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Chapter 3

Alkane Complexes as|ntermediatesin C-H
Bond Activation Reactions

William D. Jonest, Andrew J. Vetter, Douglas D. Wick,
Todd O. Nort hecutt

Department of Chemistry, University of Rochester, Rochester, NY 14627

The rearrangements of akyl deuteride complexes are
monitored and a kinetic model used to extract the rate
constants for the fundamental processes involving the unseen
alkane ! -complexes. |sotope effects for C-H and C-D bond
formation and cleavage have been measured to permit these
determinations. The relative rates of the processes available to
and akane! -complex (C-H oxidative cleavage, C-D oxidative
cleavage, dissociation, migration to an adjacent C-H bond)
have been determined for methane, ethane, propane, butane,
pentane, and hexane.

Introduction

It has now been generaly established that akanes are activated by
homogeneous transition metal complexes by way of initial complexation of the
C-H bond to the metal, followed by oxidative cleavage of the C-H bond to
produce an akyl hydride product (eq 1) (1). Evidence for this pathway has
come from a variety of observations, including scrambling of a metal-deuteride
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into the " -position of the akyl group (2-10), temperature-dependent linewidth
variations (11), and direct observation via NMR or IR spectroscopy (12,13).
Despite these studies, little is known about the behavior of these akane
complexes due to their lability and the inability to determine the structure (i.e.
binding site) in these species. In this article we present an overview of
experiments that use deuterium scrambling to monitor the rearrangements of
alkyl hydride complexes. Through rate measurements and kinetic modeling, it
has proven possible to extract the relative rates of the various processes open to
the alkane complex intermediates.

. i Ke
LoaM] — > LM L MRH) s ani )

The direct observation of alkane complexes has been limited to a few
experiments involving low temperature spectroscopy or transient absorption
techniques. One of the more interesting of these is the report by Ball in which
photolysis of CpRe(CO); in cyclopentane at 180 K leads to the observation of a
I -cyclopentane complex (12). A resonance is observed at # -2.32 for two
hydrogens interacting with the metal center, suggesting either an $2-H,H or a
fluxiona $2-CH structure as shown below (eq 2). Time resolved IR
experiments using CpRe(CO); in heptane solvent at 298 K have also shown
evidence for a transient intermediate assigned as the ! -heptane complex. The
species has an approximate lifetime of 10's of milliseconds before back reacting
with CO in abimolecular reaction (13).

NIy == e —
‘ ht _/;— h’—M fast _’—'\ T H
_Re_ . Re H or H @& — Re.
oc j¥Co o oc / o oc /Re ST oo R 2
oc od W O N—" oc N o W

Another interesting example where a ! -alkane complex has been observed
by transient | R spectroscopy is in the photolysis of Tp* Rh(CO), in cyclohexane
solution (Tp* = tris(3,5-dimethylpyrazolyl)borate) (14,15). A species assigned
as the alkane complex is observed at 1990 cm™ that converts to the alkyl hydride
complex with a half-life of 230 ns. Conversion of the $>-Tp* ligand to an $*-
Tp* ligand is seen to occur on the 200 pstimescale (eq 3). Aswith the IR study
above, however, little can be ascertained regarding the structure of the alkane
complex. Fast IR studies of Cp*Rh(CO), and akanes in liquid xenon and
krypton solvents provide evidence for the intermediacy of alkane complexes of
the type Cp*Rh(CO)(akane), also characterized through the carbonyl IR
absorptions (16-18).
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Our research group has been studying a related complex, [Tp*Rh(CNR)],
for C-H bond activation reactions over the past decade (CNR = neopentyl
isocyanide). The fragment can be conveniently prepared by irradiation of the
carbodiimide adduct, Tp*Rh(CNR)(RN=C=NPh), which has nearly unit
guantum efficiency for loss of the carbodiimide ligand (19). Early studies with
benzene activation to produce the phenyl hydride complex Tp* Rh(CNR)PhH
were proposed to occur by way of an unobserved $2-benzene adduct, not unlike
the mechanism proposed for alkane activation (20). Evidence for this adduct
came from the observation that the phenyl deuteride complex was found to
scramble the deuterium into the ortho, meta, and para positions of the phenyl
ring much faster than the rate of benzene exchange. In addition, displacement of
benzene from Tp* Rh(CNR)PhH by isocyanide was found to be an associative
process with activation parameters consistent with attack of isocyanide on the
metal complex. These experiments suggest a pre-equilibrium with the $*
benzene complex prior to further reaction (eq 4). The associative kinetics were

