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Achieving enantioselective reactions through a cata-
lytic process is recognized as one of the most important
and challenging problems in organic synthesis, and
therefore it has received much attention. Enormous
progress has been made in this area during the past
decade.1 However, the factors governing enantioselec-
tivity remain the subject of speculation even in reactions
that have been extensively studied.2 Enantioselectivity
in catalytic asymmetric reaction is usually interpreted
in steric terms.3 Electronic effects have seldom been
reported to control enantioselectivity even though the
electronic properties of both the catalyst and substrate
can have profound effects in fundamental organometallic
processes.4,5 In the limited number of studies6 of elec-
tronic effects, the underlying reasons are poorly under-
stood. Our interest in asymmetric catalysis has prompted
us to design and synthesize the new biaryl chiral N,O-
ligand 4. In the catalytic enantioselective addition of
diethylzinc to p-substituted benzaldehydes catalyzed by
this chiral pyridylphenol (R)-(+)-4, we have observed for
the first time that the enantioselectivity (1) depends on
the electronic nature of the aryl aldehydes in a linear free
energy relationship and (2) increases with more reactive
substrates.

The chiral pyridylphenol 4 was synthesized from
2-bromo-3,5-di-tert-butylanisole through the Suzuki cross
coupling7 of boronic acid 1 with 2-bromo-3-methyl-
pyridine (2) in the presence of 2.0 equiv of KOtBu and 5
mol % of Pd(Ph3P)4 in DME to produce 3,8 which was then
treated with pyridine hydrochloride to afford recemic 4
(Scheme 1).

Resolution of this pyridylphenol was carried out with
(S)-(+)-camphorsulfonyl chloride via the diastereomeric

sulfonates 5.9 Chromatographic separation of on silica
gel and subsequent alkaline hydrolysis finally yielded the
enantiomerically pure ligands (R)-(+)-4 and (S)-(-)-410

(Scheme 1).
The results of the enantioselective catalytic addition

of diethylzinc to aromatic aldehydes (eq 1) by (R)-(+)-(4)
are summarized in Table 1. The reactions were con-
ducted at 0 °C in toluene in the presence of 5 mol % of
(R)-(+)-4 (optical purity > 99.5%) under nitrogen for 48
h with 2 equiv of Et2Zn to give high yields of alcohols
7a-e with moderate to high enantioselectivity.10-12

Most remarkably, the enantioselectivity of the reac-
tions is subjected to a remote electronic effect; the
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1.188 g cm-3; Mo KR radiation (graphite monochromator); scan range
3° e 2θ e 50°; total number of reflections 2850, observed reflections
1786 (Fo > 4.0σ (F)), R ) 0.0491, Rw ) 0.0506; GOF ) 1.17. Siemens
P4 four-circle X-ray diffractometer, data calculated with SHELXTL-
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deposited atomic coordinates for this structure with the Cambridge
Crystallographic Data Centre. The coordinates can be obtained, on
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12 Union Road, Cambridge, CB2 1EZ, UK.
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Scheme 1. Synthesis and Resolution of Chiral
Pyridylphenol 4

NaOH, 
aq MeOH

60 °C, 24 h
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Summary: The first application of palladium-catalyzed
phosphination using tertiary phosphines as the di-
arylphosphinating agents for the synthesis of biaryl P,N
ligands from their corresponding O,N triflates was
reported.

During the past few decades, tertiary phosphines have
attracted considerable interest, especially as important
ligands for transition metals and as versatile intermedi-
ates in organic synthesis.1 Previous methods of transi-
tion-metal-catalyzed phosphination for introducing the
diphenylphosphino group into aryl halides or triflates
to yield the triarylphosphines have several drawbacks.
The Pd0/Ph2P(O)H route requires subsequent reduction
by trichlorosilane.2 The Pd0/Ph2PH‚BH3 method is not
applicable to amine- or pyridine-containing compounds
and requires deprotection.3 Air- and moisture-sensitive
reagents are used in the Ni/Ph2PH,4 Ni/Ph2PCl,5 and
Pd/Ph2PSiMe3 routes.6 In the course of the synthesis of
biaryl P,N ligands for asymmetric catalysis, we have
discovered a novel one-step synthesis of atropisomeric
P,N ligands from their corresponding O,N triflates
under neutral conditions using triarylphosphine as the
phosphinating agents.

Pd(OAc)2 and Ph3P were found to be a catalyst and a
diphenylphosphinating agent, respectively, for aryl tri-
flates. Pyridylphenyl triflate 1, prepared by trifluo-
romethanesulfonation7 of pyridylphenol,8 was reacted
with 2.3 equiv of triphenylphosphine catalyzed by 10

mol % of Pd(OAc)2 in DMF at 110 °C for about 4 days
to give pyphos 2 in 68% yield (eq 1). The rate of the

formation and the yield of 2 increased when the catalyst
loading was increased from 5 to 10 mol %. Further
increase of the amount of catalyst caused a slight
decrease of the product yield. Other palladium catalysts
such as Pd(PPh3)4 and Pd2(dba)3 were also effective and
gave comparable yields.9 Other complexes, such as Ni-
(OAc)2, PdCl2, Pd(MeCN)2Cl2, Pd(PPh3)2Cl2, PtCl2, and
Pt(PPh3)4 did not show any catalytic activity.

Polar aprotic solvents were found to be most suitable.
N,N-Dimethylformamide (DMF) was the best solvent,
while N-methyl-2-pyrrolidinone (NMP) and dimethyl
sulfoxide (DMSO) gave lower phosphine yields. The
reduction side product may be due to the competitive
protonolysis of the Pd-aryl intermediate.10 The much
less polar solvent THF was found to be inferior, even
with extended reaction time.

The amount of triphenylphosphine used was critical.
When a stoichiometric amount of triphenylphosphine
was added, only about 10% conversion of 1 to 2 was
observed.11 When the amount of triphenylphosphine12

was increased up to 2.3 equiv, the rate of the reaction
drastically increased and the yield was the highest.
When more than 2.5 equiv of PPh3 was used, the yield
of the P,N product 2 rapidly dropped, and finally the
reaction completely stopped when 4 equiv of tri-
phenylphosphine was added. Presumably excess phos-
phine decreases the catalytic efficiency by lowering the

* To whom correspondence should be addressed. E-mail: ksc@
cuhk.edu.hk.
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Strong base and large size cation have been shown to accelerate the rate and the yield of Suzuki
coupling of a sterically bulky boronic acid with halopyridines in DME for the synthesis of
pyridylphenols.

Introduction

Palladium-mediated cross-coupling reactions of organic
electrophiles with organometallics (Li, Mg, Cu, Zn, Zr,
Al, Sn, and B) and heteroatoms are versatile methods
for the formation of carbon-carbon bonds.1 Notable
among these are the Stille2 and the Suzuki coupling3

which are based on reactions between aryl halides and
aryl stannanes and arylboronic acids, respectively, in the
presence of catalytic amount of Pd(0). These routes are
highly valuable for the synthesis of biaryls and in par-
ticular regarding unsymmetrical cases. Both methods
are compatible with a variety of functional groups. Stille
coupling allows the use of neutral reaction conditions.
Suzuki coupling offers the advantages of being largely
unaffected by the presence of water and yielding nontoxic
byproducts. As a consequence, they have been used ex-
tensively in the synthesis of natural products,4 nucleoside
analogues,5 liquid crystals,6 porphyrins,7,8 and polymers.9

Pyridylphenols are an potentially important but less
explored class of ligands10 for metal complex formation11

and have been synthesized previously from tedious
routes.10 Our interest in asymmetric catalysts using

metal complexes of chiral pyridylphenols12,13 has prompted
us to utilize transition metal catalyzed cross-couplings
for the synthesis. We now report the successful synthesis
of pyridylphenols as well as the base and cation effects
on the Suzuki coupling of a sterically bulky boronic acid
with halopyridines in nonaqueous solvent.

Result and Discussion

One of the target pyridylphenols was 2-(3-methyl-2-
pyridyl)-3,5-di-tert-butylphenol (8a). Initially, Stille cou-
pling between the nucleophilic (3-methyl-2-pyridyl)-
tributlystannane and the electrophilic aryl bromide 3 was
employed but proved unsuccessful with debromination
product obtained (Scheme 1). (3-Methyl-2-pyridyl)tribu-
tlystannane was not reactive enough possibly due to its
weaker nucleophilicity and steric hindrance. The nu-
cleophilic partner was then switched from the pyridine
to the phenol. Kumada cross coupling14 of the Grignard
regeant of 3 with 2-bromo-3-methylpyridine 5a using Ni-
(Ph3P)2Cl2 catalyst did not, however, result in any cross-
coupled product. Therefore, Suzuki cross-coupling reac-
tion was then attempted.

Synthesis of Arylboronic Acid. The arylboronic
acid 4 was synthesized from commercially available and
inexpensive 3,5-di-tert-butylphenol 1. Phenol 1 was
monobrominated with Br2 in CS2 to afford 2-bromo-3,5-
di-tert-butylphenol (2) in 94% yield (Scheme 2).15 Phenol
2 was further methylated with dimethyl sulfate to
produce 2-bromo-3,5-di-tert-butylanisole (3) in 88% yield.16

Bromide 3 was subjected to metal-halogen exchange
with nBuLi and was then quenched with B(OMe)3 and
finally hydrolyzed in aqueous Na2CO3 to afford 4 in 74%
yield. In the preparation of boronic acid 4,13 it was found
that the general method of acid hydrolysis17 proved
unsuccessful to yield the desired product 4. The dimethyl
borate intermediate leading to 4 might be either too
electron rich or too bulky to be hydrolyzed in acidic
medium. Initially, biphasic alkaline hydrolysis (aq
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Na2CO3/C6H6, reflux) was found to be effective to give
the desired boronic acid 4 in 2 d. Finally, a monophasic
alkaline hydrolysis using NaOH/EtOH proved to be most
effective with the arylboronic acid being obtained in just
10 min to give 64% of 4.

Suzuki Cross-Coupling Reaction. During our ini-
tial synthetic effort for compound 6a, we did not observe
any coupling products using the typical Suzuki reaction
conditions with either Na2CO3 or NaOEt.18 It is notable
that nucleophilic substitution of halopyridine was not a
major interfering reaction. Over 70% of 4 was recovered
from the synthesis of 6a using Na2CO3 while a complex
reaction mixture formed with the use of NaOEt. Aryl-
boronic acids with sterically hindered19 or electron-
withdrawing substitutents20 have been known to be less
successful due to the steric hindrance or competitive
hydrolytic deboronation. The modified Suzuki coupling
reaction conditions by Gronowitz20 was employed to
suppress deboronation by using glycol dimethyl ether
(DME) as the solvent.

Upon increasing the strength of base, boronic acid 4
underwent a Suzuki cross coupling with 2-bromo-3-
methylpyridine 5a,21 in the presence of 2.0 equiv of
KOtBu and 5 mol % of Pd(Ph3P)4 in DME to produce 6a
in 83% yield. Finally, compound 6a was demethylated
by pyridine hydrochloride under N2 to afford 8a in 83%
yield (Scheme 2).

To verify the generality of base effect on this reaction,
less bulky halopyridines 5b,c also were reacted with 4
(eq 1, Table 1). A strong base effect on the cross coupling

in DME was observed. The reactions of the extremely
sterically bulky arylboronic acid 4 with halopyridines
5a-c using the standard base (Na2CO3) produced either
no desired products or very low yields with extended
reaction time. Upon increasing the strength of base from
NaOH, NaOEt to KOtBu (2 equiv), both the yields of
products and the rates of the reactions increased.

The demethylation of anisoles 6b,c were achieved with
BBr3 or NaI/TMSCl to give 8b,c respectively. in good
yields (eq 2).

In an effort to optimize reaction conditions, we have
further discovered a cation effect on this Suzuki reaction
(eq 3, Table 2). The reaction gave a better yield of 6a in
a homogeneous medium with the addition of tBuOH to
dissolve KOtBu than in a heterogeneous medium without
the addition of tBuOH (entries 1, 4, and 5). The rate of
formation of 8a was decreased when NaOtBu, freshly
prepared in situ from Na/tBuOH, was used, with the yield
remaining unchanged when the same batch of Pd catalyst
was used. Some competitive deboronation product 7 was
observed (entry 1). (Different batches of commerically
available Pd(Ph3P)4 affected the rate and yields of 6a
slightly.) Most surprisingly, addition of 18-crown-6 to
KOtBu decreased both the yield and rate of the formation
of 6a (entries 3 and 4). Weaker bases with large size
cations (Cs and Ba) proved to be inferior to KOtBu
(entries 6 and 7).

The base and cation effect can be rationalized according
to the mechanism shown in Scheme 3. Two equivalents
of base are required in this catalytic cycle.3 One equiva-
lent is used to react with arylboronic acid and the other
is used to react with arylpalladium halide to give pal-

(18) Watanabe, T.; Miyaura, N.; Suzuki, A. Synlett 1992, 207, 6.
(19) Thompson, W. J.; Gandino, J. J. Org. Chem. 1984, 49, 5237.
(20) Gronowitz, S.; Bobosic, V.; Lawitz, K. Chem. Scripta 1984, 23,

120.
(21) Case, F. H. J. Am. Chem. Soc. 1946, 68, 2074.

Scheme 1

Scheme 2

Table 1. Suzuki Cross Couplings of Arylboronic Acids
with Halopyridines

% yield (reaction time, h)

base 6b 6a 6c

Na2CO3 26 (90) 0 (90) 0 (90)
NaOH 40 (140) 22 (24) 44 (26)
NaOEta 74 (4) 0 (12) 45 (26)
KOtBub 86 (4) 83 (16) 77 (10)

a 2.0 M in EtOH. b 2.0 M in tBuOH.
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with para and meta substitutions (Figure 1).[21] However,
sterically congested ortho-substituted enynes gave an ee
value outside the trend (Table 2, entry 10). Presumably, the
steric factor, instead of the electronic effect, plays the domi-
nant role for this particular substrate. A proposed transi-
tion-state model can be used to account for this interesting
electronic effect in asymmetric Pauson–Khand-type reaction

(Figure 2). We suggest that, in the stereotransition state, the
electron-rich enyne may coordinate more closely to the rho-
dium center by p interactions;[22] this would result in im-
proved stereochemical communication and would thus give
rise to a higher enantioselectivity (Figure 2, Model A). The
electron-poor enyne may, however, coordinate to the metal
center in a different mode, which is far away from the chiral
environment in the transition state (Figure 2, Model B).[23]

Therefore, a lower ee value is observed in the bicyclic cyclo-
pentenone.

These attractive aqueous PKR conditions were also ex-
plored with other carbon- and nitrogen-tethered enynes. Ex-
cellent isolated yields were obtained for these substrates
with good enantioselectivities (Table 3).

In conclusion, we have demonstrated an interesting cata-
lytic and enantioselective aqueous Pauson–Khand-type cyc-
lization. Although these aqueous reactions required organic
solvents for product purification, this is a good start for the
development of this chemistry with less environmental
impact in the near future. In addition, the unprecedented
electronic effect in the Pauson–Khand-type reaction is nota-
ble. To the best of our knowledge, this is the first example
to show a correlation between enyne electronic properties
and the ee value of the bicyclic cyclopentenones for the
PKR in a Hammett study. Rationalization of these observa-
tions by full investigation of the stereodetermining/rhodacy-
cle-forming step in the aqueous Pauson–Khand-type cycliza-
tion is currently underway.

Experimental Section

General considerations : Unless otherwise noted, all reagents were pur-
chased from commercial suppliers and used without purification. All air-
sensitive reactions were performed in Rotaflo (England) resealable
screw-cap Schlenk flasks (approximately 10 mL volume) or screw-cap
vials (approximately 2 mL volume). Toluene and tetrahydrofuran (THF)
were distilled from sodium and sodium benzophenone ketyl, respectively,
under nitrogen,.[24] Allylamine and triethylamine were distilled over
CaH2 prior to use. Aldehydes (liquid form at RT) were distilled under re-
duced pressure and stored in screw-cap vials. NaH (60% in mineral oil)
was washed with dry hexane prior to use. (Caution: This procedure
should be performed in a relatively dry atmosphere with adequate shield-
ing.) [{Rh(cod)Cl}2], as a shiny orange crystalline solid, was purchased
from Strem Chemicals. Water was degassed and stored in a Schlenk flask.
Thin-layer chromatography was performed on Merck precoated silica gel
60 F254 plates. Silica gel (Merck, 230–400 mesh) was used for flash column
chromatography. Melting points were recorded on an uncorrected
B!chi B-545 melting point instrument. 1H NMR spectra were recorded
on a Varian INOVA 500 spectrometer. Spectra were referenced internally
to the residual proton resonance in CDCl3 (d=7.26 ppm) or to tetrame-
thylsilane (TMS; d=0.00 ppm) as the internal standard. Chemical shifts
(d) are reported as parts per million (ppm) on the d scale downfield from
TMS. 13C NMR spectra were recorded on a Varian INOVA 500 spectrom-
eter and referenced to CDCl3 (d=77.0 ppm). 31P NMR spectra were re-
corded on a Varian INOVA 500 spectrometer and referenced externally
to 85% H3PO4 (d=0.0 ppm). Coupling constants (J) are reported in
Hertz (Hz). Mass spectra (EI and FAB) were recorded on a Hewlett–
Packard 5989B mass spectrometer. High-resolution mass spectra
(HRMS) were obtained on a Br!ker APEX 47e ESI FT-ICR mass spec-
trometer. HPLC analyses were performed on a Waters 600 instrument by
using Chiralcel AS, AS-H, AD, AD-H, OD, and OD-H columns (0.46"

Table 2. Catalytic and enantioselective aqueous Pauson–Khand-type reac-
tions.[a]

Entry Substrate Product Yield[b] [%] ee [%]

1 82 84

2 71 90

3 82 95

4 60 95

5 93 93

6 92 88

7 90 82

8 88 81

9 91 77

10 49 74

11 no reaction n.d.[c]

[a] Reaction conditions: [{Rh(cod)Cl}2] (3 mol%), (S)-P-Phos (6 mol%),
enyne (0.3 mmol), and aldehyde (0.45 mmol) were charged to a screw-cap
flask at RT under air. Solvent (0.2 mL; concentration of enyne 1.5m) was
added under nitrogen and the reaction was stirred at 100 8C for 36 h.
[b] Yield of isolated product. [c] n.d.=not determined.
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Rhodium-Catalyzed Asymmetric Aqueous Pauson–Khand-Type Reaction
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Introduction

Transition-metal-catalyzed/mediated [2+2+1] carbonylative
cycloaddition of an alkene and an alkyne (called the
Pauson–Khand-type reaction or PKR)[1] represents one of
the most versatile methods for the preparation of various
scientifically useful and biologically interesting carbocy-
cles.[2] Conventionally, the PKR requires a stoichiometric
amount of [Co2(CO)8] (obtained by heating a [Co2(CO)6-
(alkyne)] complex with excess alkene). However, the devel-
opment of the catalytic PKR has prospered recently because
of the apparent advantages [Eq. (1)].[3]

The first example of the cobalt-catalyzed PKR was report-
ed in 1973 by Pauson, Khand, and co-workers [Eq. (1)].[4]

Several other research groups also attempted to perform
this interesting catalytic reaction in 1980s.[5] In early 1990s, a
successful and practical intramolecular PKR of enynes by
using [Co2(CO)8] with P(OPh)3 ligands was reported by
Jeong et al.[6] Apart from the cobalt-catalyzed PKR,[7] the
use of other transition metals, especially in the correspond-
ing chiral catalysts, for this enantioselective carbonylative
cyclization is currently of high interest. Recent examples
have shown that chiral titanium,[8] rhodium,[9] and iridium[10]

complexes are effective in the asymmetric PKR. Although
major improvements have been shown, the use of highly
toxic gaseous carbon monoxide signifies a drawback to
these procedures. Recently, two independent groups led by
Morimoto/Kakiuchi and Shibata reported notable accom-
plishments in the investigation of aldehydes as CO surro-
gates.[11,12] These findings enable us to use a nontoxic
“carbon monoxide” like reagent for carbonylation reactions.

We envisioned, as a prerequisite, an attractive and con-
venient protocol for a reaction that should be operationally
simple, in particular, a reaction that can be carried out in
less harmful solvents. Recently, tremendous attention has
been given to aqueous transition-metal-catalyzed reac-
tions.[13] However, no catalytic asymmetric systems that
enable the use of water as the only solvent, without a surfac-
tant, in the PKR have been developed yet.[14] To further im-
prove the PKR, the use of an aqueous solvent in this cata-
lytic reaction would be a good direction to take. We herein
describe this approach for a catalytic and enantioselective

Abstract: An interesting rhodium-cata-
lyzed asymmetric aqueous Pauson–
Khand-type reaction was developed. A
chiral atropisomeric dipyridyldiphos-
phane ligand was found to be highly ef-
fective in this system. This operational-
ly simple protocol allows both catalyst
and reactants to be handled under air
without precautions. Various enynes

were transformed to the corresponding
bicyclic cyclopentenones in good yield
and enantiomeric excess (up to
95% ee). A study of the electronic ef-

fects of the enyne substrates revealed a
correlation between the electronic
properties of the substrates and the ee
value obtained in the product of the
Pauson–Khand-type reaction. A linear
free-energy relationship was observed
from a Hammett study.

