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Abstract: The B3LYP density functional studies on the dirhodium tetracarboxylate-catalyzed C-H bond
activation/C-C bond formation reaction of a diazo compound with an alkane revealed the energetics and
the geometry of important intermediates and transition states in the catalytic cycle. The reaction is initiated
by complexation between the rhodium catalyst and the diazo compound. Driven by the back-donation from
the Rh 4dxz orbital to the C-N σ*-orbital, nitrogen extrusion takes place to afford a rhodium-carbene
complex. The carbene carbon of the complex is strongly electrophilic because of its vacant 2p orbital. The
C-H activation/C-C formation proceeds in a single step through a three-centered hydride transfer-like
transition state with a small activation energy. Only one of the two rhodium atoms works as a carbene
binding site throughout the reaction, and the other rhodium atom assists the C-H insertion reaction. The
second Rh atom acts as a mobile ligand for the first one to enhance the electrophilicity of the carbene
moiety and to facilitate the cleavage of the rhodium-carbon bond. The calculations reproduce experimental
data including the activation enthalpy of the nitrogen extrusion, the kinetic isotope effect of the C-H insertion,
and the reactivity order of the C-H bond.

Carbon-carbon bond forming reactions that rely on catalytic
activation of the C-H bond in a saturated hydrocarbon have
become standard synthetic protocols.1,2 Among them, the
reaction of anR-diazoester catalyzed by a dirhodium tetracar-
boxylate or a related catalyst is the reaction widely utilized as
a practical synthetic method (Scheme 1).3 In an ideal case, a
new C-C bond between two sp3 carbon centers is created
through activation of the C-H bond of a saturated hydrocarbon
in a diastereo- and enantioselective manner.4

It has been generally assumed that the reaction involves a
rhodium-carbene complex and that the catalytic cycle consists
of three steps, Rh-catalyzed nitrogen extrusion from the diazo

compound, C-H activation, and C-C bond formation. The
latter two steps are assumed to take place more or less as a
single reaction (Scheme 1).3 The first step is rate limiting for
secondary C-H insertion,5 and hence the mechanistic informa-
tion on the subsequent steps is scarce, generating various
speculations. In addition, there has been scarcity of discussions
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Scheme 1. Schematic Representation of the Catalytic Cycle of
the Rhodium Tetracarboxylate-Catalyzed C-H Bond Activation/
C-C Bond Forming Reaction of an R-Diazoacetate with an Alkane
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about such fundamental issues as the roles of the dinuclear
structure of the catalyst that appears to be responsible for the
unique success of the dirhodium catalyst, and the function of
the bridging carboxylates (except their known ability to harness
chiral centers).

Although the majority of previous reports on the rhodium-
catalyzed C-H activation/C-C formation reaction focused on
synthetic applications, there exist several data that provide
information on the reaction mechanism: (1) The activation
enthalpy of the Rh2(OAc)4-catalyzed nitrogen extrusion reaction
of ethyl diazoacetate (∆Hq ) 16.4( 1.4 kcal/mol) that is the
rate-limiting step of the catalytic cycle for secondary C-H
insertion,5a (2) 1H/2H kinetic isotope effects (KIEs) of the C-H
bond activation,6 which have been shown to depend on the
nature of the carboxylate ligands in the rhodium catalyst, (3)
qualitative structure/reactivity correlation indicating a reactivity
order of primary, secondary< tertiary C-H bond7 and the
enhanced reactivity of a C-H bond adjacent to a heteroatom,8

(4) carboxylate ligand effects on the regio- and stereoselectivity
of the C-H insertion reaction,9 and (5) retention of the config-
uration of the carbon at which the C-H activation occurs.10

On the basis of the facts listed above and the stereochemical
outcomes of intra- and intermolecular C-H insertion reactions,
various working models of the transition state (TS) of the C-H
bond activation process have been proposed.7b,11Representative
examples are illustrated in Figure 1. Figure 1a illustrates a three-
centered concerted transition state of the C-H activation, which
was described by Doyle et al. and now is widely accepted.7b

Figure 1b illustrates a four-centered hypothesis by Taber et al.,
where an interaction between the hydrogen atom and the

rhodium atom is assumed.11a A three-centered mechanism
involving a stepwise character was also suggested.9b

For further development of the C-H activation chemistry, it
was felt that deeper understanding of the reaction mechanism
was indispensable. We report herein the pathways of the
rhodium-catalyzed reactions of diazomethane and methyl dia-
zoacetate as revealed by density functional calculations. The
reaction pathways that we propose in this article provide the
first qualitative to semiquantitative account of the experimental
data, as well as the structures of important intermediates and
TSs involved in the catalytic cycle. With respect to the crucial
C-H insertion step, we have found that two important events
are involved in the transition state (Figure 1c). One is hydride
transfer from the alkane to the carbene carbon, and the other is
regeneration of the Rh-Rh bond and formation of a new C-C
bond, as depicted as two resonance structures in Figure 1c.
While the reaction is concerted, not stepwise, it is markedly
nonsynchronous, with hydride transfer preceding C-C bond
formation. The theoretical analyses of the properties of inter-
mediates and TSs revealed unique roles of the rhodium catalyst
that originate from its dimetallic structure.

