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Abstract

The photophysical and photochemical properties of the C—H activating (n°-C4H 5)Rh(CO),, (15-CsMeg)Rh(CO),, (n5-C5H)IN(CO),
and (HBPz;)Rh(CO), (Pz* = 3,5-dimethylpyrazolyl) complexes in room-temperature hydrocarbon solutions are compared and con-
trasted. Recent quantitative measurements of the solution photochemistry and kinetic analyses of the reaction pathways are discussed. The
data reveal that the C—H and Si—H activation reactions occur via similar photochemical routes, whereas the ligand photosubstitution
reaction proceeds by a different pathway. Several key mechanistic features of the light-induced intermolecular C—H bond activation

process are identified. © 1998 Elsevier Science S.A.
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1. Introduction

Saturated hydrocarbons, in the form of akanes and
alkyl groups, constitute a substantial fraction of natural
carbon materials and so it is really not surprising that
C—-H bonds are among the strongest and most inert of
single bonds. Consequently, it is a magjor challenge to
chemists to ‘“*activate’” these normally unreactive C—H
bonds and to convert them to organic functional groups
that are more useful.

Alkanes are not entirely inert, of course, and it is
well recognized that they undergo many different reac-
tions involving free-radical intermediates in both solu-
tion and gas phases. Significantly, though, these pro-
cesses are generaly not that useful for two reasons. The
first, is that the cleavage of different types of C—H
bonds (primary, secondary and tertiary) is usually rather
unselective. The second is that alkane reactivity rarely
leads to more useful functionalized compounds, as the
products themselves are prone to undergo further reac-
tion (e.g., oxidation of methane to methanol which is
very inefficient because of further decomposition to
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carbon dioxide and water). Thus, at the heart of C—H
activation research is a need to comprehend the key
features of the reactivity and not simply to discover new
systems. If such an understanding can be obtained then
it may be feasible to develop new reagents and/or
catalysts that have the capability to selectively trans-
form molecules containing saturated C—H bonds into
more reactive materials.

The most progress in this area has been made using
organometallic complexes as reagents in oxidative addi-
tion processes involving hydrocarbon substrates [1]. For
instance, there has been considerable attention paid to
the photochemical reactivity of CpML, and Cp* ML,
(M =Rh, Ir; Cp=n°>C;H,, Cp* =7°*C;Me;; L=
CO, PR;, olefin) following the discovery that these
types of molecules can activate C—H bonds of akane
solvents on UV irradiation [2]. Following early mecha
nistic studies of these systems in which competitive
relative rates of C—H bond activation were established
[2,3], a variety of photochemical methods have been
used to investigate these important reactions. These
have involved: matrix isolation [4], laser-flash photoly-
sis (including ultrafast spectroscopy) [5], solvation in
liquefied noble gases [6], and quantum efficiency deter-
mination [7]. Recently, the photochemistry of the analo-
gous (HBPz;)Rh(CO), (HBPz* = 3,5-
dimethylpyrazolyl) complex (see below) has aso been
investigated [8], since it was found that this molecule
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activates hydrocarbons, including methane, in daylight

[9].
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A good understanding has now been achieved con-
cerning the photochemical mechanisms in severa of
these d® organometallic complexes. Indeed, spectro-
scopic measurements on CpML, and Cp* ML, have
convincingly demonstrated that the primary photo-
product is a coordinatively-unsaturated 16-electron
species (CpML or Cp* ML) which is extremely reactive
and rapidly forms a solvent adduct complex (CpML ...S
or Cp*ML...S) in even weakly coordinating solvent
(9), before undergoing C—H bond activation [4-7].
Furthermore, the rates of C—H activation of alkane to
Cp* Rh(CO)X (X =Kr, Xe) in liquefied rare gas solu-
tions at low temperature [10] and to CpRh(CO) in the
vapor phase [11] have now been determined and these
processes are also rapid.

In recent years we have reported spectroscopic data
and quantum efficiency values for photosubstitution and
intermolecular C—H /Si—H activation reactions involv-
ing CpRh(CO),, Cp*Rh(CO),, Cplr(CO), and
(HBPz;)Rh(CO), in various room-temperature solu-
tions [7,8]. This approach has made it possible to not
only obtain the quantitative data for these light-induced
conversions but also to €lucidate a number of key
features of the photophysical and photochemical proper-
ties leading to C—H activation of alkanes in solution.
The purpose of this review is to illustrate the current
progress made in understanding the quantitative photo-
chemistry of these systems and to provide a comparison
of the behavior of the cyclopentadienyl and tris(pyrazo-
lyl)borate complexes. Particular attention is drawn to a
number of common elements in the photophysical and
photochemical mechanisms involved in the C—H activa
tion process.

