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Abstract: The photochemical C—H activation reactions of #3-Tp*Rh(CO), (Tp* = HB—Pzs*, Pz* = 3,5-
dimethylpyrazolyl) and CpRh(CO), (Cp = CsHs) have been studied in a series of linear, cyclic, and aromatic

hydrocarbon solvents on a femtosecond to microsecond

time scale. These results have revealed that the

structure of the hydrocarbon substrate affects the final C—H bond activation step, which is in accordance
with the known preference of bond activation toward primary C—H sites. In the case of aromatic C—H
activation, the reaction is divided into parallel channels involving o- and z-solvated intermediates. Results
for the analogous CpRh(CO), molecule have shown that the coordination of the cyclopentadienyl ligand
does not play a direct role in the dynamics of the reaction, in contrast to the C—H activation mechanism

observed in 73-Tp*Rh(CO), studies.

Introduction

The C-H bond activation reaction by transient organometallic

species has been the subject of great interest in the chemica

sciences: 7 Previously, we reported our results on the pho-
tochemical G-H activation mechanism of;3>-Tp*Rh(CO),
(Tp* = HB—Pz*;, Pz* = 3,5-dimethylpyrazolyl,° which is
known to form stable €H activated products upon photolysis
with appreciable quantum efficienéy.12 These findings are
summarized in Scheme 1. While the previous work focused on

process. A number of recent studies have addressed this issue
for related transition metal systems, although none have focused
pn ultrafast time scale’s:15

It has been proposed that—El activation by group 9
coordinatively unsaturated complexes is fundamentally a two-
step proces$16-19 The first step (coordination) involves loose
binding of the hydrocarbon to the metal center, while the second
step (insertion) involves scission of the—@& bond and
formation of new metal carbon MC and metal hydride MH

the ligand dynamics, it is also important to assess the role of onds. In the coordination step, saturated alkanes éooom-

the structure of the hydrocarbon substrate in the activation
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plexes through interaction of the metal with a-8 bond.
Olefins and aromatic compounds can also bind to the metal
center through ther-electrons of the double bond%:3 The
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Scheme 1. C—H Bond Activation Mechanism of #3-Tp*Rh(CO); in Linear and Cyclic Hydrocarbons
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role of suchsz-complexes in €&H activation of unsaturated  airtight, demountable IR flow cell (Harrick Scientific Corp.). The purity
hydrocarbons has not been entirely resol¥ed. of the samples was established using standard spectroscopic methods.
The insertion step has been studied in great detail. Bergman Femtosecond Infrared SpectroscopyThe system used to measure
and co-workers have shown that for reaction of hydrocarbons femtosecond spectra and kinetics has b(_een described prev%u_sly.
at the unsaturated Cp*Rh(CO) (Cp*Cs(CHs)s) center in low- Femtosecond Ia_ser pul_ses are gen_erated in our system by amplnfymg
temperature liquid Kr, insertion proceeds-20 times more the output of a Ti:sapphire oscillator in two prism-bored dye cells which

. . are pumped by the output of a frequency-doubled 30 Hz Nd:YAG laser.
rapidly for linear alkanes than for the comparable saturated The amplified light centered a+810 nm was then split into three

cyclic substrate&® In a similar vgin, Jone§ and c'o-wor.kers have beams. One beam was further amplified to give 70 fgJ7pulses,
recently shown that the relative barrier for insertion at the \pile the other two were focused into two sapphire windows to generate
Tp*Rh(CNCHC(CH)s) center increases in the order methane a white light continuum. Desired wavelengths of the white light were
< primary G-H < secondary €H.13 The conclusions pre-  selected by two band-pass filters with a full width at half-maximum
sented in this paper, which are based upon direct ultrafast(fwhm) of 10 nm and further amplified by three-stage dye amplifiers
observation of all the reactive intermediates, will shed more to produce light pulses centered at 590 or 650 nm, as well as 690 nm.
light on the generality of the previous findings. In this study, the excitation pulses of 295 or 325 nm were generated
Due to the reactivity of the intermediates, it is necessary to 2Y frle_q“ency SOUb“”g the 590 or 650 ”ml"ght' resfec“ve'y_- The
use ultrafast UV pump/IR probe methods to observe the reaction"©SU!ting UV photons (with energy o#4 uJ/pulse) were focused into
. . o a disk of ~200 um diameter at the sample to initiate the chemical
dynamics of photoproducts under ambient conditions. We have . . )
reactions. The required time delay between a pump pulse and a probe
used these methods to study the role of the substrate structur

. e . %ulse was achieved by guiding the pump beam through a variable delay
in C—H bond activation reactions at Rh centers. The results |je.

