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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 4d,; orbital to the C—N o*-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 G-H bond in a saturated hydrocarbon have
become standard synthetic protocbfsAmong them, the
reaction of amu-diazoester catalyzed by a dirhodium tetracar-
boxylate or a related catalyst is the reaction widely utilized as
a practical synthetic method (Scheme® 1 an ideal case, a
new G-C bond between two 8pcarbon centers is created
through activation of the €H bond of a saturated hydrocarbon
in a diastereo- and enantioselective marfner.

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
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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 a-Diazoacetate with an Alkane
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Figure 1. Transition state models of€H bond activation with dirhodium
carbene complex described by Doyle (a), Taber (b), and this work (c).

about such fundamental issues as the roles of the dinuclea

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 R{OAc)s-catalyzed nitrogen extrusion reaction
of ethyl diazoacetateAH* = 16.4+ 1.4 kcal/mol) that is the
rate-limiting step of the catalytic cycle for secondary-i&
insertion32(2) 1H/2H kinetic isotope effects (KIEs) of the-eH
bond activatior, 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 bond and the
enhanced reactivity of a-€H bond adjacent to a heteroatém,
(4) carboxylate ligand effects on the regio- and stereoselectivity
of the C—H insertion reactiofd,and (5) retention of the config-
uration of the carbon at which the-& activation occurd?®

r

rhodium atom is assuméé? A three-centered mechanism
involving a stepwise character was also sugge¥ted.

For further development of the-€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 RhRh bond and formation of a new-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 precedingC@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 §G@htertion, eq
1). This reaction has not been reported in the literature.
Nonetheless, this simple model was investigated to understand
the fundamental characters of the dirhoditoarbene complex
and the mechanism of its-€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 {@Hd CH
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 propangasiH
dimethyl ether reacted with the rhodium carbene complex

On the basis of the facts listed above and the stereochemicalyithout any activation energy?. A 1:1 stoichiometry of the

outcomes of intra- and intermolecular-El insertion reactions,
various working models of the transition state (TS) of thekC
bond activation process have been propd8étRepresentative

examples are illustrated in Figure 1. Figure 1a illustrates a three-

centered concerted transition state of theHCactivation, which
was described by Doyle et al. and now is widely accepted.
Figure 1b illustrates a four-centered hypothesis by Taber et al.,
where an interaction between the hydrogen atom and the
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rhodium catalyst and the diazo compound was assumed on the
basis of the kinetic study by Pirrung etl.

2 Rho(O,CH), H
+ R—H )
H”™H H® H
R = CHg3, (CH3)LCH
Rh,(OCH) R H
J]'\ZC + R—H 2z 4 2
H O.Me H™ ~COMe

R =CHs, CHsCHLH 2, (CHz)LCH

Computational Method

All calculations were performed with Gaussian'®dnd Gaussian
98'* packages. The density functional theory (DFT) method was
employed using the B3LYP hybrid function@l.Structures were

(12) These results are consistent with the fact that-dd®ond adjacent to an
oxygen atom and a SiH bond is 16—10* times more reactive than a-¢
bond of a normal hydrocarbon: Davies, H. M. L.; Hansen, T.; Churchill,
M. R. J. Am. Chem. So@00Q 122, 3063-3070.
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126.2
(124.8)

structure and one imaginary frequency for a transition structure). The
intrinsic reaction coordinate (IRC) analySiwas carried out throughout
the reaction pathways to confirm that all stationary points are smoothly

ég;g) CH, connected to each other. Enthalpies and Gibbs free energies were
88.1 < obtained on the basis of the calculated frequencies scaled by G614,
(88.1) e Electronic energies will be discussed first, and enthalpies and Gibbs
HoO R B Roveene i OHa free energies will be discussed second. To evaluate the effect of the
o (-385’)/ é-gg‘g) solvent polarity on the energetics of the diazomethane model, a single-
% . ' point energy calculation was performed with self-consistent reaction
HasC el field (SCRF) method (based on the polarized continuum model (FEM),
1515 e = 8.93 for CHCl,) on the gas-phase geometry. With the scaled
C;;_ (1.499) frequencie$*?® kinetic isotope effects (KIE) were computed by

Bigeleiser-Mayer's equatioff with Wigner tunnel correction. It should
Figure 2. The structure of RI{OAc)s-2H0. The numbers refer to bond  be pointed out that the calculations give us only the stationary points
lengths (A) and bond angles (deg) optimized at the B3LYP/631LAN level on the potential surface of electronic energy. As will be discussed in
(C1 symmetry). The X-ray crystallographic data are shown in parentheses. detail, the entropy changes in this reaction are too large to be neglected.
Thus, the structures reported here (especiathHdnsertion 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-eHdnsertion
reflect the reality. The Boys localization procedifreras performed

optimized with a basis set (denoted as 631LAN) consisting of the
LANL2DZ basis set including a doublg-valence basis set with the
Hay and Wadt effective core potential (ECPpr Rh and the 6-31G-
(d) basis sét 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) complex¥s? Stability of the Kohn- to obtain localized KohnSham orbital® (LOs). Natural population
Sham solution was confirmed by stability analy8ésr representative  4n41vsis and natural bond orbital (NBO) analysis were performed at
stationary points. Some stationary points were optimized with SYmmetry {he same level as the one used for geometry optimizatiafi charge

assumption (vide infra). The structureslaindV (methylene carbene  gigtripution analyses discussed throughout this article are made on the
complex of ) optimized at the B3LYP/631LAN level show good  ,qis of the natural population analysis.

agreement with those optimized at the MP2(FC)/631LAN lé¥&he

B3LYP/631LAN level calculation of RI{OAC)s-2H,0 reproduced the Results

X-ray crystallographic data of the same compogfteigure 2 illustrates

the structure and mean structural parameters of the complex. The 1. Reaction of Diazomethane with Methane and Propane.