2. Photochemical reactivity

The photochemistry of CpRh(CO), in room-tempera-
ture alkane (RH) following either UV or visible photol-
ysis is characterized by a slow decomposition reaction
and formation of a rather insoluble red carbonyl-bridged
trans-Cp,Rh,(CO), complex [5b, 7b]. However, the
alkyl hydrido complex, CoRh(CO)(R)H, has been iden-
tified as a reaction intermediate via flash photolysis

measurements; in the absence of a scavenging ligand
this species has a lifetime on the order of milliseconds
and it subsequently undergoes reductive elimination to
form [CpRh( u-CO)], and then more slowly to the
above binuclear complex [5b]. Under these solution
conditions the primary photoproduct (formally a 16-
electron CpRh(CO) species) is rapidly solvated prior to
the C-H activation reaction [4-7]. Consequently, the
photoreactivity of CpRh(CO), in hydrocarbon solution
can be represented by an initial CO dissociation step
followed by rapid solvation and then competing C—H
activation and binucleation processes (see Egs. (1) and

(2)).

CPRUCOY ==C0 o CpRICO) =——> CPRUCOXRH (1
co

CpRH(CO)

CO
[CPRAG-CO), 2 trans-CpRico) (D)

Although the photoproduced C—H activated akyl
hydrido CpRh(CO)(R)H derivatives are unstable it has
been shown that it is possible to stabilize monocarbonyl
photoproducts with the addition of an excess concentra
tion of entering ligand [7]. Phosphine and phosphite
ligands have been found to be excellent scavenging
ligands for the solvated monocarbonyl intermediate,
forming stable CpRh(CO)PR; and Cp*Rh(CO)PR,
complexes. Similarly, triethylsilane has been found to
be effective at scavenging the monocarbonyl complex,
forming a stable silyl hydrido CpRh(COXSIEt)H
derivative that is analogous to the C—H activated prod-
uct (see Egs. (3), (4) and (5)).

CpRhCO)PR; (3)
PR3

CoRH(COY, =2 2=C% > CORICO) ——> CPRICOYRH (4)

co
—.

CpRU(CO)SiER)H (5)

In the presence of these added scavenging ligands the
solution photoreactions are exceptionally clean [7b].
Indeed, spectra recorded during the course of these
reactions reveal that essentially complete conversions
can be achieved without interference from secondary
photoreactions or thermal processes. Examples of such
spectra are shown in Figs. 1 and 2 which depict UV—
visible and FTIR data acquired during laser photolysis
a 458 nm of CpRh(CO), in deoxygenated decalin
solution containing excess PPh,. The photochemical
reaction proceeds cleanly, forming the CpRh(CO)PPh,
photoproduct (»(CO) = 1954 cm™1!) with the retention
of isobestic points throughout the irradiation. Similarly,
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Fig. 1. UV-visible absorption spectral changes accompanying the 458-nm photolysis of CpRh(CO), in deoxygenated decalin solution containing
0.05 M PPh, at 283 K. Spectra are depicted following irradiation intervals of 1h; initial spectrum recorded prior to irradiation. Data taken from

Ref. [7b].

in triethylsilane solutions the reaction is able to proceed
without complication (see Figs. 3 and 4), forming the
corresponding CpRh(CO)(SiEt;)H complex (»(CO) =
2009 cm™1) in almost complete conversion.

The (HBPz; )Rh(CO), complex provides a most in-
teresting contrast because the UV or visible photochem-
istry in room-temperature alkane (RH) is clean without
the need to add a scavenging ligand [8]. Here, the
photochemical reaction in hydrocarbon solution in-
volves complete conversion to the corresponding alkyl
hydrido photoproduct, (HBPz; )Rh(CO)(R)H, which is
itself stable under the photolysis conditions. Once again
the initial CO extrusion has been shown to be extremely
fast, forming a monocarbonyl fragment which is sol-
vated within 10 ps [12]. Consequently, the photochem-
istry of (HBPz;)Rh(CO), in hydrocarbon solution is
represented by rapid CO dissociation and solvation
followed by the C—H bond activation step (see Eq. (6)).