elucidate the photochemical dynamics ¥ Tp*Rh(CO} in The broadband, ultrafast probe pulses centered aimswere
linear, cyclic, and aromatic hydrocarbons on a femtosecond to generated by mixing the 690 nm beam with the 810 nm beam. The
microsecond time scale. The photochemistry of CpRh¢CO) resulting~5 «J IR pulses having temporal fwhm of about 70 fs and
(Cp= CsHs) in linear alkanes has also been examined to provide spectral bandwidth of about 200 cfwere split into a signal and a

a basis of comparison to the Tp*Rh(GGtudies. reference beam. Some data have been collected using an older system
) ) consisting of a monochromator with matched dual single element
Experimental Section HgCdTe detector¥, while other data were collected by focusing the
Sample Synthesis/Sample HandlingThe compounds®Tp*Rh- signal and reference beams into an astigmatism-corrected spectrographic

(CO), and 72-Bp*Rh(CO), were synthesized according to published Monochromator to form two spectrally resolved images on a focal-
procedured?3* The compound CpRh(C@was synthesized from  Plane-array detectSP.The typical spectral and temporal resolution for
[RhCI(COY], and TIGHs using a previously published meth&c#® these setups are 4 cfand 300 fs, respectively. The polarizations of
Sample solutions were made under a controlled atmosphere in anthe pump and the probe pulse were set at the magic angle’Y34.7
ensure that all signals were due to population dynamics. A broad,
(30) Reinartz, S.; White, P. S.; Brookhart, M.; Templeton, JJ.LAm. Chem. wavelength-independent background signal from QafRdows has

Soc.2001, 123 12724, p -
(31) There is evidence that-H activation in ethylene by Cp*IrPMatoes not been subtracted from the transient spectra and kinetic traces.

necessarily occur through prior formation affacomplex. See: Stoutland,

P. O.; Bergman, R. Gl. Am. Chem. Sod.985 107, 4581. (36) Snee, P. T.; Payne, C. K.; Kotz, K. T.; Yang, H.; Harris, C.JJBAm.
(32) Trofimenko, SJ. Am. Chem. S0d.967, 89, 6288. Chem. Soc2001, 123 2255.
(33) May, S.; Reinsalu, P.; Powell, thorg. Chem.198Q 19, 1582. (37) Lian, T.; Bromberg, S. E.; Asplund, M. C.; Yang, H.; Harris, CJBPhys.
(34) Bonati, F.; Mingetti, G.; Banditelli, GJ. Organomet. Chenl975 87, Chem.1996 100, 11994.

365. (38) Yang, H.; Snee, P. T.; Kotz, K. T.; Payne, C. K.; Frei, H.; Harris, CJ.B.
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Nanosecond Step-Scan Fourier Transform Infrared (FTIR) 1.4
Spectroscopy.These measurements were made using a nanosecond
step-scan interferometer described elsewFfeFle instrument is based 1.2 4 0 1994 cm'!
on a Bruker IFS-88 FTIR with a special scanner module to allow step- 0 2028 cm’!
scanning. An InSb detector with a 40 ns fwhm response measured from 1.0 4 ©290mns ' N
the IR scatter of 1064 nm light from a YAG laser was used. The IR
light was focused in the sample compartment with two 10 mm focal 0.8

length Bak lenses, which gave beam sizes smaller than those given
by comparable curved mirrors, allowing increased IR throughput and O 0.6 4
less sample degradation. The sample was photoexcited with 10 ns pulses <

from either the fourth harmonic output of a YAG laser or the second 04 A 0.4 T(n-pentane) =110 ns
harmonic of a dye laser tuned to 590 nm. The early time data in some f W Tieyclopentaney=290 ns
experiments are affected by transient heating of the sample during the 02 4/ 0.0 o 0 0 00
course of the experiment. This thermal effect has the result of reducing 5 Time (ns)
the absolute time response of the system frodD to ~100 ns as 0.0
discussed below.

Quantum Chemical Modeling. To compare single point energies -0.2 ' ' ' .
consistently, all calculations were carried out using density functional 0 500 1000 1500 2000 2500
theory (DFT) optimized geometries. The hybrid B3LYP functional was Time (ns)

used for the DFT calculations with the Gaussian 98 suite of packages. ‘ _ o _ _
These calculations were run at the Ira and Marylou Fulton Supercom- Figure 1. Transient inetics of the intermediatgé-Tp*Rh(CO)(solvent)
puter Center at Brigham Young University. The basis set consisted of (€ircles) and product®Tp*Rh(CO)(H)(R) (squares) observed in cyclo-

. ) 63 B pentane. The inset shows the product kinetics in pentane and cyclopentane.
the 6-_31G basis fungtlons for H, C, O, ant and the Los Alamo§ (A. U. = arbitrary units.)
effective core potential (ECP) for Rh with the outermost core orbitals
included in the valence descriptiéhAll geometry optimizations of