differences between computational and experimental data for repre-(a) Reaction Pathways and EnergeticsiVe first investigated

sentative parameters are as follows: -Ath (1.0%), RR-O (carboxy-  the reactions of diazomethane with methane and propane as

late, 1.8%), RF-O (H.0, 3.7%), C-C (1.1%), C-0 (0.3%). basic model reactions. In Scheme 2+RH) and Figure 3 are
Each stationary point was adequately characterized by normal ghawn the reaction course and the energy profile of thedC

coordinate analysis (no imaginary frequencies for an equilibrium insertion reaction of diazomethane with methane and propane

) ) catalyzed by RF{O.CH), (). The catalytic cycle involves seven
(13) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Gill, P. M. W.; Johnson, B. . . . .
G.. Robb, M. A- Cheeseman, J. R.. Keith, T.. Petersson, G. A steps: First,| and diazomethane interact to form a Rh/

Montogomery, J. A; Raghavachari, K.; Al-Laham, M. A.; Zakrzewski, V. diazomethane compleit with a 19.9 kcal/mol stabilization
G.; Ortiz, J. V.; Foresman, J. B.; Cioslowski, J.; Stefanov, B. B.; . . i
Nanayakkara, A.: Challacombe, M.: Peng, C. Y.: Ayala, P. Y.; Chen, W.; €nergy. Nitrogen extrusion then proceeds &Il with a 16.6

Wong, M. W.; Andres, J. L.; Replogle, E. S.; Gomperts, R.; Martin, R. L.; i i i i i
Fox D. 3. Binkley. 3. S.: Defroee . 3 Baker 3. Stewart. ). P Head- kcal/mol activation energy, which is followed by the formation

Gordon, M.; Gonzalez, C.; Pople, J. Baussian 94revision D.3; Gaussian, of a rhodium-methylene carbene compléx. After TS-III ,
Inc.: Pittsburgh, PA, 1995. H At

(14) Frisch, M. J. Trucks, G. W.: Schlegel. H. B.: Scuseria, G. E.. Robb, M. there exists a weak compleXV() betweenV and dinitrogen
A.; Cheeseman, J. R.: Zakrzewski, V. G.: Montogomery, J. A., Jr; (2.1 kcal/mol more stable thaRS-Ill ). The next step toward
Stratmann, R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels, A. : : ;
D.; Kudin, K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone, V.; Cossi, the final produ_ct fIrSt involves av/alkane comp_lt_exv_la
M.; Cammi, R.; Mennucci, B.; Pomelli, C.; Adamo, C.; Clifford, S.;;  (methane reaction is denoted @s0.2 kcal/mol stabilization)
Ochterski, J.; Petersson, G. A.; Ayala, P. Y.; Cui, Q.; Morokuma, K;
Malick, D. K.; Rabuck, A. D.; Raghavachari, K.; Foresman, J. B.;
Cioslowski, J.; Ortiz, J. V.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz,  (23) (a) Fukui, K.Acc. Chem. Resl981, 14, 363-368. (b) Gonzalez, C,;

P.; Komaromi, |.; Gomperts, R.; Martin, R. L.; Fox, D. J.; Keith, T.; Al- Schlegel, H. B.J. Chem. Phys1989 90, 2154-2161. Gonzalez, C.;
Laham, M. A;; Peng, C. Y.; Nanayakkara, A.; Gonzalez, C.; Challacombe, Schlegel, H. BJ. Phys. Chem199Q 94, 5523-5527.

M.; Gill, P. M. W.; Johnson, B. G.; Chen, W.; Wong, M. W.; Andres, J.  (24) Scott, A. P.; Radom, LJ. Phys. Chem1996 100, 16502-16513.

L.; Head-Gordon, M.; Replogle, E. S.; Pople, J.@aussian 98revision (25) A referee suggested that the scaling factor determined for the 6-31G(d)
A.9; Gaussian, Inc.: Pittsburgh, PA, 1998. basis set may be inappropriate for the composite basis set employed here

(15) (a) Becke, A. DJ. Chem. Phys1993 98, 5648-5652. (b) Lee, C.; Yang, (631LAN). However, we used the scaling factor because the frequencies
W.; Parr, R. GPhys. Re. B 1988 37, 785-789. of the vibration including C, H, and O atoms must have the largest effect

(16) Wadt, W. R.; Hay, P. 1. Chem. Phys1985 82, 299-310. on the KIE value of the €H activation stage.

(17) Hehre, W. J.; Radom, L.; Schleyer, P. v R.; Pople, AInitio Molecular (26) Miertus, S.; Scrocco, E.; Tomasi,Jl. Chem. Phys1981, 55, 117—129.
Orbital Theory John Wiley & Sons: New York, 1986 and references cited Miertus, E.; Tomasi, JJ. Chem. Phys1982 65, 239-245. Barone, V.;
therein. Cossi, M.; Tomasi, JJ. Comput. Cheml998 19, 404-417.

(18) Niu, S.; Hall, M. B.Chem. Re. 200Q 100, 353—405. (27) Bigeleisen, J.; Mayer, M. G. Chem. Physl947 15, 261—267. Bigeleisen,

(19) (a) Padwa, A.; Snyder, J. P.; Curtis, E. A.; Sheehan, S. M.; Worsencroft, J.; Wolfsberg, MAdv. Chem. Phys1958 1, 15-76. See also: Yamataka,