(HBPz3 JRh(CO), "=~ (HBPz; )Rh(CO)
CO

— (HBPz; )Rh(CO)(R)H  (6)

Spectra obtained during the course of the photolysis
of (HBPz;)Rh(CO), illustrate the exceptionaly clean
C—-H activation process taking place in alkane solution.
Representative UV —visible and FTIR spectra are de-
picted in Fig. 5; these were recorded during the 366-nm
irradiation of (HBPz;)Rh(CO), in deoxygenated n-
pentane solution at room temperature. The C-H activa
tion reaction proceeds completely, forming the
(HBPz; )Rh(CO)C:H,)H photoproduct (»(CO) =
2029 cm™!) with the retention of isosbestic points

throughout the irradiation. Similar spectroscopic obser-
vations have been made in other hydrocarbons, includ-
ing several arene solvents [8c].

The C—H activation photochemistry of CpIr(CO), in
solution takes place with some of the features of both
the above CpRh(CO), and (HBPz; )Rh(CO), systems
[7b,el. In the absence of an added scavenging ligand,
UV photolysis of the parent dicarbonyl complex in
hydrocarbon solution results in conversion to the corre-
sponding alkyl hydrido complex (see Eq. (7)), again via
the solvated monocarbonyl species [4-7]. The
CpIr(CO)R)H photoproduct is somewhat more stable

.66 .88 .10

ABSORBANCE
Wi

.22

.00

2076 2056 2036 2016 1 3 5 g 316
Wavenumber, cm’

Fig. 2. FTIR absorption spectra changes accompanying the 458-nm
photolysis of CpRh(CO), in deoxygenated decalin solution contain-
ing 0.05 M PPh; at 283 K. Spectra are depicted following irradiation
intervals of 1h; initia spectrum recorded prior to irradiation. Data
taken from Ref. [7b].
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Fig. 3. UV-visible absorption spectral changes accompanying the 458-nm photolysis of CpRh(CO), in deoxygenated decalin solution containing
0.1 M Et,SiH at 298 K. Spectra are depicted following irradiation intervals of 30 min; initial spectrum recorded prior to irradiation. Data taken
from Ref. [7b].

than the corresponding rhodium complex, but it is itself although once again there are competing products in the
light sensitive and readily decomposes (see Eq. (8)) [7f]. case of the iridium complex. Importantly, though, the
studies of Cplr(CO)C,H,) provide supporting evi-
CpIHCOY, 2228 CpIHCO) - »CPIKCOYRH @)
hv
1.2
decomposition products (8)
3]
It should also be noted that the same C—H activation Z
products can be reached by irradiation of substituted Q osf
derivatives of CpM(CO),. Photolysis of 3
CpRh(CO)(C,H,) [4c,e] and Cplr(CO)XC,H,) [4g] of- 2
fer the advantage of higher photochemical conversions,
oL 1 1 1 ]
300 400 500 600
o ‘ Wavelength, nm
0.24
® I | b
3 4 b
2 z g
o
Ie) - a o.12f
2" 5 |
< [}
o
N <
[=} o \ y - 0 AM-—-J Miatinn
2t 1598 1378 1938 1838 1818 2100 2050 2000 1950
Wavenumber, cm™? Wavenumber, cm”
Fig. 4. FTIR absorption spectra changes accompanying the 458-nm Fig. 5. (@ UV-visible and (b) FTIR absorption spectral changes
photolysis of CpRh(CO), in deoxygenated decalin solution contain- accompanying the 366-nm photolysis of (HBPz; )Rh(CO), in deoxy-
ing 0.1 M Et,;SiH at 298 K. Spectra are depicted following irradia- genated n-pentane at 293 K. Spectra are depicted following 45 s
tion intervals of 30 min; initial spectrum recorded prior to irradiation. irradiation time intervals; initial spectra recorded prior to irradiation.

Data taken from Ref. [7b]. Data taken from Ref. [8b].
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dence for a dissociative pathway in the intermolecular
C—H bond activation mechanism.

3. Quantum efficiencies

Both the photochemistry of the cyclopentadienyl and
tris(pyrazolyl)borate systems have been investigated
quantitatively with the determination of absolute photo-
chemical quantum efficiencies at excitation wavelengths
between 313 and 458 nm [7b, 8]. In the case of the
CpRh(CO), and Cp* Rh(CO), complexes the photo-
chemical reaction quantum efficiencies (¢, ) have been
measured as a function of the entering ligand concentra:
tion for both the PR, photosubstitution and Si—H bond
activation reactions (Egs. (3) and (5)). These ¢, results
are shown in Figs. 6 and 7. In the case of
(HBPz; )Rh(CO), the absolute quantum efficiencies for
C—H bond activation (¢¢,) have been determined di-
rectly from the photochemical reactions in the hydrocar-
bon solutions (Eq. (6)). Table 1 summarizes ¢, data
obtained for (HBPz; )Rh(CO), in several akane and
arene solvents.