It is in the nanosecond time scale that differences are noted
the model intermediate complexg3Tp*Rh(CO) with CH, and GHs

were followed by a frequency analysis to make certain that the between linear and cyclic hydrocarbons. Shown in Figure 1 are

optimized geometries were at a minimum. Interaction energies were the nanosecond kinetics of the mtermedm?eTp*Rh(CQ)-
calculated using the counterpoise method to account for basis set(CsHio) and the final producty®-Tp*Rh(CO)(H)(GHyg) in
superposition errafé47 cyclopentane. The data indicate that the alkyl-solvapéd
Tp*Rh(CO)(GH1) species observed at 1994 chdecays with

a concomitant rise in the bond-activated product absorbing at
2028 cnt! with a time scale of 290 ns. Shown in the inset of
photachemical €H activation reaction of-Tp*Rh(CO} in the figure are the kinetic traces of the-@ bond activated

n-pentane anah-hexgne as well asin cyglopentane and cyclo- products inn-pentane and cyclopentane. The formation of the
hexa_me has been investigated in det_a|l. The r_e_sults of theseproduct in the linear alkane solvent has a much faster growth
s@udles have shown that the dyr_1am|cs are _d|V|ded betweenof less than 110 ns, and an intermediatespecies is difficult
picosecond and nanose cond to ml_crosecond time scale COMPOF, ppserved Nanosecond experiments mhexane and cyclo-
nents. On the early picosecond time scale, the spectral dat

o . . . i V Oalgyoxane show a faster formation of the product in the linear
indicate that there is very little difference in the reactivity alkane as compared to the cyclic counterfttising simple

beltv(\éecz)e? Ilne?hr and c;(;f;hctglklanes. A;ftertthde mmall ph(_)tocr;errtu-d transition state theory, the corresponding free energy barrier for
ga C—I(—)|St? ' de c?or inatively lfnsa du_ra N C%’T‘p e>/(6\|fst, 502\6%(3 the activation step may be estimated as lying between 6.0 and
ya ond to form ar-complexed intermediate. After 7.8 kcal/mol for linear alkanes and 8.4 kcal/mol for-8

ps, the Tp* ligand dechelates to form ghspecies as confirmed activation of cvcli
. A — yclic hydrocarbons.
by analogous studies with?-Bp*Rh(CO)(alkane) (Bp*= H, To explore the differences between linear and cyclic hydro-

* i 1 8 i i
_BPzz) an(_j by theoretical calculatiorfs'® This process is carbons further, the reaction of-Tp*Rh(CO) in methyl-
illustrated in Scheme 1. . .
cyclohexane was examined. It was found that the time scale of

Results
1. Tp*Rh(CO); in Linear and Cyclic Hydrocarbons. The

883 sun, H.. Frel, H. eﬁﬁ‘y%h‘jg‘fgrgg%%géeﬁ%l 205. the final activation step is similar to that observed in linear
(41) Lee, C.; Yang, W.; Parr, R. Ghys. Re. 1998 B41, 785. alkanes. Analogous results were obtained in mixed linear/cyclic

(42) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb, M. . . ; .
A.: Cheeseman, J. R Zakrzewski, V- G.: Montgomery, J. A, Jr.. Stratmann, alkane solvents: the observed product formation time scale is

R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels, A. D.; Kudin, ~ reduced by~50% in a solution of 0.1 mol fraction-pentane
K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone, V.; Cossi, M.; Cammi, : ; : :
R.: Mennucci. B.- Pomelli. C.: Adamo. C.. Clifford. S.: Ochterski, J.. N cyclopentane relative to the product formation time scale in
Petersson, G. A.; Ayala, P. Y.; Cui, Q.; Morokuma, K.; Malick, D. K.; neat cyclopentan@.

Rabuck, A. D.; Raghavachari, K.; Foresman, J. B.; Cioslowski, J.; Ortiz, . . . ..
J. V. Stefanov, B,gg,; Liu, G.. Liashenko, A.. Piskorz, P.: Komaromi, I.: To establish the magnitude of the kinetic isotope effect, the

Gomperts, R.; Martin, R. L; Fox, D. J.; Keith, T.; Al-Laham, M. A.; Peng,  activation time scale has been measured udipgyclohexane.
C. Y.; Nanayakkara, A.; Gonzalez, C.; Challacombe, M.; Gill, P. M. W_; LME}QY

Johnson, B. G.; Chen, W.; Wong, M. W.; Andres, J. L.; Head-Gordon,

M.; Replogle, E. S.; Pople, J. AGaussian 98revision A.9; Gaussian, (49) The rate at which the-€H bonds in linear alkanes are activated may be

Inc.: Pittsburgh, PA, 1998. greater than the-120 ns observed in the present studies due to thermal
(43) Hehre, W. J.; Ditchfield, R.; Pople, J. B. Chem. Physl972 56, 2257. effects discussed in the Experimental Section. As the product is not observed
(44) Francl, M. M.; Petro, W. J.; Hehre, W. J.; Binkley, J. S.; Gordon, M. S.; in the femtosecond studies, we may conclude that thel®ond in linear