K. J.; Kappe, C. OJ. Am. Chem. So@00Q 122 8155-8167. Sheehan, H.; Nagase, SJ. Am. Chem. S0d.998 120, 7530-7536.
S. M.; Padwa, A.; Snyder, J. Petrahedron Lett1998 39, 949-952. (b) (28) (a) Boys, S. F. IMQuantum Theory of Atoms, Molecules, and the Solid
Schmid, R.; Herrmann, W. A.; Frenking, @rganometallics1997, 16, State Lowdin, P. O., Ed.; Academic Press: New York, 1968; pp 253
701—708. 262. (b) Haddon, R. C.; Williams, G. R. €hem. Phys. Lettl976 42,
(20) (a) Seeger, R.; Pople, J. A. Chem. Phys1977, 66, 3045-3050. (b) 453-455.
Bauernschmitt, R.; Ahlrichs, Rl. Chem. Phys1996 104, 9047-9052. (29) Kohn, W.; Sham, L. JPhys. Re. 1965 140, A1133-1138.
(21) MP2(FC) (FC= frozen core): Mgller, C.; Plesset, M. Bhys. Re. 1934 (30) Reed, A. E.; Weinstock, R. B.; Weinhold, . Chem. Phys1985 83,
46, 618-622. Pople, J. A.; Krishman, R.; Schlegel, H. B.; Binkley, J. S. 735-746. Reed, A. E.; Curtiss, L. A.; Weinhold, Ehem. Re. 1988 88,
Int. J. Quantum Chem. Symp979 13, 225-241. 899-926. NBO Version 3.1 in the Gaussian 98 package implemented by

(22) Cotton, F. A.; Deboer, B. G.; Laprade, M. D.; Pipal, J. R.; Ucko, D. A. Glendening, E. D.; Reed, A. E.; Carpenter, J. E.; Weinhold, F. University

Acta Crystallogr.1971 B27, 1664-1671. of Wisconsin: Madison, WI, 1990.
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Scheme 2. Pathway of the Rhy(O,CH)s-Catalyzed C—H Bond
Activation/C—C Bond Formation Reaction of a Diazo Compound
and an Alkane

H H
rloA
~ AN +
Q70 R S
2— 1 2 1
o = paid,
R
| Il R =H)
, VIl (R = CO,Me)
T !
H 1
N
/"\O U]
I R ' | ghied
Cl)i,\ > H /B| W\ tH
Rh2—R -Gy TS-II (R=H)
/| 7 I MR TS-X (R = COsMe)
TS-VII (R = H) l
TS-XIll (R = CO,Me) .
, :
o7
W~ ‘H
. B 2 1—Cl
i A=
A? : IV (R =H)
R X (R =CO,Me)
Rh2—Rht=CmH 2
71 7\ I\
N
VI(R=H) H
Xl (R = COzMe) \ L
R'—H R(?r,LRhEC““H
71 7 R
V (R =H)
XI (R = CO2Me)

or VIb (propane reaction (CHnsertion) is denoted ds, 2.3
kcal/mol stabilization). €H activation/C-C formation then
takes place throughS-Vila or TS-VIIb with a small activation
energy (5.9 kcal/mol folfS-Vlla and 0.2 kcal/mol forTS-
VIIb ) followed by a downhill path to the final product with
large exothermicity (6662 kcal/mol), and the catalyst is
regenerated. ITS-VIl, the C-H bond activation and the-€C
bond formation take place in a single step. No intermediates
were located nedrS-VII along the intrinsic reaction coordinate.
To probe the solvent effect on the reaction energetics, SCRF
calculations (PCM) were performed on the gas-phase geomet
(Figure 3, in parentheses). Dichloromethane=( 8.93) was
investigated because it is frequently used for thReHdnsertion
reaction® 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
atoms3P

The 3-D structures of representative stationary points are
shown in Figure 41 The RA—R? bond ofl gradually becomes
elongated toward the formation of the carbene comyl€2.400
— 2.482 A, 3.4% increase). The RhC! bond ofll (2.247 A)
significantly shortens in the nitrogen extrusion stagf@-ll

(31) Symmetries of stationary points are as followsDap; V, Cy,; Il , TS-III,
VI, TS-VII, C..

7184 J. AM. CHEM. SOC. = VOL. 124, NO. 24, 2002

Relative energy (kcal/mol)
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Figure 3. Energy profile of the R{O,CH),-catalyzed reaction of diaz-
omethane with methane (denotedsaand propane (Ckinsertion, 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
(e = 8.93 for CHCly) is shown in parentheses.

(1.981 A, 11.8% decrease), which indicates th&tlll has the
character of the carbene complex(Rht—C, 1.906 A).

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 chargé-0(03 — +0.23) upon
formation ofll , and the negative charge moves largely into the
RK atom {-0.92— +-0.81) and the carboxylate groups1.84
— —1.91). In the nitrogen extrusion stageS-lll ), the nitrogen
moiety becomes less positivetQ.23 — +0.13), and the
methylene group becomes cationic (0.68 +0.09). The
carboxylate groups become less negatively chargeld91—
—1.84), while the negative charge accumulates on theaRim
(+0.81— +0.72). These are consistent with Pirrung’s resBits
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 compleX, the methylene moiety is positively
charged {0.19), because the negative charge moves largely
from the o-type orbital of the methylene carbon into the?Rh
atom (increased electron occupancy of the 4dbital during
conversion froml to V). The charge of the Rratom changes
little during the carbene complex formatiofr@.87 ~ +0.92).

The carboxylate groups &f are less negatively charged.79)
as compared to those of catalygt-1.84), which is considered
to be induced by the back-donation from thel'Ritom to the
methylene group.

In the reaction oV with methane, a weak compléXa is
formed first with little stabilization energy (0.2 kcal/mol). In

ryVIa, the distance between the carbene carbon and the methane

hydrogen is very long (2.462 A), and methane has little
influences on the geometry and the charge distribution of the
original carbene comple¥.