Keywords: asymmetric catalysis ·
cyclization · Pauson–Khand reac-
tions · phosphane ligands · rhodium
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•  Issue: Synthesis of the reactive RhII/IrII dimers is non trivial 
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withdrawing phenyl group stabilizes 2o Rh-C through bond 
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Mechanism: Cis-coordination is absent. 
1.  Radical process 
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•  New study with planar porphyrins 

 
 

Electronic Effects of Rearrangement 
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Fig. 1 ORTEP 9 view of Rh(ttp)CH2CH2Ph 1 showing the atom labeling. The thermal ellipsoids are drawn at a 35% probability level and hydrogen
atoms have been omitted for clarity.

In summary, the 1,2-rearrangements of porphyrinato
rhodium() alkyls were shown to be a general reaction with
several β-substituted ethyl complexes. The reaction rates and
equilibrium positions depended on the electronic nature of the
β-substituents of the alkyl groups.
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Notes and references
† Single crystals of complexes 1 and 4 suitable for X-ray crystallo-
graphic studies were grown by slow evaporation of solutions of the
complexes in chloroform–ethanol. The selected crystals were mounted
on top of glass fibers for data collection. The intensity data for complex
1 were collected in the variable w-scan mode on a Rigaku AFC7R
four-circle diffractometer and the intensity data of 4 were collected on a
Rigaku RAXIS IIc Imaging-plate system. The data were collected using
Mo-Kα radiation (λ = 0.71073 Å) at 294 K. The crystal structures were
determined by the direct method and the final refinement was carried
out by full-matrix least squares. Computations were performed with the
Siemens SHELXTL-PLUS program (PC version).8 CCDC reference
number 186/1613.

Complex 1: C56H45N4Rh!(CH3CH2OH)0.25!(H2O)1.5: red prism, 0.10 ×
0.20 × 0.30 mm, P 1̄, a = 13.286(3) Å, b = 13.782(3) Å, c = 14.740(3) Å,
α = 95.93(3)!, β = 101.09(3)!, γ = 112.66(3)!, V = 2396.8(12) Å3, Z = 2

Fig. 2 ORTEP view of Rh(ttp)CH(CH3)Ph 4 showing the atom label-
ing. The thermal ellipsoids are drawn at a 35% probability level and
hydrogen atoms have been omitted for clarity.

and R(calc.) = 1.264 g cm"3, 2Θ range = 4.0 to 50.0!, 8460 collected
reflections, 8460 independent reflections, 5204 observed reflections with
|Fo| > 6.0σ(|Fo|), 604 parameters refined, refinement converged to
RF = 7.22%, wR = 10.18%. Rh–C = 2.026(6) Å.

Complex 4: C56H45N4Rh!(CHCl3)0.5: red prism crystal, 0.12 × 0.15 ×
0.22 mm, P21/c, a = 13.796(3) Å, b = 22.304(4) Å, c = 15.777(3) Å,
β = 97.18(3)!, V = 4817(2) Å3, Z = 4 and R(calc.) = 1.290 g cm"3, 2Θ
range = 3.0 to 55.0!, 13989 collected reflections, 8481 independent
reflections, 5234 observed reflections with |Fo| > 6.0σ(|Fo|), 653 param-
eters refined, absorption correction was made by the ABSCOR method,
transmission factors 0.940 to 1.084, refinement converted to RF =
6.50%, wR = 8.71%. Rh–C = 2.078(5) Å.
‡ 1,2-Rearrangement reaction of porphyrinato rhodium(III) alkyl com-
plexes [Rh(por)R]. Rh(por)R, recrystallized from CH3OH–CH2Cl2

(0.01 mmol) was dissolved in anhydrous benzene-d6 (0.40 mL) in an
NMR tube. Tetra(trimethylsilyl)silane (≈1.0 mg) was added as the
internal standard for NMR integration. The solution was degassed for
three freeze–thaw–pump cycles and the NMR tube was flame sealed
under high vacuum. The solution was protected from light and heated
in an oil bath. The progress of the reaction was monitored by 1H NMR
and the composition of the reaction mixture was determined by NMR
integration with reference to tetra(trimethylsilyl)silane.

1 J. P. Collman, L. S. Hegedus, J. R. Norton and R. G. Finke, Principles
and Applications of Organotransition Metal Chemistry, 2nd edn.,
University Science Books, Mill Valley, CA, 1987.

2 D. Dolphin, B12, Wiley, New York, 1982; J. Halpern, Science, 1985,
227, 869; R. G. Finke, in Molecular Mechanisms of Bioorganic
Processes, eds. C. Bleasdale and B. T. Golding, The Royal Society of
Chemistry, Cambridge, 1990.

3 D. L. Reger, D. G. Garza and L. Lebioda, Organometallics, 1992, 11,
4285.

4 K. J. Del Rossi and B. B. Wayland, J. Am. Chem. Soc., 1985, 107,
7941.

5 K. W. Mak and K. S. Chan, J. Am. Chem. Soc., 1998, 120, 9686.
6 (a) ttp = 5,10,15,20-tetratolylporphyrinate; (b) Rh(ttp)alkyl com-

plexes were prepared by reductive alkylation of the porphyrinato
rhodium() chloride complex Rh(ttp)Cl(PhCN) 3 with NaBH4/alkyl
bromides; (c) H. Ogoshi, J. Setsune, T. Omura and Z. Yoshida, J. Am.
Chem. Soc., 1975, 97, 6461.

7 L. Randaccio, S. Geremia, R. Dreos-Garlatti, G. Tauzher, F. Asaro
and G. Pellizer, Inorg. Chim. Acta, 1992, 194, 1.

8 G. M. Sheldrick, SHELXTL PLUS, Program package for structure
solution and refinement, version 4.2, Siemens Analytical X-Ray
Instruments, Madison, WI, 1990.
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•  Activation of Calkyl-Calkyl bonds of nitroxide radicals 

 
 

Back to TEMPO – What else could happen? 

J. Chem. Soc., Dalton Trans., 2011, 510. 
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The first examples of intermolecular activation of
aliphatic carbon–carbon bonds by transition metal
complexes are demonstrated in the reaction of nitroxides
with a rhodium(II) porphyrin radical.

Development of new carbon–carbon bond activation processes
with higher reactivity and selectivity have potential applications
in the breakdown of long chain hydrocarbons such as the cata-
lytic cracking of fuels,1 depolymerization of polymer waste,2

and enzymatic degradation of hydrocarbons for methane
production.3 The activation of carbon–carbon bonds by transi-
tion metal complexes in a homogeneous medium has been very
challenging, especially for unstrained aliphatic carbon–carbon
(Calkyl–Calkyl) bonds.4 The difficulties lie in the preference for
carbon–hydrogen (C–H) over carbon–carbon (C–C) bond
activation.4 Some previous examples of the intermolecular
activation of C–C bonds by transition metal complexes have
been reported in strained hydrocarbons,5,6 Ccarbonyl–Calkyl bonds
in carbonyl and related compounds.7–9 Examples of the intra-
molecular activation of Caryl–Calkyl bonds in ligands include
cyclopentadienyl ligands 10 and pre-anchored phosphine
ligands by metal complexes.11 The intramolecular activation
of aliphatic carbon–carbon bonds via β-methyl elimination has
also been observed.12 The intermolecular activation of the
Calkyl–Calkyl bond by a transition metal complex in solution,
however, has not been reported and remains a challenge,
most likely due to steric factors of the shielded carbon–
carbon bonds (eqn. 1). Here, we report the first examples

C(sp3)–C(sp3) ! M → C(sp3)–M (1)

of activation of Calkyl–Calkyl bonds of nitroxide radicals
(Fig. 1) by 5,10,15,20-tetra(2,4,6-trimethylphenyl)porphyrinate
rhodium() [Rh(tmp)] 13 (Fig. 2).

The metal centered radical RhII(tmp)!,13 generated in ca. 80%
yield by the photolytic cleavage of Rh(tmp)Me in benzene for
4 h (eqn. 2), reacted with 1,1",3,3"-tetramethylisoindolin-2-oxy

Rh(tmp)Me
hv

benzene, N2, <15 #C, 4 h
Rh(tmp)! (2)

(TMINO, see Fig. 1) at 70 #C for 4 h to yield Rh(tmp)Me in
73% yield (Fig. 1. eqn. 3, Table 1, entry 1). The 1H NMR of

Rh(tmp)Me appeared at δ $5.26 (d, 2JRhH = 2.7 Hz, 3 H)].†
When the deuterated methyl derivative TMINO-CD3

14 was
used, Rh(tmp)CD3 was isolated in 68% yield (Fig. 1, Table 1,
entry 2). The high field resonance for the methyl group in the 2H

(3)

NMR appeared as a broad singlet at δ $5.35 which clearly
confirmed that the methyl group in the nitroxide was cleaved to
give Rh(tmp)Me and that the Calkyl–Calkyl bond activation of
nitroxide by Rh(tmp)! had occurred.

Other nitroxides also underwent C–C activation (Fig. 1,
Table 1, entries 3 and 4). 2,2,6,6-Tetramethylpiperidin-1-oxyl
(TEMPO) reacted with Rh(tmp)! at 70 #C to give Rh(tmp)Me
in 86% yield after 4 h. Even the extremely sterically hindered 2,2-
dimethyl-5,5-diphenylpyrrolidin-1-oxyl (DMPNO) 15 reacted
with Rh(tmp)! at 110 #C to give Rh(tmp)Me in 69% yield after
46 h. Only the Calkyl–Calkyl and not the Calkyl–Caryl bond reacted

Fig. 1 Structures of nitroxides.

Fig. 2

Table 1 C–C Bond activation of nitroxides with Rh(tmp)! (eqn. 3)

Entry Nitroxide
Temperature/
#C Time/h

Yield of
Rh(tmp)R (%)

1
2
3
4
5

TMINO
TMINO-CD3
TEMPO
DMPNO
TEINO

70
70
70

110
110

4
4
4

46
40

73
68
68
86
40
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The first examples of intermolecular activation of
aliphatic carbon–carbon bonds by transition metal
complexes are demonstrated in the reaction of nitroxides
with a rhodium(II) porphyrin radical.

Development of new carbon–carbon bond activation processes
with higher reactivity and selectivity have potential applications
in the breakdown of long chain hydrocarbons such as the cata-
lytic cracking of fuels,1 depolymerization of polymer waste,2

and enzymatic degradation of hydrocarbons for methane
production.3 The activation of carbon–carbon bonds by transi-
tion metal complexes in a homogeneous medium has been very
challenging, especially for unstrained aliphatic carbon–carbon
(Calkyl–Calkyl) bonds.4 The difficulties lie in the preference for
carbon–hydrogen (C–H) over carbon–carbon (C–C) bond
activation.4 Some previous examples of the intermolecular
activation of C–C bonds by transition metal complexes have
been reported in strained hydrocarbons,5,6 Ccarbonyl–Calkyl bonds
in carbonyl and related compounds.7–9 Examples of the intra-
molecular activation of Caryl–Calkyl bonds in ligands include
cyclopentadienyl ligands 10 and pre-anchored phosphine
ligands by metal complexes.11 The intramolecular activation
of aliphatic carbon–carbon bonds via β-methyl elimination has
also been observed.12 The intermolecular activation of the
Calkyl–Calkyl bond by a transition metal complex in solution,
however, has not been reported and remains a challenge,
most likely due to steric factors of the shielded carbon–
carbon bonds (eqn. 1). Here, we report the first examples

C(sp3)–C(sp3) ! M → C(sp3)–M (1)

of activation of Calkyl–Calkyl bonds of nitroxide radicals
(Fig. 1) by 5,10,15,20-tetra(2,4,6-trimethylphenyl)porphyrinate
rhodium() [Rh(tmp)] 13 (Fig. 2).

The metal centered radical RhII(tmp)!,13 generated in ca. 80%
yield by the photolytic cleavage of Rh(tmp)Me in benzene for
4 h (eqn. 2), reacted with 1,1",3,3"-tetramethylisoindolin-2-oxy

Rh(tmp)Me
hv

benzene, N2, <15 #C, 4 h
Rh(tmp)! (2)

(TMINO, see Fig. 1) at 70 #C for 4 h to yield Rh(tmp)Me in
73% yield (Fig. 1. eqn. 3, Table 1, entry 1). The 1H NMR of

Rh(tmp)Me appeared at δ $5.26 (d, 2JRhH = 2.7 Hz, 3 H)].†
When the deuterated methyl derivative TMINO-CD3

14 was
used, Rh(tmp)CD3 was isolated in 68% yield (Fig. 1, Table 1,
entry 2). The high field resonance for the methyl group in the 2H

(3)

NMR appeared as a broad singlet at δ $5.35 which clearly
confirmed that the methyl group in the nitroxide was cleaved to
give Rh(tmp)Me and that the Calkyl–Calkyl bond activation of
nitroxide by Rh(tmp)! had occurred.

Other nitroxides also underwent C–C activation (Fig. 1,
Table 1, entries 3 and 4). 2,2,6,6-Tetramethylpiperidin-1-oxyl
(TEMPO) reacted with Rh(tmp)! at 70 #C to give Rh(tmp)Me
in 86% yield after 4 h. Even the extremely sterically hindered 2,2-
dimethyl-5,5-diphenylpyrrolidin-1-oxyl (DMPNO) 15 reacted
with Rh(tmp)! at 110 #C to give Rh(tmp)Me in 69% yield after
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Development of new carbon–carbon bond activation processes
with higher reactivity and selectivity have potential applications
in the breakdown of long chain hydrocarbons such as the cata-
lytic cracking of fuels,1 depolymerization of polymer waste,2

and enzymatic degradation of hydrocarbons for methane
production.3 The activation of carbon–carbon bonds by transi-
tion metal complexes in a homogeneous medium has been very
challenging, especially for unstrained aliphatic carbon–carbon
(Calkyl–Calkyl) bonds.4 The difficulties lie in the preference for
carbon–hydrogen (C–H) over carbon–carbon (C–C) bond
activation.4 Some previous examples of the intermolecular
activation of C–C bonds by transition metal complexes have
been reported in strained hydrocarbons,5,6 Ccarbonyl–Calkyl bonds
in carbonyl and related compounds.7–9 Examples of the intra-
molecular activation of Caryl–Calkyl bonds in ligands include
cyclopentadienyl ligands 10 and pre-anchored phosphine
ligands by metal complexes.11 The intramolecular activation
of aliphatic carbon–carbon bonds via β-methyl elimination has
also been observed.12 The intermolecular activation of the
Calkyl–Calkyl bond by a transition metal complex in solution,
however, has not been reported and remains a challenge,
most likely due to steric factors of the shielded carbon–
carbon bonds (eqn. 1). Here, we report the first examples

C(sp3)–C(sp3) ! M → C(sp3)–M (1)

of activation of Calkyl–Calkyl bonds of nitroxide radicals
(Fig. 1) by 5,10,15,20-tetra(2,4,6-trimethylphenyl)porphyrinate
rhodium() [Rh(tmp)] 13 (Fig. 2).

The metal centered radical RhII(tmp)!,13 generated in ca. 80%
yield by the photolytic cleavage of Rh(tmp)Me in benzene for
4 h (eqn. 2), reacted with 1,1",3,3"-tetramethylisoindolin-2-oxy
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Rh(tmp)Me appeared at δ $5.26 (d, 2JRhH = 2.7 Hz, 3 H)].†
When the deuterated methyl derivative TMINO-CD3

14 was
used, Rh(tmp)CD3 was isolated in 68% yield (Fig. 1, Table 1,
entry 2). The high field resonance for the methyl group in the 2H
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NMR appeared as a broad singlet at δ $5.35 which clearly
confirmed that the methyl group in the nitroxide was cleaved to
give Rh(tmp)Me and that the Calkyl–Calkyl bond activation of
nitroxide by Rh(tmp)! had occurred.

Other nitroxides also underwent C–C activation (Fig. 1,
Table 1, entries 3 and 4). 2,2,6,6-Tetramethylpiperidin-1-oxyl
(TEMPO) reacted with Rh(tmp)! at 70 #C to give Rh(tmp)Me
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•  During investigation of 1,2-rearangment of alkyl rhodium porphyrins, TEMPO underwent CCA. 

–  Reactivity was depended on β-C-H bond strength 

–  [TEMPO] increase à increase in reaction rate 
–  Alkyl porphyrins, like propyl or ethyl, required 7 and 14 days respectively 

–  Rhodium-Carbon bond was cleaved in reaction 

 

TEMPO: Reagent, not Radical Trap 

Organometallics, 2002, 21, 2362. 

Rh

Ph

TEMPO
C6D6, 1.5h-7d Rh

Ph

Rh

CH3

not observed
40-86%

Rh

Ph

TEMPO
C6D6, 80°C, 1h PhRh

CH3

20%

+

*

*



 
•  Mechanism occurs in 2 steps: 

 A) Generation of RhII   
 B) CCA of TEMPO 

 

TEMPO: Reagent, not Radical Trap 

Organometallics, 2002, 21, 2362. 

porphyrin intermediate likely formed. More electron rich
porphyrin rhodium alkyls such as 1 and 2 reacted with
excess TEMPO similarly. The reactivity appeared to
decrease with the increasing strength of the !-C-H
bond (3 vs 5, 1 vs 6 and 7).

To elucidate the mechanism of the formation of Rh-
(por)CH3 complexes, the 13C-enriched phenylethyl rhod-
ium complex *3 was reacted with TEMPO (eq 2). The

methyl ligand of 3a formed from the reaction was found
to be unenriched with 13C and appeared as a broad
singlet at -4.84 ppm in the 1H NMR spectrum of the
reaction mixture without any 1JC-H coupling observed.
This ruled out the possibility that the methyl ligand
came from the R-carbon of the phenylethyl ligand of 3.

From the proton-coupled 13C NMR spectrum of the
reaction mixture of *3 with TEMPO, two enhanced
triplets at 73.7 and 113.8 ppm with 1JC-H values equal
to 148 and 157 Hz, respectively, were observed. At least
two products were therefore formed. The resonance at
113.8 ppm was assigned to the terminal sp2 carbon of
styrene and was quantified in 20% yield by 1H NMR
spectroscopy (cf. δ(C6H5CHdCH2) 112.3 ppm, 1JC-H-
(CH2dCH2) ) 156 Hz in CDCl3).10a However, the signal
at 73.7 ppm could not be unambiguously assigned and
is unlikely to be TEMPO-*CH2CH2Ph.10b Therefore, the
CH2-CH2Ph fragment remained intact and the Rh-C
bond was cleaved in the reaction.

The reaction of of Rh(por)CH2CH2R with TEMPO to
form Rh(por)CH3 appears to involve a two-step process
with the formation of a rhodium porphyrin radical
intermediate. The activation of the reaction by the
coordination of TEMPO to Rh(por)CH2CH2R is also
possible. The first step likely involves the generation of
the rhodium(II) porphyrin radicals, and the second step
is possibly the CCA of TEMPO with RhII(por) radical
to produce Rh(por)CH3.8 Three mechanistic possibilities
exist for the generation of Rh(por) radicals (Scheme 1):
(A) homolysis of a rhodium-alkyl bond, (B) !-hydride
elimination of Rh(por)CH2CH2R to Rh(por)H-hydrogen
abstraction with TEMPO,11 and (C) !-hydrogen abstrac-
tion of Rh(por)CH2CH2R with TEMPO-Rh-C homoly-
sis.

Mechanism A is disfavored on the basis of the unlikely
homolysis of the rather strong Rh-C bond at 120 °C
(BDE ≈ 60 kcal/mol)12,13 as well as the absence of
PhCH2CH2-TEMPO in the presence of an excess of the
efficient spin trap TEMPO. Though mechanism B is
apparently supported by the established intermediate
of Rh(por)H, generated via !-hydride elimination in the
1,2-rearrangements of Rh(por)CH2CH2R,9 the rates of
disappearance of the starting materials were, however,
much faster in the presence of TEMPO. In the absence
of TEMPO, the 1,2-rearrangements of Rh(bocp)CH2CH2-
Ph and Rh(ttp)CH2CH2Ph took 109a and 144 h,9b re-
spectively. Therefore, Rh(por)CH2CH2Ph must react
with TEMPO directly. Furthermore, Rh(bocp)CH2CH2-
CN did not undergo any significant 1,2-rearrangement
after heating in benzene at 150 °C for 11 days. No Rh-
(bocp)H was formed, as no rearrangement was observed.
However, it reacted with TEMPO at 120 °C within 2
days to give 3a. Therefore, the presence of Rh(por)H is
ruled out. Mechanism C remains the most probable.
Abstraction of the fairly weak C-H bond R to Ph, CN,
and Me groups in these rhodium complexes is energeti-
cally feasible at the reaction temperature of 80-120 °C,
and the reaction rates increased as the C-H bond
strengths decreased (BDE(PhCH2-H) ) 88 kcal/mol,13

(10) (a) Pretsch, E.; Seibl, J.; Simon, W.; Clerc, T. Tables of Spectral
Data for Structure Determination of Organic Compounds; Springer-
Verlag: Berlin, Heidelberg, 1989; pp C172-C173, C225. (b) Patel, V.
F.; Pattenden, G. J. Chem. Soc., Perkin Trans. 1 1990, 2703-2708.

(11) Chan, K. S.; Leung, Y.-B. Inorg. Chem. 1994, 33, 3187.