Defrees, D. J.; Pople, J. A. Chem. Phys1982 77, 3654. alkanes is activated withir'5 to ~100 ns, which corresponds to a free
(45) Hay, P. J.; Wadt, W. Rl. Chem. Phys1985 82, 299. energy barrier between 6.0 and 7.8 kcal/mol. Consequently, activation in
(46) Boys, S. F.; Bernardi, AMMol. Phys.197Q 19, 553. linear hydrocarbons may be more favorable than that in their cyclic
(47) The zero point energy (ZPE) correction has not been applied to the counterparts than the data imply.

calculated binding strengths; however, the correction is usually on the order (50) Asplund, M. C. InTime-Resaled Infrared Studies of €H Bond Actvation

of +1 kcal/mol. by OrganometallicsUniversity of California at Berkeley: Berkeley, CA,
(48) Zaric, S.; Hall, M. BJ. Phys. Chem1998 102 1963. 1998.
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Figure 2. Transient difference spectra in the CO stretching regiom¥er
Tp*Rh(CO) in neatds-benzene at 200, 1200, and 2400 ns following UV
photolysis. (A. U.= arbitrary units.)
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Figure 3. Ultrafast kinetics of the intermediatg?>-Tp*Rh(CO)(solvent)
(circles) and product3-Tp*Rh(CO)(H)(R) (squares) ims-benzene. The
time constants for the exponential fits (solid lines) are shown in the graph.
(A. U. = arbitrary units.)

It was found that the formation of the final product in the

Figure 4. Transient difference spectra in the CO stretching regiomfer
Tp*Rh(CO) in neat toluene at 200, 1200, and 2400 ns following UV
photolysis. (A. U.= arbitrary units.)

time is difficult to accurately fit due to the fact that the absolute
longtime absorption under the experimental conditions is not
known. Despite this, the decay of the intermediate absorbing at
2006 cntlis strongly correlated to the microsecond rise of the
product and this decay time scale is a meaningful representation
of the product formation kinetics. The barrier from transition
state theory for the €D activation step is thus calculated to
be 9.6 kcal/mol. The faster component of the product’s kinetics
may be attributed to product formation from an unobserved
intermediate, as discussed below.

Shown in Figure 4 are the nanosecond spectngdfp*Rh-
(CO), in toluene. These data are almost identical to the
ds-benzene results; the intermediate species seen at 2005 cm
decays along a slightly faster 24 0.1 us time scale. The
producty3-Tp*Rh(CO)(H)(GH-) absorbing at 2042 cm also
has biexponential kinetics, with a fast rise and a longer
microsecond component that cannot be accurately determined
from the data. The kinetics of the intermediate and final product
is shown in Figure 5. These results indicate that bond activation
in toluene andds-benzene occur by similar mechanisms.

The fact that the intermediates and product species in these

deuterated solvent has a 520 ns growth, compared to the 23Carene C-H activation reactions have absorptions that are

ns time scale observed in cyclohexane.

2. Tp*Rh(CO), in Aromatic Hydrocarbons. The C-H
activation reaction of3-Tp*Rh(CO), in de-benzene and toluene
has also been studied. At early times, the femtoseadpnd
benzene spectra indicate that the & activation mechanism
is not significantly altered in aromatic solvents. The data show
that the solvated monocarbonyl appears at 1965'@nd decays
in ~200 ps to form a new intermediate absorbing at 2006'cm

significantly shifted with respect to those of the intermediates
7n?-Tp*Rh(CO)(solvents) and productgs-Tp*Rh(CO)(H)(R)
seen in the linear and cyclic hydrocarbon solvent data prompted
us to measure the nanosecond spectra of the compound
17%-Bp*Rh(COY), in d¢-benzene, as shown in Figure 6. These
experiments were conducted as the photogenergt@p*Rh-
(CO)(ds-benzene) species provides a model for the dechelated
intermediater?-Tp*Rh(CO)(ds-benzene) which has been pro-

The ultrafast time-resolved spectra are given in the Supporting Posed to be responsible for the 2006 ¢rabsorption observed
Information. Shown in Figure 2 are the nanosecond spectra ofin the C-H activation studies. The results indicate that

n3-Tp*Rh(COY, in de-benzene. The intermediate absorbing at
2006 cnt! decays on a 2.4- 0.2 us time scale with a
concomitant rise in the bond-activated prodg&flp*Rh(CO)-
(D)(C¢Ds) absorbing at 2042 cm as shown in the kinetic traces
in Figure 3. The kinetics of the-€D activated product’s growth
monitored at 2042 cri are biexponential, with a fast (less than

120 ns) rise and a longer microsecond growth component.

7?-Bp*Rh(CO)ds-benzene) absorbs at 1993 cnsimilar to
what has been observed in the linear and cyclic hydrocarbon
data. These results call into question the nature of the intermedi-
ate state in these aryl-H activation studies.