In the C-H insertion TS TS-Vlla), the RA—RHK bond
shortens (2.482 A 2.460 A), and the Rhatom loses negative
charge {0.68 — +0.74). The methane moiety becomes
positively charged (increase b0.40) because of loss of the
C—H o-bonding electrons (hydride transfer to the carbene
carbon). Some negative charge is also transferred to the four
formate groups0.12 all together). In this TS, the hydride
transfer from methane is half complete (the formirig-@& bond
being 1.244 A, the carbene carbon being partially pyramidal-
ized). The G-C bond formation (&-C2 distance, 2.134 A) lags
behind the hydride transfer, and hence one can conclude that
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4HCO;
=1.91

front view side view
Via TS-Vlla
4HCO, (CHC®H  _ 4nco 2 _
-1.91 +0.12 1,04 (CHa),C7H t

front view side view
Vib TS-Viib

Figure 4. B3LYP/631LAN structures of stationary points in the-8 insertion reaction of diazomethane with methane and propane (at thpatl The
numbers refer to bond length (A) and natural charges (underlined).

the C-H bond activation/&C bond formation process is a we analyzed, in several ways, the nature of the-Rh—C 7-
nonsynchronous concerted reaction. It should be noted that theand o-bond systems iV (carbene complex) andS-Vlla
Rh—C! bond is significantly elongated in the-G1 insertion (methane GH insertion TS). Important KohaSham orbitals
stage (1.906 A\) — 2.108 A (TS-Vlla), 10.6% increase). of V and localized KohsSham orbital (LO) ofTS-Vlla are

In the CH insertion reaction with propane, the carbene shown in Figure 6. First, LUMO of the complex was found
complex part oVIb looks much different from that of. The to be exactly what is expected, and composed mainly of the
Rh—C! bond is elongated (1.906 A> 2.024 A), and the carbene vacant 2p orbital, which accepts rather small back-
carbene carbon is being pyramidalized (sum of the bond anglesdonation from the Rh4d; orbital (83.3% in 4¢, orbital}*? to
around @, 350.0). A considerable negative charge is transferred form an extended*-system that possesses a strongly electro-
from propane to the methylene moiety (the charge of the philic carbene carbon (Figure 6a). Bond alternation because of
methylene moiety:+0.19 (V) — —0.05 VIb)). TS-VIlb is interaction of the LUMO with the €H o-bonding orbital of
again a three-centered hydride transfer TS, as shown by themethane can be identified in the LO shown in Figure 6b. Thus,
negative charge of the methylene moiety0(16) and the the hydride transfer and the<C bond formation take place as
positive charge of the propyl groug-0.21). a single event. The approach of the-B bond to the carbene

Charge distributions 6TS-Vlla and TS-VIib indicate that center is directed by the steric effect of the formate bridge and

the charge transfer from an alkane to the carbene complex takeY the node between the 2p (carbene carbon) and theRit
place to a larger extent in the propane reaction than in the &0m) orbitals in the LUMO (see Figure 6a).
methane reaction, which reflects the relative stability of methyl ~ There are two ways to describe the-RRh—C o-system Wy,
cation and secondary propyl cation. This is consistent with the W2, and W3 in Chart 1). HOMO-19, HOMO-3 (Figure 6c¢,d),
more advanced hydride transfer in the propane reaction thanand LUMO+2 (not shown) correspond t#;, W5, and Ws,
that in the methane reaction (length of the formirig-&* bond respectively. In one analysis, the Rionbonding 4d orbital
is 1.244 A inTS-Vlla and 1.196 A inTS-ViIb ).
(b) Orbital Analysis of Rh —Rh—C Bonding. To probe the (32) For NBO analysis of metal-carbene complexes, see: (a) Vyboishchikov,

. . : | S. F.; Frenking, GChem:Eur. J. 1998 4, 1428-1438. (b) Sheehan, S.
function of the dinuclear structure of the dirhodium catalyst, M.; Padwa, A.; Snyder, J. Fletrahedron Lett1998 39, 949-952.
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(a) Chart 1. Rh—Rh—C ¢-System (W1, W, and W3) Constructed in
+1.0 - — Rh' s — - Two Ways
. (a) (b}
105 Rh Rh?2 Rh' c!
N2 H cacio .
e - 1 et Rh? Rh
- s ﬁ:e\’"’ Rh' C N N
00} g=— = — - o O —~ N o cla
C'Hz = e
05 C2H; Rh? C@O QQ o
¥ v o S —H—* ------ i 1 mn CARRREE ’—H- o
15 R N
-1 Rh! ¢! Rh2 Rh'
L ROy R R
-2.0
1 n TSM WV V.  Via TSVia 4 G O
(b) 1 (a) From RR nonbonding 44 orbital and RA—C? o/o*-orbitals, and
+1.0 Rh (b) from RH—RF? olo*-orbitals and nonbonding carbene 2sp orbital.
+05 Rh* - I
' N H' RI? ¢ —Rh'=cwl Rh2—Rh = s Cault
_,_.Z-B—— e——~o—9° ) TUSH T ---2%H
00—, e LSa LSb
—a
1 . . .
HC'COzMe C?H, the structure and the charge distribution along the carbene
05 [— —. complex formation as discussed above.
e - The above molecular orbital discussion is supported by the
-1.5 natural bond orbital analys®;3?which indicates tha¥ can be
4HCO, described with nearly equal contributions of two resonance

-2.0 structured.Sa andLSb (Chart 2)34 In the Lewis structuré&Sa,
vk TSIX X X Xila TS-Xilla a cationic RA carbene complex is coordinated with the
Figure 5. Charge distribution along the reaction coordinate for (a) the nonbonding electrons of the Rlatom (indicated as a dative
reaction _between diazomethane and methane and (b) the reaction betweeBond arrow). InLSb, nonbonding carbene electrons coordinate
methyl diazoacetate and methane. . . .
to the RA—RI unit, while the vacant carbene 2p orbital forms
a m bond with the RhA 4d,, orbital (“z-bonding without
o-covalent bond” is expressed as a pair of broken lines).