(12) (a) Wayland, B. B. Polyhedron 1988, 7, 1545-1555. (b) Way-
land, B. B.; Ba, S.; Sherry, A. J. Am. Chem. Soc. 1991, 113, 5305-
5311.

(13) Li, G.; Zhang, F. F.; Pi, N.; Chen, H. L.; Zhang, S. Y.; Chan, K.
S. Chem. Lett. 2001, 284-285.

Table 1. Summary of Thermolysis of (Porphyrinato)rhodium Alkyls with TEMPO

complex
amt of

TEMPO (equiv) temp (°C)

time for
disappearance
of complex

total
reacn
time

Rh(por)CH3;
yield, %

Rh(ttp)CH2CH2Ph (1) 5 80 48 h 6 days 1a; 70b

Rh(bttp)CH2CH2Ph (2) 5 80 48 h 6 days 2a; 25b

Rh(bocp)CH2CH2Ph (3) 5 80 15 min 7 h 3a; 45b

Rh(bocp)CH2CH2Ph (3) 15 80 15 min 90 min 3a; 81a

Rh(bocp)CH(CH3)Ph (4) 5 120 3 days 3 days 3a; 70b

Rh(bocp)CH2CH2CN (5) 10 120 12 h 24 h 3a; 86b

Rh(ttp)CH2CH3 (6) 10 120 NAc 14 daysc 1a; 10d (51e)
Rh(ttp)CH2CH2CH3 (7) 10 120 7 days 7 days 1a; 74b

a Isolated yield from column chromatography. b Estimated yields from 1H NMR integration. c Only 19% of starting material converted.
d Based on 100% of starting material. e Based on 19% starting material converted.

Scheme 1. Proposed Mechanism for the
Formation of Rh(por)CH3 from Rh(por)CH2CH2R

Communications Organometallics, Vol. 21, No. 12, 2002 2363

Mech. A: 
•  Requires homolysis of strong Rh-C bond 
•  Absence of trapped product 

Mech. B: 
•  Supported by Rh-H intermediate 
•  Disappearance of starting material was 

directly related to [TEMPO] 
•  Without TEMPO, 1,2-rearrangement took 

10 to 144 h, no Rh-H intermediate 

Mech. C: 
•  Synchronous H-abstraction with homolysis 

of Rh-C bond. 
•  Explains trend in TEMPO concentration 

CCA Mechanism is still unexplored 

N
O

Ph



 
•  Competes with CHA at lower temperatures 

•  TEMPO-H believed to come from a Rh-H intermediate 
 

TEMPO C-C Activation Mechanism 

JACS, 2008, 130, 2051. 

deeper understanding of the metalloradical reactivity of several
RhII and IrII radicals.8-10 A particular unique chemistry concerns
the activation of aliphatic carbon-carbon bonds in a variety of
organic substrates including nitroxyl radicals,10a,b ketones,10c
amides,10d esters,10d and nitriles10e,f by rhodium(II) meso-
tetramesitylporphyrin, [RhII(tmp)] (1).6e
TEMPO (2,2,6,6-tetramethyl-piperidine-1-oxyl) is often used

as a radical inhibitor in various (catalytic) reactions and can
mediate transition metal-catalyzed oxidation reactions. In these
reactions (the oxygen atom of) its nitroxyl radical moiety is
generally believed to be responsible for its actions, and (radical
mediated) decomposition reactions of TEMPO involving its
aliphatic moieties are generally not considered relevant. Con-
sidering the results presented in this paper this assumption is
not always justified.
In this report we focus on providing a deeper mechanistic

understanding of our previously communicated CCA of un-
strained CR3-Cring bonds of cyclic nitroxyl radicals by RhII.10b
We studied in detail the kinetics of the CCA reaction of [Rh-
(tmp)] (1) with TEMPO 2 leading to [RhIII(tmp)Me] (3). In this
process we identified a competing CHA pathway leading to
formation of TEMPOH via [RhIII(tmp)H]. The selectivity of
CCA over CHA increases at higher temperatures. Herein we
disclose a detailed mechanistic picture supported by DFT
calculations.
Reaction of Rh(tmp) 1 with TEMPO 2 for 4 h gives rise to

formation of [RhIII(tmp)Me] 3 in high yield (Scheme 1, Table
1).10b Careful analysis of the crude reaction mixture by GC-
MS revealed the presence of 2,2,6,6-tetramethyl-piperidin-1-ol
TEMPOH 4, suggestive for a competing reaction. Other organic
coproducts which can be expected to result from these reactions,
such as nitrone 6 and azaoxetane 7, proved too unstable to be
detected by GC-MS or isolated (Scheme 1).11 However, a
closely related analogue of 6 was detected in the reaction of
[RhII(tmp)] with 2,2- dimethyl-5,5-diphenylpyrrolidin-1-oxyl,

yielding 2-methyl-2,5-diphenyl-3,4-dehydronitrone and [RhIII-
(tmp)Me].10b
Increasing the TEMPO/Rh ratio, while keeping all other

reaction conditions identical (70 °C), gives rise to increased
overall yields of both Rh(tmp)Me 3 and TEMPOH 4, but also
decreases the 3/4 ratio. (Table 1, entries 1-4). Increasing the
TEMPO/Rh ratio from 1 to 20 gradually increases the [RhIII-
(tmp)Me] yield from 60 to 82% and the TEMPOH yield from
5.7 to 9.3%. The highest total product yields (92%) were reached
using 20 equiv of TEMPO, although the yields already leveled
off to 89% when using 5 equiv of TEMPO. Using more than 5
equiv TEMPO gives rise to a nearly constant 3/4 ratio of about
8.8.
We observed a clear influence of the temperature on the

relative rates of the two competing pathways (50-80 °C).
Keeping the TEMPO and [RhII(tmp)] concentrations constant
while increasing the temperature results in higher yields of [RhIII-
(tmp)Me] but lower yields of TEMPOH, thus resulting in a
higher 3/4 ratio (Table 1, entries 5, 6, 4, and 7). The total product
yields remained high and ascertained that other side reactions
were minor.
The formation of TEMPOH and the origin of the hydroxyl

hydrogen in TEMPOH atom is puzzling. It seems most likely
that the reaction proceeds via the hydride intermediate [RhIII-
(tmp)H].12 Rh-H bonds of [RhIII(por)] species are weak (∼60
kcal/mol)6d and can donate their hydrogen atoms easily,12b and
TEMPO is known to react rapidly with [MIII(oep)H] hydride
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Scheme 1. Competing CCA and CHA TEMPO Activation
Pathways upon Reaction with 1a

a Reactions in benzene under a N2 atmosphere at 70 °C for 4 h.

Table 1. Yields of Rh(tmp)Me and TEMPOH

entry
temp
°C

TEMPO
equiv

%
Rh(tmp)Me

%
TEMPOH

%
total yield

Rh(tmp)Me:
TEMPOH

1 70 1 60 5.7 65.7 10.5:1
2 70 2 76 8.0 83.0 9.5:1
3 70 5 80 9.0 89.0 8.9:1
4 70 20 82 9.3 91.3 8.8:1
5 50 20 73 16.8 89.8 4.4:1
6 60 20 76 12.3 88.3 6.1:1
7 80 20 85 3.9 88.9 21.8:1
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deeper understanding of the metalloradical reactivity of several
RhII and IrII radicals.8-10 A particular unique chemistry concerns
the activation of aliphatic carbon-carbon bonds in a variety of
organic substrates including nitroxyl radicals,10a,b ketones,10c
amides,10d esters,10d and nitriles10e,f by rhodium(II) meso-
tetramesitylporphyrin, [RhII(tmp)] (1).6e
TEMPO (2,2,6,6-tetramethyl-piperidine-1-oxyl) is often used

as a radical inhibitor in various (catalytic) reactions and can
mediate transition metal-catalyzed oxidation reactions. In these
reactions (the oxygen atom of) its nitroxyl radical moiety is
generally believed to be responsible for its actions, and (radical
mediated) decomposition reactions of TEMPO involving its
aliphatic moieties are generally not considered relevant. Con-
sidering the results presented in this paper this assumption is
not always justified.
In this report we focus on providing a deeper mechanistic

understanding of our previously communicated CCA of un-
strained CR3-Cring bonds of cyclic nitroxyl radicals by RhII.10b
We studied in detail the kinetics of the CCA reaction of [Rh-
(tmp)] (1) with TEMPO 2 leading to [RhIII(tmp)Me] (3). In this
process we identified a competing CHA pathway leading to
formation of TEMPOH via [RhIII(tmp)H]. The selectivity of
CCA over CHA increases at higher temperatures. Herein we
disclose a detailed mechanistic picture supported by DFT
calculations.
Reaction of Rh(tmp) 1 with TEMPO 2 for 4 h gives rise to

formation of [RhIII(tmp)Me] 3 in high yield (Scheme 1, Table
1).10b Careful analysis of the crude reaction mixture by GC-
MS revealed the presence of 2,2,6,6-tetramethyl-piperidin-1-ol
TEMPOH 4, suggestive for a competing reaction. Other organic
coproducts which can be expected to result from these reactions,
such as nitrone 6 and azaoxetane 7, proved too unstable to be
detected by GC-MS or isolated (Scheme 1).11 However, a
closely related analogue of 6 was detected in the reaction of
[RhII(tmp)] with 2,2- dimethyl-5,5-diphenylpyrrolidin-1-oxyl,

yielding 2-methyl-2,5-diphenyl-3,4-dehydronitrone and [RhIII-
(tmp)Me].10b
Increasing the TEMPO/Rh ratio, while keeping all other

reaction conditions identical (70 °C), gives rise to increased
overall yields of both Rh(tmp)Me 3 and TEMPOH 4, but also
decreases the 3/4 ratio. (Table 1, entries 1-4). Increasing the
TEMPO/Rh ratio from 1 to 20 gradually increases the [RhIII-
(tmp)Me] yield from 60 to 82% and the TEMPOH yield from
5.7 to 9.3%. The highest total product yields (92%) were reached
using 20 equiv of TEMPO, although the yields already leveled
off to 89% when using 5 equiv of TEMPO. Using more than 5
equiv TEMPO gives rise to a nearly constant 3/4 ratio of about
8.8.
We observed a clear influence of the temperature on the

relative rates of the two competing pathways (50-80 °C).
Keeping the TEMPO and [RhII(tmp)] concentrations constant
while increasing the temperature results in higher yields of [RhIII-
(tmp)Me] but lower yields of TEMPOH, thus resulting in a
higher 3/4 ratio (Table 1, entries 5, 6, 4, and 7). The total product
yields remained high and ascertained that other side reactions
were minor.
The formation of TEMPOH and the origin of the hydroxyl

hydrogen in TEMPOH atom is puzzling. It seems most likely
that the reaction proceeds via the hydride intermediate [RhIII-
(tmp)H].12 Rh-H bonds of [RhIII(por)] species are weak (∼60
kcal/mol)6d and can donate their hydrogen atoms easily,12b and
TEMPO is known to react rapidly with [MIII(oep)H] hydride
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Scheme 1. Competing CCA and CHA TEMPO Activation
Pathways upon Reaction with 1a

a Reactions in benzene under a N2 atmosphere at 70 °C for 4 h.

Table 1. Yields of Rh(tmp)Me and TEMPOH

entry
temp
°C

TEMPO
equiv

%
Rh(tmp)Me

%
TEMPOH

%
total yield

Rh(tmp)Me:
TEMPOH

1 70 1 60 5.7 65.7 10.5:1
2 70 2 76 8.0 83.0 9.5:1
3 70 5 80 9.0 89.0 8.9:1
4 70 20 82 9.3 91.3 8.8:1
5 50 20 73 16.8 89.8 4.4:1
6 60 20 76 12.3 88.3 6.1:1
7 80 20 85 3.9 88.9 21.8:1
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N
Ph
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Isolated in Previous Work

N
O

(1.4 equiv)
C6D6, r.t.

+
N
OH

>96%

RhRh

H



 
•  If Rh-H is indeed the intermediate, then where did “H” atom originate? 
 

–  Solvent (Benzene) 
–  TEMPO 
–  Starting Material [(TMP)RhII] 
–  Product [(TMP)RhIII-Me] 

•  Formed from chelation assisted CHA 

»  Driven by fast TEMPO H-atom abstraction 
»  TEMPO-H yields do increase with higher [TEMPO] 
»  Binding studies showed a 1:1 adduct 
»  Secondary H’s unlikely due to unstable products 

TEMPO-H Hydrogen Source 

Extremely difficult 
Stable in benzene at 70°C for 24h 
Stable in benzene at 130°C for 2d 
No reaction at 70°C  

JACS, 2008, 130, 2051. 

Rh

O
N
H



 
•  Propose methyl transfer occurs through radical or SN2-like transition states. 

•  Radical pathway more exergonic by 5 kcal/mol 
–  Both are plausible 

DFT Analysis of CCA 

JACS, 2008, 130, 2051. 

Formation of the cation-anion pair III from II is about +12
kcal/mol uphill. From this cation-anion pair we readily obtained
an SN2-like transition state (TS2) for methyl transfer from
TEMPO to Rh. This transition state involves a nucleophilic
attack of the electron rich RhI atom to one of the methyl groups
of the TEMPO cation, with (DMPO-like) 2,2,6-trimethyl-
2,3,4,5-tetrahydro-1-pyridiniumolate acting as an efficient leav-
ing group (SN2 type mechanism, see Scheme 4). TS2 lays only
about +17 kcal/mol uphill with respect to II. Formation of the
final products IV from II is exergonic by nearly -24 kcal/mol.

The transition state for direct Me radical transfer from the
TEMPO radical to the [RhII(por)] radical (SH2-type mechanism),
along the open-shell singlet (singlet biradical) surface, has an
even lower relative energy (∆Gq)+12 kcal/mol). On this basis,
the actual reaction might well take place via direct methyl radical
transfer (TS1) instead of the alternative ionic pathway (TS2).
However, the hybrid b3-lyp functional seems to overestimate
the relative stability of radicals.20 It is not so clear if, and to
what extend, this also holds for the singlet biradicaloid transition
state TS1 (which is “on the way” to become closed-shell; !S2"

Figure 9. DFT optimized geometries (b3-lyp, TZVP) of II, TS1, III, TS2, and IV.

Scheme 4. Computational Reaction Mechanisms for Methyl Transfer from TEMPO to [RhII(por)], in Good Agreement with the Experimental
Kinetic Data
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O

(TMP)RhII

PPh3 (1 equiv)
130°C, 1d

O
Rh(TMP)

-only CHA product due to enolizable protons

O

(TMP)RhII

PPh3 (1 equiv)
130°C, 1d

O

+(TMP)Rh-CH3

O

3% 26%

Rh(TMP)

CCA co-product no observed
due to radical instability

O (TMP)RhII

PPh3 (1 equiv)
130°C, 2d

O
+(TMP)Rh-CH3

6% 33%
Rh(TMP)

11%
Rh(TMP)+

O

Weaker C-C Bond
More accessible Ketone

 
•  Activation of CCO-Calkyl has been established, while Cα-CO-Calkyl was unexplored 

Activation of Ketones 

J. Organomet. Chem., 2006, 691, 3782. 

R
R

O



 
 

Activation of Non-Enolizable Ketones 

J. Organomet. Chem., 2006, 691, 3782. 

The enolizable ketones in Table 1 exhibit minor CCA
and major CHA. Only in the case of 3b, an increase of reac-
tion temperature favored CCA slightly but was not very
efficient. The formation of carbonAhydrogen bond activa-
tion products suggested that Rh(tmp) might react with the
enol tautomers [25]. To prevent this competitive CHA,
non-enolizable carbonyls were then examined.

2.2. Reactions of Rh(tmp) and non-enolizable ketones

RhðtmpÞ
2

þketone !ligand
benzene 130 $C; time

RhðtmpÞR ð4Þ

A series of non-enolizable ketones were examined. The
solvent-free conditions was first examined using 3f. In sol-
vent-free conditions, 3f (%680 equiv.) reacted with Rh(tmp)
at 130 !C in 1 day to give the CCA produt Rh(tmp)CH3 in
16%. When 5 equiv. of 3f was used and the reaction was
carried out in benzene solvent, C(sp3)AC(sp3) activation

product Rh(tmp)CH3 was obtained in 18%, with nearly
equal efficiency as that in solvent-free conditions. So, sub-
sequent studies were carried out in benzene solution.

Rh(tmp) (2) also successfully activated carbonAcarbon
bond of 2,2,4,4-tetramethyl-pentan-3-one (3d) in benzene
solution to produce Rh(tmp)CH3 (1) as the CCA product.

To improve the yield, the effect of added ligand was
examined. Rh(II) radicals typically react as metalloradicals
with a variety of ligands (L = r donor and p acceptor), e.g.
triphenylphosphine and pyridine, to form adducts, which
are more electron-rich and reactive [31]. Ligand (triphenyl-
phosphine and pyridine) effects were therefore investigated.
To our delight, the CCA product yield was increased to
31% when triphenylphosphine was used as the ligand
(Table 2, entry 2). Addition of pyridine ligand, however,
did not promote CCA. It has been known that pyridine
ligand induces the disproportionation of Rh(tmp) to yield
[pyRhIII(tmp)]+ and [pyRhI(tmp)]&, [32,33]; therefore,

Table 2
CCA results between Rh(tmp) and ketones

Entry Ketonea Ligand Time (d) Product (Yield [%]d)

1 O 3d None Rh(tmp)CH3 1 (20)
2 Ph3P

b 1 Rh(tmp)CH3 1 (31)
3 pyc Rh(tmp)CH3 1 (22)

4
O

3e Ph3P
b 3 Rh(tmp)CH3 1(trace)

5
Ph

O
3f Ph3P

b 1 Rh(tmp)CH3 1 (18, 16e)

6
Ph

O
Ph 3g [26] Ph3P

b 1 Rh(tmp)CH3 1 (24)

7 Ph

O

Ph

O
3h [27] Ph3P

b 1 Rh(tmp)CH3 1 (14)

8 Ph

O
Ph

O

3i [28] Ph3P
b 3 No reaction

9 O 3j [29] Ph3P
b 1 Rh(tmp)CH3 1 (25)

10

O

O

3k [30] Ph3P
b 1 Rh(tmp)CH3 1 (30)

11

O

O

Bn

Bn

3l [30] Ph3P
b 3 Rh(tmp)Bn 10 (6)

a 5 equiv. of ketone added to Rh(tmp).
b 1 equiv. of Ph3P based on Rh(tmp).
c 2 equiv. of pyridine based on Rh(tmp).
d % Yield was based on 80% of Rh(tmp) generated through photolysis.
e Under solvent-free conditions.
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•  PPh3 = More e- rich/
reactive (por)RhII 

•  Pyridine= induces 
disproportionation 

•  Cyclic ketones unreactive 

(TMP)RhII py
py(TMP)RhIII + py(TMP)RhI

pyridine is not good promoter. Hence, triphenylphosphine
was chosen as the promoter ligand for the CCA of Rh(tmp)
and ketones.

Though, the acyclic ketone 3d (BDE(a(c)-a(methyl)) =
84 kcalmol!1) [22] underwent successful carbonAcarbon
bond activation with Rh(tmp) (Table 2, entry 2) to give
Rh(tmp)CH3 in 31%, the cyclic ketone 2,2,5,5-tetra-
methyl-cyclopentanone (3e; entry 4) almost did not react.
It suggests that a cyclic substrate may be less reactive than
an acyclic one.

2,2-Dimethyl-1-phenyl-propan-1-one (3f; entry 5) and 2-
methyl-1, 2-diphenyl-propen-1-one (3g; entry 6) were acti-
vated with Rh(tmp) to produce Rh(tmp)CH3 in 18% and
24% yield, respectively. Only a slight increase of activity
was observed by changing a methyl to phenyl substituent
adjacent to the site of bond cleavage. We rationalize that
if a co-product carbon-centered radical is formed [18],
slight stabilization is gained through resonance with the
phenyl ring to account for the high yield.

In the hope of stronger ketone binding to Rh(tmp) to
give higher yield of product, 1,3-dicarbonyl substrates were
examined. However 2,2-dimethyl-1,3-diphenyl-propane-
1,3-dione (3h; Table 2, entry 7) only gave Rh(tmp)CH3

(1) in 14% yield. No improvement was made over 3f. It
might be due to the increased steric hindrance of benzoyl
over methyl group in blocking the access of carbonAcar-
bon bond to the metal center of Rh(tmp). When 1,1-dib-
enzoylcyclopentane (3i; entry 8) was used as the
substrate, no CCA occurred even after heating at 130 !C
for 3 days. Rh(tmp) may not be reactive enough to open
the ring. Alternatively, the ring opening occurs but is
reversible and unfavorable due to the instability of the car-
bon centered radical formed. Facile reverse reaction gives
back the starting materials likely via homolytic bimolecular
substitution (Eq. (5)) [34]:

Ph

O O

Ph
O O

Ph Ph
Rh(tmp) +

(pmt)Rh

ð5Þ

When 1,1,3,3-tetramethyl-indan-2-one (3j; entry 9)
reacted with Rh(tmp), 25% yield of Rh(tmp)CH3 (1) was
produced. However, 2,2-dimethyl-indan-1,3-dione (3k;
entry 10) was more high-yielding. We speculate that 3k
gives a more stable co-product radical, which is symmetri-
cal and more resonance-stabilized through conjugation
with the two cabonyls.