Chemical Models

In the present studies, we employed dirhodium tetraformate
(I ) as a model of a common catalyst, dirhodium tetraacetate, in
the interest of computational facility. With this model catalyst,
two model catalytic reactions were studied. One was the reaction
of diazomethane with methane or propane (CH2 insertion, eq
1). This reaction has not been reported in the literature.
Nonetheless, this simple model was investigated to understand
the fundamental characters of the dirhodium-carbene complex
and the mechanism of its C-H insertion reaction. The central
mechanistic principle established with this model was found to
hold also in a more realistic reaction model. The reaction of
methyl diazoacetate with methane or propane (CH3 and CH2

insertion) was also studied (eq 2). This system is much more
relevant to the actual synthetic reactions. Unlike the relatively
unreactive substrates such as methane and propane, SiH4 and
dimethyl ether reacted with the rhodium carbene complex
without any activation energy.12 A 1:1 stoichiometry of the
rhodium catalyst and the diazo compound was assumed on the
basis of the kinetic study by Pirrung et al.5b

Computational Method

All calculations were performed with Gaussian 9413 and Gaussian
9814 packages. The density functional theory (DFT) method was
employed using the B3LYP hybrid functional.15 Structures were
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Figure 1. Transition state models of C-H bond activation with dirhodium-
carbene complex described by Doyle (a), Taber (b), and this work (c).
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optimized with a basis set (denoted as 631LAN) consisting of the
LANL2DZ basis set including a double-ú valence basis set with the
Hay and Wadt effective core potential (ECP)16 for Rh and the 6-31G-
(d) basis set17 for C, H, N, and O. The method and the basis sets used
here are known to give reliable results for transition metal reactions
including rhodium (carbene) complexes.18,19 Stability of the Kohn-
Sham solution was confirmed by stability analyses20 for representative
stationary points. Some stationary points were optimized with symmetry
assumption (vide infra). The structures ofI andV (methylene carbene
complex of I ) optimized at the B3LYP/631LAN level show good
agreement with those optimized at the MP2(FC)/631LAN level.21 The
B3LYP/631LAN level calculation of Rh2(OAc)4‚2H2O reproduced the
X-ray crystallographic data of the same compound.22 Figure 2 illustrates
the structure and mean structural parameters of the complex. The
differences between computational and experimental data for repre-
sentative parameters are as follows: Rh-Rh (1.0%), Rh-O (carboxy-
late, 1.8%), Rh-O (H2O, 3.7%), C-C (1.1%), C-O (0.3%).

Each stationary point was adequately characterized by normal
coordinate analysis (no imaginary frequencies for an equilibrium

structure and one imaginary frequency for a transition structure). The
intrinsic reaction coordinate (IRC) analysis23 was carried out throughout
the reaction pathways to confirm that all stationary points are smoothly
connected to each other. Enthalpies and Gibbs free energies were
obtained on the basis of the calculated frequencies scaled by 0.9614.24,25

Electronic energies will be discussed first, and enthalpies and Gibbs
free energies will be discussed second. To evaluate the effect of the
solvent polarity on the energetics of the diazomethane model, a single-
point energy calculation was performed with self-consistent reaction
field (SCRF) method (based on the polarized continuum model (PCM),26

ε ) 8.93 for CH2Cl2) on the gas-phase geometry. With the scaled
frequencies,24,25 kinetic isotope effects (KIE) were computed by
Bigeleisen-Mayer’s equation27 with Wigner tunnel correction. It should
be pointed out that the calculations give us only the stationary points
on the potential surface of electronic energy. As will be discussed in
detail, the entropy changes in this reaction are too large to be neglected.
Thus, the structures reported here (especially C-H insertion transition
states) may not necessarily be close to those of the stationary points
on the potential surface of Gibbs free energy. However, reasonable
agreement of calculated and experimental data such as the value of
KIE suggests that the optimized transition structures of C-H insertion
reflect the reality. The Boys localization procedure28 was performed
to obtain localized Kohn-Sham orbitals29 (LOs). Natural population
analysis and natural bond orbital (NBO) analysis were performed at
the same level as the one used for geometry optimization.30 All charge
distribution analyses discussed throughout this article are made on the
basis of the natural population analysis.

Results

1. Reaction of Diazomethane with Methane and Propane.
(a) Reaction Pathways and Energetics.We first investigated
the reactions of diazomethane with methane and propane as
basic model reactions. In Scheme 2 (R) H) and Figure 3 are
shown the reaction course and the energy profile of the C-H
insertion reaction of diazomethane with methane and propane
catalyzed by Rh2(O2CH)4 (I ). The catalytic cycle involves seven
steps: First, I and diazomethane interact to form a Rh/
diazomethane complexII with a 19.9 kcal/mol stabilization
energy. Nitrogen extrusion then proceeds viaTS-III with a 16.6
kcal/mol activation energy, which is followed by the formation
of a rhodium-methylene carbene complexV. After TS-III ,
there exists a weak complex (IV ) betweenV and dinitrogen
(2.1 kcal/mol more stable thanTS-III ). The next step toward
the final product first involves aV/alkane complexVIa
(methane reaction is denoted asa, 0.2 kcal/mol stabilization)
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Figure 2. The structure of Rh2(OAc)4‚2H2O. The numbers refer to bond
lengths (Å) and bond angles (deg) optimized at the B3LYP/631LAN level
(C1 symmetry). The X-ray crystallographic data are shown in parentheses.
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or VIb (propane reaction (CH2 insertion) is denoted asb, 2.3
kcal/mol stabilization). C-H activation/C-C formation then
takes place throughTS-VIIa or TS-VIIb with a small activation
energy (5.9 kcal/mol forTS-VIIa and 0.2 kcal/mol forTS-
VIIb ) followed by a downhill path to the final product with
large exothermicity (60-62 kcal/mol), and the catalyst is
regenerated. InTS-VII , the C-H bond activation and the C-C
bond formation take place in a single step. No intermediates
were located nearTS-VII along the intrinsic reaction coordinate.