3. CpRh(CO); in Linear Hydrocarbons. Shown in Figure
7 are the time-resolved difference IR spectra of CpRh(GD)
n-pentane and-hexane following UV excitation. At early times,

Unfortunately, the microsecond component of the product’s rise the ultrafast spectra in-pentane show the fast formation of

10608 J. AM. CHEM. SOC. = VOL. 124, NO. 35, 2002
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Figure 5. Ultrafast kinetics of the intermediatg>-Tp*Rh(CO)(solvent)
(circles) and produck3-Tp*Rh(CO)(H)(R) (squares) in toluene. The time

constants for the exponential fits (solid lines) are shown in the graph.

(A. U. = arbitrary units.)
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Figure 6. Transient difference spectrum in the CO stretching region for
n%-Bp*Rh(COY in neatds-benzene after UV photolysis. (A. & arbitrary
units.)

the monocarbonyl alkyl solvate at 1963 thas well as two
well-resolved hot bands of the parent CpRh(g@mpound
at 2020 and 2034 cnd, consistent with an earlier repS#tThese

10 ps

hot bands of CpRh(CO),»

33 ps ? ﬁﬁﬁ“ E)J
unactivated CpRh(CO)(RH)
198 ps ﬂ
660 ps
product CpRh(CO)(H)(R) i

50 ns

Absorbance Change (A.U.)
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Figure 7. Transient difference spectra in the CO stretching region for
CpRh(CO} in neatn-pentane and-hexane (50 ns spectrum) after UV
photolysis. (A. U.= arbitrary units.)

of alkane and arene -€H activation. Shown in Figure 8 are
the DFT-optimized structures of the proposed intermediate
speciesy?-Tp*Rh(CO)(benzene) angf-Tp*Rh(CO)(CHy). The
metal atom adopts a local square planar configuration when the
Tp* ligand is coordinated in a bidentate fashion for both of the
structures. The benzene substrate is bound to the metal via the
C=C bond. The binding energies of the metal intermediate and
the substrate have been found to b&5.3 kcal/mol for the
benzener-complex and—7.4 kcal/mol for thes-complexed
CH,. A stable structure for the benzene-B—Rh o-type
coordination could not be found when the Tp* ligand is partially
dechelated, as our attempts to locate such a minimum resulted
in the geometry converging to ayf-Tp*Rh(CO)(-benzene)
configuration. The optimized coordinates for these structures
are provided in the Supporting Information.

Discussion

The results reported in this paper are consistent with those
of earlier studies; the rate of-€H activation decreases from
primary to secondary €H bonds. Similar kinetic preferences
have been observed in both CpRh(G@hd #3-Tp*Rh(CO)

hot bands completely decay within 200 ps. At later times, the in the present work. The results of the CpRh(¢@ta also
spectra indicate the formation of a new product absorbing at clarify the role of ligand dynamics of the metal species in the

2019 cntt with a corresponding decay of alkyl solvate. The
species absorbing at 2019 chis assigned as the product CpRh-
(CO)(H)(GsH11), as its spectral position corresponds to that of
the bond-activated product seen at 2016 &nm the 50 ns
spectrum inn-hexane. On the basis of the slight decay of the
alkyl-solvated species, the rate of-El activation of CpRh-
(CO)(n-pentane) is estimated to be 4«01® s~ corresponding
to a free energy barrier of 5.6 kcal/mol.

4. DFT Results. Theoretical chemical models have been
shown to provide a wealth of information about-8 activation
by transient metal complex&%:>* For this reason, these

bond activation reaction. The spectral data for all parent, product,
and intermediate species are summarized in Table 1.

1. Linear versus Cyclic Hydrocarbon C—H Activation.
The results of then-pentane/cyclopentane and théhexane/
cyclohexane studies withy3-Tp*Rh(CO), indicate that the
activation process is faster with linear hydrocarbons, which have
primary sites at the end of the alkane chain, than with ring
hydrocarbons which have only secondary carbons. The CpRh-
(CO), data also support this conclusion. One explanation for
these results is that there may exist electronic structural
differences between linear and cyclic hydrocarbons that account

methods have been used to gain insight into the present stud)for the faster activation time scale in the former, regardless of

(51) Asbury, J. B.; Ghosh, H. N.; Yeston, J. S.; Bergman, R. G.; Lian, T.
Organometallics1998 17, 3417.

