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Selective functionalization of otherwise unactivated alkanes is
an important goal, since alkyl chains are ubiquitous and constitute
one of the few functional groups for which there is not a highly
developed chemistry.1,2 While several homogeneous late transition
metal catalysts activate alkanes under relatively mild conditions,
well-defined systems capable of efficient alkane functionalization
are rare.3-7 At the most basic level, metal-based alkane function-
alization is complicated by the need to catalyze heterolytic (ionic)
and homolytic bond-making and bond-breaking events at a single
metal center. A typical sequence, such as that proposed for the
Pt-based Shilov oxidation process, is outlined in Scheme 1.8

The reactions outlined in eq 1-4 differ radically in their
ionicity. Thus, if one can effectively change the electronegativity
of a metal center while maintaining a model catalyst’s coordina-
tion geometry, the effects on the thermodynamics of the relevant
reactions can be predicted from first principles. In Pauling’s
valence-bond treatment, the strength of a chemical bond, as
measured by its homolytic bond dissociation energy (BDE), is
determined by covalent and ionic terms.9 According to this
analysis, BDE is a function of the difference in electronegativity
(∆ø) of the two atoms; effectively decreasing∆ø will decrease
BDE. Since transition metal atoms are more electropositive than
hydrogen or carbon, it is expected that M-C and M-H BDEs
will decrease as electron density is withdrawn from a given metal
center’s coordination sphere, decreasing the enthalpy for oxidative
addition into a C-H bond (and M-C and M-H BDEs).
However, from inspection of the thermodynamic cycle shown in
Scheme 2, one can also conclude that M-C and M-H BDEs
will be less sensitive, in terms of energy, than their respective
heterolytic (or ionic) bond dissociation energies (eqs 2 and 4
above) as transition metal atoms are rendered more electrophilic.10

Elegant studies from Wayland’s laboratories have shown that
Rh(II) porphyrins activate methane reversibly.11,12 However,
nucleophilic functionalization of the resulting methylrhodium
complexes has not been demonstrated. Recently, the first syntheses
and characterization of the extremely electron-deficient porphyrin
F28TPP13 and its transition metal chelates were reported.14-16

Electron-deficient porphyrin macrocycles offer the opportunity
to stabilize the Rh(I) oxidation state dramatically, potentially

switching on a key SN2 reaction featuring an alkylrhodium
electrophile.17 In accord with the above discussion, activating this
ionic pathway need not compromise C-H activation, since the
Rh-H and Rh-C BDEs should be less dependent upon metal
electrophilicity than heterolysis of these same bonds. Therefore,
the series of transformations outlined in Figure 1 should be
feasible.

Syntheses of the rhodium complexes CH3Rh(F28TPP), HRh-
(F28TPP), Rh(F28TPP), and [Rh(F28TPP)]- relied on methodology
established for analogous nonfluorinated derivatives.18 All of these
compounds are stable to water, and only [Rh(F28TPP)]- is air
sensitive.

Rh(F28TPP) is sufficiently soluble in benzene (Bz) and chlo-
robenzene (ClBz) for19F NMR experiments. Theâ-fluorine
resonances show a substantial isotropic shift [Rh(F28TPP) δ )
-98.3, Co(F28TPP)δ ) -124.8, Zn(F28TPP)δ ) -145.4 ppm]16

and the line widths of the broad signals are insensitive to changing
temperatures (20-60 °C), indicating that the metalloradical is
largely monomeric in solution. This behavior contrasts with that
observed for typical rhodium porphyrins, which readily form
dimers possessing Rh-Rh bonds.19 The reversible activation of
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Scheme 1.Proposed Mechanism for Hydrocarbon
Functionalizationa

a The four steps shown are: (1) oxidative addition, (2) proton transfer,
(3) oxidation of a metal center, and (4) nucleophilic attack on an
organometallic species. M) complexed metal ion, RH) hydrocarbon,
B- ) base, Ox(m) ) oxidant, Red(m-2) ) reduced oxidant, Y- )
nucleophile.

Scheme 2.Thermodynamic Cycle for Bond Heterolysisa

a BDE ) bond dissociation energy, IP(H)) ionization potential for
hydrogen atom, EA is the electron affinity of the metal (M) in the
oxidation state (n - 1), and ∆H(i) ) is the enthalpy for the ionic
(heterolytic) reaction shown.
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H2 (5 atm) by Rh(F28TPP) in Bz was followed by19F NMR
spectroscopy at 30-60 °C; only the paramagnetic Rh(F28TPP)
and diamagnetic HRh(F28TPP) were observed. There was a
marked solvent dependence upon the rate at which the equilibrium
was established (30 min in ClBz, 1 d in Bz). By monitoring the
equilibrium constant for the reaction as a function of temperature,
the relevant thermodynamic quantities (∆H ) -11 (( 3) kcal/
mol, ∆S ) -20 (( 10) eu, BDE) 58 ((2) kcal/mol) were
determined. The Rh-H BDE observed with Rh(F28TPP) compares
to Rh(OEP) (Rh-H ) 61.8 kcal/mol)19 and Rh(TMP) (Rh-H ≈
60 kcal/mol),20 indicating that the Rh-H bond strength varies
with metal electron density in the expected manner.