It can be seen that the quantum efficiencies for each
of the complexes are strongly dependent on the exciting
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Fig. 6. Plots of photochemical quantum efficiencies (¢ ) versus
entering ligand (L) concentration for the reactions of (a) CpRh(CO),
and (b) Cp* Rh(CO), with PPh; and Et;SiH. Excitation wavelength
is 458 nm. Reaction with PPh; involves ligand substitution (Eg. (3))
and reaction with Et;SiH involves Si—H bond activation (Eg. (5)). In
(a) the photosubstitution data were obtained at 283 K and the Si-H
bond activation data was recorded at 293 K. In (b) the data were
obtained at 268 K. Each ¢, value represents the mean of at least
three readings; estimated uncertainties on ¢, are within +5%. Data
taken from Ref. [7h].
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Fig. 7. Plots of photochemical quantum efficiencies (¢,) for the
reaction of CpRh(CO), with various concentrations of entering lig-
and, L = PMe; and P(n-Bu),, at 268 K. Excitation is at (a) 458 and
(b) 313 nm. Each ¢ value represents the mean of at least three
readings; estimated uncertainties are within (a) + 5% and (b) + 10%.
Data taken from Ref. [7h].

wavelength with the ligand substitution and C—H /Si—H
bond activation reactions proceeding much more effi-
ciently following UV excitation (313 or 366 nm) than
visible irradiation (405 or 458 nm). The high quantum
efficiencies recorded upon UV photolysis are entirely

Table 1

Absolute photochemical quantum efficiencies for the intermolecular
C—H bond activation reaction of (HBPz; )Rh(CO), in deoxygenated
hydrocarbon solutions at 293 K &°

Solvent A (NM) den
Benzene 366 0.13
458 0.0059
Toluene 366 0.14
458 0.0073
p-xylene 366 0.17
458 0.0086
Mesitylene 366 0.22
458 0.0092
n-pentane 313 0.34
366 0.32
405 0.15
458 0.011
n-hexane 366 0.31
458 0.011
n-heptane 366 0.31
458 0.010
|sooctane 366 0.31
458 0.010

®Estimated errors + 8%.
®Data taken from Refs. [8b] and [8c].
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consistent with an effective CO dissociation mecha
nism, as indeed is generdly found for the primary
photoprocesses of metal carbonyl complexes [13,14].
On the other hand, the reduced quantum efficiencies
observed at longer excitation wavelengths in either sys-
tem are unusual and indicate that an additional process
must take place.

One rationale is that there are two overlapping ex-
cited states with different photochemical reactivities in
both the cyclopentadienyl and tris(pyrazolyl)borate
complexes. As different photochemical pathways appear
to be involved, it is necessary to view their kinetics
separately. The following represents a kinetic analysis
for the rapid CO dissociation reaction from an upper
excited state of CpRh(CO),. This derives an expression
of the quantum efficiency (¢) for the case when Et,SiH
is present as the scavenging ligand in excess concentra-
tion.

I S
CpRN(CO), = CpR1(CO) + CO (9)
ky
CpRh(CO) + CO — CpRh(CO), (10)

CpRA(CO) + CpRA(CO) 3 [CpRh(p — CO)], (11)

k3
CpRN(CO) + Et,SiH — CpRh(CO)(SIEt;)H  (12)

4SO, 1 conco
—k,[CpRh(CO)|[CpRh(CO)]
—k;[CpRh(CO)] [Et,SiH] =0
(13)
[CPRN(CO)]
Iabs
" ky[CO] + ky[CPRN(CO)] + K,[Et,SiH] (14)
d[CpRh(CO) (SiEt;)H]
dt
Ky[EtsSiH] I,
" k,[CO] = ky[CPRN(CO)] + K, Et,SiH] (15)
hence
ks [Et,SiH]
¢ = 1[CO] + k,[CpRN(CO)] + Ky[Et,SiH] (16)
and
¢ = 1 when {k,[CO] + k,[CpRN(CO)]} < ky[Et,SiH]
(17)

