it is
found that the photoproduct is stable in solution.
UV-visible absorption spectral changes accompany-

ing the 366 nm photolysis of 3.5 X 10°* M (HBPz;)
Rh(CO), in n-heptane at 293 K are shown in Fig. 2.
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Fig. 2. UV-visible absorption spectra accompanying the 366 nm
photolysis of 3.5X10”* M (HBPz; )Rh(CO), in deoxygenated n-
heptane at 293 K. Initial spectrum was observed prior to irradiation;
subsequent spectra were recorded following 45 s time intervals.
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Fig. 3. FTIR absorption spectra accompanying the 366 nm photolysis

of 3.5%107* M (HBPz; )Rh(CO), in deoxygenated n-heptane at

293 K. Initial spectrum was observed prior to irradiation; subsequent

spectra were recorded following 45 s time intervals.

These spectra were obtained at 45 s irradiation time
intervals and are representative of the intermolecular
C-H bond activation reaction in hydrocarbon media
[4,10b]. Throughout this reaction the spectra display a
decreasing absorption. FTIR spectra were recorded si-
multaneously during this C—H bond activation process
and are shown in Fig. 3; these illustrate a decline in the
reactant’s »(CO) bands centered at 2054 and 1980
cm™', with a concurrent growth of a new »(CO) feature
at 2028 cm~' representing the monocarbonyl hydrido
(HBPz; )Rh(COXC,H,)H product [4,10b,19]. The
photochemistry here is once again clean and complete
conversion can be achieved to the oxidative addition
product without interference from secondary photoreac-
tions [10b].

3.4. Photochemical quantum efficiencies

Absolute quantum efficiencies (¢, ) have been ob-
tained at several different excitation wavelengths for the
above photosubstitution and Si—-H/ C-H activation pro-
cesses (Egs. (2)—(4)). The ¢, values were in each case
determined by monitoring the decline of the reactant’s
electronic absorption and infrared »(CO) bands (over at
least 80% of reaction) and application of Eq. (5).

~dCpr/dt= ¢, 1,(1 —107°) £,bC,/D (5)

Here, Cy is the concentration of the reactant complex
at varying photolysis times ¢, I, is the incident light
intensity per unit solution volume, b is the cell path-
length, and D and & are the optical density of the
solution and molar absorptivity of the reactant complex
at the irradiation wavelength, respectively. It should be
noted that D is the total optical density of the solution
and represents both of the absorbing species; the factor
€xbCqr /D is the fraction of the absorbed light that is
absorbed by the reactant complex in the solution mix-
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wre. Plots of In[(A, — A,)/ (A, ~ A)] versus [ [(1 -
107P?)/D]dt, where A,, A, and A, are the infrared
absorbance values of the reactant’s »(CO) bands
throughout photolysis, were observed to yield straight
lines of slope « to reaction completion, with a=
— ¢, I, exb. The plots revealed linearity when A, =0
and yielded coincident « values following kinetic anal-
ysis at either of the reactant’s »(CO) bands. Addition-
ally, a results obtained in each case on monitoring the
increasing v(CO) absorbance of the photoproduct give
the same value. These kinetic observations confirm the
stoichiometric nature of the photochemical conversions.

Under the photochemical reaction conditions em-
ployed the obtained ¢ values represent the efficiency
of dissociation from the excited states to form the
monocarbonyl intermediate [5c,10b). Subsequently, this
species is scavenged by the excess ligand to form the
photoproduct quantitatively. Quantum efficiencies for
Si—H bond activation were recorded on photolysis of
the CpRh(CO), and Cp*Rh(CO), complexes with
varying concentrations of Et,SiH (see Table 2). The
results illustrate that there is a negligible dependence on
Et,SiH concentration and are entirely consistent with a
dissociative mechanism involving CO extrusion as the
initial photochemical step and then rapid reaction with
the excess concentration of scavenging ligand, as dis-
cussed previously [5c]. Lower values of ¢, are noted
for Cp"Rh(CO)z; this observation has been discussed
previously and is believed to be a consequence of the
increased number of nonradiative relaxation pathways
in the Cp* ligand [5c].

The effects of changing the excitation wavelength are
also shown in Table 2, which reports the efficiency of
Si-H bond activation following irradiation of
CpRh(CO), at two different wavelengths. The results

Table 2

Absolute photochemical quantum efficiencies (¢,) for the inter-
molecular Si-H bond activation reaction of CpRh(CO), and
Cp* Rh(CO), in decalin at 293 K

Complex Excitation Et,SiH b ?
wavelength concentration
(nm) o)
CpRh(CO), 313 0.05 0.15
0.10 0.17
0.20 0.19
0.30 0.20
458 0.05 0.0023
0.10 0.0024
0.20 0.0026
0.30 0.0025
Cp" Rh(CO), 458 0.05 0.00010
0.10 0.00011
0.20 0.00013
0.30 0.00012

* Values were determined in triplicate and found to be reproducible
o +5%.