To probe the solvent effect on the reaction energetics, SCRF
calculations (PCM) were performed on the gas-phase geometry
(Figure 3, in parentheses). Dichloromethane (ε ) 8.93) was
investigated because it is frequently used for the C-H insertion
reaction.3 The energy profile did not change very much from
the one in the gas-phase calculations. Thus, the reaction is
expected not to be affected by the solvent polarity as much as
by coordination of basic solvent molecules to the rhodium
atoms.5b

The 3-D structures of representative stationary points are
shown in Figure 4.31 The Rh1-Rh2 bond ofI gradually becomes
elongated toward the formation of the carbene complexV (2.400
f 2.482 Å, 3.4% increase). The Rh1-C1 bond ofII (2.247 Å)
significantly shortens in the nitrogen extrusion stageTS-III

(1.981 Å, 11.8% decrease), which indicates thatTS-III has the
character of the carbene complexV (Rh1-C, 1.906 Å).

Analysis of the charge distribution during the reaction course
was found to be informative, and showed strong parallelism
between this simple model (Figure 5a) and the more realistic
diazoacetate model discussed later (Figure 5b). The dinitrogen
moiety releases negative charge (+0.03 f +0.23) upon
formation ofII , and the negative charge moves largely into the
Rh2 atom (+0.92f +0.81) and the carboxylate groups (-1.84
f -1.91). In the nitrogen extrusion stage (TS-III ), the nitrogen
moiety becomes less positive (+0.23 f +0.13), and the
methylene group becomes cationic (0.00f +0.09). The
carboxylate groups become less negatively charged (-1.91f
-1.84), while the negative charge accumulates on the Rh2 atom
(+0.81f +0.72). These are consistent with Pirrung’s results5b

that (1) a diazo compound strongly binds to the rhodium catalyst
as the electrophilicity of carboxylate ligands increases, and (2)
the nitrogen extrusion step is decelerated by highly electrophilic
carboxylate ligands.

In the carbene complexV, the methylene moiety is positively
charged (+0.19), because the negative charge moves largely
from the σ-type orbital of the methylene carbon into the Rh2

atom (increased electron occupancy of the 4dz2 orbital during
conversion fromII to V). The charge of the Rh1 atom changes
little during the carbene complex formation (+0.87∼ +0.92).
The carboxylate groups ofV are less negatively charged (-1.79)
as compared to those of catalystI (-1.84), which is considered
to be induced by the back-donation from the Rh1 atom to the
methylene group.

In the reaction ofV with methane, a weak complexVIa is
formed first with little stabilization energy (0.2 kcal/mol). In
VIa , the distance between the carbene carbon and the methane
hydrogen is very long (2.462 Å), and methane has little
influences on the geometry and the charge distribution of the
original carbene complexV.

In the C-H insertion TS (TS-VIIa ), the Rh1-Rh2 bond
shortens (2.482 Åf 2.460 Å), and the Rh2 atom loses negative
charge (+0.68 f +0.74). The methane moiety becomes
positively charged (increase by+0.40) because of loss of the
C-H σ-bonding electrons (hydride transfer to the carbene
carbon). Some negative charge is also transferred to the four
formate groups (-0.12 all together). In this TS, the hydride
transfer from methane is half complete (the forming C1-H bond
being 1.244 Å, the carbene carbon being partially pyramidal-
ized). The C-C bond formation (C1-C2 distance, 2.134 Å) lags
behind the hydride transfer, and hence one can conclude that

(31) Symmetries of stationary points are as follows:I , D4h; V, C2V; II , TS-III ,
VI , TS-VII , Cs.

Scheme 2. Pathway of the Rh2(O2CH)4-Catalyzed C-H Bond
Activation/C-C Bond Formation Reaction of a Diazo Compound
and an Alkane

Figure 3. Energy profile of the Rh2(O2CH)4-catalyzed reaction of diaz-
omethane with methane (denoted asa) and propane (CH2 insertion, denoted
as b) at the B3LYP/631LAN level. The result of single-point energy
calculations with the SCRF method based on the polarized continuum model
(ε ) 8.93 for CH2Cl2) is shown in parentheses.
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the C-H bond activation/C-C bond formation process is a
nonsynchronous concerted reaction. It should be noted that the
Rh1-C1 bond is significantly elongated in the C-H insertion
stage (1.906 Å (V) f 2.108 Å (TS-VIIa ), 10.6% increase).

In the CH2 insertion reaction with propane, the carbene
complex part ofVIb looks much different from that ofV. The
Rh1-C1 bond is elongated (1.906 Åf 2.024 Å), and the
carbene carbon is being pyramidalized (sum of the bond angles
around C1, 350.0°). A considerable negative charge is transferred
from propane to the methylene moiety (the charge of the
methylene moiety,+0.19 (V) f -0.05 (VIb )). TS-VIIb is
again a three-centered hydride transfer TS, as shown by the
negative charge of the methylene moiety (-0.16) and the
positive charge of the propyl group (+0.21).

Charge distributions ofTS-VIIa andTS-VIIb indicate that
the charge transfer from an alkane to the carbene complex takes
place to a larger extent in the propane reaction than in the
methane reaction, which reflects the relative stability of methyl
cation and secondary propyl cation. This is consistent with the
more advanced hydride transfer in the propane reaction than
that in the methane reaction (length of the forming C1-H1 bond
is 1.244 Å inTS-VIIa and 1.196 Å inTS-VIIb ).

(b) Orbital Analysis of Rh-Rh-C Bonding. To probe the
function of the dinuclear structure of the dirhodium catalyst,

we analyzed, in several ways, the nature of the Rh-Rh-C π-
and σ-bond systems inV (carbene complex) andTS-VIIa
(methane C-H insertion TS). Important Kohn-Sham orbitals
of V and localized Kohn-Sham orbital (LO) ofTS-VIIa are
shown in Figure 6. First, LUMO of the complexV was found
to be exactly what is expected, and composed mainly of the
carbene vacant 2p orbital, which accepts rather small back-
donation from the Rh1 4dxz orbital (83.3% in 4dxz orbital)32 to
form an extendedπ*-system that possesses a strongly electro-
philic carbene carbon (Figure 6a). Bond alternation because of
interaction of the LUMO with the C-H σ-bonding orbital of
methane can be identified in the LO shown in Figure 6b. Thus,
the hydride transfer and the C-C bond formation take place as
a single event. The approach of the C-H bond to the carbene
center is directed by the steric effect of the formate bridge and
by the node between the 2p (carbene carbon) and the 4dxz (Rh1

atom) orbitals in the LUMO (see Figure 6a).