(52) Musaev, D. G.; Morokuma, KI. Am. Chem. Sod995 117, 799.
(53) Siegbahn, P. E. Ml. Am. Chem. Sod 996 118 1487.
(54) Niu, S.; Hall, M. B.Chem. Re. 200Q 100, 353.
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}

N2-Tp*Rh(CO)M2-C4Hy) N2-Tp*Rh(CO)(CH,)

Figure 8. Geometries of the intermediate speci@sTp*Rh(CO)(CH;) and72-Tp*Rh(CO)(GHs) optimized at the DFT/B3LYP level of theory.
Table 1. Absorption Spectra of the Parents, Intermediates, and Scheme 2. C—H Activation Mechanism of CpRh(CO); in Linear
Product Species Observed in the Present Study Hydrocarbons
compound frequency (cm~?)/solvent @ hv @ @ @
73-Tp*Rh(COY 1981, 2054/all hydrocarbohs OC/Rh\OO o & ke +RH OC/Rh'H-R _’G«“l}h Ny
n3-Tp*Rh(CO)(solvent) 1972/alkanéd,965H8s-benzene R
n2-Tp*Rh(CO)(solvent) 1994/a|kané§z006/aromat!%
7>-TP*R(CO)(H)(R) 2028/alkanes2042/aromatit rearrangement, binding strength, and activation barrier is
n%-Bp*Rh(CO) 2012, 2080ds-benzene il h Kineti
72-Bp*Rh(CO)(solvent) 1998k-benzene responsible for the observed kinetic traces.
CpRh(CO}) 1985, 2048t-pentane The results of Tp*Rh(CQ)in methyl-cyclohexane show that
*a - . . . . . . .
CpRA(CO} 2020, 2034#-pentane product formation has similar kinetics as observed in linear
CpRh(CO)(pentane) 1968pentane . L . .
CpRh(CO)(H)(R) 20191 pentane, 2016Lhexane alkanes, which is likely due to preferential activation of a

primary methyl C-H bond despite the greater number of
arent somplent The paront absorptions are smiar Tor inear. cyore, and . [eiYene secondary sites of the solvent. This result implies
gromatic hy%roéarbor?S.The data fgr linear and cyclic hydroc'ar)l;ons' are that the m't'a,”y formed alkyl solvate can quickly rearrange to
generally similard The data presented are similar fdg-benzene and bind and activate the methyl group of the solvent. While we
toluene. were not able to measure the isotope effect in aromatic
solvents?® the activation of deuterated cyclohexane is slower
whether a primary or secondary site of the substrate is activated.py 3 moderate factor of 2.3 and is similar in magnitude to that

A more likely reason is that €H activation of linear hydro-  opserved in mechanistic studies using similariGactivating
carbons is occurring preferentially at the primary sites, reacting organometallic compound®.

at a faster rate than-€H activation at secondary sites. Similar 2. Ligand Dynamics of CpRh(CO) in C—H Activation
observations have been made in the reductive elimination studies]-he' role of ligand dynamics in the -6 activation reactié)n

of Northcutt et al., concluding that activation of primary-& can be studied by comparing the reaction of CORh(Q®)>-
bonds is both kinetically and thermodynamically more favorable Tp*Rh(CO) in allfanesPThe%Itrafast dynamicspof C%RP:I(QO)

compared to secondary-E activation of the same substréfe. in cyclohexane were previously studied by Asbury étalhe
e i = >e o
Likewise, the rates of photochemicati activation by Cp*Rh results of these studies showed the exclusive formation of the

(CORkin Imgar and cyclic hyglrocarbons mea;ured by McNamara alkyl solvate CpRh(CO)(cyclohexane) with no evidence for the
et ".il' are In agreement with the observation that-Cbond formation of the bond-activated product or a ring slipped
activation in a _Ilnear hydr_ocarbon occurs at a faster rate than ;i armediate within 500 ps. As the-Tp*Rh(CO), results above
that obseryed in the CyCI_'C counterpé’_‘%’t‘fhese observat_|on§ have shown that linear alkanes undergo bond activation at faster
may ex_plaln early synthetic results Wh'Ch fo_u nd that "’_‘C“"a"on rates than their cyclic counterparts, we have investigated whether
in the final product occurs at the terminal primary-8 site of the reaction of CpRh(CQ)n linear alkanes proceeds faster than
alkanes such as propane and he)@éﬁél—h? da}ta (,10 not al!ow in cyclohexane. The results are shown in Figure 7 and are
us, however, 0 d_etermlne Wheth&a activation Is occurring summarized in Scheme 2. The spectral data of CoRh{@D)
exclusively at primary €H sites in linear hydrocarbons and n-pentane show the fast formation of the alkyl-solvated inter-

some degree of secondary-@ activation likely occurs as well. mediate CpRh(CO)(alkane) absorbing at 1963 tand two
Th? degree to which primary Versus secondafy{bo.nds are  \well-resolved vibrational hot bands of the parent which cool
activated may be understood in context of the previous studies

of Si—H activation in alkyl silanes, in which a dissociative (57) Yang, H. Asplund, M. C.; Kotz, K. T.; Wilkens, M. J.: Frei, H.. Harris,

intramolecular rearrangement mechanism was used to describe ~ C. B.J. Am. Chem. Sod99§ 120, 10154. _

the formation of the SiH activated product from less strongly ~ 8 éﬁgﬁfz‘gdb@gg'féé'snee' P.T.; Payne, C.K.; Harris, CJBorganomet.
bound alkyl solvate8”*8 Consequently, a complex interplay of ~ (59) The hs-benzene andde-benzene results cannot be compared as the
he-benzene solvent has absorptions that do not allow for the observation
of the n2-Tp*Rh(CO)(benzene) intermediate.