2. Reaction of Methyl Diazoacetate with Methane and
Propane.o-Diazoesters are the most important compounds for
the rhodium-catalyzed €H insertion reaction. In Figure 7 is
shown the energy profile of the RI©,CH),-catalyzed C-H
insertion reaction of methyl diazoacetate with methane (denoted
as a) and propane (Cklinsertion (denoted ab) and ChH
insertion (denoted a<)). 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 compléAll forms with 13.0 kcal/mol stabi-
lization energy. The activation energy for the nitrogen ex-
trusion ([TS-1X) is 16.7 kcal/mol, which is nearly identical with
that of the diazomethane model (16.6 kcal/mol). Unlike in the
Figure 6. Kohn—Sham orbitals oV (a, LUMO; ¢, HOMO-19; and d, diazomethane modelX| (carbene complexj- .NZ].IS more
HOMO-3) and LO ofTS-Vlla responsible for bond alternation (b). The stable _thanTS-IX by 3.7 kcal_/mOI' The €H activation/C-C
contour intervals are 0.025 e &u formation step proceeds with a moderate (9.8 kcal/mol for
methane insertion) or a small (4.7 kcal/mol for propane; CH
insertion and 0.2 kcal/mol for propane glhsertion) acti-
vation energy with large exothermicity (554 kcal/mol). The
activation energy for propane methylene insertion is much lower
than the activation energy for methane insertion, with propane

interacts with the Rh-C! o/o*-orbitals (Chart 1a), which
weakens the R-C! g-bond. This interaction is important in
the reaction with an alkane, where Rhoves toward Rh and
the RH—C! bond is being cleaved as the—@ insertion
proceeds. In this sense, theZRitom possessing high-lying 4d
electrons is ideally positioned by the carboxylate bridges. In (33) The energy levels of the RhRN o ando* orbital of | and theo-donor
another analysis (Chart 1b), the nonbonding carbene 2sp orbital orbital of singlet methylene carbene (optimized at the B3LYP/6-31G(d)
X X . 33\NS; o X level) are —9.1, —3.7, an_d —6.6 eV, _respectlvely, v_vhlc_h forms the
interacts with the Ri-R o/o*-orbitals 33 With this interaction, background of the orbital interaction diagram shown in Figure 6b.

the RA—RM bond weakens. and negative charge moves from (34) The two Lewis structurdsSa andLSb showed nearly the same percentage

X of the total electron density-8a, 97.65%;LSb, 97.60%), and hence were
the carbene to the Riatom, which accounts for the changes of considered to equally contribute to the nature of the complex.
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Figure 7. Energy profile of the RK{O.CH).-catalyzed reaction of methyl diazoacetate with methane (denotapaasl propane (Cklinsertion (denoted

asb) and CH insertion (denoted as)) at the B3LYP/631LAN level.

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

The 3-D structures o¥lll andTS-IX are shown in Figure
8. The nitrogen extrusion step starts with complex formation
between the rhodium catalyst and diazoestét ().3536HOMO-

18 of VIII (Figure 8b) illustrates donation from the diazoacetate
to the RA—RI¥ o*-orbital. On the other hand, no back-donation
from the RH occupied 4g¢, orbital to the diazoester was
identified inVIIl . Thus,VIII is a simple Lewis acid/Lewis base
complex.

In the nitrogen extrusion transition stat&-1X , the RA—C!
bond shortens (2.337 A- 2.041 A, 13% decrease), and the
C'—N bond lengthens (1.335 A 1.933 A, 45% increase). In
addition, substantial change of hybridizationYsp sp?) at the
C! atom takes place frodIll to TS-IX (sum of bond angles
around @, 324.0 (VIIl ) — 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)[S-1X is a very late transition state and
shows some character of the rhoditoarbene complex, and
back-donative interaction is identified in the LO @fS-I1X
(Figure 8c,LO2). This back-donation from the Rioccupied
4dy; orbital to the @—N o*-orbital is an important driving force
of the nitrogen extrusioPP° The activation enthalpyAH*) of

of X1 (Figure 9b). One will expect that the carbene carbon of
XI is more electrophilic than that of the methylene carbene
complex ) becauseXl has the electron-withdrawing ester
group. On the contrary, the energy levels of LUMO are the same
(—3.7 eV) forV and XI, because the vacant 2p orbital of the
carbene carbon ofl is not conjugatedvith the ester carbonyl
group. There is one notable structural featureXin that is
described below.

The RA—C! z-bond and the ester carbonyf-€0! z-bond
are orthogonal to each other and not conjugated with each
other (the dihedral angl&Rh'—C'—C2—-0! = 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
Rh=Cl—-C?=0! z-array has often been depicted to be planar
and conjugate®c116:39n this structure, the &0! z-bond and
the RH—C! g-bond (not the Rh-C! z-bond) are considered
to have some interaction like armetaloester. Indeed, one can
identify HOMO-22 of XI that comprises a four-electron out-
of-phase interaction between RIC! o- and C=0! 7-orbitals
(Figure 9c). Thus, the ester carbonyl group affects the character
of the Rh—-Rh—C o-system of the carbene complex rather than
that of thesr-system. The orthogonal geometryXif described
here creates a diastereomerism in theHCactivation stage; a
stereochemical issue so far escaped attention (vide infra).

Structural changes around the methaneHdnsertion transi-
tion state TS-Xllla) are shown in Figure 1. The potential

the nitrogen extrusion (15.2 kcal/mol) is in reasonable agreementenergy surface is very flat befofes-Xllla , but it is very steep

with the experimental value (16# 1.4 kcal/mol, RB(OAC),
and ethyl diazoacetaté&).

The 3-D structure of the dirhodium methoxycarbonyl carbene
complexXI is shown in Figure 9. The important issue to be

afterTS-Xllla . As it goes from KI + methane] torS-Xllla ,
positive charge develops in the methane moiety (6:060.42),
and the carbene moiety becomes negatively char¢@dld—
—0.18). The GC-H bond of the methane approachdsto have

addressed here is the influence of the methoxycarbonyl group

on the character of the RRRh—C! bond system. The carbene
carbon center ofXl is electrophilic, as indicated from the
positive charge of the carbene moietyQ.14) and significant
contribution of the 2p orbital of the carbene carbon in the LUMO

(35) Both theStrans 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 resu-woans
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, Bciencel992
256, 1544-1547.