There are two ways to describe the Rh-Rh-C σ-system (Ψ1,
Ψ2, andΨ3 in Chart 1). HOMO-19, HOMO-3 (Figure 6c,d),
and LUMO+2 (not shown) correspond toΨ1, Ψ2, and Ψ3,
respectively. In one analysis, the Rh2 nonbonding 4dz2 orbital

(32) For NBO analysis of metal-carbene complexes, see: (a) Vyboishchikov,
S. F.; Frenking, G.Chem.-Eur. J. 1998, 4, 1428-1438. (b) Sheehan, S.
M.; Padwa, A.; Snyder, J. P.Tetrahedron Lett.1998, 39, 949-952.

Figure 4. B3LYP/631LAN structures of stationary points in the C-H insertion reaction of diazomethane with methane and propane (at the CH2 part). The
numbers refer to bond length (Å) and natural charges (underlined).
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interacts with the Rh1-C1 σ/σ*-orbitals (Chart 1a), which
weakens the Rh1-C1 σ-bond. This interaction is important in
the reaction with an alkane, where Rh2 moves toward Rh1, and
the Rh1-C1 bond is being cleaved as the C-H insertion
proceeds. In this sense, the Rh2 atom possessing high-lying 4dz2

electrons is ideally positioned by the carboxylate bridges. In
another analysis (Chart 1b), the nonbonding carbene 2sp orbital
interacts with the Rh1-Rh2 σ/σ*-orbitals.33 With this interaction,
the Rh1-Rh2 bond weakens, and negative charge moves from
the carbene to the Rh2 atom, which accounts for the changes of

the structure and the charge distribution along the carbene
complex formation as discussed above.

The above molecular orbital discussion is supported by the
natural bond orbital analysis,30,32which indicates thatV can be
described with nearly equal contributions of two resonance
structuresLSa andLSb (Chart 2).34 In the Lewis structureLSa,
a cationic Rh1 carbene complex is coordinated with the
nonbonding electrons of the Rh2 atom (indicated as a dative
bond arrow). InLSb, nonbonding carbene electrons coordinate
to the Rh1-Rh2 unit, while the vacant carbene 2p orbital forms
a π bond with the Rh1 4dxz orbital (“π-bonding without
σ-covalent bond” is expressed as a pair of broken lines).

2. Reaction of Methyl Diazoacetate with Methane and
Propane.R-Diazoesters are the most important compounds for
the rhodium-catalyzed C-H insertion reaction. In Figure 7 is
shown the energy profile of the Rh2(O2CH)4-catalyzed C-H
insertion reaction of methyl diazoacetate with methane (denoted
as a) and propane (CH3 insertion (denoted asb) and CH2

insertion (denoted asc)). The reaction pathway and the
energetics obtained for the diazoacetate model are essentially
the same as those of the diazomethane model (Scheme 2). The
Rh/diazoacetate complexVIII forms with 13.0 kcal/mol stabi-
lization energy. The activation energy for the nitrogen ex-
trusion (TS-IX ) is 16.7 kcal/mol, which is nearly identical with
that of the diazomethane model (16.6 kcal/mol). Unlike in the
diazomethane model, [XI (carbene complex)+ N2] is more
stable thanTS-IX by 3.7 kcal/mol. The C-H activation/C-C
formation step proceeds with a moderate (9.8 kcal/mol for
methane insertion) or a small (4.7 kcal/mol for propane CH3

insertion and 0.2 kcal/mol for propane CH2 insertion) acti-
vation energy with large exothermicity (52-54 kcal/mol). The
activation energy for propane methylene insertion is much lower
than the activation energy for methane insertion, with propane

(33) The energy levels of the Rh1-Rh2 σ andσ* orbital of I and theσ-donor
orbital of singlet methylene carbene (optimized at the B3LYP/6-31G(d)
level) are -9.1, -3.7, and -6.6 eV, respectively, which forms the
background of the orbital interaction diagram shown in Figure 6b.

(34) The two Lewis structuresLSa andLSb showed nearly the same percentage
of the total electron density (LSa, 97.65%;LSb, 97.60%), and hence were
considered to equally contribute to the nature of the complex.

Figure 5. Charge distribution along the reaction coordinate for (a) the
reaction between diazomethane and methane and (b) the reaction between
methyl diazoacetate and methane.

Figure 6. Kohn-Sham orbitals ofV (a, LUMO; c, HOMO-19; and d,
HOMO-3) and LO ofTS-VIIa responsible for bond alternation (b). The
contour intervals are 0.025 e au-3.

Chart 1. Rh-Rh-C σ-System (Ψ1, Ψ2, and Ψ3) Constructed in
Two Ways

(a) From Rh2 nonbonding 4dz2 orbital and Rh1-C1 σ/σ*-orbitals, and
(b) from Rh1-Rh2 σ/σ*-orbitals and nonbonding carbene 2sp orbital.

Chart 2
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methyl insertion in between. Details of each reaction step and
properties of equilibrium and transition structures will be
discussed below.

The 3-D structures ofVIII andTS-IX are shown in Figure
8. The nitrogen extrusion step starts with complex formation
between the rhodium catalyst and diazoester (VIII ).35,36HOMO-
18 ofVIII (Figure 8b) illustrates donation from the diazoacetate
to the Rh1-Rh2 σ*-orbital. On the other hand, no back-donation
from the Rh1 occupied 4dxz orbital to the diazoester was
identified inVIII . Thus,VIII is a simple Lewis acid/Lewis base
complex.