Even benzyl-methine carbonAcarbon bond activation
was observed in case of 2,2-dibenzyl-indan-1,3-dione (3l;
entry 11), to give Rh(tmp)Bn (10), though in a lower yield
of 6% after 130 !C for 3 days. Presumably, the lower yield
is due to the steric hindrance of an adjacent benzyl group.

2.3. Sealed tube experiment

The product yields of Rh(tmp) alkyls were low. To
ascertain that Rh(tmp)CH3 was formed from the CCA

but not from incomplete photolysis, the progress of the
reaction was also monitored by 1H NMR in a sealed tube
experiment. Mixture of solution of Rh(tmp), 1 equiv. of
Ph3P and 10 equiv. of 3d in C6D6 was placed in a NMR
tube, then sealed under vacuo and was heated at 130 !C
for 30 h. Initially, no signal due to Rh(tmp)CH3 was
observed. Then, characteristic peak of RhACH3 (doublet,
2JRh–H = 3.0 Hz, d: !5.25 ppm) appeared after heating.
Therefore, Rh(tmp)CH3 was a true product of CCA. Fur-
thermore, the formation of Rh(tmp)Bn further supported
that CCA had occurred.

3. Summary

In conclusion, enolizable ketones underwent car-
bonAcarbon bond and carbon hydrogen bond activation
with Rh(tmp) with low selectivity to give Rh(tmp)CH3

and Rh(tmp) acyl. Non-enolizable ketones underwent
selective a-carbonyl CCA with Rh(tmp) to give
Rh(tmp)CH3 and Rh(tmp)Bn.

4. Experimental

All materials were obtained from commercial suppliers
and used without further purification unless otherwise
specified. Benzene was distilled from sodium. Benzene-d6
was vacuum distilled from sodium, degassed thrice by
freeze–thaw–pump cycle and store in a Teflon scrawhead
stoppered flask. Pyridine was distilled over KOH under
N2. Triphenylphosphine was recrystallized from EtOH.
Thin layer chromatography was performed on Merck
pre-coated silica gel 60 F254 plates. Silica gel (Merck, 70–
230 and 230–400 mesh) or neutral aluminum oxide
(Merck, activity I, 70–230 mesh) was used for column
chromatography.

1H NMR spectra were recorded on a Brüker DPX 300
(300 MHz) spectrometer. Spectra were referenced inter-
nally to the residual proton resonance in CDCl3 (d
7.26 ppm), tetramethylsilane (TMS, d 0.00 ppm), tetraki-
strimethylsilysilane ((TMS)4Si, d 0.00 ppm) or with C6D6

(d 7.15 ppm) as the internal standard. Chemical shifts (d)
were reported as part per million (ppm) in d scale downfield
from TMS or (TMS)4Si.

4.1. Preparation of 5,10,15,20-tetramesitylporphyrinatorho-
dium(II) [Rh(tmp)] (2) [21]

To a Teflon screwheaded stoppered flask, Rh(tmp)CH3

[21] (1) (10.0 mg, 0.011 mmol) was charged and dissolved
in C6H6 (4.0 mL) to obtain a clear orange solution. The
reaction mixture was then degassed by the freeze–pump–
thaw method (3 cycles) and refilled with N2. The reaction
mixture was irradiated under a 400 W Hg-lamp at 6–
10 !C until all the starting material was consumed as indi-
cated by TLC ($8 h) to give Rh(tmp) (2).
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pyridine is not good promoter. Hence, triphenylphosphine
was chosen as the promoter ligand for the CCA of Rh(tmp)
and ketones.

Though, the acyclic ketone 3d (BDE(a(c)-a(methyl)) =
84 kcalmol!1) [22] underwent successful carbonAcarbon
bond activation with Rh(tmp) (Table 2, entry 2) to give
Rh(tmp)CH3 in 31%, the cyclic ketone 2,2,5,5-tetra-
methyl-cyclopentanone (3e; entry 4) almost did not react.
It suggests that a cyclic substrate may be less reactive than
an acyclic one.

2,2-Dimethyl-1-phenyl-propan-1-one (3f; entry 5) and 2-
methyl-1, 2-diphenyl-propen-1-one (3g; entry 6) were acti-
vated with Rh(tmp) to produce Rh(tmp)CH3 in 18% and
24% yield, respectively. Only a slight increase of activity
was observed by changing a methyl to phenyl substituent
adjacent to the site of bond cleavage. We rationalize that
if a co-product carbon-centered radical is formed [18],
slight stabilization is gained through resonance with the
phenyl ring to account for the high yield.

In the hope of stronger ketone binding to Rh(tmp) to
give higher yield of product, 1,3-dicarbonyl substrates were
examined. However 2,2-dimethyl-1,3-diphenyl-propane-
1,3-dione (3h; Table 2, entry 7) only gave Rh(tmp)CH3

(1) in 14% yield. No improvement was made over 3f. It
might be due to the increased steric hindrance of benzoyl
over methyl group in blocking the access of carbonAcar-
bon bond to the metal center of Rh(tmp). When 1,1-dib-
enzoylcyclopentane (3i; entry 8) was used as the
substrate, no CCA occurred even after heating at 130 !C
for 3 days. Rh(tmp) may not be reactive enough to open
the ring. Alternatively, the ring opening occurs but is
reversible and unfavorable due to the instability of the car-
bon centered radical formed. Facile reverse reaction gives
back the starting materials likely via homolytic bimolecular
substitution (Eq. (5)) [34]:

Ph

O O

Ph
O O

Ph Ph
Rh(tmp) +

(pmt)Rh

ð5Þ

When 1,1,3,3-tetramethyl-indan-2-one (3j; entry 9)
reacted with Rh(tmp), 25% yield of Rh(tmp)CH3 (1) was
produced. However, 2,2-dimethyl-indan-1,3-dione (3k;
entry 10) was more high-yielding. We speculate that 3k
gives a more stable co-product radical, which is symmetri-
cal and more resonance-stabilized through conjugation
with the two cabonyls.

Even benzyl-methine carbonAcarbon bond activation
was observed in case of 2,2-dibenzyl-indan-1,3-dione (3l;
entry 11), to give Rh(tmp)Bn (10), though in a lower yield
of 6% after 130 !C for 3 days. Presumably, the lower yield
is due to the steric hindrance of an adjacent benzyl group.

2.3. Sealed tube experiment

The product yields of Rh(tmp) alkyls were low. To
ascertain that Rh(tmp)CH3 was formed from the CCA

but not from incomplete photolysis, the progress of the
reaction was also monitored by 1H NMR in a sealed tube
experiment. Mixture of solution of Rh(tmp), 1 equiv. of
Ph3P and 10 equiv. of 3d in C6D6 was placed in a NMR
tube, then sealed under vacuo and was heated at 130 !C
for 30 h. Initially, no signal due to Rh(tmp)CH3 was
observed. Then, characteristic peak of RhACH3 (doublet,
2JRh–H = 3.0 Hz, d: !5.25 ppm) appeared after heating.
Therefore, Rh(tmp)CH3 was a true product of CCA. Fur-
thermore, the formation of Rh(tmp)Bn further supported
that CCA had occurred.

3. Summary

In conclusion, enolizable ketones underwent car-
bonAcarbon bond and carbon hydrogen bond activation
with Rh(tmp) with low selectivity to give Rh(tmp)CH3

and Rh(tmp) acyl. Non-enolizable ketones underwent
selective a-carbonyl CCA with Rh(tmp) to give
Rh(tmp)CH3 and Rh(tmp)Bn.

4. Experimental

All materials were obtained from commercial suppliers
and used without further purification unless otherwise
specified. Benzene was distilled from sodium. Benzene-d6
was vacuum distilled from sodium, degassed thrice by
freeze–thaw–pump cycle and store in a Teflon scrawhead
stoppered flask. Pyridine was distilled over KOH under
N2. Triphenylphosphine was recrystallized from EtOH.
Thin layer chromatography was performed on Merck
pre-coated silica gel 60 F254 plates. Silica gel (Merck, 70–
230 and 230–400 mesh) or neutral aluminum oxide
(Merck, activity I, 70–230 mesh) was used for column
chromatography.

1H NMR spectra were recorded on a Brüker DPX 300
(300 MHz) spectrometer. Spectra were referenced inter-
nally to the residual proton resonance in CDCl3 (d
7.26 ppm), tetramethylsilane (TMS, d 0.00 ppm), tetraki-
strimethylsilysilane ((TMS)4Si, d 0.00 ppm) or with C6D6

(d 7.15 ppm) as the internal standard. Chemical shifts (d)
were reported as part per million (ppm) in d scale downfield
from TMS or (TMS)4Si.

4.1. Preparation of 5,10,15,20-tetramesitylporphyrinatorho-
dium(II) [Rh(tmp)] (2) [21]

To a Teflon screwheaded stoppered flask, Rh(tmp)CH3

[21] (1) (10.0 mg, 0.011 mmol) was charged and dissolved
in C6H6 (4.0 mL) to obtain a clear orange solution. The
reaction mixture was then degassed by the freeze–pump–
thaw method (3 cycles) and refilled with N2. The reaction
mixture was irradiated under a 400 W Hg-lamp at 6–
10 !C until all the starting material was consumed as indi-
cated by TLC ($8 h) to give Rh(tmp) (2).
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•  Reactions for the Cα-CO-Calkyl activation were low yielding with strict substrate compatibility 

•   Other applications: 
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•  Cyclooctane is relatively unstrained, common target for C-H activation. 

•  C-C activation is rare; heterogeneous conditions requiring 530oC or oxidative conditions with Co

(II)/Mn(II)/N-hydroxyphthalides yielding the diacid in 2% yield. 

•  Both (TPP)Rh-H and [(TPP)Rh]2 gave low yields 

–  Only minor intermediates by themselves 
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C-C Ring Opening of Cyclooctane 

JACS 2010, 132, 6920. 

15 h to give Rh(ttp)(n-octyl) 2 selectively, though in only 21%
yield, and was also recovered in 73% yield (eq 5). As Rh(ttp)H
underwent slow dehydrogenative dimerization to give 6% yield of
Rh2(ttp)2 at 120 °C in 1 day, similar to the report by Wayland and
co-workers (eq 6),11 the small amount of Rh2(ttp)2 formed in eq 5
likely facilitates the 1,2-addition of Rh(ttp)H into c-octane.12 The
other possible intermediate Rh2(ttp)2 5 was also reacted with
c-octane. Rh(ttp)(c-octyl) 1, Rh(ttp)(n-octyl) 2, and Rh(ttp)H 3 were
formed in 41%, 4%, and 46% yields, respectively (eq 7) with a
very low yield of CCA product. Therefore, both Rh(ttp)H 3 and
Rh2(ttp)2 5 gave low yielding reactions and are likely only minor
reaction intermediates by themselves.

Based on the mechanism of the RhII-catalyzed insertion of
Rh(oep)H (oep ) octylethylporphyrin dianion) into styrene reported
by Halpern et al.,12 we proposed that the CCA, being a 1,2-addition
reaction, is catalyzed by RhII (Scheme 2). Rh2(ttp)2 5 formed from
thermolysis of Rh(ttp)H initially undergoes homolysis to give
RhII(ttp) (eqs 8 and 9).11 RhII(ttp) then reacts with c-octane in
parallel CHA (pathway iii, eq 10) and CCA (pathway iv, eq 11).
RhII(por) (por ) porphyrinato dianion) has been shown to undergo
CHA with alkane to give Rh(por)R and Rh(por)H.5,13 For the CCA
pathway, RhII(ttp) can cleave the C-C bond of c-octane to generate
the alkyl radical 6 (pathway iv, eq 11) which can also reverse back
rapidly.14 6 can then abstract a hydrogen atom from the weak
(ttp)Rh-H bond15a to form a strong alkyl C-H bond,15b providing
the driving force of the reaction (pathway v). The proposed
mechanism can be validated qualitatively by increasing the ratio
of Rh(ttp)H/Rh2(ttp)2 for more efficient trapping of 6 to 2 (Table
1, eq 12).

Indeed, mixtures of Rh(ttp)H and Rh2(ttp)2 were more efficient
reagents and enhanced the total yields up to 79% (Table 1, entries

2-4 vs 1). The selectivity toward CCA was further enhanced by
an increase of the Rh(ttp)H:Rh2(ttp)2 ratio. The CCA of c-octane
with the mixture of Rh(ttp)H/Rh2(ttp)2 in a 2:1 ratio gave Rh(ttp)(c-
octyl) and Rh(ttp)(n-octyl) in 60% and 18% yields, respectively
(Table 1, entry 2). When the Rh(ttp)H/Rh2(ttp)2 ratio increased to
5:1, the yield of Rh(ttp)(n-octyl) increased to 26% yield but that
of Rh(ttp)(c-octyl) decreased to 53% yield (entry 3). Rh(ttp)(n-
octyl) was selectively obtained in 73% yield from the reaction with
the 10:1 ratio of Rh(ttp)H/Rh2(ttp)2 (entry 4). The aliphatic CCA
of c-octane was thus achieved successfully with the RhII-catalyzed
1,2-addition of Rh(ttp)H.

The sterically more hindered Rh(tmp) was not effective for CCA
(tmp ) 5,10,15,20-tetramesitylporphyrinato dianion). When the
mixture of Rh(tmp)H and RhII(tmp) (10:1) was reacted with
c-octane at 120 °C for 15 h, no reaction occurred and 90% yield of
Rh(tmp)H was recovered (eq 13). RhII(tmp) only underwent CHA
with c-octane to give Rh(tmp)H and c-octene in 86% and 40%
yields, respectively (eq 14). The formation of c-octene likely results
from the CHA product Rh(tmp)(c-octyl) which rapidly undergoes
facile !-hydride elimination to give c-octene and Rh(tmp)H
(Scheme 3). Indeed, the attempted synthesis of Rh(tmp)(c-octyl)
by reductive alkylation (NaBH4/c-octyl bromide) gave Rh(tmp)H
and c-octene in 89% and 77% yields, respectively.

In conclusion, we have discovered the mild, selective RhII-
catalyzed 1,2-addition of Rh(ttp)H to c-octane via an aliphatic CCA.
Further studies are ongoing.
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c-Octane with RhH

Table 1. RhII(ttp)-Catalyzed CCA of c-Octane wih Rh(ttp)H

Entrya 3:5
Yield 1

(%)
Yield 2

(%)
Total yield

(%)

1b 1:0 0 21 21
2 2:1 60 18 78
3 5:1 53 26 79
4 10:1 0 73 73

a The results are the average of at least duplicate. b 73% Rh(ttp)H
recovered.

Scheme 3. Formation of Rh(tmp)H from CHA of RhII(tmp) and
c-Octane
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Based on the above stoichiometry and the reported me-
chanism for CCAwith Ir(ttp)Cl(CO),6 Scheme 3 illustrates a
proposed mechanism for ketone CCA by Rh(ttp)Me. Rh-
(ttp)Me can catalyze Aldol condensation of non-isopropyl
ketone to generate 1,3,5-triphenylbenzene and water
(Scheme 3, eq i). Concurrently, Rh(ttp)Me can react with
the R-carbon-hydrogen bond of an alkyl ketone to give an
R-carbon-hydrogen bond activation (R-CHA) complex and
methane (Scheme 3, eq iia). Rh(ttp)OH (3a) is formed upon
hydrolysis of the R-CHA complex (Scheme 3, eq iib). Then
theC(CO)-C(R) bond is cleaved byRh(ttp)OH, presumably

by σ-bond metathesis, to give a rhodium porphyrin acyl
and an alcohol (Scheme 3, eq iii). Further dehydrogena-
tion of the alcohol by Rh(ttp)OH affords the carbonyl
compound and Rh(ttp)H9 (Scheme 3, eq iv). The R-CHA
complex is regenerated when Rh(ttp)H or Rh2(ttp)2

9

further reacts with ketones (Scheme 3, eq iia). Experi-
ments were then carried out to validate the proposed
mechanism.
Eq i.Rh(ttp)Me indeed catalyzed the self-Aldol condensa-

tion of acetophenone at 200 !C in 12 days to give a 28%yield
of 1,3,5-triphenylbenzene by 1HNMR, andwaterwas observed
visually in 5 days (eq 3).10

Eq iia.Rh(ttp)Me activated theR-carbon-hydrogen bond
of acetophenone at 200 !C in 30 min, and Rh(ttp)CH2COPh

Table 2. CCA of Ketones by Rh(ttp)Me at 50 !C

a 32% yield of Rh(ttp)Me recovered. b 39% yield of Rh(ttp)Me
recovered.

Figure 1. ORTEP presentation of the molecular structure
with numbering scheme for Rh(ttp)COCHMe(CH2)3COMe
(2e) (30% probability displacement ellipsoids).

Scheme 1. Selective C(CO)-C(r) Activation of Ketones and
Acyl Transfer by Rh(ttp)OH

Table 1. CCA of Ketones by Rh(ttp)Me

aAcetone was observed after the reaction.

Scheme 2. Reaction of Rh(ttp)Me with 2,6-Dimethylcyclo-
hexanone

(9) (a) For equilibrium between Rh(por)OH, Rh(por)H, and Rh2-
(por)2, see: Fu, X.; Wayland, B. B. J. Am. Chem. Soc. 2004, 126, 2623–
2631. (b) Rh(ttp)H and Rh2(ttp)2 reacted with ketone to give back R-CHA
complex; see Supporting Information for details.

(10) (a) Lewis acid-catalyzed aldol condensation of acetophenone:
Fumiaki, O.; Yuichi, I.; Yuusuke, T.; Masato, E.; Tsuneo, S. Synlett
2008, 15, 2365–2367. (b) Rhodium porphyrin-catalyzed aldol condensation
of other ketones: Aoyama, Y.; Tanaka, Y.; Yoshida, T.; Toi, H.; Ogoshi, H.
J. Organomet. Chem. 1987, 329, 251–266.
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(4) and methane in 66% and 87% yield were observed in
benzene-d6, respectively (eq 4, Scheme 3, eq iia). A 33% yield
of Rh(ttp)H (3b) formed, likely due to the hydrolysis of
Rh(ttp)CH2COPh (Scheme 3, eq iib, see below).

Eq iib.Rh(ttp)CH2COPhwas rapidly hydrolyzed bywater
(100 equiv) at 200 !C in 5 min to give a 42% yield of
Rh(ttp)H, a 13% yield of Rh2(ttp)2 (3c),

9 and a 57% yield
of acetophenone, respectively (eq 5). The nearly 1:1 ratio of
the total rhodiumproducts and PhCOMe supports the water
hydrolysis. The hydrolysis product of Rh(ttp)OH is presum-
ably thermally unstable and rapidly gives Rh2(ttp)2.

11 Both
Rh(ttp)H and Rh2(ttp)2 can activate the R-carbon-hydrogen
bond of ketones.9

Eqs iii and iv. The Rh-OH insertion to the C(CO)-C(R)
bond of ketone is supported by the organic coproduct,
acetone (Table 1, entry 8). and Rh(ttp)COCHMe(CH2)3-
COMe (Scheme 2).12 A rhodium porphyrin acyl and
an alcohol are generated along with the C(CO)-C(R) bond
cleavage (Scheme 3, eq iii). Dehydrogenation of an alcohol
by Rh(ttp)OR (R = Me or H) to give Rh(ttp)H and a
carbonyl compound has been reported (Scheme 3, eq iv).13

The source of water for non-Aldolable ketones is the trace
amount of residual water in ketones. Added water should
therefore increase the reaction rate. Indeed, added water
(100 equiv) accelerates the reaction of Rh(ttp)Me and 2,6-
dimethylcyclohexanone, and the reaction time was shor-
tened from 4 days to 1 day (Scheme 2 vs eq 6).

We propose two possibilities for the origin of the sterically
enhanced reactivity of isopropyl ketone. First, the C(CO)-
C(iPr) bond is around 3 kcal mol-1 weaker than the C(CO)-
C(Me) bond (Table 1).7 The hydroxyl group in Rh(ttp)OH
is not very sterically demanding, so the CCA occurs faster
at a weaker carbon-carbon bond. Second, the R-CHA
complexes of isopropyl ketones are more susceptible
toward water hydrolysis to generate a higher concentra-
tion of Rh(ttp)OH (Figure 2).

In summary, we report that various unstrained ketones
undergo CCA by rhodium porphyrins at temperatures as low
as 50 !C. Bulkier isopropyl ketones are more reactive than the
others. Mechanistically, Rh(ttp)OH is suggested to be the inter-
mediate for cleaving the carbon(CO)-carbon(R) bond. To the
best of our knowledge, the results presented here show the first
example of CCA by rhodium porphyrin hydroxide.14 We are
workingon further evidence to support themechanismaswell as
developing catalytic carbon(CO)-carbon(R) bond activation.
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and 13C NMR spectra. This material is available free of charge
via the Internet at http://pubs.acs.org.

Figure 2. Relative rate of hydrolysis of R-CHA complexes.

Scheme 3. Proposed Mechanism for Ketone CCA by Rh(ttp)Me

(11) The Rh(ttp)OH analogue, Ir(ttp)OH, was proposed to undergo
reduction to give Ir2(ttp)2 and IrIII(ttp)H; see ref 6 for details.
(12) Selective formationofRh-OHoverRh-HorRhII due to the polar

nature of ketones. For Rh-OH formation in aqueous solution, see ref 9a.
(13) (a) Collman., J. P.; Boulatov, R. Inorg. Chem. 2001, 40, 560–563.

