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Introduction

As the 50th anniversary of the preparation of the first
metal–carbene complex by Fischer and Maasbçl ap-

proaches,[1] the use of these complexes in organic synthesis
remains restricted to stoichiometric reactions.[2] On the
other hand, stoichiometric metal-to-metal carbene transfer
was reported in the early 70s,[3] but this methodology re-
mained undeveloped until our report on the catalytic trans-
fer of a carbene ligand from a Group 6 Fischer carbene
complex to a palladium reagent.[4] At that time the mecha-
nism depicted in Scheme 1 was proposed to explain the ob-
served results. Transmetalation of the carbene ligand from
complex 1 to the palladium catalyst leads to a new Pd–car-
bene complex such as 2, probably through a heterobimetal-
lic intermediate 3 that evolves to 2 by extrusion of the
[M(CO)5] (M=Cr, W) fragment. Subsequent transmetala-
tion from a new molecule of the carbene complex 1 leads to
the Pd–biscarbene complexes 4. Elimination of Pd0 leads to
the observed dimerization products 5.

Following this original proposal, the isolation and charac-
terization of pallada–carbene complex 6 by the transmetala-
tion of aminotungsten(0)–carbene complex 7 to [PdPfBr-ACHTUNGTRENNUNG(MeCN)2] followed by the reaction with PMe3 was report-
ed.[5] More recently, pallada–biscarbene complexes 8 have
been isolated (Scheme 2).[6] Note that neither complex 6 nor
complexes 8 evolve to form self-dimerization products.
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Furthermore, the self-dimerization of the carbene ligand
on the Fischer carbene complexes 10 with [Cu ACHTUNGTRENNUNG(MeCN)4]-ACHTUNGTRENNUNG[PF6] as a catalyst has been described.[7] CuBr also allowed
the efficient and selective cross-coupling of the carbene
ligand derived from complexes 10 with those obtained from
the decomposition of the diazo compound 11. Evidence for
the formation of late-transition-metal–carbene complexes by
a transmetalation reaction was demonstrated by the isola-
tion and full characterization of the corresponding copper–
carbene complex 13, which possesses a bulky stabilizing
group that prevents the self-dimerization process
(Scheme 3).

The above examples are a few of the many transmetala-
tion processes that have led to new carbene complexes and
they exhibit exceedingly different chemical behavior in re-

spect of the starting Group 6 metal complex. Moreover, the
new carbene complexes may also show an enhanced reactiv-
ity with respect to the precursor complex or it may undergo
reaction pathways different from the starting carbene com-
plex, which opens the door to the synthesis of new classes of
compounds.[8] Although the transmetalation reaction has
been employed in the development of new and efficient syn-
thetic methodologies, a detailed mechanistic study has not
yet been reported. This is interesting because the isolation
of the diverse intermediates discussed above and other ex-
perimental evidence point to the correctness of the pro-
posed mechanism.[4] We report herein an extensive theoreti-
cal study on the transmetalation reaction from chromi-
um(0)–carbene complexes to palladium, copper, and rhodi-
um catalysts.[2p, 9] Moreover, the structure and bonding situa-
tion of the different heterobimetallic intermediates, which
lead to mono- and biscarbene complexes of palladium,
copper, and rhodium, shall be compared and discussed.

Computational Details

All the calculations reported in this paper were obtained with the Gaussi-
an 03 suite of programs.[10] Electron correlation was partially taken into

Abstract in Spanish: La reacci�n de transmetalaci�n catal�ti-
ca desde cromo(0) Fischer carbenos a metales de transici�n
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Scheme 1. Proposed transmetalation catalytic cycle from Cr0– and W0–
carbene complexes to Pd0.[4]

Scheme 2. The isolation of Pd–monocarbene 6 and Pd–biscarbene com-
plexes 8 by transmetalation from W0– and Cr0–carbene complexes.

Scheme 3. Examples of copper transmetalation and the isolation of Cu–
monocarbene complex 13. Ment= Menthyl.
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account by using the BP86[11] functional in combination with the standard
6-31G(d) basis set[12] for hydrogen, carbon, oxygen, nitrogen, and phos-
phorus atoms and the Hay–Wadt small-core effective core potential
(ECP) that includes a double-x valence basis set[13] for the metal atoms
(LanL2DZ keyword). Zero-point vibrational energy (ZPVE) corrections
were computed at the BP86/LANL2DZ&6-31G(d) level and were not
scaled. Reactants and products were characterized by frequency calcula-
tions[14] and have positive definite Hessian matrices. Transition structures
(TSs) show only one negative eigenvalue in their diagonalized force con-
stant matrices, and it was confirmed by using the intrinsic reaction coor-
dinate (IRC) method that their associated eigenvectors correspond to the
motion along the reaction coordinate under consideration.[15]

Bond orders and donor–acceptor interactions were computed by using
the natural bond orbital (NBO) method.[16]The energies associated with
these two-electron interactions were computed according to Equa-
tion (1), in which F̂ is the DFT equivalent of the Fock operator and f
and f* are two filled and unfilled natural bond orbitals with ef and ef*

energies, respectively, and nf is the occupation number of the filled orbi-
tal.