This kinetic analysis assumes that the intermediate
CpRN(CO) is produced with unity efficiency on light

absorption and it does not account for nonradiative
deactivation mechanisms from the upper energy excited
state. In fact, the actual quantum yield for photoproduct
formation (¢, ) will be represented by the branching
ratio keo/(keo + Ky,), where ko is the rate constant
for the CO dissociation reaction from the excited state
to produce the CpRh(CO) intermediate and k,, is the
summation of the nonradiative relaxation rate constants
from this excited state. Consequently, the above kinetic
expression, which is based on rapid CO dissociation
from an upper excited state, predicts that ¢, will be
independent of ligand concentration at low concentra-
tions of CpRh(CO) and CO, as actually revealed by the
experimental data for Et,SiH (see Fig. 6). A similar
analysis can be performed for the ligand substitution
reaction with PR, accounting for the small values of
¢ a low PR, concentration (here PR, simply replaces
Et,SiH in the above Egs. (12)—(17). It should be noted
that the reaction of CpRh(CO) with RH is not incorpo-
rated in the above analysis, as CpRh(CO)(R)H is unsta-
ble and is inconsequential to the net photochemistry or
the quantum efficiency. Also, prior saturation of the
hydrocarbon solution with CO gas (ca. 9 X 10~ *M) was
not observed to influence the measured ¢, values[7b];
this is consistent with a negligible extent of back reac-
tion with CO and the kinetic conditions shown in Eq.
(17).

Considering the other pathway now, the following
kinetic analysis represents an initial ring sippage (n°
— 1% reaction from the lower excited state of
CpRh(CO),. It derives a quantum efficiency () for the
situation when PR, is present as a scavenging ligand in
high concentration.

CPR(CO), 3 (m® — Cp)RA(CO), (18)
(m® — Cp)Rh(CO), 5 cprn(CO), (19)

k
(m? — Cp)Rh(CO), + PR, — CpRh(CO)PR, + CO

(20)
d[(m3 — Cp)RA(CO),]
dt
= lps = k;[(n° — CP)RN(CO), |
— ky[(n® = Cp)RN(CO). ] [PR;] (21)
Iabs

[(n® — CP)RN(CO),] = T [PR] (22)

d[CpRh(CO)(PR,)] Ko [PR3] laps
dt " Ky + K[PR] (23)
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hence
k[PRY]
PR =
and
kz[PR;]
b= when k,[PR;] < k;. (25)

This kinetic analysis again does not account for
quantum inefficiencies and it assumes that (n°—
Cp)Rh(CO), is formed in unity efficiency on excitation
without competing nonradiative relaxation processes.
The actual quantum efficiency for photoproduct forma-
tion (¢,) will be represented by the above expression
for ¢ (Eq. (25) multiplied by the branching ratio
Kgip/(Kgip + Kqr), Where kg, is the rate constant for the
cyclopentadientyl ring slippage (n° — 7n*) process (it-
self a dissociative step) and k,, is the summation of the
rate constants for nonradiative decay from the excited
state. It is important to recognize that this kinetic analy-
sisis based on a competitive process involving the back
ring slip (n® — 1°) with the ligand scavenging of the
photoproduced intermediate. Notably, similar conclu-
sions can be reached even if a more extensive n° — 7'
hapticity change is considered. In either case, a ring
slippage mechanism occurring from a lower excited
state does predict the linear dependence of ¢, on
[PR,], which is experimentally observed at high concen-
trations of scavenging ligand (see Figs. 6 and 7). It
should be noted, though, that the reaction quantum
efficiencies must be low for Eq. (25) to hold and for the
linear dependence of ¢, with [L] to occur. This is
indeed the case for the excitations at 458 nm. Clearly,
such kinetic behavior also rationalizes why the quantum
efficiencies are influenced by the different scavenging
abilities of the various PR, ligands (see Figs. 6 and 7)
and the correlation with entering ligand cone angle [7b].

It is aso noted that one could reach a similar kinetic
conclusion if the excited state of the complex,
[CPRN(CO),]", is considered to react directly with the
entering ligand to form a 20-electron species in an
associative process. However, this pathway is unredis-
tic because ultrafast spectroscopic measurements have
confirmed that the ligand scavenging even at diffusion
controlled rates is not competitive with the CO dissocia-
tion process or the rapid solvation of the monocarbonyl
primary photoproduct [4-7].