(b) Fung, H. S.; Chan, Y. W.; Cheung, C. W.; Choi, K. S.; Lee, S. Y.; Qing,
Y. Y.; Chan, K. S. Organometallics 2009, 28, 3981–3989.

(14) Precedent CCA examples by rhodium porphyrin include: (a)
TEMPO CCA by rhodium(II) porphyrin: Chan, K. S.; Li, X. Z.; Dzik,
W. I.; de Bruin, B. J. Am. Chem. Soc. 2008, 130, 2051–2061. (b)
Cyclooctane CCA by rhodium(II) porphyrin-catalyzed Rh-H insertion:
Chan, Y. W.; Chan, K. S. J. Am. Chem. Soc. 2010, 132, 6920–6922.
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Based on the above stoichiometry and the reported me-
chanism for CCAwith Ir(ttp)Cl(CO),6 Scheme 3 illustrates a
proposed mechanism for ketone CCA by Rh(ttp)Me. Rh-
(ttp)Me can catalyze Aldol condensation of non-isopropyl
ketone to generate 1,3,5-triphenylbenzene and water
(Scheme 3, eq i). Concurrently, Rh(ttp)Me can react with
the R-carbon-hydrogen bond of an alkyl ketone to give an
R-carbon-hydrogen bond activation (R-CHA) complex and
methane (Scheme 3, eq iia). Rh(ttp)OH (3a) is formed upon
hydrolysis of the R-CHA complex (Scheme 3, eq iib). Then
theC(CO)-C(R) bond is cleaved byRh(ttp)OH, presumably

by σ-bond metathesis, to give a rhodium porphyrin acyl
and an alcohol (Scheme 3, eq iii). Further dehydrogena-
tion of the alcohol by Rh(ttp)OH affords the carbonyl
compound and Rh(ttp)H9 (Scheme 3, eq iv). The R-CHA
complex is regenerated when Rh(ttp)H or Rh2(ttp)2

9

further reacts with ketones (Scheme 3, eq iia). Experi-
ments were then carried out to validate the proposed
mechanism.
Eq i.Rh(ttp)Me indeed catalyzed the self-Aldol condensa-

tion of acetophenone at 200 !C in 12 days to give a 28%yield
of 1,3,5-triphenylbenzene by 1HNMR, andwaterwas observed
visually in 5 days (eq 3).10

Eq iia.Rh(ttp)Me activated theR-carbon-hydrogen bond
of acetophenone at 200 !C in 30 min, and Rh(ttp)CH2COPh

Table 2. CCA of Ketones by Rh(ttp)Me at 50 !C

a 32% yield of Rh(ttp)Me recovered. b 39% yield of Rh(ttp)Me
recovered.

Figure 1. ORTEP presentation of the molecular structure
with numbering scheme for Rh(ttp)COCHMe(CH2)3COMe
(2e) (30% probability displacement ellipsoids).

Scheme 1. Selective C(CO)-C(r) Activation of Ketones and
Acyl Transfer by Rh(ttp)OH

Table 1. CCA of Ketones by Rh(ttp)Me

aAcetone was observed after the reaction.

Scheme 2. Reaction of Rh(ttp)Me with 2,6-Dimethylcyclo-
hexanone

(9) (a) For equilibrium between Rh(por)OH, Rh(por)H, and Rh2-
(por)2, see: Fu, X.; Wayland, B. B. J. Am. Chem. Soc. 2004, 126, 2623–
2631. (b) Rh(ttp)H and Rh2(ttp)2 reacted with ketone to give back R-CHA
complex; see Supporting Information for details.

(10) (a) Lewis acid-catalyzed aldol condensation of acetophenone:
Fumiaki, O.; Yuichi, I.; Yuusuke, T.; Masato, E.; Tsuneo, S. Synlett
2008, 15, 2365–2367. (b) Rhodium porphyrin-catalyzed aldol condensation
of other ketones: Aoyama, Y.; Tanaka, Y.; Yoshida, T.; Toi, H.; Ogoshi, H.
J. Organomet. Chem. 1987, 329, 251–266.
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(4) and methane in 66% and 87% yield were observed in
benzene-d6, respectively (eq 4, Scheme 3, eq iia). A 33% yield
of Rh(ttp)H (3b) formed, likely due to the hydrolysis of
Rh(ttp)CH2COPh (Scheme 3, eq iib, see below).

Eq iib.Rh(ttp)CH2COPhwas rapidly hydrolyzed bywater
(100 equiv) at 200 !C in 5 min to give a 42% yield of
Rh(ttp)H, a 13% yield of Rh2(ttp)2 (3c),

9 and a 57% yield
of acetophenone, respectively (eq 5). The nearly 1:1 ratio of
the total rhodiumproducts and PhCOMe supports the water
hydrolysis. The hydrolysis product of Rh(ttp)OH is presum-
ably thermally unstable and rapidly gives Rh2(ttp)2.

11 Both
Rh(ttp)H and Rh2(ttp)2 can activate the R-carbon-hydrogen
bond of ketones.9

Eqs iii and iv. The Rh-OH insertion to the C(CO)-C(R)
bond of ketone is supported by the organic coproduct,
acetone (Table 1, entry 8). and Rh(ttp)COCHMe(CH2)3-
COMe (Scheme 2).12 A rhodium porphyrin acyl and
an alcohol are generated along with the C(CO)-C(R) bond
cleavage (Scheme 3, eq iii). Dehydrogenation of an alcohol
by Rh(ttp)OR (R = Me or H) to give Rh(ttp)H and a
carbonyl compound has been reported (Scheme 3, eq iv).13

The source of water for non-Aldolable ketones is the trace
amount of residual water in ketones. Added water should
therefore increase the reaction rate. Indeed, added water
(100 equiv) accelerates the reaction of Rh(ttp)Me and 2,6-
dimethylcyclohexanone, and the reaction time was shor-
tened from 4 days to 1 day (Scheme 2 vs eq 6).

We propose two possibilities for the origin of the sterically
enhanced reactivity of isopropyl ketone. First, the C(CO)-
C(iPr) bond is around 3 kcal mol-1 weaker than the C(CO)-
C(Me) bond (Table 1).7 The hydroxyl group in Rh(ttp)OH
is not very sterically demanding, so the CCA occurs faster
at a weaker carbon-carbon bond. Second, the R-CHA
complexes of isopropyl ketones are more susceptible
toward water hydrolysis to generate a higher concentra-
tion of Rh(ttp)OH (Figure 2).

In summary, we report that various unstrained ketones
undergo CCA by rhodium porphyrins at temperatures as low
as 50 !C. Bulkier isopropyl ketones are more reactive than the
others. Mechanistically, Rh(ttp)OH is suggested to be the inter-
mediate for cleaving the carbon(CO)-carbon(R) bond. To the
best of our knowledge, the results presented here show the first
example of CCA by rhodium porphyrin hydroxide.14 We are
workingon further evidence to support themechanismaswell as
developing catalytic carbon(CO)-carbon(R) bond activation.
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ABSTRACT: The catalytic carbon−carbon σ-bond acti-
vation and hydrogenation of [2.2]paracyclophane with
water in a neutral reaction medium is demonstrated. The
hydrogen from water is transferred to the hydrocarbon to
furnish hydrogen enrichment in good yields.

Selective intermolecular catalytic carbon−carbon activation1

(CCA) with transition-metal complexes is challenging.
Despite the fact that carbon−carbon bonds are generally
weaker than carbon−hydrogen bonds, carbon−hydrogen
activation2 (CHA) occurs predominantly because of the
statistically more abundant and sterically more accessible
natures of C−H bonds in organic compounds.3 Examples of
successful stoichiometric CCA in homogeneous solutions take
advantage of ring strain relief,4a,b chelation assistance,1b or
photochemical activation.4c Similar strategies have also been
employed to achieve catalytic CCA of strained carbonyls5 or
simple carbonyls assisted by chelation.6 Hydrogenolysis of C−
C bonds catalyzed by transition metals has also been reported.7

However, these examples are limited to functionalized
substrates.
Replacing hydrogen gas with water as the hydrogen donor in

hydrogenation processes would be beneficial because of the
reduced cost and increased safety. When coupled with the CCA
of hydrocarbons, catalytic hydrogenation of carbon−carbon σ-
bonds in neutral media can be achieved (Scheme 1).

We recently reported the stoichiometric CCA of cyclo-
octane8 and water splitting by rhodium(II) porphyrin.9 We
envisioned that these two reactions could be coupled to achieve
catalytic carbon−carbon σ-bond hydrogenation with water to
provide hydrogen-enriched fuels. Herein we report our initial
success using [2.2]paracyclophane (PCP) as the organic
substrate.
Initially, a benzene-d6 solution of PCP, in the presence of

H2O, was reacted in the dark10 with RhIII(ttp)I (ttp =
tetratolylporphyrinato dianion) and KOH as a convenient
source of RhII(ttp) via the RhIII(ttp)OH intermediate, which
undergoes rapid elimination to give H2O2 as well.

9 Surprisingly,
no benzylic CHA product of PCP was obtained.11 Instead, PCP

was catalytically converted to 4,4′-dimethylbibenzyl (1) in 83%
yield (eq 1 and Table 1, entry 1). The benzylic carbon−carbon

σ-bond of PCP was catalytically hydrogenated. As RhIII(ttp)Me
can undergo hydrolysis under neutral conditions to give
RhIII(ttp)OH, which rapidly gives RhII2(ttp)2,

12 we tested its
catalytic ability as well. To our delight, PCP was catalytically
hydrogenated to give a 78% yield of 1 in 54 h under neutral
conditions when 10 mol % RhIII(ttp)Me was used (eq 1 and
Table 1, entry 2).13 A 79% yield of CH4 was also detected by
1H NMR spectroscopy. The hydrolysis of RhIII(ttp)Me to
RhIII(ttp)OH was further ascertained.
To test whether water was the hydrogen source, labeling

experiments using D2O were carried out. In a benzene-d6
solution with excess D2O and 10 mol % RhIII(ttp)Me, PCP
was catalytically converted to deuterium-enriched 1-d in 64%
yield in 3 days (eq 2). 1H NMR analysis of 1-d confirmed that
the deuterium percentages at the terminal and internal benzylic
positions were 45 and 47%, respectively.
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Scheme 1. Catalytic Hydrogenation of Carbon−Carbon σ-
Bonds Using Water

Table 1. Catalytic Carbon−Carbon Bond Hydrogenation of
PCP with Water

entry X additive time/h yield of 1 (%)

1 I KOH (1 equiv) 25 83
2a Me − 54 78

aA 79% yield of CH4 with respect to RhIII(ttp)Me was formed.
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Deuterium incorporation via exchange of D2O with the
terminal benzylic hydrogens of 1 was very minor. As a control
experiment, when 1 was heated with 10 mol % RhIII(ttp)Me
and excess D2O to produce deuterium enriched 1-d′, only 8% of
the terminal benzylic hydrogens underwent deuterium
exchange during a long reaction time of over 3 days (eq 3).

The extensive benzylic H/D exchanges at the internal positions
were much faster, as in the more rapid benzylic CHA in
PhCH2CH3 reported by Wayland.14 Therefore, water was
confirmed to be the hydrogen source for the catalytic
hydrogenolysis of PCP to 1.
To investigate whether benzylic CHA is an intermediate for

benzylic CCA of PCP,15 the reactions of PCP with RhIII(ttp)Cl,
KOH, and D2O in benzene-d6 at lower reaction temperatures
were closely monitored by 1H NMR spectroscopy [Table S1,
eq S1, and Figure S1 in the Supporting Information (SI)].
Initially, RhIII(ttp)Cl was completely consumed to give a 71%
yield of RhII2(ttp)2 only after heating at 60 °C for 4 days and
120 °C for 8 days. When the temperature was further raised to
130 °C, benzylic CCA of PCP began to occur slowly, after 1
day affording a 6% yield of dirhodium benzyl 2 (Scheme 2),
whose structure was confirmed by an independent synthesis
(eq S2). No benzylic CHA products were observed even when
the reaction mixture included ∼0.4 mM RhII2(ttp)2, which
should be very reactive toward benzylic hydrogens. Moreover,
the ratio of the benzylic protons to the aromatic protons of
PCP remained unchanged. These observations suggested that
benzylic CCA of PCP occurred directly without passing
through any CHA intermediate.
To gain further knowledge about the benzylic CCA step of

PCP with rhodium porphyrins by kinetic studies, monomeric
RhII(tmp) (tmp = tetramesitylporphyrinato dianion) was
chosen to react with PCP, avoiding the complication due to
the thermal equilibrium of RhII2(ttp)2 with RhII(ttp).16

RhII(tmp) reacted smoothly with PCP at 150 °C for 23 h to
give an 85% yield of 3 (eq 4), establishing the high-yielding
stoichiometric reaction.

The kinetic studies of reaction 4 were conducted at
[RhII(tmp)] = 0.24−0.48 mM, [PCP] = 4.8−14.4 mM, and
T = 140−170 °C and monitored by 1H NMR spectroscopy.
With at least a 20-fold excess of PCP, the disappearance of
RhII(tmp) exhibited pseudo-second-order kinetics over at least
four half-lives (Figure 1). The rate of disappearance of
RhII(tmp) increased with increasing [PCP] from 4.8 to 14.4
mM, giving a linear pseudo-first-order kinetic plot (Figure 2).

The kinetic measurements indicated an overall third-order
reaction, second-order in RhII(tmp) and first-order in PCP.
Therefore, the rate of reaction can be expressed as rate =
kobs[Rh

II(tmp)]2[PCP].
Analysis of the temperature dependence of the rate constant

(140−170 °C) yielded the activation parameters ΔH⧧ = 37.9 ±
4.7 kcal mol−1, ΔS⧧ = 38.4 ± 11.1 cal mol−1 K−1, and ΔG⧧ =
21.7 ± 4.7 kcal mol−1 (Figure 3). The ΔH⧧ value agrees very
well with that for the thermal ring opening of PCP at 188 °C
measured by Roth et al. (ΔH⧧ = 37.7 ± 0.5 kcal mol−1).17

Hence, the benzylic CCA of PCP occurs via carbon−carbon
bond homolysis. The positive and large magnitude of ΔS⧧
suggests a dissociative nature of the transition state. The
second-order dependence on RhII(tmp) indicates the possible
formation of a compact encounter complex between two
RhII(tmp) complexes and a PCP molecule prior to the carbon−
carbon bond cleavage.18,19

On the basis of the above findings, the catalytic cycle shown
in Scheme 2 is proposed. RhIII(ttp)OH is first generated by
ligand substitution of RhIII(ttp)I with KOH9 or hydrolysis of
RhIII(ttp)Me with H2O.

12 At 200 °C, RhIII(ttp)OH is unstable
and rapidly decomposes to produce RhII(ttp) and H2O2. H2O2
rapidly disproportionates to give H2O and O2.

20 Two
molecules of RhII(ttp) combine to form RhII2(ttp)2 as a
nonproductive equilibrium. PCP reacts productively with

Figure 1. Second-order kinetic plots for the reactions of RhII(tmp) at
various concentrations with 9.6 mM PCP in C6D6 at 150 °C.

Figure 2. Plot of kobs′ against [PCP] for reactions with [RhII(tmp)] =
0.24 mM and [PCP] = 4.8−14.4 mM.
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RhII(ttp) to furnish benzylic CCA with the formation of 2.
Subsequently, hydrolysis of 2 with H2O completes the
hydrogenation process to give 1 and regenerates the RhIII(ttp)-
OH catalyst. This process is supported by the hydrolysis of
RhIII(ttp)Bn to give toluene in 66% yield in a model study (eq
5).

In summary, the catalytic carbon−carbon σ-bond activation
and hydrogenation of PCP with water has been demonstrated.
The hydrogen from water is transferred to the hydrocarbon.
Further studies are ongoing.
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Figure 3. Determination of the activation parameters for the reactions
of RhII(tmp) with PCP in C6D6 at 140−170 °C with [RhII(tmp)] =
0.24 mM and [PCP] = 9.6 mM.

Scheme 2. Proposed Catalytic Cycle
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•  High temperature favored less stable rhodium-alkyl bond 
•  Coordinating ligands were not effective, only forming complexes with rhodium 
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trile.9 Selective aldehydic CHA of benzaldehydes10 without any
aromatic CHA with rhodium(III) porphyrin complexes also
occurs. In exploring the CHA with rhodium(III) porphyrins, we
have successfully identified the base-promoted, selective ben-
zylic CHA of functionalized toluenes by rhodium(III) tetrakis-
(4-tolylporphyrin) chloride (Rh(ttp)Cl).
Initially, toluene reacted with Rh(ttp)Cl at 120 °C in 3 days

to give a mixture of 3-tolyl and 4-tolyl as well as benzylic
rhodium porphyrin complexes (Table 1, eq 1). The absence of

Rh(ttp)(2-tolyl) is likely due to steric hindrance. Nonselective
CHA had occurred. Prolonged heating of the reaction mixture
for 7 days resulted in similar yields of products. However, at
200 °C after 1 day, only Rh(ttp)Bn was formed in 65% yield.
High temperature favored the selective formation of the appar-
ently less stable Rh(ttp)Bn, as RhAr has a stronger Rh-alkyl
bond.11 Both Rh(ttp)(4-tolyl) and Rh(ttp)Bn were stable toward
toluene at an elevated temperature of 200 °C for 2 days without
any interconversion; therefore, the benzylic CHA occurred in a
parallel pathway with the aromatic CHA.
In view of the reported base-promoted aromatic CHA by

transition-metal complexes,12,13 we had examined the effect of
added ligands and bases. Coordinating ligands such as Ph3P and
pyridine were not effective, as they likely formed only
coordination complexes with Rh(ttp)Cl without any CHA
occurring. The noncoordinating base 2,6-di-tert-butylpyridine
(30 equiv) proved to be encouraging, as Rh(ttp)Bn and Rh-

(ttp)(4-tolyl) were obtained in 46 and 18% yields, respectively,
after 3 days at 120 °C.
Further improvements in selectivity, rate enhancement, and

yields were discovered with other inorganic bases (Table 2, eq
2). When 10 equiv of K2CO3 was added, Rh(ttp)Bn was

selectively formed and isolated in 97% yield after 30 min (Table
2, entry 3). A lower loading of K2CO3 gave a slower reaction
with a lower yield, and a higher loading (up to 100 equiv)
resulted in little improved reaction efficiency. Other bases such
as NaOH, KOH, and KHCO3 were also effective but required
longer reaction times.
When the optimized base-promoted reaction conditions were

applied to various 4-substituted toluenes, high yields of rhodium
porphyrin benzyls were obtained (Table 3, eq 3). With added

K2CO3, most reaction times were shortened to 30 min from 2-3
days and product yields were in general higher. The basic
reaction conditions were more functional group compatible. No
Me-O activation occurred in anisole (Table 2, entry 1).10 Even
CN- and NO2-substituted toluenes (Table 3, entries 7 and 8)
reacted successfully, in contrast to no reaction or decomposition
observed in the absence of base. The reactions were also
successful with 10 equiv of toluene used in benzene solvent,
though with slightly lower efficiency. Rh(ttp)Bn was obtained
in a lower yield, 75%, after 1.5 h at 120 °C.
The observed isotope effects (kH/kD)obs for the reactions of

toluene with Rh(ttp)Cl at 120 °C were measured by competition
experiments with an equimolar mixture of toluene and toluene-
d8. Without any base, (kH/kD)obs values were measured to be
6.6 for aromatic CHA (indistinguishable of para and meta) and
4.0 for benzylic CHA. With K2CO3 added, (kH/kD)obs was found
to be 3.95. No benzyl exchange occurred under the same basic
conditions, as Rh(ttp)Bn did not react with toluene-d8 to give
any Rh(ttp)Bn-d7. These values suggested that the CHA steps
were involved in or prior to the rate-determining step in the
reactions.
Scheme 1 illustrates the proposed mechanism. Initially, Rh-

(ttp)Cl dissociates into a Rh(ttp) cation.8,10 In the absence of

(9) (a) Zhou, X.; Wang, R-J.; Mak, T. C. W.; Chan, K. S. Inorg. Chim.
Acta 1998, 270, 551-554. (b) Zhou, X.; Wang, R-J.; Xue, F.; Mak, T. C.
W.; Chan, K. S. J. Organomet. Chem. 1999, 580, 22-25. (c) Zhou, X.;
Tse, M. K.; Wu, D.-D.; Mak, T. C. W.; Chan, K. S. J. Organomet. Chem.
2000, 598, 80-86.
(10) Chan, K. S.; Lau, C. M. Organometallics 2006, 25, 260-265.
(11) Martinho Simoes, J. A.; Beauchamp, J. L. Chem. ReV. 1990, 90,

629-688.
(12) Harkins, S. B.; Peters, J. C. Organometallics 2002, 1753-1755.
(13) Liang, L.-C.; Lin, J.-M.; Lee, W.-Y. Chem. Commun. 2005, 2462-

2465.

Scheme 1. Mechanism of CHA

Table 1. Temperature Effect on CHA Reaction
yield/%a

entry temp/°C time/days 2 3 4
1 120 3 26 26 13
2 120 7 28 14 14
3 200 1 65

a Estimated from the integration of the mixture after chromatography
by 1H NMR.