(37) Similar structures were found in ruthenium alkoxycarbonyl carbene
complexes: Nishiyama, H.; Aoki, K.; Itoh, H.; lwamura, T.; Sakata, N.;
Kurihara, O.; Motoyama, YChem. Lett1996 1071-1072. Galardon, E.;

Le Maux, P.; Toupet, L.; Simonneaux, Grganometallics1998 17, 565—
569.

(38) Such orientation of ester carbonyl group was also noted in theoretical studies
of copper-catalyzed cyclopropanation reaction witlliazoester: Fraile,
J. M.; Garca, J. |.; Martnez-Merino, V.; Mayoral, J. A.; Salvatella, L.
Am. Chem. So001, 123 7616-7625.

(39) Examples: Timmons, D. J.; Doyle, M. .Organomet. Chen2001, 617—

618 98—-104. Bulugahapitiya, P.; Landais, Y.; Parra-Rapado, L.; Planchenault,
D.; Weber, V.J. Org. Chem1997, 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).
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(@)

HCCO;Me

HCCO;Me
~0.08 +0.03

L o (front view) (side view)
Vi TSIX X

(b) LUMO

Figure 9. (a) 3-D structure of the dirhodium methoxycarbonyl carbene
complexXI optimized at the B3LYP/631LAN level. The numbers refer to
bond lengths (A) and natural charges (underlined). (b) The contour map of
LO1 LO2 LUMO and (c) the surface of HOMO-22 oKl and their schematic
representations. The orbitals are shown in thé-A®?—C! plane. The
Figure 8. (a) 3-D structures of the R{O.HC)s/methyl diazoacetate contour interval for (b) is 0.025 e a# and the contour value for (c) is
complexVIIl and the nitrogen extrusion TS $-1X) optimized at the 0.060 e aws.

B3LYP/631LAN level. The numbers refer to bond lengths (A) and natural

charges (underlined). (b) HOMO-18 orbital ¥l indicating donative _ ; ;
interaction. (c) Localized orbitals @fS-IX indicating donativel(O1) and 2.277 A)’ while the change of the RARM bond length is

back-donative I(O2) interaction. Orbitals are shown in the RIC!—N small. o _ o _
plane, and contour intervals are 0.025 e%or HOMO-18 andLO1, 0.010 The activation energy of the €H insertion is rather high
e au for LO2. with methane (9.8 kcal/mol), moderate (4.7 kcal/mol) with

_ ) ] ] ) propane (CHinsertion), and extremely low (0.2 kcal/mol) with
maximum interaction with the LUMO (Figure 9b), and the LO  yropane (CH insertion). This parallels the experimental fact
of TS-Xllla shows three-centered interaction betweenthe C  ihat the reactivity of a €H bond increases in an order of
H? o-orbital of methane and the vacant 2p orbital of the carbene primary, secondary, and tertiaffthree TSs of G-H activation
carbon . The C-H activation is an electrophilic reaction, and  ghown in Figure 11 are compared. The net positive charges of
the bond alternation including the-€H'—C? moiety takes place alkyl groups are+0.14, +0.20, and+0.25 in TS-Xllla
as a single event ifS-Xllla . Despite a previous suggestion (methane insertionY;S-Xlllb (propane CHinsertion), and'S-

that the RA atom may interact with the €H bondi*®we could  xjiic (propane CH insertion), respectively. These values are
not locate such a TS. Such a TS is difficult to achieve because consistent with the stability order of the incipient carbocation

of electronic and steric reasons; that is, there is a node in the(methyl < primary < secondary).
LUMO of XI (Figure 9b), and the Rhatom is sterically too Bond lengths also give important information on the &
congested to interact with any nucleophile. activation/G-C formation reaction. Lengths of the breaking
Changes of the lengths of breaking-& bond, forming CG-H C—H bonds are 1.234, 1.281, and 1.324 A, and those of forming
bond, and forming €C bond along the IRC (Figure 10) indicate C—H bonds are 1.275, 1.232, and 1.210 A ®8-Xllla , TS-
nonsynchronicity of the €H bond activation/&C bond Xlllb , andTS-XllIc , respectively. Thus, hydrogen transfer is
formation stage. In the structure ®f= +1.7 amd’2 bohr from the most advanced in the propane LQhkertion. On the other
TS-Xllla , the G—H* bond is completely formed (1.10 A), but  hand, the &C bond formation is the most advanced in the
the G—C2 bond is yet to be formed (1.92 A). The RhC! methane reaction (EC distance: 2.200, 2.208, and 2.282 A
bond becomes much elongated n€&rXllla (2.028— 2.126 for TS-Xllla, TS-Xlllb , andTS-XllIc , respectively). Putting
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(-0.9 keal/mol) TS-Xllla (0.

0 kcal/mol) (-14.9 kcal/mol)

-1.7 0.0

reaction coordinate

+1.7
s (amu"%bohr)

Figure 10. 3-D structures of methane-@H insertion TS TS-Xllla ) and intermediary structures on the IRC of both forward (7 amd/2 bohr) and reverse

(—1.7 amd'2 bohr) direction at the B3LYP/631LAN level. The numbers refer to bond lengths (A) and natural charges (underlined). The localized orbital of

TS-Xllla is shown together with its 3-D structure.

(a) TS-Xllla

side view

front view

(b) TS-XIllb

HCCO ,Me
-0.21
front view side view

(c) TS-Xllic

HCCO ,Me
-0.25

front view side view

Figure 11. 3-D structures of the €H insertion TSs of (a) methand $-
Xllla ), (b) propane (Ckl TS-Xlllb ), and (c) propane (CH TS-XllIc)
with the carbene compleX| optimized at the B3LYP/631LAN level. The
numbers refer to bond lengths (A) and natural charges (underlined).

all these data together, one can conclude that theHC
activation/C-C bond formation process is a nonsynchronous
concerted reaction bearing a character of hydride abstraction.