(55) Jones, W. D.; Feher, F. Qrganometallics1983 2, 562. (60) Waltz, K. M.; Muhoro, C. N.; Hartwig, J. FOrganometallics1999 18,

(56) Wenzel, T. T.; Bergman, R. G. Am. Chem. Sod.986 108 4856. 3383.
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Scheme 3. Sai—H Bond Activation Mechanism of #°-CpRh(CO), in While these assignments and general observations are in
Triethylsilane agreement with the mechanism seen in linear and cyclic alkanes,
@ there are several important differences to note. First, the
PN precursor complex has an increased lifetimedgbenzene
X % compared to the>Tp*Rh(CO)(solvent) intermediate seen in
wl o <10 ps @ 370 us linear and cyclic hydrocarbon solutions. Also, th&Tp*Rh-
i > Rh - - - CO)(benzene) species absorption spectrurdgibenzene is
Y 1N, ! ( p p p 6
~ Hisiey 0 ' ~15 cnr? blue shifted with respect to the spectrum of tfe
@ Si-H activation @ intermediate observed in linear and cyclic alkanes. The slower
Rh ~ —— Rh time scale for G-H activation in benzene might be due to
oc/ (Et)HgiCHz/I{ \Oo rearrangement froma-complex to as-solvated species before
@ ’ the reaction occurs. However, given the change in the spectrum
I of the intermediate and previous mechanistic studies which
> Rh »— - - - ) :
<10 ps BNy ~2.5ns found evidence for the formation of<€C w-bound complexes
(ESIH - O as precursors to-€H activation20-2528-30 the species absorbing
G-complex

at 2006 cm! is proposed to be a strongly bouméTp*Rh-

aThe coordinatively unsatura}ted metgl has been shown to activatg the (CO)(z-benzene) which is solvated via the=C double bond
C—H bond of the alkyl-solvated intermediate. The time scale for formation L
of the product has been taken from ref 56. of ds-benzene. These results are supported by our ab initio

calculations, in which it was found that the binding strength of

within 200 ps. There is a 2.5 ns time scale decrease in thethe 2. Tp*Rn(CO)¢r-benzene) complex is twice that of the
absorption of the alkyl-solvated intermediate with the concomi- methane substrate in the Tp*Rh(CO)(CHy) intermediate. This
tant formation of the bond-activated product seen at 2019 cm proposal, however, is at odds with the photochemical experi-
Consequently, there is no evidence for additional ligand ments with the model precursg?-Bp*Rh(COY in dg-benzene.
dynamics in the €H activation reaction such as the formation The spectral data show a single absorption at 1993 dor
of ring slipped intermediate8. The observation of a bond- 72-Bp*Rh(CO)(benzene), the same as observed in linear and
activated product in a linear hydrocarbon solvent on the ultrafast cylic alkanes. These observations may be indicative of a greater
time scale shows that there is an increased barrier towardgegree of back-donation of the metal electron density to the
secondary versus primary photochemicat ke activation for aromatic substrate in the caseBfTp*Rh(CO)(benzene) versus
CpRh(CO). 17>-Bp*Rh(CO)(benzene At this stage, the discrepancy in the

A slight nanosecond time scale decay of the alkyl-solvated ,2.gp*Rh(CO), results cannot be rigorously accounted for, nor
intermediate species was observed in our earlier study-8fiSi can the significant spectroscopic blue shifts in the intermediate
activation of CpRh(CQ)in triethylsilane3® In light of our recent and produc®-Tp*Rh(CO)(D)(GDs) absorptions relative to the
observation of €H activation by CpRh(CO) in linear hydro-  ¢ounterparts in saturated hydrocarbon solvents. While we
carbons, the previous result may now be attributed #HC  propose that the intermediate absorbing at 2006%cis the
activation of the ethyl moiety of triethylsilane. The reaction gechelated benzemecomplex, there appear to be more complex
mechanism of photochemical S activation may be refor-  sgjyte/solvent interactions in aromatic solvents than we are
mulated as shown in Scheme 3. Initially, the coordinatively presently aware of.
unsaturated CpRh(CO) is solvated either by thetsbond to The fact that the bond-activated product has biexponential
form the product or by the ethyl group to form the CpRN(CO)- inetics indicates that there exist two possible routes to the
(EY)(SIHER) intermediate. The €H bond of the alkyl-solvated  formation of the bond-activated product. The fast component
species is then activated to form a long-lived CpRh(CO)(H)- may be attributed to product formation of a-RB—C o-bound
(C2H4SiEp) intermediate, which eventually rearranges to form  gpecie$4 A similar observation has been made in the bond
the final Si-H bond activated product along a 378 time  activation reaction of ethylene at the Cp*Ir[P(M center
scale?? [Cp* = Cs(CHs)s], in which the activation of the vinyl E€H