Table 2. Base Effect in CHA
entry base time/min yield/%
1 NaOH 45 94
2 KOH 60 94
3 K2CO3 30 97
4 KHCO3 600 94
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zylic CHA of functionalized toluenes by rhodium(III) tetrakis-
(4-tolylporphyrin) chloride (Rh(ttp)Cl).
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to give a mixture of 3-tolyl and 4-tolyl as well as benzylic
rhodium porphyrin complexes (Table 1, eq 1). The absence of

Rh(ttp)(2-tolyl) is likely due to steric hindrance. Nonselective
CHA had occurred. Prolonged heating of the reaction mixture
for 7 days resulted in similar yields of products. However, at
200 °C after 1 day, only Rh(ttp)Bn was formed in 65% yield.
High temperature favored the selective formation of the appar-
ently less stable Rh(ttp)Bn, as RhAr has a stronger Rh-alkyl
bond.11 Both Rh(ttp)(4-tolyl) and Rh(ttp)Bn were stable toward
toluene at an elevated temperature of 200 °C for 2 days without
any interconversion; therefore, the benzylic CHA occurred in a
parallel pathway with the aromatic CHA.
In view of the reported base-promoted aromatic CHA by

transition-metal complexes,12,13 we had examined the effect of
added ligands and bases. Coordinating ligands such as Ph3P and
pyridine were not effective, as they likely formed only
coordination complexes with Rh(ttp)Cl without any CHA
occurring. The noncoordinating base 2,6-di-tert-butylpyridine
(30 equiv) proved to be encouraging, as Rh(ttp)Bn and Rh-

(ttp)(4-tolyl) were obtained in 46 and 18% yields, respectively,
after 3 days at 120 °C.
Further improvements in selectivity, rate enhancement, and

yields were discovered with other inorganic bases (Table 2, eq
2). When 10 equiv of K2CO3 was added, Rh(ttp)Bn was

selectively formed and isolated in 97% yield after 30 min (Table
2, entry 3). A lower loading of K2CO3 gave a slower reaction
with a lower yield, and a higher loading (up to 100 equiv)
resulted in little improved reaction efficiency. Other bases such
as NaOH, KOH, and KHCO3 were also effective but required
longer reaction times.
When the optimized base-promoted reaction conditions were

applied to various 4-substituted toluenes, high yields of rhodium
porphyrin benzyls were obtained (Table 3, eq 3). With added

K2CO3, most reaction times were shortened to 30 min from 2-3
days and product yields were in general higher. The basic
reaction conditions were more functional group compatible. No
Me-O activation occurred in anisole (Table 2, entry 1).10 Even
CN- and NO2-substituted toluenes (Table 3, entries 7 and 8)
reacted successfully, in contrast to no reaction or decomposition
observed in the absence of base. The reactions were also
successful with 10 equiv of toluene used in benzene solvent,
though with slightly lower efficiency. Rh(ttp)Bn was obtained
in a lower yield, 75%, after 1.5 h at 120 °C.
The observed isotope effects (kH/kD)obs for the reactions of

toluene with Rh(ttp)Cl at 120 °C were measured by competition
experiments with an equimolar mixture of toluene and toluene-
d8. Without any base, (kH/kD)obs values were measured to be
6.6 for aromatic CHA (indistinguishable of para and meta) and
4.0 for benzylic CHA. With K2CO3 added, (kH/kD)obs was found
to be 3.95. No benzyl exchange occurred under the same basic
conditions, as Rh(ttp)Bn did not react with toluene-d8 to give
any Rh(ttp)Bn-d7. These values suggested that the CHA steps
were involved in or prior to the rate-determining step in the
reactions.
Scheme 1 illustrates the proposed mechanism. Initially, Rh-

(ttp)Cl dissociates into a Rh(ttp) cation.8,10 In the absence of
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yield/%a

entry temp/°C time/days 2 3 4
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2 120 7 28 14 14
3 200 1 65

a Estimated from the integration of the mixture after chromatography
by 1H NMR.

Table 2. Base Effect in CHA
entry base time/min yield/%
1 NaOH 45 94
2 KOH 60 94
3 K2CO3 30 97
4 KHCO3 600 94
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base, toluene can coordinate to the Rh(ttp) cation to form the
(arene)Rh complex B, which then gives (aryl)Rh(ttp) in the
ArCHA pathway. Alternatively, the benzylic C-H bond can
coordinate to the Rh(ttp) cation to yield the benzylic C-H/Rh
complex A, which then gives Rh(ttp)Bn in the BnCHA pathway.
In the presence of base, the benzylic C-H/Rh(ttp) complex
likely undergoes more facile deprotonation, due to the more
acidic benzylic proton and sterically more favored coordination.
An alternate mechanism involving Rh(ttp)OH formed by ligand
substitution of Rh(ttp)Cl with hydroxide remains plausible. Rh-
(ttp)OH reacts with the benzylic CH bond to give Rh(ttp)Bn
and water. A rhodium porphyrin hydroxide is known.14 IrOMe15
and RuOH16 complexes are known to undergo CHA. We
currently favor the former mechanism involving a CH complex,
in view of the similar observed kinetic isotope effects for
benzylic CHA with and without base of 3.95 and 4.0, respec-
tively. It remains hard to reconcile the lack of an anion effect
on the magnitude of the kinetic isotope effect for the reactions
with Rh(ttp)Cl and Rh(ttp)OH.
The base-promoted BnCHA did not follow a simple electronic

effect. Competitive experiments were carried out with an equi-
molar mixture of 4-substituted (FG) toluene and toluene in reac-
ting with Rh(ttp)Cl using K2CO3 (10 equiv) at 120 °C in 1 h in

benzene solvent. The ratios of Rh(ttp)(4-FG-benzyl) to Rh(ttp)-
Bn were measured to be 3.95 (MeO), 0.28 (tBu), 2.48 (F), 4.59
(CHO), 6.45 (CN), and 7.45 (NO2). The ratios were kinetic ones,
as no 2e formed when Rh(ttp)Bn (2) was reacted with 4-fluo-
rotoluene in benzene with 10 equiv of K2CO3 at 120 °C for 1
h. We rationalize the rates of forming the benzylic C-H
complex or its stability and cleaving the C-H bonds are
dependent on the electronic effects of substituents in an opposing
manner.17 An electron-donating MeO substituent likely favors
the formation of a C-H complex but disfavors the cleavage,
due to its less acidic proton in comparison with a more electron
withdrawing group.
In summary, we have discovered a base-promoted, selective,

and functional group compatible benzylic CHA of toluenes with
Rh(ttp)Cl. Further studies are ongoing.
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Table 3. Benzylic CHA of Toluenes
entry A (K2CO3) entry B (no K2CO3)

entry FG time/min
product
(yield/%) time/days

product
(yield/%)

1 OMe 30 2a (92) 2 2a (78)
2 tBu 45 2b (98) 2 2b (84)
3 Me 45 2c (90)
4 3,5-Me2 45 2d (45) 3 2d (35)
5 H 30 2 (97) 3 2 (26)
6 F 240 2e (64) 3 2e (72)
7 CN 60 2f (83) 3 no reacn
8 NO2 30 2g (98) 1 no pdt
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•  More electron deficient porphyrins reacted faster 
•  Linear alkanes required longer time but yields increased for longer chains due to solubility 
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With the reported base-promoted benzylic CHA of toluenes
by RhIII(ttp)Cl8 and other examples of base-promoted CHA by
transition-metal complexes,9 we sought to examine the promot-
ing effect of various bases. Table 2 and eq 2 give the results of
the screenings. The ligand, PPh3, only gave coordination
complex 2f, without any CHA product (Table 2, entry 2). On
the other hand, non-coordinating bases of 2,2!-bipyridine, 2,6-
di-tert-butylpyridine, and 2,6-diphenylpyridine gave higher
yields of over 50% of Rh(ttp)(c-hexyl) in 1 day (eq 2, Table 2,
entries 3-5). However, a shorter reaction time of 6 h resulted
in the much lower yield of 23% (Table 2, entry 6).

To our delight, nucleophilic inorganic bases were found to
promote both the yields and rates of CHA (Table 2, entries 7-9).
When NaOH was added, the reaction only took 6 h and the
yield of 2a was 47%. NaOAc gave a slightly higher yield of
51%, and K2CO3 gave the highest yield of 59%. These
nucleophilic bases required just 6 h for the reaction to be
complete. Prolonged heating to 1 day with K2CO3 resulted in a
lower yield of 40% (Table 2, entry 10). From these results, the
optimal reaction conditions were found to require K2CO3 in 6 h.

The loading of base was further optimized (eq 3, Table 3).
Five equivalents of K2CO3 increased the reaction yield slightly,

but the reaction rate was not faster (Table 3, entry 2 vs 1). A
higher loading of 10 equiv of K2CO3 increased both the reaction
yield and the rate (Table 3, entry 3). However, a further increase
to 20 equiv of K2CO3 did not result in any further enhancement
in yield (Table 3, entry 4). Therefore, the optimized reaction
conditions were found to require 10 equiv of K2CO3 at 120 °C.
Visual inspection of the reaction mixture showed that even 5
equiv of K2CO3 did not dissolve completely at 120 °C; therefore,
the reaction mixture was heterogeneous.

The structures of porphyrins in the rhodium porphyrin
chlorides affect the rates and yields of the CHA of cyclohexane.
The electronic effects of CHA were examined by three Rh-
(por)Cl species, including Rh(bocp)Cl (1c; bocp ) 2,3,7,8,12,13,
17,18-octachloro-5,10,15,20-tetrakis(p-tert-butylphenyl)porphy-
rinato dianion), Rh(tpp)Cl (1b; tpp ) 5,10,15,20-tetraphenylpor-
phyrinato dianion), and Rh(ttp)Cl (1a) (Table 4, eq 4). The
reaction rates followed the order of electron-deficient Rh(por)Cl:
Rh(bocp)Cl > Rh(tpp)Cl > Rh(ttp)Cl (Table 4, entries 1-3).

The optimized K2CO3-promoted reaction conditions were
successfully applied to other alkanes. Cyclopentane and cyclo-
hexane gave the cyclopentyl and cyclohexyl complexes, in 76
and 59% yields, respectively in 6 h (eq 5, Table 5, entries 1
and 2). The straight-chain alkanes reacted with Rh(ttp)Cl (1a)
more slowly than cyclohexane (Table 5, entries 3-5 vs 2). A
longer time of 24 h was required. The yields of Rh(ttp) alkyls
increased with the chain length, presumably due to the observed
increasing solubility of Rh(ttp)Cl (1a) in longer chain hydro-
carbons. Selective terminal CHA took place to give only the
primary Rh(ttp) alkyls. While the thermal isomerization of
Rh(ttp)CH2CH2CH3 into Rh(ttp)CH(CH3)2 has been reported,
the time to establish equilibrium requires 10 days.10 Therefore,
the isomerization of these Rh(ttp) alkyls did not occur in 24 h.

We were not able to detect any cyclohexanol, cyclohexyl
chloride, cyclohexene, or cyclohexanone by GC-MS analysis
of the crude reaction mixture. It may be that the concentration
of these species, if formed, was low in the presence of 1000
times more cyclohexane.

In order to understand the lower yield of Rh(ttp) alkyl with
longer reaction time (Table 2, entries 9 and 10), the thermal
stability of Rh(ttp)(c-pentyl) in the presence of K2CO3 at 120
°C was examined and monitored by 1H NMR spectroscopy (eq

(9) (a) Liang, L. C.; Lin, J. M.; Lee, W. Y. Chem. Commun. 2005, 19,
2462–2464. (b) Harkins, S. B.; Peters, J. C. Organometallics 2002, 21, 1753–
1755. (c) Wang, C.; Ziller, J. W.; Flood, T. C. J. Am. Chem. Soc. 1995,
117, 1647–1648.

(10) Mak, K. W.; Xue, F.; Mak, T. C. W.; Chan, K. S. J. Chem. Soc.,
Dalton Trans. 1999, 19, 3333–3334.

Table 2. Base Effect in CHA

entry base time (h) yield (%)

1 none 24 31
2 PPh3 24 0a

3 2,2!-bpyb 48 50
4 2,6-dbpyc 24 50
5 2,6-dppyd 24 58
6 2,6-dppyd 6 23
7 NaOH 6 47
8 NaOAc 6 51
9 K2CO3 6 59
10 K2CO3 24 40

a Rh(ttp)Cl(PPh3) (2f) was obtained in 83% yield. b 2,2!-bpy )
2,2!-bipyridine. c 2,6-dbpy ) 2,6-di-tert-butylpyridine. d 2,6-dppy )
2,6-diphenylpyridine.

Table 3. Effect of K2CO3 Loading in CHA of Cyclohexane

entry amt of K2CO3 (equiv) time (h) yield (%)

1 0 24 31
2 5 24 35
3 10 6 59
4 20 6 56

Table 4. CHA of Cyclohexane with Rh(por)Cl

entry por time (h) product (yield (%))

1 ttp 6 2a (59)
2 tpp 5 4a (52)
3 bocp 1 4b (61)

Table 5. Activation of Alkanes with Rh(ttp)Cl

entry substrate time (h) product (yield (%))

1 cyclopentane 6 2b (76)
2 cyclohexane 6 2a (59)
3 n-pentane 24 2c (29)
4 n-hexane 24 2d (40)
5 n-heptane 24 2e (58)

Scheme 1. Proposed Decomposition Pathway of
Rh(ttp)(cyclopentyl)
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With the reported base-promoted benzylic CHA of toluenes
by RhIII(ttp)Cl8 and other examples of base-promoted CHA by
transition-metal complexes,9 we sought to examine the promot-
ing effect of various bases. Table 2 and eq 2 give the results of
the screenings. The ligand, PPh3, only gave coordination
complex 2f, without any CHA product (Table 2, entry 2). On
the other hand, non-coordinating bases of 2,2!-bipyridine, 2,6-
di-tert-butylpyridine, and 2,6-diphenylpyridine gave higher
yields of over 50% of Rh(ttp)(c-hexyl) in 1 day (eq 2, Table 2,
entries 3-5). However, a shorter reaction time of 6 h resulted
in the much lower yield of 23% (Table 2, entry 6).

To our delight, nucleophilic inorganic bases were found to
promote both the yields and rates of CHA (Table 2, entries 7-9).
When NaOH was added, the reaction only took 6 h and the
yield of 2a was 47%. NaOAc gave a slightly higher yield of
51%, and K2CO3 gave the highest yield of 59%. These
nucleophilic bases required just 6 h for the reaction to be
complete. Prolonged heating to 1 day with K2CO3 resulted in a
lower yield of 40% (Table 2, entry 10). From these results, the
optimal reaction conditions were found to require K2CO3 in 6 h.

The loading of base was further optimized (eq 3, Table 3).
Five equivalents of K2CO3 increased the reaction yield slightly,

but the reaction rate was not faster (Table 3, entry 2 vs 1). A
higher loading of 10 equiv of K2CO3 increased both the reaction
yield and the rate (Table 3, entry 3). However, a further increase
to 20 equiv of K2CO3 did not result in any further enhancement
in yield (Table 3, entry 4). Therefore, the optimized reaction
conditions were found to require 10 equiv of K2CO3 at 120 °C.
Visual inspection of the reaction mixture showed that even 5
equiv of K2CO3 did not dissolve completely at 120 °C; therefore,
the reaction mixture was heterogeneous.

The structures of porphyrins in the rhodium porphyrin
chlorides affect the rates and yields of the CHA of cyclohexane.
The electronic effects of CHA were examined by three Rh-
(por)Cl species, including Rh(bocp)Cl (1c; bocp ) 2,3,7,8,12,13,
17,18-octachloro-5,10,15,20-tetrakis(p-tert-butylphenyl)porphy-
rinato dianion), Rh(tpp)Cl (1b; tpp ) 5,10,15,20-tetraphenylpor-
phyrinato dianion), and Rh(ttp)Cl (1a) (Table 4, eq 4). The
reaction rates followed the order of electron-deficient Rh(por)Cl:
Rh(bocp)Cl > Rh(tpp)Cl > Rh(ttp)Cl (Table 4, entries 1-3).

The optimized K2CO3-promoted reaction conditions were
successfully applied to other alkanes. Cyclopentane and cyclo-
hexane gave the cyclopentyl and cyclohexyl complexes, in 76
and 59% yields, respectively in 6 h (eq 5, Table 5, entries 1
and 2). The straight-chain alkanes reacted with Rh(ttp)Cl (1a)
more slowly than cyclohexane (Table 5, entries 3-5 vs 2). A
longer time of 24 h was required. The yields of Rh(ttp) alkyls
increased with the chain length, presumably due to the observed
increasing solubility of Rh(ttp)Cl (1a) in longer chain hydro-
carbons. Selective terminal CHA took place to give only the
primary Rh(ttp) alkyls. While the thermal isomerization of
Rh(ttp)CH2CH2CH3 into Rh(ttp)CH(CH3)2 has been reported,
the time to establish equilibrium requires 10 days.10 Therefore,
the isomerization of these Rh(ttp) alkyls did not occur in 24 h.

We were not able to detect any cyclohexanol, cyclohexyl
chloride, cyclohexene, or cyclohexanone by GC-MS analysis
of the crude reaction mixture. It may be that the concentration
of these species, if formed, was low in the presence of 1000
times more cyclohexane.

In order to understand the lower yield of Rh(ttp) alkyl with
longer reaction time (Table 2, entries 9 and 10), the thermal
stability of Rh(ttp)(c-pentyl) in the presence of K2CO3 at 120
°C was examined and monitored by 1H NMR spectroscopy (eq

(9) (a) Liang, L. C.; Lin, J. M.; Lee, W. Y. Chem. Commun. 2005, 19,
2462–2464. (b) Harkins, S. B.; Peters, J. C. Organometallics 2002, 21, 1753–
1755. (c) Wang, C.; Ziller, J. W.; Flood, T. C. J. Am. Chem. Soc. 1995,
117, 1647–1648.

(10) Mak, K. W.; Xue, F.; Mak, T. C. W.; Chan, K. S. J. Chem. Soc.,
Dalton Trans. 1999, 19, 3333–3334.

Table 2. Base Effect in CHA

entry base time (h) yield (%)

1 none 24 31
2 PPh3 24 0a

3 2,2!-bpyb 48 50
4 2,6-dbpyc 24 50
5 2,6-dppyd 24 58
6 2,6-dppyd 6 23
7 NaOH 6 47
8 NaOAc 6 51
9 K2CO3 6 59
10 K2CO3 24 40

a Rh(ttp)Cl(PPh3) (2f) was obtained in 83% yield. b 2,2!-bpy )
2,2!-bipyridine. c 2,6-dbpy ) 2,6-di-tert-butylpyridine. d 2,6-dppy )
2,6-diphenylpyridine.

Table 3. Effect of K2CO3 Loading in CHA of Cyclohexane

entry amt of K2CO3 (equiv) time (h) yield (%)

1 0 24 31
2 5 24 35
3 10 6 59
4 20 6 56

Table 4. CHA of Cyclohexane with Rh(por)Cl

entry por time (h) product (yield (%))

1 ttp 6 2a (59)
2 tpp 5 4a (52)
3 bocp 1 4b (61)

Table 5. Activation of Alkanes with Rh(ttp)Cl

entry substrate time (h) product (yield (%))

1 cyclopentane 6 2b (76)
2 cyclohexane 6 2a (59)
3 n-pentane 24 2c (29)
4 n-hexane 24 2d (40)
5 n-heptane 24 2e (58)

Scheme 1. Proposed Decomposition Pathway of
Rh(ttp)(cyclopentyl)
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•  What happens to the rhodium alkyls over time with base to cause lower yields? 

•  E2 elimination of (TTP)Rh (Rh-H is moderately strong acid, pka~11) 
•  C-H activation at allylic position occurs à E2 again à polymer or forms cyclopentadienyl anion 

•  Cyclohexyl was more stable due to smaller dihedral angle, disfavoring E2 elimination 

C-H Activation of Alkanes 

Organometallics, 2008, 27, 4625. 

With the reported base-promoted benzylic CHA of toluenes
by RhIII(ttp)Cl8 and other examples of base-promoted CHA by
transition-metal complexes,9 we sought to examine the promot-
ing effect of various bases. Table 2 and eq 2 give the results of
the screenings. The ligand, PPh3, only gave coordination
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chlorides affect the rates and yields of the CHA of cyclohexane.
The electronic effects of CHA were examined by three Rh-
(por)Cl species, including Rh(bocp)Cl (1c; bocp ) 2,3,7,8,12,13,
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and 2). The straight-chain alkanes reacted with Rh(ttp)Cl (1a)
more slowly than cyclohexane (Table 5, entries 3-5 vs 2). A
longer time of 24 h was required. The yields of Rh(ttp) alkyls
increased with the chain length, presumably due to the observed
increasing solubility of Rh(ttp)Cl (1a) in longer chain hydro-
carbons. Selective terminal CHA took place to give only the
primary Rh(ttp) alkyls. While the thermal isomerization of
Rh(ttp)CH2CH2CH3 into Rh(ttp)CH(CH3)2 has been reported,
the time to establish equilibrium requires 10 days.10 Therefore,
the isomerization of these Rh(ttp) alkyls did not occur in 24 h.