Similarly, the Rh(F28TPP) metalloradical was observed by19F
NMR to activate methane (5 atm) to form CH3Rh(F28TPP) at 40
°C. The prohibitively slow rate of this process (15 d to reach
40% conversion in ClBz) and evolution of H2 from the initially
formed rhodium hydride precluded an accurate determination for
the reaction enthalpy.

The CH3Rh(F28TPP) complex is robust and can be isolated by
crystallization or benchtop chromatography. It is stable in toluene
heated at reflux, and Bz solutions are unchanged by iodine,
bromine, trifluoroacetic acid (TFA), or triflic acid (1 M). The
13C-1H coupling constant (JC-H ) 144.5 Hz) is substantially
larger than that reported for [13CH3Rh(TMP)]2, 141.5 Hz.11 The
reluctance of this complex to eliminate methane by protonolysis,
and the largeJC-H value testify to the metal center’s electrophi-
licity. The Rh-C bond length for CH3Rh(F28TPP) (2.027(4) Å),
determined from an X-ray diffraction study of CH3Rh(F28TPP)
(toluene solvate),21 is indistinguishable from that of CH3Rh(OEP)
(2.031(6) Å)22 and CH3Rh(OETAP) (2.034(7) Å),23 indicating that

this metrical parameter is relatively insensitive to large changes
in porphyrin electronic structure, as is expected for a covalent
bond with little ionic character.

In Bz or ClBz at 40°C, the potent nucleophile triphenylphos-
phine (PPh3) (0.1 M) attacks CH3Rh(F28TPP) at the methyl
group, quantitatively forming methyltriphenylphosphonium cation
[CH3PPh3]+ and displacing the [Rh(F28TPP)]- leaving group
(reaction 6 in Figure 1). Remarkably, ion pair formation is
sufficiently favorable for the reaction to occur in Bz, a relatively
nonpolar solvent, although the reaction required 10 d to reach
completion (12 h in ClBz). Evidence for extensive ion-paring of
the product salt is apparent in the1H NMR spectrum, where there
are substantial upfield shifts of the phenyl and methyl proton
resonances; the methyl doublet is shielded to the greatest extent
(δ ) -1 ppm). (The product assignments were confirmed by
NMR spectroscopy of independently synthesized [CH3PPh3]+

[Rh(F28TPP)]- and of [CH3PPh3]+ Cl- extracted from the reaction
mixture with NaCl/D2O.) The success of this nucleophilic
displacement confirms that the Rh(I) oxidation state is sufficiently
stabilized by the perfluorinated porphyrin to make the metal
complex a relatively good leaving group in comparison to typical
Rh(I) porphyrins. To our knowledge, this is the first example of
a bona fide nucleophilic displacement on a neutral organometallic
complex leading to a stable ion pair product.

To quantify the stabilization of the Rh(I) oxidation state by
the fluorinated porphyrin, the acidities of HRh(F28TPP) and HRh-
(TPP) were measured in dimethyl sulfoxide against a series of
standard acids.24 At 25 °C the following data were obtained: HRh-
(F28TPP), pKa ) 2.1 ((0.3); HRh(TPP), pKa ) 11.0 ((0.3);∆pKa

) 8.9. The large difference in acidity between the fluorinated
and nonfluorinated complexes (∆∆G° ) -12.1 kcal/mol) con-
firms that the ionic reactions are much more sensitive to the
electron-withdrawing nature of the perfluorinated porphyrin
than are the Rh-C and Rh-H BDEs. In addition a sample of
[CH3PPh3+] [Rh(F28TPP)]- in benzene was titrated with TFA,
and the relative acidities were measured by19F NMR spectros-
copy. The rhodium hydride is slightly more acidic than TFA
(∆pKa ) 0.6) under these conditions. This acid-base reaction
formally completes the reaction cycle shown in Figure 1.

Here we have demonstrated that a modified rhodium porphyrin
complex performs each of the reactions shown in Figure 1. The
key design principle, that ligand modification can so increase
metal nucleofugacity that nucleophilic substitution can be acti-
vated without compromising alkane and hydrogen activation, is
drawn directly from fundamental concepts of chemical bonding.
Developing an efficient catalytic system from these or similar
components requires dramatically accelerated rates of the methane
activation and nucleophilic functionalization reactions; studies
aimed at satisfying these kinetic requirements are currently
underway.
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Figure 1. Proposed reaction sequence for methane functionalization. The
net reaction is homogeneous alkane-hydrogen metathesis.
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