3. Arene C—H Activation. At early times, the activation of  pgnq proceeds not throughracomplex precursor but through
ds-benzene by;*-Tp*Rh(CO) appears qualitatively similar to 5 5-complex23 The longer~2 us time scale component can be
the results in linear and cyclic hydrocarbon solutions. Upon UV aitriputed to the decay of the.complex to form the product as
photolysis of73-Tp*Rh(CO). in ds-benzene, the picosecond the two are kinetically coupled. Unfortunately, as-aomplexed
spectra show the formation of a transient species absorbing atintermediate is not directly observed, it is impossible to tell if

1965 cm*, which decays within~200 ps to form an intermedi-  the Tp* ligand is dechelated into a bidentate form. Consequently,
ate absorbing at 2006 cth On the basis of the previous work, it is difficult to determine the total reaction mechanism of a

the first intermediate absorbing at 1965 this proposed to be  ;_complex, as summarized in Scheme 4.
solvated,3-Tp*Rh(CO)(benzene), which rearranges to forma  Results in toluene are similar to thg-benzene data. The

dechelategyz-Tp*Rh(CO)(benzene) intermediate. The 24 intermediate and product peak positions are the same as in
. LA - .

decay ofy>-Tp*Rh(CO)(benzene) is kinetically coupled to the  penzene, and the product growth occurs on a similar microsec-

long time scale growth component of the findTp*Rh(CO)- ond time scale. This is especially interesting as the cyclohexane

(D)(CeDs) product, which correlates to a free energy barrier of 50 methyl-cyclohexane data indicate that the activation of the

9.6 kcal/mol. primary carbon is favored. Perhaps the formation of the

(61) Drolet, D. P.; Lees, A. J. Am. Chem. S0d.992 114, 4186. (63) Meiere, S. H.; Harman, W. DDrganometallics2001, 20, 3876.

(62) Belt, S. T.; Grevels, F.-W.; Klotzbucher, W. E.; McCamley, A.; Perutz, R. (64) This species does not appear to have been observed, and as such we are

N. J. Am. Chem. Sod.989 111, 8373. not certain whether the Tp* ligand is bound in ghor in an#?® fashion.
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Scheme 4. C—H Bond Activation Mechanism of #3-Tp*Rh(CO); in
Aryl Solvents?@

T-complex

C-H Activation by long lifetime
Tp*Rh(CO), in benzene n
”\B/”§ }->\
3 NN
¥ " gmmg;" > > Yy
B | N - N 0
@/g\"p} o N =™
A b — :
ST o P T * A
/\ th c-complex
& % § not observed, %,
H
short lifetime &\ |
N N
\R’h/

2|t cannot be determined if the-complex exists as a dechelated
intermediate, see text.

m-complex directs the reaction toward preferential activation

at aromatic sites, as has been observed in previous activatio

studies using analogous compoufiti€onsequently, while the

unsaturated metal is able to bind and eventually activate the
primary C—H bonds of the methyl-cyclohexane substrate, the

strength of the bound-complex precursor in toluene impedes

such a rearrangement from occurring. The mechanism for

aromatic G-H activation by;3-Tp*Rh(CO), is summarized in
Scheme 4.

Conclusion

We have shown through direct observation thafTp*Rh-
(CO), photochemically activates the - bonds of linear

hydrocarbons at a faster rate than that seen for the substrates’ Supporting Information Available:

secondary sites of the solvent. The CpRh(g&tudies also
suggest that the same trend exists regardless of the local
environment at the metal center. Further, the CpRhCl@)a
reveal that additional ligand dynamics do not appear to play a
direct role in the photochemical activation process as has been
established for3-Tp*Rh(CO). The results of &H activation
studies in deuterated solvents % Tp*Rh(CO) show a normal
kinetic isotope effect of~2.3 in the last step of the activation
reaction.

In the case of photochemical activation in arene solvents, the
formation of a strongly boung-complex results in an increased
time scale for G-H activation. In contrast to the methyl-
cyclohexane data, the formation of /acomplex results in
preferential activation of an aryl-€H bond in toluene. In both
ds-benzene and toluene, the kinetics of the bond-activated
product is biexponential, which indicates that two routes exist
to forming the final product. The fast component may be due

o the reactivity of an unobservegtcomplexed intermediate

which reacts at a rate similar to what has been observed in linear
alkanes. The slow time scale product formation may be
correlated with the decay of thg?Tp*Rh(CO)@-benzene)
intermediate.
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The optimized DFT

cyclic counterparts. Experiments in methyl-cyclohexane solution Structures of*-Tp*Rh(CO)(benzene) angf-Tp*Rh(CO)(CHy)

suggest that this preference results in activation of theHC

and the ultrafast UV pump/IR probe spectragdfTp*Rh(CO),

bonds of the primary carbon despite the greater number of in ds-benzene (PDF). This material is available free of charge
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