It should be pointed out that the RhC! bond of the carbene
complexXI (1.939 A) is much elongated in the-G insertion
TSs (2.126-2.150 A, 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#! The KIE calculated for the insertion to secondary
C—H/C—D bond of propane/propardy-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-
di, pair under the catalysis of RIOAc); and RR(OCOCR),,
respectively’® 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 acitf).

H

$&x
0773 )A\ x’,'C\x ’
FENCER N NN B
SR s }T ?lh “H
1 atm R
(X=HorD)
kn/ kp=2.03

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 betweéh (carbene complex) and
N2 (IV) becomes no longer more stable thAh+ N]. The
complexes betweeNW and an alkane (methan¥I@) or pro-
pane Y¥Ib)) also become less stable thak [+ 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.Am. Chem. Sod.997,
119 9907-9908. Frantz, D. E.; Singleton, D. A. Am. Chem. So200Q
122 3288-3295.

(42) Bordwell, F. G Acc. Chem. Red.988 21, 456-463.

(43) Rapid and reversible complexation between a rhodium-carbene complex
and a C-H bond is assumed in ref 11a.
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Figure 12. (a) Enthalpy and (b) Gibbs free energy profiles of the RR(O

CH)s-catalyzed reaction of diazomethane with methane and propane, Figure 13. (a) Enthalpy and (b) Gibbs free energy profiles of{@-
obtained with the structures optimized at the B3LYP/631LAN level. CH)s-catalyzed reaction of methyl diazoacetate with methane and propane,

obtained with the structures optimized at the B3LYP/631LAN level.

the energy profile very much (Figures 3 and 12a), considera- tetracarboxylate-catalyzed - bond activation/cC bond
tion of the entropy term expectedly changes the energy pro- formation reaction (Scheme 3). Some pertinent experimental

ﬁle (Figure 12b). Th? stabilization energy of the complex- data have been reasonably reproduced by the DFT calculations,
ation betweerl and diazomethane has become 9.9 kcal/mol

o ) ) ' that is, the activation enthalpy of the rate-limiting nitrogen

whereas t.he activation energy of the nitrogen extrusion (15.2 extrusion, relative reactivity of €H bonds, and the kinetic

I;cal/mol) 1S nort] much afficlte(:]. Thi car_bene Comp‘é)_d'[ No] isotope effect of the €H insertion step. The nature of the-E&l
ecomes much more sta _et an the m_troge_n extrusiom S8 ( activation/C-C formation step, which has so far been little

”_I ). The activation energies of the-CH msertlon_(th_e_ energy known, was found to be concerted but nonsynchronous. Two

@fference beweenV + R'—H] and TS-VIl) significantly important events are taking place in the concerted, nonsynchro-

increase. ) ) nous TS as illustrated with two resonance structures (bracket
The enthalpy (a) and the Gibbs free energy profiles (b) of

- > TSR e in Scheme 3). The first event is the hydride transfer from the
the diazoester model are shown in Figure 13. Similar to the 5jkane to the carbene carbon. The second is th& ®ond
diazomethane model, the entropy term exerts a considerablesymation and the regeneration of the RRh bond. The Rh
influence on the fre_e energy changes, esp_eciglly on the activationgioms do not directly interact with the alkane-8 bond. Thus,
energy of the €H insertion step. The activation energy of the  he mechanism of the carbene complex reaction is different from
nitrogen extrusion step was not affected very much again. In {hsse of other &H activation reactions that involve metatel
accordance with experiments, the nitrogen extrusion step waspgnq interactior5-46
found to be the rate-limiting for the secondary-B insertion The molecular orbital and NBO analyses combined with the
reaction (Figure 13bj known experimental data® indicate that the €H insertion
comprises an electrophilic attack of the carbene 2p orbital onto
the C—H o-bonding orbital of an alkane. The reaction proceeds
The present studies have revealed, for the first time, the through a relatively late TS, where the RfC! bond cleavage
energetics, the electronic nature, and the 3-D structures of thejs therefore involved. This appears to be general for the4iC

intermediates and the TSs in the catalytic cycle of the dirhodium hond activation reaction of metal carbene complexes (vide infra)

Discussion

(44) For the methane insertion, the-8 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 &ctivation
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. So4989 111, 8288-8290. Wasserman, E. P.; Moore,
C. B.; Bergman, R. GSciencel992 255 315-318.

(46) Koga, N.; Morokuma, KJ. Phys. Chem199Q 94, 5454-5462.
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Scheme 3 briefly studied (eqs 4 and 5}:52 The activation energy of the
R H C—H insertion is 15.6 kcal/mol foXIV , and 27.6 kcal/mol for
A N oD XVI, values much higher than that for the dirhodium carbene
O": | "r\|1 SN (N complexV (+5.7 kcal/mol)>®
Rh“—; PO —— 79 ‘r@—o/
A B A o T
"
I\ WHCH \ e (4)
_ _ N pu=csf] —~ by
1 } o H
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/k AS Heo y 18674 ! 2327A
PN H ',p\ A E”H 2128 A 1.992 A

Xvi TS-XVII

Significant metat-carbon bond cleavage is found in the-B

L ] insertion TSsTS-XV andTS-XVIl ) as found for the rhodium
carbene complex (egs 4 and 5, see also Figure 3). The N

and metal carbenoids and represents the difference between thépyridine)-Ru bond shortens by 6.4% (2.128 1.992 A) as

C—H insertion reaction and their cyclopropanation reaction. The the carbene group is transferred to methane.