+CNR S
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most consistent with the formulation of a d® square planar Rh(l) intermediate,
and such rapid $° D $? interconversions are consistent with the earlier
interpretations of the carbonyl derivative by Bergman and Harris (14).

The rhodium carbodiimide precursor to [Tp* Rh(CNR)] was aso found to
be valuable for the activation of alkanes, including methane, propane, pentane,
cyclopentane, and cyclohexane (21). The complexes Tp* Rh(CNR)(R)H have
stabilities toward alkane reductive elimination at ambient temperature in
benzene solution on the order of minutes (for cyclohexane) to hours (for
methane). In the case of the linear hydrocarbons, only n-alkyl products are
formed, even a low temperatures. Yet the formation of cyclopentyl and
cyclohexyl hydride adducts indicated that activation of secondary C-H bonds
was possible. We set out to determine and understand the stabilities of the
different isomers available in the alkane oxidative addition adducts, as well as
the role that the !-akane complexes played in their formation and
interconversions. The use of rhodium deuteride derivatives proved to be a
valuable tool in these studies, as they are readily prepared by the metathesis
reaction of the rhodium chloride complex (e.g. Tp*Rh(CNR)MeCl) with
Cp,ZrD,, as reported in our full paper (22). In addition, the use of deuteride
compounds to monitor the rearrangements introduced isotope effects on the rate
of reaction, and these needed to be determined and taken into account in order to
provide a meaningful interpretation of the observations. A full discussion of
isotope effects in these reactions has recently appeared (23).

| sotope Effect M easurements

One of the key experiments that permitted our success in this project was
the ability to prepare an isopropyl hydride complex from the corresponding
isopropyl chloride complex. The metathesis reaction with Cp,ZrH, was not
immediate, but was fast enough to alow for complete formation of the isopropyl
hydride complex in about 10 minutes. Furthermore, the isopropyl hydride
complex was seen to convert into the n-propyl hydride complex competitively
with loss of propane over the next hour or so. The unsaturated fragment reacted
with the benzene solvent to give ultimately Tp*Rh(CNR)PhH as the
thermodynamically most favored product (Figure 1). This experiment
demonstrated that secondary alkyl hydride complexes have sufficient stability
that they should have been observed during the photolysis of
Tp*Rh(CNR)(RN=C=NPh) in propane solvent to generate Cp* Rh(CNR)(n-
propyl)H. Taken together, these experiments prove that activation of secondary
C-H bonds does not occur in linear alkanes.

A second related experiment was then undertaken using Cp,ZrD, to prepare
the isopropyl deuteride complex. A similar sequence of events is seen:
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Figure 1. Rearrangement of isopropyl hydride complex

conversion of the isopropyl deuteride complex to the n-propy! hydride complex
with competitive loss of propane-d; and formation of Tp* Rh(CNR)PhH. In this
case, however, it is important to point out that no scrambling of deuterium is
seen in the isopropyl deuteride complex. That is, one does not observe the
formation of Tp* Rh(CNR)(CDMe,)H as Tp* Rh(CNR)(CHMe&,)D goes away. It
implies that the reductive coupling in the isopropyl deuteride (and hydride)
complex is irreversible (eq 5). From this, we conclude that reductive coupling
of a secondary alkyl hydride complex is irreversible. This observation is
important, and is unique in the C-H activation literature. Furthermore, since the
reaction is irreversible, the rate of disappearance of the isopropyl deuteride (or
hydride) can be used to determine the fundamental rate of reductive coupling.
From the ratio of these rates in the deuteride and hydride complexes, we can
ther efor e determine the isotope effect in just the reductive coupling step, without
complications from reversibility. From our measurements knc Tkl = 2.1.
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We have aso been able to determine the isotope effect on the reverse
reaction in this system, namely oxidative cleavage. For this purpose, the
carbodiimide Tp*Rh(CNR)(RN=C=NPh) was irradiated in unreactive CgFg
solvent under 10 atm CH,D, at 5 jC. The Kkinetic products formed were a 4.3:1
ratio of Tp*Rh(CNR)(CHD,)H : Tp*Rh(CNR)(CH,D)D, indicating a kinetic
isotope effect for oxidative cleavage of koc' ' /koc” = 4.3. Upon standing at room
temperature, this ratio adjusts to 1.7 : 1 before methane-d, is slowly lost over
several hours. This experiment is interpreted in terms of the initial formation of
a methane ! -complex that exchanges between the statistically equivalent C-H
and C-D bonds before undergoing oxidative cleavage (eq 6).