The photochemistry of Cp* Rh(CO), appears to be
analogous to CpRh(CO),, although it is interesting that
the ¢, values at 458 nm in the Cp* system are lower
by more than an order of magnitude (see Fig. 6).
Clearly, the nature of the cyclopentadienyl ligand sub-
stantially influences the quantum efficiency of the C—H
activation mechanism. This is attributed to more effec-

tive nonradiative relaxation pathways from the excited
states involved in the Cp* system, as the methyl sub-
stituents introduce many more vibrational modes. If this
is the case then it is essentialy the branching ratio of
the excited state, representing the dissociative step rela-
tive to the nonradiative relaxation processes, that is
being reduced. Noticeably, the experimentally deter-
mined slope of ¢, versus[PPh,]islower in the case of
the Cp* Rh(CO), molecule (compare Figs. 6a and 6b)
suggesting that the bimolecular reaction with PPh; is
somewhat inhibited, presumably because of the in-
creased steric hindrance about the Cp* ring. Thus, the
guantum efficiency data appears to indicate that both
components of the photochemical mechanism are af-
fected by replacing Cp with Cp*.

In considering the photochemistry of
(HBPz; )Rh(CO), it is helpful to first recognize its
thermal reactivity. The complex is known to exist in
room-temperature solution as an equilibrium mixture of
two isomers in which the tris(3,5-
dimethylpyrazolyl)borate ligand undergoes facile inter-
conversions between tridentate (*) and bidentate (n?)
coordination (Eq. (26)). At 298 K the 1 complex is
predominant and estimates of AG = 12.6 kJ mol ~* and
Ke = 0.01 have been obtained for this equilibrium in
CH,CI, [9b]. The rate of ligand n*® & n? interconver-
sion is apparently fast as 'H NMR spectra  of
(HBPz; )Rh(CO), in CD,CI, at 183 K have reveded
no evidence for the n? complex [9b]. However, IR
gpectra of the complex in CH,Cl, at 298 K exhibit
weak features at 2078 and 2009 cm 2, attributed to the
v(CO) bands of the n? species; these are virtually
isoenergetic with the »(CO) bands at 2084 and 2020
cm~! of the square planar (H,BPz,)Rh(CO), complex
[8b]). The n? species has aso been isolated in its
protonated form, [{n%HBPz, )(Pz* H)}Rh(CO),]BF,,
exhibiting analogous v(CO) bands at 2090 and 2026
cm~! [8b,15].

(m* — HBPZ; )Rh(CO), < (n? — HBPz; )Rh(CO),
(26)

Significantly, although the n* < 1?2 interconversions
are extremely facile in (HBPz; )Rh(CO),, it was deter-
mined that C—H activation does not occur in the dark
during the course of the photolysis experiment [8]. This
observation eliminates a simple ligand 7° — 5?2
dechelation as the key step in the photochemical C-H
activation. The wavelength dependence of the quantum
efficiencies (see Table 1), however, leads one to infer
that the tris(pyrazolyl)borate ligand is perhaps not inno-
cent in the photochemical mechanism and that it may
undergo a 1® — n? ligand dechelation process upon
long wavelength excitation. After al, the Rh—N bond is
the weakest coordination bond in the molecule and a
ligand dechelation route will effectively reduce the
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quantum efficiency as the n° — 12 pathway is inconse-
guential with respect to the C—H activation reactivity.
Here the photoproduced n2-complex simply returns to
the parent species with no net photochemical conversion
(see Eq. (27)). Actudly, in the strictest sense of this
mechanism the quantum efficiencies for C—H activation
(¢cy) should be zero, but clearly the lowest lying
absorption band envelope is broad (see Fig. 5a) and
visible excitation is not able to exclusively populate a
lower energy excited state. Hence, C—H activation can
still proceed (albeit less effectively) via the CO disso-
ciative mechanism (Eg. (6)) from the upper energy
level.

(HBPZ; )Rh(CO), & (m? — HBPz; )Rh(CO),  (27)

Consequently, the wavelength dependence of the
quantum efficiencies of both the cyclopentadienyl and
trigpyrazolyl)borato systems can be explained by in-
voking a second primary photoproduct that is formed
upon visible light absorption. A photophysical scheme
representing this postulation and assuming ligand field
(LP) reactivity (vide infra) is shown in Fig. 8. In the
case of CpRh(CO),, the lifetime of the (13-Cp)Rh(CO),
intermediate (presumably in the solvated form again)
can be estimated from the scavenging data. Noting that
the obtained ¢, results already rise above the value for
the CO dissociation reaction when [PR,] = 0.05 M (see
Fig. 6), and assuming that the scavenging process is
diffusion controlled (with k; between 10° and 10%°
M~! s71), then the lifetime of this reaction intermediate
will lie between 2 and 20 ns. However, it should be
recognized that time-resolved studies have not yet re-
vealed the presence of this second reaction intermediate,
although this is perhaps not surprising considering that
all these investigations were carried out at shorter exci-
tation wavelengths than the 405-458 nm region and,
hence, are focused on the monocarbonyl primary photo-
product. Moreover, a solvated ring dSlipped species,
(n®-Cp)RN(CO), ... S, may be more difficult to identify
spectroscopically (either in transient UV-visible or

286 nm

_L‘__ Lo, £
8 LF_ -CO
(3] D
i
5 3 3 2
LE -1 LF m-n
313
nm <
360
nm
458 458
nm nm
G —— GS

Fig. 8. Photophysical schemes for (@) CpRh(CO), and (b)
(HBPz; )Rh(CO), portraying different reactivities from two ligand
field excited states. Figure reproduced from Ref. [7d].