TS of the latter reaction involves a much earlier transition =~ One may consider that the trans effect of the ligand in these

state (i.e., little metatcarbene bond cleavage was found by us complexes might play significant roles in the-& insertion

and by Salvatella et al®f:*” For the reaction with such a reaction. In the Cu compleXIV, there is no ligand trans to

nucleophilic substrate as an olefin, the electrophilicity of the the carbene group. In the Ru compl¥¥!1, a pyridine ligand

carbene carbon atom controls the reaction. On the other handjs positioned trans to the carbene ligand and facilitates the@Ru

in the C—H activation, the lability of the metalcarbener-bond bond cleavage. However, its effect must be rather weak because
in the TS is as important as the high electrophilicity of the the lone pair of the nitrogen atom is a weak donor to the-Ru
carbene carbon. o*-orbital. The R atom inV causes a much stronger trans

We consider that the structure of the dirhodium complex effect to the neighboring RR-C! ¢o*-orbital, because the Rh
ideal for the C-H bond activation reaction, because the?2Rh nonbonding 4d orbital is energetically very close to the Rh
atom acts as a bifunctional electron pool (Scheme 3). Thus, theC* o*-orbital (cf. Chart 1).

RI? atom is detached from the RRC! moiety to enhance the

electrophilicity of the carbene center (net result is charge transfer i

from the carbene to the Riatom and formation of a formal
cationic RA—carbene complex as shown in Chart 2) or attached
to it to facilitate the cleavage of the RRC! bond in the
transition state (loosening of the RKC! bond). The carboxylate
groups serve as anchors of the2Ritom and also as electron-
withdrawing groups that enhance the electrophilicity of the
carbene center. It also serves as the site to harness chirality. A minor but intriguing feature of the rhodiufctarbene
Much related synergistic effects of two equal transition metals complexesv andXl is the facile rotation around the RhC*

have also been pointed out for the Z00)-catalyzed Pausen axis. The energy gaps between an eclipsed conformer (mini-
Khand reactiorf® mum) and a staggered one (transition state of the rotation) are

To further probe the role of the dinuclear structure, the ONly 1.1 kcal/mol (diazomethane model) and 0.7 kcal/mol
rhodium reaction was compared with single metal model (diazoester model). The dirhodium tetrac_arboxylate moiety being
reactions. Methane-€H insertion reactions of coppef® (XIV ) D4 symmetric, the Rh4d,; and 44, orbitals are degenerate.

and ruthenium-methylene carbene complexe¥\ )% were Thus, either 4g or 4d,,, or their hybrid orbitals, can contribute
to the back-donation to the carbene vacant 2p orbital, and

(47) Nakamura, E.; Hirai, A.; Nakamura, M. Am. Chem. Socd998 120,

5844-5845. (51) The B3LYP method was employed for geometry optimization. The basis
(48) Yamanaka, M.; Nakamura, E. Am. Chem. So2001, 123 1703-1708. sets used are as follows: the Ahlrichs SVP set (ref 52) for Cu, the
(49) Nozaki, H.; Moriuti, S.; Yamabe, M.; Noyori, Rietrahedron Lett1966 LANL2DZ set for Ru, and the 6-31G(d) sets for the rest.

59-63. Wulfman, D. S.; McDaniel, R. S.; Peace, B. Wtrahedronl976 (52) Schéer, A.; Horn, H.; Ahlrichs, RJ. Chem. Physl1992 97, 2571-2577.

32, 1241-1249. (53) Recently an efficient Cu(l)-catalyzed—El insertion reaction has been
(50) Nishiyama, H.; Itoh, Y.; Matsumoto, H.; Park, S.-B.; Itoh,XXAm. Chem. reported: Daz-Requejo, M. M.; Belderfaj T. R.; Nicasio, M. C.;

S0c.1994 116, 2223-2224. Trofimenko, S.; Peez, P. JJ. Am. Chem. So@002 124, 896-897.
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therefore the back-donation scheme can operate for any

Rh—C?! bond rotational isomers.
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Copper(ly-bidentate ligand complex is different. The bent

structure of the acetylacetonato ligand on the Cu(l) atom pushes

up the Cu 3¢, orbital (Chart 324 Hence, only the 3d orbital

As a result, the two faces of the carbene moiety become no
longer equivalent to each other. Therefore, there exist two
approaches of a €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 intermoleculartC
insertion reactions may need reconsideration because they often
neglect this geometrical feature of the carbene complex.
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In summary, the present study revealed the mechanisms of
the C—H insertion reaction of a diazo compound with an alkane

can effectively contribute to the back-donation to the carbene. catalyzed by a dirhodium tetracarboxylate complex. The theo-

The rotation around the CtC bond therefore becomes difficult
in the coppet-carbene complex. The activation energy of the
carbene ligand rotation ofIV is calculated to be 13.5 kcal/

mol.

The final issue of note is the geometry of the ester group in

the carbene compleXI; that is, the carbonyl &O! z-bond
and the Rh-C! n-bond are orthogonal to each other and

therefore not conjugated with each other. When the carbene

complex was optimized witls symmetry restriction (keeping
the RA=C!—C?=0' moiety in a plane; this structure is denoted
asXl- Cy), XI-Cs was less stable thaxil by 6.4 kcal/mol. The
C'—C2 bond length ofXI (1.465 A) is shorter than that ofl-

Cs (1.495 A). Putting together this result and the orbital
interaction shown in Figure 9c, we conclude that tie-O!
z-bond is conjugated with the RRC! o-bond (instead of the
Rh'—C! z-bond).

(54) Mori, S.; Nakamura, ETetrahedron Lett1999 40, 5319-5322. Mori, S.;
Hirai, A.; Nakamura, M.; Nakamura, Eetrahedron200Q 56, 2805—

2809.
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retical analysis delineated above will contribute to the rational
designing of useful synthetic transformations. Further theoretical
studies of stereoselective inter- and intramolecutaiHdnser-

tion reactions are in progre®s.
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