In the nitrogen extrusion transition stateTS-IX , the Rh1-C1

bond shortens (2.337 Åf 2.041 Å, 13% decrease), and the
C1-N bond lengthens (1.335 Åf 1.933 Å, 45% increase). In
addition, substantial change of hybridization (sp3 f sp2) at the
C1 atom takes place fromVIII to TS-IX (sum of bond angles
around C1, 324.0° (VIII ) f 349.0° (TS-IXs)). The charge
distribution shows the same tendency as found for the diaz-
omethane model (cf. Figure 5). This is also found in the events
after the nitrogen extrusion. As seen in the energy profile of
the reaction (Figure 7),TS-IX is a very late transition state and
shows some character of the rhodium-carbene complex, and
back-donative interaction is identified in the LO ofTS-IX
(Figure 8c,LO2). This back-donation from the Rh1 occupied
4dxz orbital to the C1-N σ*-orbital is an important driving force
of the nitrogen extrusion.5b,9bThe activation enthalpy (∆Hq) of
the nitrogen extrusion (15.2 kcal/mol) is in reasonable agreement
with the experimental value (16.4( 1.4 kcal/mol, Rh2(OAc)4
and ethyl diazoacetate).5a

The 3-D structure of the dirhodium methoxycarbonyl carbene
complexXI is shown in Figure 9. The important issue to be
addressed here is the influence of the methoxycarbonyl group
on the character of the Rh2-Rh1-C1 bond system. The carbene
carbon center ofXI is electrophilic, as indicated from the
positive charge of the carbene moiety (+0.14) and significant
contribution of the 2p orbital of the carbene carbon in the LUMO

of XI (Figure 9b). One will expect that the carbene carbon of
XI is more electrophilic than that of the methylene carbene
complex (V) becauseXI has the electron-withdrawing ester
group. On the contrary, the energy levels of LUMO are the same
(-3.7 eV) for V andXI , because the vacant 2p orbital of the
carbene carbon ofXI is not conjugatedwith the ester carbonyl
group. There is one notable structural feature inXI that is
described below.

The Rh1-C1 π-bond and the ester carbonyl C2-O1 π-bond
are orthogonal to each other and not conjugated with each
other (the dihedral angle∠Rh1-C1-C2-O1 ) 112.0°).37,38

This orientation of the ester group has thus far escaped atten-
tion of chemists working in this area. For instance, the
Rh1dC1-C2dO1 π-array has often been depicted to be planar
and conjugated.9bc,11b,39In this structure, the C2dO1 π-bond and
the Rh1-C1 σ-bond (not the Rh1-C1 π-bond) are considered
to have some interaction like anR-metaloester. Indeed, one can
identify HOMO-22 of XI that comprises a four-electron out-
of-phase interaction between Rh1-C1 σ- and C2dO1 π-orbitals
(Figure 9c). Thus, the ester carbonyl group affects the character
of the Rh-Rh-C σ-system of the carbene complex rather than
that of theπ-system. The orthogonal geometry ofXI described
here creates a diastereomerism in the C-H activation stage; a
stereochemical issue so far escaped attention (vide infra).

Structural changes around the methane C-H insertion transi-
tion state (TS-XIIIa ) are shown in Figure 10.40 The potential
energy surface is very flat beforeTS-XIIIa , but it is very steep
afterTS-XIIIa . As it goes from [XI + methane] toTS-XIIIa ,
positive charge develops in the methane moiety (0.00f +0.42),
and the carbene moiety becomes negatively charged (+0.14f
-0.18). The C-H bond of the methane approachesXI to have

(35) Both theS-trans andS-cis conformers of methyl diazoacetate were examined
for the catalyst/diazoacetate complex and the nitrogen extrusion TS from
it. The energy differences are very small, and only the result ofS-trans
isomer is shown in this paper.

(36) The existence of such a complex was experimentally demonstrated:
Maxwell, J. L.; Brown, K. C.; Bartley, D. W.; Kodadek, T.Science1992,
256, 1544-1547.

(37) Similar structures were found in ruthenium alkoxycarbonyl carbene
complexes: Nishiyama, H.; Aoki, K.; Itoh, H.; Iwamura, T.; Sakata, N.;
Kurihara, O.; Motoyama, Y.Chem. Lett.1996, 1071-1072. Galardon, E.;
Le Maux, P.; Toupet, L.; Simonneaux, G.Organometallics1998, 17, 565-
569.

(38) Such orientation of ester carbonyl group was also noted in theoretical studies
of copper-catalyzed cyclopropanation reaction withR-diazoester: Fraile,
J. M.; Garcı´a, J. I.; Martı´nez-Merino, V.; Mayoral, J. A.; Salvatella, L.J.
Am. Chem. Soc.2001, 123, 7616-7625.

(39) Examples: Timmons, D. J.; Doyle, M. P.J. Organomet. Chem.2001, 617-
618, 98-104. Bulugahapitiya, P.; Landais, Y.; Parra-Rapado, L.; Planchenault,
D.; Weber, V.J. Org. Chem.1997, 62, 1630-1641.

(40) For the methane reaction, two diastereomeric TSs were located. Only one
of the two is shown in this paper because the energy difference was very
small (0.2 kcal/mol).