H
Hoe
TpX, Tp*LRh— " P . *LRh/CDZH
Rh-CNR D p 4
‘ L~ > 43:1
RNC=NPh  CH,D, _CHpD ©6)
H + Tp*LRh.
10 atm D\ )
TpLRh— D i
L H ]
1.7 : 1ratio
at equilibrium

These experiments lead to some interesting conclusions regarding isotope
effects. First, both reductive coupling and oxidative cleavage have normal
kinetic isotope effects. Second, the equilibrium isotope effect for
Tp*Rh(CNR)(CHD,)H = Tp*Rh(CNR)(CH,D)D is inverse, since from the
near-final product mixture in equation 6, Kyp = 1/1.7 = 0.59. Third, the ratio of
the two Kkinetic isotope effects can also be used to confirm the inverse
equilibrium isotope effect, since Kyp = (Krc' Tkac”)/ (Koc Tkoc®) = 2.1/4.3 = 0.49.
The agreement is quite good, considering that different alkanes were used in the
measurements. The agreement suggests that kinetic isotope effects are likely to
be of a similar magnitude for the other alkanes studied, and this assumption will
be used in the discussions that follow.

Alkyl Hydride and Deuteride Reductive Elimination Studies

As mentioned above, akane loss from Tp*Rh(CNR)(R)H is fairly slow at
room temperature. Consequently, solutions of these complexes can be readily
prepared by shaking a benzene solution of Tp* Rh(CNR)(R)CI with sparingly
soluble Cp,ZrH, and then filtering to remove Cp,ZrHCI. A comparison of the
rate of alkane reductive elimination in the methyl, ethyl, n-propyl, n-butyl, n-
pentyl, and n-hexyl complexes showed the methyl hydride to be the most stable
(t = 4.3 h), the ethyl hydride to be slightly less stable (t, = 1.1 h), and the
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longer n-alkyl hydrides to be the least stable (t = 0.7 h). In benzene-dg
solution, the loss of akane is followed by irreversible formation of the phenyl
hydride product Tp* Rh(CNR)(CeDs)D.

By using Cp,ZrD, in the metathesis reaction, the alkyl deuterides can be
conveniently prepared. The reaction is quick (<5 min) and the workup consists
of simply filtering the insoluble zirconocenes. The first reaction examined was
that of Tp*Rh(CNR)(CH3)CI to give Tp*Rh(CNR)(CH3)D. The formation of
Tp*Rh(CNR)(CH,D)H was seen to occur to the extent of approximately 55% of
the total (Figure 2). Loss of CH3D occurs over severa hours as
Tp*Rh(CNR)(C¢Ds)D forms. Towards the end of the reaction, the ratio of
Tp*Rh(CNR)(CH3)D : Tp*Rh(CNR)(CH,D)H can be seen to be 1 : ~6.3.
Taking into account the 3-fold statistical preference for the latter species, the
equilibrium isotope effect can be estimated to be ~0.48, in good agreement with
the values seen above for CH,D,, again supporting the generdity of the values
of the isotope effects.
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\\i I = [Rh](CHg)D
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Figure 2. Distribution of Species for the Rearrangement of
Tp* Rh(CNR)(CH3)D in CgDg at 25 j C. Symbols represent observed data. Solid
lines represent simulated data.