TRIR spectra) than the monocarbonyl complex if it is
initially produced in alow formation efficiency. Signifi-
cantly, though, there is other spectroscopic evidence for
a 1°-Cp species. In recent matrix isolation work it has
been determined that (13-Cp)Rh(CO), is generated upon
prolonged long wavelength (> 400 nm) irradiation of
CpRh(CO), in CO matrices [16] and there is consider-
able support for the formation of (13-Cp)Rh(CO),PR,
intermediates in the thermal chemistry of CpRh(CO),
[17,18].

For CpRh(CO), and Cp* Rh(CO), the irradiations at
313 and 458 nm roughly correspond to the positions of
the lowest energy absorption feature, which is essen-
tialy a long tail with a shoulder in the visible region
(see Fig. 1). Hence, it is entirely reasonable to associate
these quantum efficiency results with the population of
two different excited states. For (HBPz; )Rh(CO),,
however, the lowest energy absorption band is broad
and unstructured and provides no spectral evidence for
two different excited states (see Fig. 5a). Moreover,
unlike the CpRh(CO), and Cp* Rh(CO), systems there
is no specific evidence from the ¢, results for a
different type of reactivity upon long-wavelength excita
tion. And, again, the postulated (n2-HBPz; )RN(CO),
intermediate has not yet been identified spectroscopi-
caly in the photoreactivity [19], despite the fact that it
is prevaent in the thermal chemistry. Perhaps the long-
wavelength photochemistry of (HBPz; )Rh(CO), may
not be quite so analogous to the cyclopentadienyl sys-
tem and it is worthwhile considering some other possi-
bilities that could also give a quantum efficiency wave-
length dependence.

Firstly, it may be that while two excited states are
involved, the lower state is actually unreactive but leads
to CO dissociation via thermal activation to the upper
level. While this hypothesis certainly has ample prece-
dent in organometallic photophysics [13b], recent mea-
surements of the temperature dependence of quantum
efficiency following long-wavelength excitation of
(HBPz; )Rh(CO), do not support it in this case, how-
ever. For instance, measurements of the C—H activation
reaction of (HBPz; )Rh(CO), in n-pentane has resulted
only in low apparent activation energies of 8.3 (+2.5)
and 5.4 (+2.5) kJ mol~! following excitation at 366
and 458 nm, respectively [8b]. Such low activation
energies are more consistent with the replacement of
solvent in the solvated (n2-HBPz; )Rh(CO), ... S inter-
mediate, rather than portraying a thermal activation
process between two different excited states. Moreover,
low activation energies have been obtained from the
458-nm ligand photosubstitution reaction of CpRh(CO),
with PPh,, which yielded a value of 155 (42.5) kJ
mol~* [7b]. Also, recent studies of the reactions of
Cp* Rh(CO)X with hydrocarbons in liquefied rare gas
solvents (X = Kr, Xe) are relevant, having reveaed
similarly low activation energies [6¢,d, 10].
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Secondly, the long-wavelength reactivity may arise
from a triplet state with reduced reactivity. This situa-
tion would be analogous to that of W(CO)s(pyridine),
where convincing evidence has been obtained for more
efficient reactivity taking place directly from a neigh-
boring ligand field singlet state [20]. Thirdly, the wave-
length dependence of the quantum efficiencies can be
rationalized by implicating a third lower energy *‘dark’’
state that is itself unreactive but leads to ground state
recovery. Such a mechanism has been suggested for
other transition metal complexes, including several
Ca(ll1) systems[21]. Finaly, the distinct photochemical
mechanisms may not occur via two different excited
states at al, but could take place on one excited-state
potentia surface. Excitation at higher energy might lead
to a prompt CO dissociation reaction, whereas shorter
energy irradiation may populate a lower part of the
potential which undergoes more effective radiationless
deactivation and, hence, the reaction proceeds via a less
efficient CO dissociative pathway. Clearly, these as
pects of the primary photochemistry are ill to be
resolved.