Figure 7. Energy profile of the Rh2(O2CH)4-catalyzed reaction of methyl diazoacetate with methane (denoted asa) and propane (CH3 insertion (denoted
asb) and CH2 insertion (denoted asc)) at the B3LYP/631LAN level.
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maximum interaction with the LUMO (Figure 9b), and the LO
of TS-XIIIa shows three-centered interaction between the C3-
H1 σ-orbital of methane and the vacant 2p orbital of the carbene
carbon C1. The C-H activation is an electrophilic reaction, and
the bond alternation including the C1-H1-C3 moiety takes place
as a single event inTS-XIIIa . Despite a previous suggestion
that the Rh1 atom may interact with the C-H bond,11b we could
not locate such a TS. Such a TS is difficult to achieve because
of electronic and steric reasons; that is, there is a node in the
LUMO of XI (Figure 9b), and the Rh1 atom is sterically too
congested to interact with any nucleophile.

Changes of the lengths of breaking C-H bond, forming C-H
bond, and forming C-C bond along the IRC (Figure 10) indicate
nonsynchronicity of the C-H bond activation/C-C bond
formation stage. In the structure ofs ) +1.7 amu1/2 bohr from
TS-XIIIa , the C1-H1 bond is completely formed (1.10 Å), but
the C1-C2 bond is yet to be formed (1.92 Å). The Rh1-C1

bond becomes much elongated nearTS-XIIIa (2.028f 2.126

f 2.277 Å), while the change of the Rh1-Rh2 bond length is
small.

The activation energy of the C-H insertion is rather high
with methane (9.8 kcal/mol), moderate (4.7 kcal/mol) with
propane (CH3 insertion), and extremely low (0.2 kcal/mol) with
propane (CH2 insertion). This parallels the experimental fact
that the reactivity of a C-H bond increases in an order of
primary, secondary, and tertiary.7 Three TSs of C-H activation
shown in Figure 11 are compared. The net positive charges of
alkyl groups are+0.14, +0.20, and +0.25 in TS-XIIIa
(methane insertion),TS-XIIIb (propane CH3 insertion), andTS-
XIIIc (propane CH2 insertion), respectively. These values are
consistent with the stability order of the incipient carbocation
(methyl < primary < secondary).

Bond lengths also give important information on the C-H
activation/C-C formation reaction. Lengths of the breaking
C-H bonds are 1.234, 1.281, and 1.324 Å, and those of forming
C-H bonds are 1.275, 1.232, and 1.210 Å forTS-XIIIa , TS-
XIIIb , andTS-XIIIc , respectively. Thus, hydrogen transfer is
the most advanced in the propane CH2 insertion. On the other
hand, the C-C bond formation is the most advanced in the
methane reaction (C-C distance: 2.200, 2.208, and 2.282 Å
for TS-XIIIa , TS-XIIIb , andTS-XIIIc , respectively). Putting

Figure 8. (a) 3-D structures of the Rh2(O2HC)4/methyl diazoacetate
complex VIII and the nitrogen extrusion TS (TS-IX ) optimized at the
B3LYP/631LAN level. The numbers refer to bond lengths (Å) and natural
charges (underlined). (b) HOMO-18 orbital ofVIII indicating donative
interaction. (c) Localized orbitals ofTS-IX indicating donative (LO1) and
back-donative (LO2) interaction. Orbitals are shown in the Rh1-C1-N
plane, and contour intervals are 0.025 e au-3 for HOMO-18 andLO1, 0.010
e au-3 for LO2.

Figure 9. (a) 3-D structure of the dirhodium methoxycarbonyl carbene
complexXI optimized at the B3LYP/631LAN level. The numbers refer to
bond lengths (Å) and natural charges (underlined). (b) The contour map of
LUMO and (c) the surface of HOMO-22 ofXI and their schematic
representations. The orbitals are shown in the Rh1-Rh2-C1 plane. The
contour interval for (b) is 0.025 e au-3, and the contour value for (c) is
0.060 e au-3.
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all these data together, one can conclude that the C-H
activation/C-C bond formation process is a nonsynchronous
concerted reaction bearing a character of hydride abstraction.

It should be pointed out that the Rh1-C1 bond of the carbene
complexXI (1.939 Å) is much elongated in the C-H insertion
TSs (2.126-2.150 Å, about 10% increase).

Kinetic isotope effects (KIEs) data have proven to be useful
to correlate the nature of the TSs inferred by experiments and
by theory.41 The KIE calculated for the insertion to secondary
C-H/C-D bond of propane/propane-d8 was found to be 2.03
(eq 3), which can be favorably compared with the experimental
data. The KIE values of 2.45 and 1.55 were reported for the
reaction of ethyl diazoacetate with a cyclohexane/cyclohexane-
d12 pair under the catalysis of Rh2(OAc)4 and Rh2(OCOCF3)4,
respectively.6a The correlation looks reasonable because the
electron-withdrawing ability of the formate ligand falls between
that of acetate and trifluoroacetate ligands (i.e., inversely related
to the acidity of the conjugate acid).42

3. Enthalpy and Gibbs Free Energy Profiles of the
Catalytic Cycles. The enthalpies and the Gibbs free energies
of the present reactions were calculated for the structures
optimized at the B3LYP/631LAN level. The enthalpy (a) and
the Gibbs free energy profiles (b) of the diazomethane model
are shown in Figure 12. When free energies are considered
(Figure 12b), the complex betweenV (carbene complex) and
N2 (IV ) becomes no longer more stable than [V + N2]. The
complexes betweenV and an alkane (methane (VIa ) or pro-
pane (VIb )) also become less stable than [V + R′-H].
Therefore, these complexes may not exist as stable inter-
mediates in actual reactions (therefore omitted from Figure
12).43 While the thermal correction for enthalpy did not change

(41) Examples: DelMonte, A. J.; Haller, J.; Houk, K. N.; Sharpless, K. B.;
Singleton, D. A.; Strassner, T.; Thomas, A. A.J. Am. Chem. Soc.1997,
119, 9907-9908. Frantz, D. E.; Singleton, D. A.J. Am. Chem. Soc.2000,
122, 3288-3295.