Table 3

Absolute photochemical quantum efficiencies (., ) for the photosub-
stitution and intermolecular C-H bond activation reactions of
CpRh(CO), in decalin at 268 K and (HBPz; )Rh(CO), in n-heptane
and n-pentane at 293 K

Complex Entering Excitation ¢ "
ligand * wavelength
(nm)
CpRK(CO), PMe, 313 0.25
458 0.0052
PEt, 313 0.18
458 0.0043
P("Bu), 313 0.22
458 0.0031
P(O-Me), 313 0.17
458 0.0040
P(O-"Bu), 313 0.16
458 0.0060
(HBPz; )Rh(CO), C,H ¢ 366 0.31
458 0.010
CH), 313 0.34
366 0.32
405 0.15
458 0.011

* Phosphine and phosphite concentrations were 0.05 M for each
reaction; the hydrocarbons CH,, and C,H,, were neat solvents at
8.7 and 6.8 M, respectively.

" Values were determined in triplicate and found to be reproducible
to +5%.

clearly demonstrate that excitation at 313 nm leads to
substantially higher ¢, values than excitation at 458
nm. This unequivocally demonstrates that the higher
energy excited state of CpRh(CO), is able to undergo
much more facile CO dissociation than the lower energy
excited state, which is almost unreactive. Similar con-
clusions can be drawn on the basis of the quantum
efficiencies for ligand photosubstitution of CpRh(CO),
and the intermolecular C-H bond activation reaction of
(HBPz; )Rh(CO), (see Table 3). In each case UV exci-
tations (313~366 nm) are much more effective at form-
ing) photoproducts than visible irradiations (405-458
nm),

As noted above, the upper energy LF excited state is
understood to react rapidly to form a monocarbonyl
intermediate; indeed, CO extrusions following UV exci-
tation are commonly observed from metal carbonyl
complexes [14,18). In sharp contrast, however, the lower
energy LF state in each of the CpRh(CO), and
(HBPz; )Rh(CO), complexes is apparently unable to
effectively form photoproduct. This latter finding is
consistent with previous observations and it has been
suggested that a ligand rearrangement mechanism oc-
curs from the lowest excited states in each of these
complexes. For CpRh(CO), and Cp* Rh(CO), the cy-
clopentadienyl ring is postulated to undergo an effective
ring slippage (n°-n) mechanism [Sc], whereas in
(HBPz; )Rh(CO), a facile ligand dechelation (5°-7?)
process has been invoked [10b]. Such mechanisms
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Fig. 4. Photophysical description of the lowest-lying energy levels of (a) CpRK(CO), and (b) (HBPz; JRh(CO), complexes.

clearly influence the quantum efficiencies but are incon-
sequential with respect to the overall photochemistry, as
these ligand rearrangement reactions return the interme-
diates to starting materials. It should also be noted that
quantum efficiencies at any of the excitation wave-
lengths were found to be unaffected when the solutions
were previously saturated with CO gas (ca. 9 X 1073
M). This result is consistent with an extremely rapid
and quantitative reaction of the photoproduced mono-
carbonyl complex with scavenging ligands or the hydro-
carbon substrate.

In summary, the ¢, data obtained clearly portray
that the photophysical and photochemical properties of
the upper LF excited state are quite distinct from those
of the lower LF excited level (see Fig. 4). In the case of
CpRh(CO), excitation into the weak ’LF absorption
band at 425 nm results in inefficient photosubstitution
and Si-H bond activation reactions [¢, (458)=
0.0023-0.006], whereas irradiation into the upper LF
absorption band at 286 nm leads to efficient photochem-
istry [¢, (313) =0.15-0.25]. Similar photophysical
characteristics are also observed for (HBPz; )Rh(CO),,
with inefficient C—H bond activation taking place on
photolysis into the tail of the absorption envelope that
comprises the lower LF state [ ¢, (458) = 0.01], whereas
excitation into the upper LF absorption band at 356 nm
results in effective photochemistry [¢, (366 nm) =
0.32]. Obviously, the lowest energy LF excited states in
each of the CpRh(CO), and (HBPz; )Rh(CO), com-
plexes are behaving very differently from both a quanti-
tative and a qualitative photochemical viewpoint. In
either case, the LF excitation will result in the popula-
tion of higher lying o " orbitals, leading to rapid
cleavage of M—~CO, M-Cp and M-Pz" bonds. Differ-
ent metal do " orbitals are apparently produced be-
cause the photochemical reactivities are so divergent.
These and other photophysical aspects of these C-H

bond activating molecules are currently being further
investigated.

4. Conclusions

The solution photochemistry of CpRh(CO),,
Cp*Rh(CO), and (HBPz; )Rh(CO), has been investi-
gated both qualitatively and quantitatively at several
excitation wavelengths and several parallel observations
have been made. In each complex there is a strong
wavelength-dependent photochemistry and two highly
reactive LF electronically excited states are invoked to
explain the ligand photosubstitution and intermolecular
Si-H/C-H bond activation processes. The lower en-
ergy excited LF state is populated on visible excitation
(458 nm) and is virtually unreactive towards Si—-H /C—
H bonds; reaction intermediates are implicated that
originate from ligand rearrangements involving ring
slippage and dechelation mechanisms. Contrastingly,
the upper energy excited LF level is populated on UV
excitation (313-366 nm) and is highly reactive in hy-
drocarbon solvents; it is implied that the primary photo-
products are monocarbonyl complexes which are able to
undergo efficient intermolecular Si-H and C—~H bond
activation processes. '
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