We were not able to detect any cyclohexanol, cyclohexyl
chloride, cyclohexene, or cyclohexanone by GC-MS analysis
of the crude reaction mixture. It may be that the concentration
of these species, if formed, was low in the presence of 1000
times more cyclohexane.

In order to understand the lower yield of Rh(ttp) alkyl with
longer reaction time (Table 2, entries 9 and 10), the thermal
stability of Rh(ttp)(c-pentyl) in the presence of K2CO3 at 120
°C was examined and monitored by 1H NMR spectroscopy (eq
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5 2,6-dppyd 24 58
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7 NaOH 6 47
8 NaOAc 6 51
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a Rh(ttp)Cl(PPh3) (2f) was obtained in 83% yield. b 2,2!-bpy )
2,2!-bipyridine. c 2,6-dbpy ) 2,6-di-tert-butylpyridine. d 2,6-dppy )
2,6-diphenylpyridine.

Table 3. Effect of K2CO3 Loading in CHA of Cyclohexane

entry amt of K2CO3 (equiv) time (h) yield (%)

1 0 24 31
2 5 24 35
3 10 6 59
4 20 6 56

Table 4. CHA of Cyclohexane with Rh(por)Cl

entry por time (h) product (yield (%))

1 ttp 6 2a (59)
2 tpp 5 4a (52)
3 bocp 1 4b (61)

Table 5. Activation of Alkanes with Rh(ttp)Cl

entry substrate time (h) product (yield (%))

1 cyclopentane 6 2b (76)
2 cyclohexane 6 2a (59)
3 n-pentane 24 2c (29)
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6). After the reaction mixture was heated for 30 min, the pyrrole
signal of Rh(ttp)(cyclopentyl) shifted up from δ 8.99 to 8.59
ppm, assigned to be that of Rh(ttp)- (34% yield), and Rh(ttp)H
was formed in 8% yield. Then after 13 h, a small amount of a
cyclopentadienyl anion 1H NMR signal appeared (δ 5.69
ppm).11 After 5 days, its yield increased to 6%. When dilute
aqueous HCl was added into the reaction mixture, Rh(ttp)H (1d)
("-H at δ 9.03 ppm) was observed, further supporting the
formation of Rh(ttp)-.

We rationalize that K2CO3 abstracts the "-alkyl proton of
Rh(ttp)(cyclopentyl) by an E2 elimination to give Rh(ttp)- and
cyclopentene (Scheme 1). As Rh(ttp)H is a moderately strong
acid with a pKa value of about 11,12 Rh(ttp)- is therefore a
good leaving group. Similar base-induced "-elimination has also
been reported.13 Then cyclopentene can further undergo CHA
at the allylic position and subsequent "-proton elimination to
give cyclopentadiene, which mostly either dimerizes or poly-
merizes but still yields a small amount of cyclopentadienyl anion
upon reaction with base.

Rh(ttp)(cyclohexyl) (2a) was more stable than Rh(ttp)(cy-
clopentyl) (2b) under the same basic, thermal conditions (eq
7). After 5 days, 27% remained of Rh(ttp)(cyclohexyl) together
with Rh(ttp)H formed in 44% yield, presumably from the
protonation of the Rh(ttp)- intermediate with some residual
water present in the solvent or K2CO3.

The higher stability of Rh(ttp)(cyclohexyl) is likely due to
the smaller dihedral angle of Rh-CR-C"-H", disfavoring the
antiperiplanar transition state of an E2 elimination14 (dihedral
angles of Rh-CR-C"-H" of Rh(ttp)(cyclopentyl) (2b) and
Rh(ttp)(cyclohexyl) (2a) are 131 and 122°, respectively; see the
Supporting Information for X-ray data).

These CHA reactions further provide a facile, convenient
synthesis of Rh(por) alkyls. For comparison, a previous synthesis
of rhodium porphyrin alkyl was achieved by a two-step process
via reductive alkylation (NaBH4/RBr) with yields from 48 to

97%.15 This synthetic route can access a variety of rhodium
porphyrin alkyls directly from alkanes in one step.

X-ray Structure Determination. Table 6 gives selected bond
lengths and angles for complexes 2a,b,e. Figures 1-3 show
the molecular structures of 2a,b,e, respectively (30% thermal
ellipsoids). The Rh-C bond lengths of 2a,b,e range from 2.07
to 2.13 Å (Table 6, entries 1-3) and are similar to the reported
Rh-C bond lengths of Rh(oep)Me (oep ) 2,3,7,8,12,13,17,18-
octaethylporphyrinato dianion) (1.97 Å)16 (Table 6, entry 4).
The Rh-Nav bond lengths do not vary significantly (2.017-2.019
Å). The Rh-C bond lengths appear to follow the steric size of
alkyls in the order cyclohexyl > cyclopentyl > n-heptyl (Table
6, entries 1-3). The various alkyls do not cause large distortion
of the mean porphyrin plane from planarity in complexes 2a
(0.465 Å), 2b (0.452 Å), and 2e (0.552 Å).

Proposed Mechanism for CHA. Scheme 2 shows two
possible pathways for the proposed mechanism of alkyl CHA
with Rh(ttp)Cl (1a).

Pathway Ia. In the absence of base, Rh(ttp)Cl (1a) initially
undergoes heterolysis to form Rh(ttp) cation and chloride anion,
most likely as an ion pair.6-8 An alkane then coordinates to
the Rh metal center to form a C-H-Rh complex.17 Finally,
the alkyl C-H bond is cleaved to give Rh(ttp)H. The coordina-
tion of alkane to the Rh metal center is supported by the
inhibition of CHA by PPh3 (Table 2, entry 2). Upon addition
of PPh3, Rh(ttp)Cl (1a) did not react with cyclohexane at 120
°C in 24 h to give any Rh(ttp)(cyclohexyl) (2a).

Monitoring the reaction of Rh(ttp)Cl (1a) with cyclohexane
(50 equiv) in benzene-d6, a poorer hydrogen donor than
cyclohexane, in a sealed NMR tube at 120 °C over the course
of 12 h by 1H NMR spectroscopy did not reveal any intermedi-
ate, only the formation of Rh(ttp)H and Rh(ttp)(cyclohexyl) in
68 and 4% yields, respectively. No stable, long-lived intermedi-
ate likely formed, suggesting the Rh(por)Cl ion pair or
C-H-Rh complex is highly reactive. Furthermore, the major
product is Rh(ttp)H in benzene solvent rather than Rh(ttp)(cy-
clohexyl) in cyclohexane solvent. Probably, the reaction of
Rh(ttp)H with a slight excess of cyclohexane is slow.

Pathway Ib. In the base-promoted reaction, Rh(ttp)Cl initially
undergoes ligand substitution with MX to give Rh(ttp)X (MX
) NaOH, NaOAc, K2CO3). Recently, iridium(III) hydroxide,18a

(11) Wayland, B. B.; van Voorhees, S. L.; Wilker, C. Inorg. Chem. 1986,
25, 4039–4042.

(12) Nelson, A. P.; Dimagno, S. G. J. Am. Chem. Soc. 2000, 122, 8569–
8570.

(13) Sanford, M. S.; Groves, J. T. Angew. Chem., Int. Ed. 2004, 43,
588–590.

(14) March, J., AdVanced Organic Chemistry: Reactions, Mechanisms
and Structure, 3rd ed.; Wiley: New York, 1985.

(15) (a) Brothers, P. J.; Collman, J. P. Acc. Chem. Res. 1986, 19, 209–
215. (b) Lexa, D.; Mispelter, J.; Saveant, J. M. J. Am. Chem. Soc. 1981,
103, 6806–6812. (c) Perree-Fauvent, M.; Gaudemer, A.; Boucly, P.;
Devynck, J. J. Organomet. Chem. 1976, 120, 439–451. (d) Chan, K. S.;
Mak, K. W.; Tse, M. K.; Yeung, S. K.; Li, B. Z.; Chan, Y. W. J. Organomet.
Chem. 2008, 693, 399–407.

(16) Whang, D. M.; Kim, K. M. Acta Crystallogr., Sect. C 1991, 47,
2547–2550.

(17) Bengali, A. A.; Schultz, H.; Moore, C. B.; Bergman, R. G. J. Am.
Chem. Soc. 1994, 116, 9369–9377.

(18) (a) Tenn, W. J.; Young, K. J. H.; Oxgaard, J.; Nielsen, R. J.;
Goddard, W. A.; Periana, R. A. Organometallics 2006, 25, 5173–5175. (b)
Oxgaard, J.; Tenn, W. J.; Nielson, R. J.; Periana, R. A.; Goddard, W. A.
Organometallics 2007, 26, 1565–1567. (c) Fu, X. F.; Wayland, B. B. J. Am.
Chem. Soc. 2004, 126, 2623–2631. (d) Feng, Y.; Lail, M.; Barakat, K. A.;
Cundari, T. R.; Gunnoe, T. B.; Peterson, J. L. J. Am. Chem. Soc. 2005,
127, 14174–14175. (e) Collman, J. P.; Boulatov, R. Inorg. Chem. 2001,
40, 560–563.

Table 6. Selected Bond Lengths (Å) and Angles (deg) for Rh(por)R

entry Rh(ttp)R Rh-C length (Å)
dihedral angle between Ph group
and mean porphyrin plane (deg)

max deviation from
least-squares plane (Å) Rh-Nav (Å)

1 Rh(ttp)(cyclohexyl) (2a) 2.126(7) 80.79 (7) 0.465(4) 2.019
2 Rh(ttp)(cyclopentyl) (2b) 2.073(7) 80.98 (3) 0.452(7) 2.017
3 Rh(ttp)(n-heptyl) (2e) 2.048(3) 82.25(5) 0.552(3) 2.019
4 Rh(oep)CH3

12 1.970(4) 2.027
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6). After the reaction mixture was heated for 30 min, the pyrrole
signal of Rh(ttp)(cyclopentyl) shifted up from δ 8.99 to 8.59
ppm, assigned to be that of Rh(ttp)- (34% yield), and Rh(ttp)H
was formed in 8% yield. Then after 13 h, a small amount of a
cyclopentadienyl anion 1H NMR signal appeared (δ 5.69
ppm).11 After 5 days, its yield increased to 6%. When dilute
aqueous HCl was added into the reaction mixture, Rh(ttp)H (1d)
("-H at δ 9.03 ppm) was observed, further supporting the
formation of Rh(ttp)-.

We rationalize that K2CO3 abstracts the "-alkyl proton of
Rh(ttp)(cyclopentyl) by an E2 elimination to give Rh(ttp)- and
cyclopentene (Scheme 1). As Rh(ttp)H is a moderately strong
acid with a pKa value of about 11,12 Rh(ttp)- is therefore a
good leaving group. Similar base-induced "-elimination has also
been reported.13 Then cyclopentene can further undergo CHA
at the allylic position and subsequent "-proton elimination to
give cyclopentadiene, which mostly either dimerizes or poly-
merizes but still yields a small amount of cyclopentadienyl anion
upon reaction with base.

Rh(ttp)(cyclohexyl) (2a) was more stable than Rh(ttp)(cy-
clopentyl) (2b) under the same basic, thermal conditions (eq
7). After 5 days, 27% remained of Rh(ttp)(cyclohexyl) together
with Rh(ttp)H formed in 44% yield, presumably from the
protonation of the Rh(ttp)- intermediate with some residual
water present in the solvent or K2CO3.

The higher stability of Rh(ttp)(cyclohexyl) is likely due to
the smaller dihedral angle of Rh-CR-C"-H", disfavoring the
antiperiplanar transition state of an E2 elimination14 (dihedral
angles of Rh-CR-C"-H" of Rh(ttp)(cyclopentyl) (2b) and
Rh(ttp)(cyclohexyl) (2a) are 131 and 122°, respectively; see the
Supporting Information for X-ray data).

These CHA reactions further provide a facile, convenient
synthesis of Rh(por) alkyls. For comparison, a previous synthesis
of rhodium porphyrin alkyl was achieved by a two-step process
via reductive alkylation (NaBH4/RBr) with yields from 48 to

97%.15 This synthetic route can access a variety of rhodium
porphyrin alkyls directly from alkanes in one step.

X-ray Structure Determination. Table 6 gives selected bond
lengths and angles for complexes 2a,b,e. Figures 1-3 show
the molecular structures of 2a,b,e, respectively (30% thermal
ellipsoids). The Rh-C bond lengths of 2a,b,e range from 2.07
to 2.13 Å (Table 6, entries 1-3) and are similar to the reported
Rh-C bond lengths of Rh(oep)Me (oep ) 2,3,7,8,12,13,17,18-
octaethylporphyrinato dianion) (1.97 Å)16 (Table 6, entry 4).
The Rh-Nav bond lengths do not vary significantly (2.017-2.019
Å). The Rh-C bond lengths appear to follow the steric size of
alkyls in the order cyclohexyl > cyclopentyl > n-heptyl (Table
6, entries 1-3). The various alkyls do not cause large distortion
of the mean porphyrin plane from planarity in complexes 2a
(0.465 Å), 2b (0.452 Å), and 2e (0.552 Å).

Proposed Mechanism for CHA. Scheme 2 shows two
possible pathways for the proposed mechanism of alkyl CHA
with Rh(ttp)Cl (1a).

Pathway Ia. In the absence of base, Rh(ttp)Cl (1a) initially
undergoes heterolysis to form Rh(ttp) cation and chloride anion,
most likely as an ion pair.6-8 An alkane then coordinates to
the Rh metal center to form a C-H-Rh complex.17 Finally,
the alkyl C-H bond is cleaved to give Rh(ttp)H. The coordina-
tion of alkane to the Rh metal center is supported by the
inhibition of CHA by PPh3 (Table 2, entry 2). Upon addition
of PPh3, Rh(ttp)Cl (1a) did not react with cyclohexane at 120
°C in 24 h to give any Rh(ttp)(cyclohexyl) (2a).

Monitoring the reaction of Rh(ttp)Cl (1a) with cyclohexane
(50 equiv) in benzene-d6, a poorer hydrogen donor than
cyclohexane, in a sealed NMR tube at 120 °C over the course
of 12 h by 1H NMR spectroscopy did not reveal any intermedi-
ate, only the formation of Rh(ttp)H and Rh(ttp)(cyclohexyl) in
68 and 4% yields, respectively. No stable, long-lived intermedi-
ate likely formed, suggesting the Rh(por)Cl ion pair or
C-H-Rh complex is highly reactive. Furthermore, the major
product is Rh(ttp)H in benzene solvent rather than Rh(ttp)(cy-
clohexyl) in cyclohexane solvent. Probably, the reaction of
Rh(ttp)H with a slight excess of cyclohexane is slow.

Pathway Ib. In the base-promoted reaction, Rh(ttp)Cl initially
undergoes ligand substitution with MX to give Rh(ttp)X (MX
) NaOH, NaOAc, K2CO3). Recently, iridium(III) hydroxide,18a
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entry Rh(ttp)R Rh-C length (Å)
dihedral angle between Ph group
and mean porphyrin plane (deg)

max deviation from
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1 Rh(ttp)(cyclohexyl) (2a) 2.126(7) 80.79 (7) 0.465(4) 2.019
2 Rh(ttp)(cyclopentyl) (2b) 2.073(7) 80.98 (3) 0.452(7) 2.017
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•  Possible intermediates: Rh-H or RhII 
–  Conditions form RhII but Rh-H is stable 

–  Both were found to undergo CHA 
•  Lower yields due to β-H elim. 
 

•  Proposed Mechanism 

C-H Activation Mechanism 

Organometallics, 2008, 27, 4625. 

iridium(III) alkoxide,18b rhodium(III) hydroxide,18c ruthenium(II)
hydroxide,18d and rhodium(III) alkoxide18e have been reported
and these ruthenium and iridium complexes can undergo C-H
activation.18a,b,d Rh(ttp)X is then rapidly reduced by an alkane
to form Rh(ttp)H (1d), which then yields the metal-metal-
bonded [Rh(ttp)]2 (1e)19 quickly in basic media.

When the reaction mixture with K2CO3 in benzene-d6 was
followed by 1H NMR spectroscopy (eq 8, Figure 4), no Rh(ttp)H
but only [Rh(ttp)]2 was observed after 30 min. Likely, Rh(ttp)H
was converted rapidly to [Rh(ttp)]2 in a basic medium. After
3 h, Rh(ttp)(cyclohexyl) slowly grew in to about 15% yield and
Rh(ttp)H formed quickly in up to 50% yield. The composition
of the reaction mixture remained more or less the same up to
12 h with a major amount of Rh(ttp)H and small amounts of
[Rh(ttp)]2 and Rh(ttp)(cyclohexyl) present. It is likely that with
a slight excess of cyclohexane in benzene instead of cyclohexane
as the solvent, the base-promoted E2 elimination of Rh(ttp)(cy-
clohexyl) becomes competitive to re-form Rh(ttp)- or Rh(ttp)H
after protonation from the small amount of water present as
well as forming the coproduct cyclohexene. Cyclohexene may
also further undergo multiple CHA and E2 elimination to give
benzene, analogous to the case for cyclopentene. Indeed,
benzene was observed by 1H NMR spectroscopy when cyclo-
hexane-d12 was used as the solvent. After 5 days of heating,
the 1H NMR signal of benzene was observed (δ 7.21 ppm) in
cyclohexane-d12 with 8% yield. Rh(ttp)(cyclohexyl) (2a) de-

composed, and its recovery yield was 31%. The decomposed
Rh(ttp) complexes possibly precipitated and were not detected
by 1H NMR.

Independent experiments showed that [Rh(ttp)]2 (1e) and
presumably H2 were formed quickly over 15 min at room
temperature from Rh(ttp)H (1d) added with base (eq 9).
However, Rh(ttp)H was thermally stable in the absence of base,
even upon heating at 120 °C for 6 days with 90% recovery (eq
10). Therefore, both [Rh(ttp)]2 and Rh(ttp)H can activate RH
to give Rh(ttp)R in pathways IIa-c (Scheme 2).

To further understand why Rh(ttp)H did not react completely
with a slight excess of cyclohexane in benzene solvent, the

Figure 1. ORTEP presentation of the molecular structure with numbering scheme for complex 2a (30% probability displacement ellipsoids).

Figure 2. ORTEP presentation of the molecular structure with numbering scheme for complex 2b (30% probability displacement ellipsoids).
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thermal CHA reaction of Rh(ttp)H with cyclohexane at 120 °C
in 3 h was carried out. Indeed, Rh(ttp)(cyclohexyl) was formed
in 36% yield and supported the intermediancy of Rh(ttp)H (eq
11). The low yield of Rh(ttp)(cyclohexyl) in a slight excess of
cyclohexane is probably due to the unfavorable equilibrium with
limited cyclohexane as well as the base-promoted or thermal
!-H elimination of Rh(ttp)(cyclohexyl).

To gain further information about the nature of the transition
state and the possible Rh species involved (pathways Ic and
IIa-c), the kinetic isotope effects of the CHA reaction were
measured by a series of competition experiments. Rh(ttp)Cl (1a)
was reacted with an equimolar mixture of cyclohexane and
cyclohexane-d12 in the presence of 10 equiv of K2CO3 at 120
°C over 6 h. The ratio of Rh(ttp)(cyclohexyl) (2a) to Rh(ttp-
)(cyclohexyl)-d11 was determined to be 9.1:1.0 by 1H NMR
spectroscopy. The large kinetic isotope effect (KIE) supported
the notion that the C-H cleavage step to give Rh(ttp)(cyclo-
hexyl) is involved in the rate-limiting step. The observed KIE
is truly a kinetic value, as Rh(ttp)(cyclohexyl) did not exchange
with cyclohexane-d12 under the same conditions. Likewise, the
KIEs of the CHA with Rh(ttp)H and [Rh(ttp)]2 with or without
K2CO3 were measured and are about 9.0 (eq 12, Table 7, entries
2 and 3 vs 4 and 5). Rh(ttp)H was also found to be more reactive
than [Rh(ttp)]2.

To gain further support that [Rh(ttp)]2 is an intermediate, the
reaction of [Rh(ttp)]2 (1e) with cyclohexane in benzene-d6 in a
sealed NMR tube was monitored by 1H NMR spectroscopy (eq
13). After 8 h, both Rh(ttp)(cyclohexyl) (2a) and Rh(ttp)H (1d)
were obtained in 12 and 82% yields, respectively (eq 13). The

(19) (a) Wayland, B. B.; Ba, S.; Sherry, A. E. J. Am. Chem. Soc. 1991,
113, 5305–5311. (b) Thibblin, A.; Sidhu, H. J. Am. Chem. Soc. 1992, 114,
7403–7407.

Figure 3. ORTEP presentation of the molecular structure with numbering scheme for complex 2e (30% probability displacement ellipsoids).

Scheme 2. Proposed Mechanism of Alkyl CHA with
Rh(ttp)Cl

Figure 4. Time profile of Rh(ttp)Cl and cyclohexane with K2-
CO3.