(42) Bordwell, F. G.Acc. Chem. Res.1988, 21, 456-463.
(43) Rapid and reversible complexation between a rhodium-carbene complex

and a C-H bond is assumed in ref 11a.

Figure 10. 3-D structures of methane C-H insertion TS (TS-XIIIa ) and intermediary structures on the IRC of both forward (+1.7 amu1/2 bohr) and reverse
(-1.7 amu1/2 bohr) direction at the B3LYP/631LAN level. The numbers refer to bond lengths (Å) and natural charges (underlined). The localized orbital of
TS-XIIIa is shown together with its 3-D structure.

Figure 11. 3-D structures of the C-H insertion TSs of (a) methane (TS-
XIIIa ), (b) propane (CH3, TS-XIIIb ), and (c) propane (CH2, TS-XIIIc )
with the carbene complexXI optimized at the B3LYP/631LAN level. The
numbers refer to bond lengths (Å) and natural charges (underlined).
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the energy profile very much (Figures 3 and 12a), considera-
tion of the entropy term expectedly changes the energy pro-
file (Figure 12b). The stabilization energy of the complex-
ation betweenI and diazomethane has become 9.9 kcal/mol,
whereas the activation energy of the nitrogen extrusion (15.2
kcal/mol) is not much affected. The carbene complex [V + N2]
becomes much more stable than the nitrogen extrusion TS (TS-
III ). The activation energies of the C-H insertion (the energy
difference between [V + R′-H] and TS-VII ) significantly
increase.

The enthalpy (a) and the Gibbs free energy profiles (b) of
the diazoester model are shown in Figure 13. Similar to the
diazomethane model, the entropy term exerts a considerable
influence on the free energy changes, especially on the activation
energy of the C-H insertion step. The activation energy of the
nitrogen extrusion step was not affected very much again. In
accordance with experiments, the nitrogen extrusion step was
found to be the rate-limiting for the secondary C-H insertion
reaction (Figure 13b).44

Discussion

The present studies have revealed, for the first time, the
energetics, the electronic nature, and the 3-D structures of the
intermediates and the TSs in the catalytic cycle of the dirhodium

tetracarboxylate-catalyzed C-H bond activation/C-C bond
formation reaction (Scheme 3). Some pertinent experimental
data have been reasonably reproduced by the DFT calculations,
that is, the activation enthalpy of the rate-limiting nitrogen
extrusion, relative reactivity of C-H bonds, and the kinetic
isotope effect of the C-H insertion step. The nature of the C-H
activation/C-C formation step, which has so far been little
known, was found to be concerted but nonsynchronous. Two
important events are taking place in the concerted, nonsynchro-
nous TS as illustrated with two resonance structures (bracket
in Scheme 3). The first event is the hydride transfer from the
alkane to the carbene carbon. The second is the C-C bond
formation and the regeneration of the Rh-Rh bond. The Rh
atoms do not directly interact with the alkane C-H bond. Thus,
the mechanism of the carbene complex reaction is different from
those of other C-H activation reactions that involve metal/C-H
bond interaction.45,46

The molecular orbital and NBO analyses combined with the
known experimental data5-9 indicate that the C-H insertion
comprises an electrophilic attack of the carbene 2p orbital onto
the C-H σ-bonding orbital of an alkane. The reaction proceeds
through a relatively late TS, where the Rh1-C1 bond cleavage
is therefore involved. This appears to be general for the C-H
bond activation reaction of metal carbene complexes (vide infra)

(44) For the methane insertion, the C-H activation step was calculated to be
rate-limiting as shown in Figure 13b. Experimental investigation of methane
insertion has not been reported, and it may be true that the C-H activation
is the rate-limiting step in this reaction.

(45) Weiller, B. H.; Wasserman, E. P.; Bergman, R. G.; Moore, C. B.; Pimentel,
G. C.J. Am. Chem. Soc.1989, 111, 8288-8290. Wasserman, E. P.; Moore,
C. B.; Bergman, R. G.Science1992, 255, 315-318.

(46) Koga, N.; Morokuma, K.J. Phys. Chem.1990, 94, 5454-5462.

Figure 12. (a) Enthalpy and (b) Gibbs free energy profiles of the Rh(O2-
CH)4-catalyzed reaction of diazomethane with methane and propane,
obtained with the structures optimized at the B3LYP/631LAN level.

Figure 13. (a) Enthalpy and (b) Gibbs free energy profiles of Rh2(O2-
CH)4-catalyzed reaction of methyl diazoacetate with methane and propane,
obtained with the structures optimized at the B3LYP/631LAN level.
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and metal carbenoids and represents the difference between the
C-H insertion reaction and their cyclopropanation reaction. The
TS of the latter reaction involves a much earlier transition
state (i.e., little metal-carbene bond cleavage was found by us
and by Salvatella et al.).38,47 For the reaction with such a
nucleophilic substrate as an olefin, the electrophilicity of the
carbene carbon atom controls the reaction. On the other hand,
in the C-H activation, the lability of the metal-carbeneσ-bond
in the TS is as important as the high electrophilicity of the
carbene carbon.