With confidence that the vaues for the isotope effects for oxidative
cleavage and reductive coupling were now known, a kinetic simulation of the
scrambling was undertaken according to Scheme 1. In this simulation, it was
found that the 3 rate constants for the reactions leading away from the ! -
methane complex (koc", koc”, k) were highly correlated (0.9999), which occurs
because the ! -complex is not directly observed and therefore its absolute rate of
disappearance cannot be determined. Therelative rates for these three reactions,
however, could be determined. This problem arises essentially because one
does not know the absolute free energy of the methane ! -complex, but one can
determine the difference in the barrier heights from the kinetic simulation
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(Figure 3). In this picture, the value X corresponds to the stability of the akane
complex relative to the barrier for C-H bond oxidative cleavage, and the other
barriers are then determined relative to it. From the values of the rate constants
determined in this fit, one can extrapolate that in a / -methane complex of CHy,
oxidative cleavage would be 10.7 times faster than dissociation.

Scheme 1:

D H
[Rh]” R
" CHs CDH,
[RH] = TP*CNR)RF
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D fast H Ka
[Rh]*‘ — [Rh]*‘ — > [Rh] + CH,D
CHs CDH;,

- . _ [Rh]+ CHgD
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Figure 3. Free energy diagram for the activation of CH;D by [Tp*Rh(CNR)].
Energies are in kcal/mol.

The next alkyl deuteride complex to be examined was the ethyl deuteride
complex Tp*Rh(CNR)(CH,CH3)D, prepared from the chloro derivative and
zirconium hydride. Upon standing in benzene solution, two scrambling
processes are observed. First, scrambling of deuterium into the " -position is
seen (~23%), followed by scrambling into the %position (Figure 4).

The kinetic scheme for these processes in terms of akane ! -complexes is
shown in Scheme 2. The rate constants for the scheme can be fit using the
values for the two kinetic isotope effects determined above, and with the same
limitation that only the relative rates for the processes involving the ! -ethane
complex can be determined. In this system, one new rate constant is introduced
for the migration of the rhodium from one methyl group to the other, k1. From
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the values of these rate constants, the relative rates of oxidative cleavage :
migration : dissociation with ethane are determined to be ~4:2:1. The fairly
rapid end-to-end migration rate manifests itself in the observation of nearly
equal amounts of " - and %scrambled products prior to ethane-d; loss.

100 =

I I = [Rh](CHCH3)D

:? " = [Rh](CHDCHg)H

- 4 = [Rh](CH,CH,D)H
° ! = CHsD

0 100 200 300 400
time, min

Figure 4. Distribution of Species for the Rearrangement of
Tp* Rh(CNR)(CH,CH3)D in C¢Dg at 25 jC. Symbols represent observed data.
Solid lines represent simulated data.

Scheme 2:
_H
[Rh]i\ D
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[RhI [Rh]— ~— [Rh— — A
\W koc® H >~ Kmn D ke J
- g D

ki>a 4 kg
[Rh] + CH3CH,D

Similar deuterium migration experiments were conducted with the n-propyl,
n-butyl, n-pentyl, and n-hexyl complexes. In each case, the chloro derivative
Tp*Rh(CNR)(n-alkyl)Cl reacted quickly with Cp,ZrD, to give Tp* Rh(CNR)(n-
akyl)D. The " -deutero product was seen to form to the same extent in al of
these complexes (~20%), as in the ethyl case. This observation can be
reconciled by noting that this scrambling sequence is quite similar in al of the n-
alkyl derivatives. The scrambling of the deuterium to the far end of the akyl
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chain was observed to occur to a diminishing extent as the alkyl chain length
increasedE it could not even be measured in the case of the n-hexyl complex.
Figure 5 shows distribution of species plots for these four alkyl deuteride
rearrangements, and the above features can be easily distinguished. The gradual
change in terminal d-migration argues against a direct end-to-end migration
path, which would be expected to befaster in the n-hexyl case.
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Figure 5. Distribution of Species for the Rearrangement of Tp* Rh(CNR)(n-
alky)D in CgDg at 25 | C. Symbols represent observed data. Solid lines
represent simulated data.