It is also interesting to see that the ¢, results for
(HBPz; )Rh(CO), at a common excitation wavelength
are lower for the aromatic solutions than in the alkanes
(see Table 1) [8]. This observation is rather intriguing as
the CO back-reaction to form the starting complex is
not a competitive mechanism under the experimental
conditions, as reveded by the lack of a [CO] depen-
dence on ¢,,. Consequently, the variations in the C—H
activation quantum efficiencies cannot be explained on
the premise of differing kinetic reactivities of the hydro-
carbon substrates. Furthermore, the solvent viscosities
for the range of hydrocarbons studied are similar so it
would not appear that geminate CO recombination via
solvent cage effects are influencing the ¢, values. In
this regard, recent ultrafast spectroscopic measurements
on CpRh(CO), and Cp* Rh(CO), have also eliminated
the possibility of both geminate and diffusional CO
processes affecting the quantum efficiencies [5f]. Thus,
the variations of ¢, over the range of hydrocarbons
would seem to be influenced predominantly by photo-
physical effects and, specifically, the extent of nonradia
tive relaxation from the excited state of
(HBPz;)Rh(CO),. Once again, it is apparently the
branching ratio between the dissociative and nonradia-
tive routes that ultimately determines the C—H activa
tion photochemica efficiency.

4, Excited states

In each of the above photosubstitution and C—H
activation reactions of CpRh(CO),, Cp*Rh(CO), and
(HBPz; )Rh(CO), the UV and visible excitations are
into their lowest (or second lowest) energy absorption

Table 2
Lowest lying electronic absorption bands of CoM(CO),, Cp* M(CO),
and (HBPz; )Rh(CO), complexes in decalin at 298 K P

Complex Amax (M) eM~tem™h)
CpR(CO), 425 (sh) 78

Cp” RN(CO), 505 152

CpIr(CO), 355 (sh) 144

Cp* Ir(CO), 380 (sh) 67

(HBPZ; )RN(CO), 356 2100

2Data taken from Ref. [7d].
PRecorded in n-pentane for (HBPz; )Rh(CO),.

bands (see Table 2). The electronically-excited states in
these complexes would appear to be ligand field (LF)
transitions for several reasons. For instance, it is notable
that the energy positions of these absorption bands are
in accordance with the ligand field strengths of the d®
metal s (the analogous CpCo(CO),, complex isred) [13a].
Also, their molar absorptivities are relatively low, al-
though in the case of (HBPz;)Rh(CO), the lowest
energy absorption band is significantly more intense
than the corresponding feature of the other complexes
and suggests that a charge transfer component may be
overlapping. Moreover, the energies of all these lowest
energy transitions exhibit negligible solvent dependence
[7b, 8b,c], consistent with assignment of LF transitions
[13,22]. Additionaly, low-temperature |uminescence
measurements carried out on these complexes as EPA
glassy solutions and solids at 77 K have yielded no
discernible emission features [7b, 8b], concordant with
rapid nonradiative deactivation of the excited states and
the LF assignments [13b]. Finally, the quantum effi-
ciency data described above have confirmed that the
excited states in these molecules are highly dissociative
in nature, which is again consistent with them being LF
levels [13a,b]. Indeed, recent ultrafast (fs) spectroscopy
on severa of these dicarbonyl complexes has revealed
the dissociative properties of the lowest lying excited
states [5¢c—f, 12]. These experiments have shown that
the unsolvated monocarbony! speciesisformed promptly
and then solvated within a matter of a few ps.

5. Conclusion

A comparison of the solution photochemistry of
CpRh(CO),, Cp* Rh(CO), and (HBPz; )Rh(CO), com-
plexes has identified a number of common features in
the C—H activation chemistry. In each instance, the
photochemical reactivity upon UV irradiation is charac-
terized by extremely fast and efficient CO dissociation
from excited states, which are apparently LF in nature.
There is also now convincing evidence that the inter-
molecular C—H bond activation step takes place follow-
ing the formation of a solvated monocarbonyl complex.
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Additionally, it is significant that the back reaction of
the photoproduced intermediate with CO to reform the
parent complex does not take place effectively, so the
photochemical quantum efficiencies for C—H activation
are influenced predominantly by the extent of CO disso-
ciation relative to the nonradiative relaxation processes
from the excited state. On the other hand, it is notice-
able that in either system a reduced photoreactivity
occurs following visible photolysis; kinetic analysis of
the absolute quantum efficiencies obtained suggests that
these reaction mechanisms may involve ligand ring-dlip-
page or dechelation processes.
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