We consider that the structure of the dirhodium complexI is
ideal for the C-H bond activation reaction, because the Rh2

atom acts as a bifunctional electron pool (Scheme 3). Thus, the
Rh2 atom is detached from the Rh1-C1 moiety to enhance the
electrophilicity of the carbene center (net result is charge transfer
from the carbene to the Rh2 atom and formation of a formal
cationic Rh1-carbene complex as shown in Chart 2) or attached
to it to facilitate the cleavage of the Rh1-C1 bond in the
transition state (loosening of the Rh1-C1 bond). The carboxylate
groups serve as anchors of the Rh2 atom and also as electron-
withdrawing groups that enhance the electrophilicity of the
carbene center. It also serves as the site to harness chirality.
Much related synergistic effects of two equal transition metals
have also been pointed out for the Co2(CO)8-catalyzed Pauson-
Khand reaction.48

To further probe the role of the dinuclear structure, the
rhodium reaction was compared with single metal model
reactions. Methane C-H insertion reactions of copper-49 (XIV )
and ruthenium-methylene carbene complexes (XVI )50 were

briefly studied (eqs 4 and 5).51,52 The activation energy of the
C-H insertion is 15.6 kcal/mol forXIV , and 27.6 kcal/mol for
XVI , values much higher than that for the dirhodium carbene
complexV (+5.7 kcal/mol).53

Significant metal-carbon bond cleavage is found in the C-H
insertion TSs (TS-XV andTS-XVII ) as found for the rhodium-
carbene complex (eqs 4 and 5, see also Figure 3). The N
(pyridine)-Ru bond shortens by 6.4% (2.128f 1.992 Å) as
the carbene group is transferred to methane.

One may consider that the trans effect of the ligand in these
complexes might play significant roles in the C-H insertion
reaction. In the Cu complexXIV , there is no ligand trans to
the carbene group. In the Ru complexXVI , a pyridine ligand
is positioned trans to the carbene ligand and facilitates the Ru-C
bond cleavage. However, its effect must be rather weak because
the lone pair of the nitrogen atom is a weak donor to the Ru-C
σ*-orbital. The Rh2 atom in V causes a much stronger trans
effect to the neighboring Rh1-C1 σ*-orbital, because the Rh2

nonbonding 4dz2 orbital is energetically very close to the Rh1-
C1 σ*-orbital (cf. Chart 1).

A minor but intriguing feature of the rhodium-carbene
complexesV andXI is the facile rotation around the Rh1-C1

axis. The energy gaps between an eclipsed conformer (mini-
mum) and a staggered one (transition state of the rotation) are
only 1.1 kcal/mol (diazomethane model) and 0.7 kcal/mol
(diazoester model). The dirhodium tetracarboxylate moiety being
D4 symmetric, the Rh1 4dxz and 4dyz orbitals are degenerate.
Thus, either 4dxz or 4dyz, or their hybrid orbitals, can contribute
to the back-donation to the carbene vacant 2p orbital, and

(47) Nakamura, E.; Hirai, A.; Nakamura, M.J. Am. Chem. Soc.1998, 120,
5844-5845.

(48) Yamanaka, M.; Nakamura, E.J. Am. Chem. Soc.2001, 123, 1703-1708.
(49) Nozaki, H.; Moriuti, S.; Yamabe, M.; Noyori, R.Tetrahedron Lett.1966,

59-63. Wulfman, D. S.; McDaniel, R. S.; Peace, B. W.Tetrahedron1976,
32, 1241-1249.

(50) Nishiyama, H.; Itoh, Y.; Matsumoto, H.; Park, S.-B.; Itoh, K.J. Am. Chem.
Soc.1994, 116, 2223-2224.

(51) The B3LYP method was employed for geometry optimization. The basis
sets used are as follows: the Ahlrichs SVP set (ref 52) for Cu, the
LANL2DZ set for Ru, and the 6-31G(d) sets for the rest.

(52) Scha¨fer, A.; Horn, H.; Ahlrichs, R.J. Chem. Phys.1992, 97, 2571-2577.
(53) Recently an efficient Cu(I)-catalyzed C-H insertion reaction has been

reported: Dı´az-Requejo, M. M.; Belderraı´n, T. R.; Nicasio, M. C.;
Trofimenko, S.; Pe´rez, P. J.J. Am. Chem. Soc.2002, 124, 896-897.

Scheme 3
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therefore the back-donation scheme can operate for any
Rh1-C1 bond rotational isomers.

Copper(I)-bidentate ligand complex is different. The bent
structure of the acetylacetonato ligand on the Cu(I) atom pushes
up the Cu 3dxz orbital (Chart 3).54 Hence, only the 3dxz orbital
can effectively contribute to the back-donation to the carbene.
The rotation around the Cu-C bond therefore becomes difficult
in the copper-carbene complex. The activation energy of the
carbene ligand rotation ofXIV is calculated to be 13.5 kcal/
mol.

The final issue of note is the geometry of the ester group in
the carbene complexXI ; that is, the carbonyl C2-O1 π-bond
and the Rh1-C1 π-bond are orthogonal to each other and
therefore not conjugated with each other. When the carbene
complex was optimized withCs symmetry restriction (keeping
the Rh1dC1-C2dO1 moiety in a plane; this structure is denoted
asXI- Cs), XI- Cs was less stable thanXI by 6.4 kcal/mol. The
C1-C2 bond length ofXI (1.465 Å) is shorter than that ofXI-
Cs (1.495 Å). Putting together this result and the orbital
interaction shown in Figure 9c, we conclude that the C2-O1

π-bond is conjugated with the Rh1-C1 σ-bond (instead of the
Rh1-C1 π-bond).

As a result, the two faces of the carbene moiety become no
longer equivalent to each other. Therefore, there exist two
approaches of a C-H bond to the carbene moiety. The dif-
ference of the two pathways will become significant when a
bulky substituent is used for the ester group. Previous interpreta-
tions of stereoselectivity of both intra- and intermolecular C-H
insertion reactions may need reconsideration because they often
neglect this geometrical feature of the carbene complex.

In summary, the present study revealed the mechanisms of
the C-H insertion reaction of a diazo compound with an alkane
catalyzed by a dirhodium tetracarboxylate complex. The theo-
retical analysis delineated above will contribute to the rational
designing of useful synthetic transformations. Further theoretical
studies of stereoselective inter- and intramolecular C-H inser-
tion reactions are in progress.55
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