Table 7. KIE Values for Reactions of Rh(ttp)X with Cyclohexane

entry Rh(ttp)X base (amt (equiv))
time
(h) KIE by 1H NMR

yield
(%)

1 Rh(ttp)Cl K2CO3 (10) 6 9.1 ( 0.3a 32
2 Rh(ttp)H none 3 8.9 ( 0.3 54
3 Rh(ttp)H K2CO3 (10) 3 8.5 ( 0.4 59
4 [Rh(ttp)]2 none 6 8.7 ( 0.3 38
5 [Rh(ttp)]2 K2CO3 (10) 6 9.0 ( 0.3 42
a The KIE determined by MS was 9.7 ( 0.2.
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much higher yield of Rh(ttp)H suggests that, even under thermal
conditions, Rh(ttp)(cyclohexyl) still can generate Rh(ttp)H by
!-H elimination, as ascertained by the independent thermal
experiment shown in eq 14. Therefore, [Rh(ttp)]2 is confirmed
to be a viable intermediate of the CHA reaction under both
neutral and basic conditions. The expected coproduct, cyclo-
hexene, was not observed, which was rationalized by further
dehydrogenation of cyclohexene to yield benzene.

Since the large values of KIEs of the CHA of CH4 (8.6 at 25
°C and 5.1 at 80 °C) and of toluene (6.5 at 80 °C) with RhII(tmp)
(tmp ) 5,10,15,20-tetramesitylporphyrinato dianion) are sup-
portive of a bimetalloradical linear, termolecular transition
state,19a the similar magnitude of KIEs in the reaction of
cyclohexane with Rh(ttp) complexes suggest that RhII(ttp) also
undergo similar bimetalloradical activation with cyclohexane.
However, the conversion of Rh(ttp)H to [Rh(ttp)]2 in the absence
of base is very slow; therefore, we tend to favor that both
Rh(ttp)H and [Rh(ttp)]2 are parallel reacting species under both
neutral and basic conditions. However, we could not fully
understand the high KIE value of 8.9 measured for the thermal
reaction with Rh(ttp)H (Table 7, entry 2). A possible reason is
the large KIE observed for a branching reaction from a common
intermediate:19b in this case, the branching reaction of Rh2(ttp)2

with cyclohexane from the common intermediate of Rh(ttp)H.

As Rh(ttp)H was shown to be a viable intermediate of the
CHA reaction (eq 11), two detailed mechanistic possibilities,
oxidative addition and σ-bond metathesis, could exist (Scheme
3). For the oxidative addition, a seven-coordinated Rh(V)
complex (A) formed at first with the three ligands R, H, and H
on the same face of the porphyrin, which then underwent
reductive elimination to give Rh(ttp)R and H2. Though Rh(V)
organometallic complexes are uncommon, they can be stabilized
by strongly σ-donating ligands such as silyl20 and hydride. The
two cis dihydrides, e.g. [(η5-C5Me5)Rh(H)2(SiMe3)2] and [(η5-
C5Me5)Rh(H)2(SiEt3)2],20 are not sterically demanding enough
to rule out the oxidative addition pathway. Alternatively, a
concerted σ-bond metathesis or its variants such as σ-complex
(B) assisted metathesis21 could be a viable pathway.

The large KIE values of cyclohexane CHA with Rh(ttp)Cl
(9.1) and with Rh(ttp)H (8.9) are not typical of “normal” σ-bond

metathesis processes,22 but they are similar to the KIE values
of other CHA reactions involving methane-eliminating σ-bond
metathetical events (8.7-9.1).23a,b As Rh(ttp)H (1d) reacts with
cyclohexane to give Rh(ttp)(cyclohexyl) (2a), it may undergo
σ-bond metathesis with H2 elimination. Such σ-bond metathesis
with H2 elimination was also proposed in the alkane metathesis
catalyzed by silica-supported tantalum hydride.23c

Conclusions

Base-promoted aliphatic CHA of alkanes was achieved with
rhodium(III) porphyrin complexes to give rhodium(III) porphy-
rin alkyls. Mechanistic investigations suggested that both
Rh(ttp)H (1d) and [Rh(ttp)]2 are key intermediates for the
parallel CHA step. The roles of base are (i) to facilitate the
formation of Rh(ttp)X, (ii) to enhance the CHA rate with alkane
and generate Rh(ttp)H by a Rh(ttp)X species more reactive than
Rh(ttp)Cl, and (iii) to provide a parallel CHA pathway by
[Rh(ttp)]2.

Experimental Section

Unless otherwise noted, all reagents were purchased from
commercial suppliers and used before purification. Hexane for
chromatography was distilled from anhydrous calcium chloride.
Rh(ttp)Cl (1a), Rh(tpp)Cl (1b), and Rh(bocp)Cl (1c) were prepared
according to literature procedures. Thin-layer chromatography was
performed on precoated silica gel 60 F254 plates. Silica gel (Merck,
70-230 and 230-400 mesh) was used for column chromatography
in air.

1H NMR spectra were recorded on a Bruker DPX 300 (300 MHz)
spectrometer. Spectra were referenced internally to the residual
proton resonance in C6D6 (δ 7.15 ppm) or CDCl3 (δ 7.26 ppm) or
with tetramethylsilane (TMS, δ 0.00 ppm) as the internal standard.
Chemical shifts (δ) are reported in parts per million (ppm). 13C
NMR spectra were recorded on a Bruker DPX 300 (75 MHz)
spectrometer and referenced to CDCl3 (δ 77.10 ppm) spectra.
Coupling constants (J) are reported in hertz (Hz). Mass spectra
(HRMS) were performed on a Thermofinnigan MAT 95 XL
instrument (FABMS).

The CHA reactions were carried out in N2 in the dark with
Teflon-stoppered reaction tubes covered with aluminum foil. Unless
otherwise stated, the reactions were duplicated and the yields are
the average yields. The reactions were traced by TLC. Unless
otherwise stated, all the reactions were stopped once the starting
materials (Rh(por)Cl) were consumed.

Reaction of Alkanes with Rh(ttp)Cl (1a).6a,c,7,24,25 (5,10,
15,20-Tetratolylporphyrinato)(cyclohexyl)rhodium(III), [Rh-
(ttp)(cyclohexyl)] (2a). Method A. Rh(ttp)Cl (1a; 20.1 mg, 0.025
mmol) was added into cyclohexane (3.0 mL). The red suspension
was degassed for three freeze-thaw-pump cycles and was then
heated at 120 °C under N2 in the dark for 24 h. After 24 h, the
mixture turned dark red. Excess cyclohexane was removed by
vacuum distillation. The dark red residue was then purified by
column chromatography on silica gel with a hexane/CH2Cl2 solvent

(20) Ruiz, J.; Mann, B. E.; Spencer, C. M.; Taylor, B. F.; Maitlis, P. M.
J. Chem. Soc., Dalton Trans. 1987, 8, 1963–1966.

(21) Perutz, R. N.; Sabo-Etienne, S. Angew. Chem., Int. Ed. 2007, 46,
2578–2592.

(22) Thompson, M. E.; Baxter, S. M.; Bulls, A. R.; Burger, B. J.; Nolan,
M. C.; Santarsiero, B. D.; Schaefer, W. P.; Bercaw, J. E. J. Am. Chem.
Soc. 1987, 109, 203–219.

(23) (a) Zhang, S.; Piers, W. E.; Gao, X.; Parvez, M. J. J. Am. Chem.
Soc. 2000, 122, 5499–5509. (b) Conroy, K. D.; Hayes, P. G.; Piers, W. E.;
Parvez, M. Organometallics 2007, 26, 4464–4470. (c) Basset, J. M.; Coperet,
C.; Lefort, L.; Maunders, B. M.; Maury, O.; Le Roux, E.; Saggio, S.;
Soulivong, D.; Sunley, G. J.; Taoufik, M.; Thivolle-Cazat, J. J. Am. Chem.
Soc. 2005, 127, 8604–8605.

(24) Mak, K. W.; Yeung, S. K.; Chan, K. S. Organometallics 2002, 21,
2362–2364.

(25) Ogoshi, H.; Setsune, J.; Omura, T.; Yoshida, Z. J. Am. Chem. Soc.
1975, 97, 6461–6466.
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much higher yield of Rh(ttp)H suggests that, even under thermal
conditions, Rh(ttp)(cyclohexyl) still can generate Rh(ttp)H by
!-H elimination, as ascertained by the independent thermal
experiment shown in eq 14. Therefore, [Rh(ttp)]2 is confirmed
to be a viable intermediate of the CHA reaction under both
neutral and basic conditions. The expected coproduct, cyclo-
hexene, was not observed, which was rationalized by further
dehydrogenation of cyclohexene to yield benzene.

Since the large values of KIEs of the CHA of CH4 (8.6 at 25
°C and 5.1 at 80 °C) and of toluene (6.5 at 80 °C) with RhII(tmp)
(tmp ) 5,10,15,20-tetramesitylporphyrinato dianion) are sup-
portive of a bimetalloradical linear, termolecular transition
state,19a the similar magnitude of KIEs in the reaction of
cyclohexane with Rh(ttp) complexes suggest that RhII(ttp) also
undergo similar bimetalloradical activation with cyclohexane.
However, the conversion of Rh(ttp)H to [Rh(ttp)]2 in the absence
of base is very slow; therefore, we tend to favor that both
Rh(ttp)H and [Rh(ttp)]2 are parallel reacting species under both
neutral and basic conditions. However, we could not fully
understand the high KIE value of 8.9 measured for the thermal
reaction with Rh(ttp)H (Table 7, entry 2). A possible reason is
the large KIE observed for a branching reaction from a common
intermediate:19b in this case, the branching reaction of Rh2(ttp)2

with cyclohexane from the common intermediate of Rh(ttp)H.

As Rh(ttp)H was shown to be a viable intermediate of the
CHA reaction (eq 11), two detailed mechanistic possibilities,
oxidative addition and σ-bond metathesis, could exist (Scheme
3). For the oxidative addition, a seven-coordinated Rh(V)
complex (A) formed at first with the three ligands R, H, and H
on the same face of the porphyrin, which then underwent
reductive elimination to give Rh(ttp)R and H2. Though Rh(V)
organometallic complexes are uncommon, they can be stabilized
by strongly σ-donating ligands such as silyl20 and hydride. The
two cis dihydrides, e.g. [(η5-C5Me5)Rh(H)2(SiMe3)2] and [(η5-
C5Me5)Rh(H)2(SiEt3)2],20 are not sterically demanding enough
to rule out the oxidative addition pathway. Alternatively, a
concerted σ-bond metathesis or its variants such as σ-complex
(B) assisted metathesis21 could be a viable pathway.

The large KIE values of cyclohexane CHA with Rh(ttp)Cl
(9.1) and with Rh(ttp)H (8.9) are not typical of “normal” σ-bond

metathesis processes,22 but they are similar to the KIE values
of other CHA reactions involving methane-eliminating σ-bond
metathetical events (8.7-9.1).23a,b As Rh(ttp)H (1d) reacts with
cyclohexane to give Rh(ttp)(cyclohexyl) (2a), it may undergo
σ-bond metathesis with H2 elimination. Such σ-bond metathesis
with H2 elimination was also proposed in the alkane metathesis
catalyzed by silica-supported tantalum hydride.23c

Conclusions

Base-promoted aliphatic CHA of alkanes was achieved with
rhodium(III) porphyrin complexes to give rhodium(III) porphy-
rin alkyls. Mechanistic investigations suggested that both
Rh(ttp)H (1d) and [Rh(ttp)]2 are key intermediates for the
parallel CHA step. The roles of base are (i) to facilitate the
formation of Rh(ttp)X, (ii) to enhance the CHA rate with alkane
and generate Rh(ttp)H by a Rh(ttp)X species more reactive than
Rh(ttp)Cl, and (iii) to provide a parallel CHA pathway by
[Rh(ttp)]2.
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in air.

1H NMR spectra were recorded on a Bruker DPX 300 (300 MHz)
spectrometer. Spectra were referenced internally to the residual
proton resonance in C6D6 (δ 7.15 ppm) or CDCl3 (δ 7.26 ppm) or
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Chemical shifts (δ) are reported in parts per million (ppm). 13C
NMR spectra were recorded on a Bruker DPX 300 (75 MHz)
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Coupling constants (J) are reported in hertz (Hz). Mass spectra
(HRMS) were performed on a Thermofinnigan MAT 95 XL
instrument (FABMS).
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The chemistry of late transition metal hydroxides has gener-
ated much interest because of the mismatch of hard ligand

and soft metal.1 Late transition metal hydroxides have rich
chemistry.1c,2!4 Bergman and co-workers have reported that
iridium(III) hydroxide complexes exhibit high chemical reactiv-
ity in metathesis reaction with alcohol2 and insertion of alkenes.2

Furthermore, Periana and Goldberg found the carbon!hydro-
gen bond activation of benzene by iridium(III) hydroxide
and rhodium(I) hydroxide complexes, respectively.3,4 Recently,
Milstein et al. published that a dihydroxo ruthenium(II) pincer
complex, generated from the reaction with water, liberated
O2 upon irradiation and is a promising catalyst for water splitting.

5

Late transition metal hydroxides with supporting porphyrin
(por) ligands are less reported and bear unique chemistry.
Wayland and co-workers discovered that the hydrophilic [RhIII-
(tspp)OH(H2O)]

4! (tspp = tetrasulfonatophenylporphyrinato
dianion) can be generated from the reaction between [RhII(tspp)-
(H2O)]2

8! and H2O.
6 These hydrophilic metalloporphyrin

hydroxides also show high chemical reactivity in olefin insertion.7

Recently, Wayland et al. have estimated the bond dissociation
bond energy of a Rh(por)!OMe bond, which turns out to be
fairly low (∼46 kcal/mol at 298 K).8 This weak Rh!OMe bond
provides a thermodynamic basis to understand and predict the
high reactivity of this and related species.

Our previous work on the base-promoted carbon!hydrogen
bond activation9 and carbon!carbon bond activation10 by
rhodium(III) porphyrin halides has prompted us to synthesize
rhodium(III) porphyrin hydroxides from the reaction of
rhodium(III) porphyrin halides with hydroxide by ligand sub-
stitution in order to examine its intrinsic and bond activation
chemistry. We now report the synthesis of RhIII(por)OH and the
reduction to RhII(por) as a dimer or monomer depending on the
sterics of porphyrin and H2O2 as well as the converse formal
oxidative addition of rhodium(II) porphyrin with H2O2
(Scheme 1).

RhIII(ttp)Cl 1a (ttp = tetratolylporphyrinato dianion) was
thermally stable in benzene-d6 at 120 !C for 3 d, but reacted
smoothly in the presence of KOH (10 equiv) in benzene-d6

at 120 !C in 0.5 h to give [RhII(ttp)]2 2a in 66% yield (eq 1).12

KOH has promoted the reduction of 1a to 2a. In addition,
16% yield of the μ-oxo dimer, (ttp)RhIII-O-RhIII(ttp) 3,
which likely forms from the competitive self-condensation
of RhIII(ttp)OH 4, was also obtained (eq 1).13 We thus
proposed that the ligand substitution of RhIII(ttp)Cl with
hydroxide ion occurs to yield the highly reactive RhIII-
(ttp)OH intermediate (Scheme 1).13,14 As no phenol and
biphenyl were detected in the reaction mixture by GC-MS
analysis, benzene is not the reducing agent in the conversion
of RhIII(ttp)OH to [RhII(ttp)]2. We suggest that hydroxide
ion is the reducing agent. Hydroxide ion can donate one
electron to the RhIII center to yield RhII and itself is oxidized
to a hydroxyl radical.14 This type of reduction has been
reported in the first-row transition metal porphyrin hydro-
xides of manganese, iron, and cobalt.14

The reduction is general for various rhodium tetrakis-4-substi-
tuted phenyl porphyrin iodides (Table 1, eq 2). Rh(ttp)I 1c was
reduced in a longer time of 1.5 h than Rh(ttp)Cl but gave a higher
yield of 72% (Table 1, entry 2). The reduction rate increases with
more electron-deficient porphyrins and is in the order H > Me >
MeO-substituted porphyrin (Table 1, entries 1!3). The rhodium
dimer yields are all high but in the opposite substituent order.

Scheme 1
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ABSTRACT: Highly reactive rhodium(III) porphyrin hydroxides were formed from
the ligand substitution of rhodium porphyrin halides in benzene and were rapidly
reduced to rhodium(II) porphyrins and hydrogen peroxide. Thus hydroxide acted as
the reducing agent. Oxidative addition of rhodium(II) porphyrin with hydrogen peroxide proceeded rapidly at room temperature to
give back rhodium(III) porphyrin hydroxides. Rhodium(II) porphyrins andH2O2 therefore were thermally reversible with rhodium
porphyrin hydroxides.
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ion is the reducing agent. Hydroxide ion can donate one
electron to the RhIII center to yield RhII and itself is oxidized
to a hydroxyl radical.14 This type of reduction has been
reported in the first-row transition metal porphyrin hydro-
xides of manganese, iron, and cobalt.14

The reduction is general for various rhodium tetrakis-4-substi-
tuted phenyl porphyrin iodides (Table 1, eq 2). Rh(ttp)I 1c was
reduced in a longer time of 1.5 h than Rh(ttp)Cl but gave a higher
yield of 72% (Table 1, entry 2). The reduction rate increases with
more electron-deficient porphyrins and is in the order H > Me >
MeO-substituted porphyrin (Table 1, entries 1!3). The rhodium
dimer yields are all high but in the opposite substituent order.

Scheme 1
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To gain further understanding of the chemistry of Rh-
(por)OH, we then attempted to synthesize the highly reactive
RhIII(por)OH independently by oxidative addition with H2O2,
analogous to the reaction of pentacyanocobalt(II) with H2O2 to
give pentacyanocobalt(III) hydroxide.15 [RhII(ttp)]2 was thus
treated with a stoichiometric amount of H2O2(aq)

16 in benzene-
d6 at rt in 1 h (eq 3, Figure 1A,B). A new rhodium porphyrin
species formed and only exhibits porphyrin resonances without
any axial ligand signal in its 1H NMR spectrum. The high-
resolution mass spectrum shows the molecular ion at m/z
788.199717 and is assigned to be RhIII(ttp)OH.13 However, the
absence of a RhIII(ttp)O!H 1H NMR signal is likely due to the
rapid exchange with residual water in solvent. To demonstrate
that RhIII(ttp)OH is indeed an intermediate for the formation of
[RhII(ttp)]2 via reduction, this reaction mixture was heated at
120 !C. To our delight, RhIII(ttp)OH was reduced to
[RhII(ttp)]2 in 30% yield in 0.5 h (eq 3, Figure 1C), which
indirectly supports the formation of H2O2 coproduct. Further-
more, eq 3 is reversible, its equilibrium constant is hard to
measure due to the rapid base-catalyzed disproportionation
of H2O2 to O2 and H2O.18

The indirect detection of H2O2 coproduct was further con-
ducted by carrying out the reduction of Rh(ttp)I with KOH in
the presence of Ph3P (1 equiv) as a H2O2 trap. To our delight,
Ph3PO was observed in 43% yield by 1 H NMR spectroscopy.
The [RhII(ttp)]2 yield, however, could not be determined, as it is

unstable in the presence of a strong ligand via ligand-induced
disproportionation.19

To eliminate the formation of the RhIII(por) μ-oxo complex,
reduction of the sterically hindered RhIII(tmp)I (tmp = tetra-
mesitylporphyrinato dianion) was examined.20 Similarly, RhIII-
(tmp)I 5 was reduced by KOH (10 equiv) in benzene-d6 at
120 !C in 2 h to give RhII(tmp) 6 (δpyrrole= 18.2 ppm) in 52%
yield, and the reported (tmp)RhIII-OO-RhIII(tmp) 7 (δpyrrole=
8.23 ppm) was also observed in 5% yield (eq 4, Figure 2).20

(tmp)RhIII-OO-RhIII(tmp) likely forms from the secondary
insertion reaction of 6 with O2

20 formed by the H2O2
disproportionation.18 Therefore, the formation of (tmp)RhIII-
OO-RhIII(tmp) supports the generation of H2O2, which also
undergoes catalyzed disproportionation into O2 and H2O.

18

In summary, we have reported the reduction of RhIII(por)
halides by OH! to RhII(por). Further studies are ongoing.
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Table 1. Reduction of Rhodium(III) Porphyrin Iodide

entry por time (h) yield of [RhII(por)]2 /%

1 tpOMep 1b 7 2b 68%

2 ttp 1c 1.5 2a 72%

3 tpp 1d 0.5 2c 82%

Figure 1. 1HNMR (400 MHz) spectra in benzene-d6. (A) [Rh
II(ttp)]2

2a; (B) RhIII(ttp)OH 4 from reaction mixture at rt for 1 h; (C)
[RhII(ttp)]2 2a from reaction mixture at 120 !C for 1 h, where pyr
and Ph designate the pyrrole and phenyl hydrogens, respectively, in
species 2a and 4.

Figure 2. 1H NMR (400 MHz) spectra in benzene-d6. (A) Rh
III(tmp)

I 5; (B) reactionmixture of RhII(tmp) 6 and (tmp)RhIII-OO-RhIII(tmp)
7, where pyr and Ph designate the pyrrole and phenyl hydrogens,
respectively, in species 5, 6, and 7.
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Uses of the Base Reduction 

(TTP)RhCl + Ph-X Base  (10 equiv)
120°C

(TTP)Rh-Ph

57-88%

Organometallics 2012, 31, 5452. 

(TTP)RhCl + MeOH Base  (10 equiv)
150°C

(TTP)Rh-CH3

57-88%

Organometallics 2009, 28, 3981. 
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