Kinetic simulations of these reactions were undertaken, and the results are
shown as the solid lines in the figures. The model used for the n-propyl
rearrangement is shown in Scheme 3. As there are many independent rate
constants in this model, it only proved possible to obtain a convergent fit if the
data for the rearrangement of the isopropyl deuteride complex (seeFigure 1)
was also fit simultaneously, since this model contains many of the same rate
constants.

The following key points could be ascertained from the fit: (1) the ! -
propane complex with the termina methyl group undergoes three processes, C-

H oxidative cleavage (kocH), migration to the methylene group (Kmw), Or
dissociation (kg1), ina ~5:3:1ratio; (2) the! -propane complex with the
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Scheme 3:
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methylene group undergoes two processes, migration to the end (k) or
dissociation (kg), ina 1:1 ratio; (3) there is no observable oxidative cleavage of
the secondary C-H bonds; (4) as with methane, the energies of the ! -complexes
cannot be determined. Therefore, the absolute rates of these processes cannot be
obtained, only their relative values. In addition, since there are two possible ! -
complexes with propane, their relative energies cannot be determined, which
means that the rates of the processes that interrelate these two species (k1> and

kn21) cannot be determined either. This is shown in the rather complicated free
energy diagram in Figure 6.
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Figure 6. Free energy diagram for the deuterium scrambling in Tp*Rh(CNR)(n-
propyl)D. Energies are in kcal/mol. The energies of the ! -alkane complexes
are arbitrary.
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In the simulation of the n-butyl complex, the same rate constants used to fit
the n-propyl complex were used. In addition, one new rate constant was
introduced for the rate of secondary to secondary ! -complex migration, Kyx.
The fit shows that this migration up and down the interior of the chain is quite
fast, with the ratio of migration (kmx) vs. dissociation (kg) of 7 : 1. Simulation
of the n-pentyl and n-hexyl derivatives required introduction of no new rate
constants, and it can be seen in Figure 5 that the agreement of the observed and
predicted behavior is quite good within the limits of measurement by °H NMR
spectroscopy.

The relative rates of these processes can be summarized in side-by-side
fashion as shown in Figure 7. It isimportant to remember that relative rates can
only be compared for processes arising from a single ! -alkane complex. For
example, one cannot compare the rate of dissociation of methane to that of
ethane. In al cases, the same relative pattern for activation vs. migration vs.
dissociation can be seen. In addition, 1j/2j migration patterns are similar. The
rapid 2j-2j migration rate is striking, and indicates that if a metal coordinates to
the middle of alinear alkane, it rapidly runs to the end of the chain. Once there,
the rate of C-H oxidative bond cleavage exceeds al other processes. The
combination of these two factors is what leads to the observation of selective
activation of the terminal C-H bondsin linear alkanes.

butane

M migration from 2;-2j

M migration from 2j-1j
M 2j dissociation
---- fixed ratio

propane

O migration from 1j
0 1; dissociation

ethane -
M activation

—
|

0 5 10 15
relative rate (k 4,=1)

methane

Figure 7. Relativerates of processesin ! -alkane complexes of linear alkanes.

One further question that can be asked is can the relative rates of
coordination of an unsaturated metal complex to a linear alkane be determined
(Scheme 4). Once the alkane is complexed, the above moded for C-H bond
migration, dissociation, and oxidative cleavage can then be applied to give
oxidative addition product selectivities. Together, this information will lead to a
comprehensive understanding of the details of C-H bond activation.
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Preliminary studies show that selectivities in alkane coordination can be
measured. Irradiation of the carbodiimide complex Tp* Rh(CNR)(RN=C=NPh)
in a 1:1 mixture of pentane and decane gives a 1:1.1 ratio of C-H activation
products, respectively (eq 7). Note that if only methyl groups bind to an
unsaturated metal, than a 1:1 ratio of products would be expected. The ever-so-
dlight excess of decane C-H activation product indicates that the predominate
site for alkane binding is the methyl group, and that methylene coordination
contributes only dlightly. Simulations of these systems are underway to quantify
the rates of coordination.
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