DEð2Þ��* ¼ �n�
h�*jF̂j�i2

e�*�e�

Geometry optimizations (BP86/6-31G(d)&LanL2DZ) were carried out
starting with the anti form (an orientation in which the methyl group of
the methoxy substituent is directed towards the metal fragment) of the
Fischer carbene complex 14 (Scheme 4). This species is the most stable
isomer in both the gas phase and in the solid state.[17]

Results and Discussion

Transmetalation to palladium : Transmetalation from Fischer
carbene complex 14 to [Pd ACHTUNGTRENNUNG(PH3)4] was studied first as a
model for the experimentally thoroughly studied reaction
between the benzyloxycarbenechromium(0) complex 15 and
[Pd ACHTUNGTRENNUNG(PPh3)4], which exclusively produces the self-dimeriza-
tion product 16 (E/Z ratio 1.1:1) without traces of the corre-
sponding b-elimination product 17 (Scheme 5).[4]

The transmetalation step that leads to the predicted mon-
ocarbene complex 20 from complex 14 in the presence of
[Pd ACHTUNGTRENNUNG(PH3)4] was first studied. No transition-state structure
connecting complex 14 and [Pd ACHTUNGTRENNUNG(PH3)4] with the correspond-

ing heterobimetallic complex 18 by an associative reaction
pathway was found. Instead the process starts with the disso-
ciation of one of the catalyst	s phosphine ligands to produce
the unsaturated species [Pd ACHTUNGTRENNUNG(PH3)3], which, in the presence
of complex 14, leads to the formation of complex 18 via the
saddle point TS1-Pd (Scheme 6). The activation barrier for

this transformation is only 7.4 kcal mol�1 in the gas phase
and the reaction energy is �2.0 kcal mol�1. These values are
in very good agreement with the mild reaction conditions
used experimentally for this transformation. Heterobimetal-
lic complex 18, with the former carbene ligand as a bridge
between the palladium and chromium atoms, evolves to the
pallada–carbene complex 20 by the sequential, slightly exo-
thermic dissociation of another PH3 ligand (leading to unsa-
turated complex 19) followed by the extrusion of the
[(CO)5Cr] fragment. The latter process is likely to be assist-
ed by a solvent molecule in the condensed phase (see
below).

The coordinatively unsaturated palladium(0)–carbene
complex 20 experiences a second transmetalation reaction
with a new molecule of the Fischer carbene complex 14 to
yield a new heterobimetallic complex 21 via the transition
state TS2-Pd (a saddle point associated with the formation
of a palladium�carbon bond). The slightly higher barrier of
this second transmetalation reaction compared with the con-
version of 14 into 18 (activation barrier of 8.6 vs.
7.4 kcal mol�1, respectively) may be attributed to the de-
creased nucleophilicity of the palladium center in complex
20 due to the more electron-accepting nature of the carbene

Scheme 4. The syn and anti forms of chromium(0) (Fischer) carbene com-
plex 14.

Scheme 5. The [Pd ACHTUNGTRENNUNG(PPh3)4]-catalyzed self-dimerization of complex 15.[4]

Scheme 6. The first steps in the chromium-to-palladium transmetalation
mechanism: The formation of the key Pd–carbene 20. All structures cor-
respond to fully optimized BP86/LANL2DZ&6-31G(d) geometries.
Bond lengths and energies are given in � and kcal mol�1, respectively.
The numbers under the arrows correspond to the relative energies be-
tween the corresponding structures. Zero-point vibrational energy correc-
tions have been included [kcal mol�1].
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ligand. This hypothesis is supported by the second-order
perturbation theory of the NBO method, which shows a
strong two-electron stabilizing donation from an occupied d
atomic orbital of palladium to the p* (C�OMe) molecular
orbital of the carbene ligand in complex 20 (associated
second-order energy of �14.1 kcal mol�1), which makes the
palladium atom less nucleophilic (Figure 1). Evidently, this

two-electron donation is not possible in [Pd ACHTUNGTRENNUNG(PH3)3]. Interest-
ingly, the formation of complex 21 is strongly exothermic
(�10.5 kcal mol�1), which is again in good agreement with
experimental findings. Furthermore, one of the PH3 ligands
in 21 is weakly bonded to the palladium atom (Pd�P bond
length of 4.892 � with a corresponding Wiberg NBO bond
order of 0.032). This clearly indicates that this species is a
true intermediate complex, which easily evolves to complex
22 in which this PH3 ligand is totally dissociated. Similarly
to the first transmetalation step (see Scheme 6), elimination
of the [(CO)5Cr] fragment leads to the palladium–biscar-
bene complex 23 (Scheme 7).

The catalytic cycle that connects the starting chromi-
um(0)–carbene complex 14 with the self-dimerization prod-
uct 24 ends with the formation of the carbon�carbon bond

in complex 23 and the entry of the catalyst into a new cycle.
For simplicity, the formation of the Z isomer is the only one
considered (it is reasonable to assume that the E isomer is
also formed from 23 by rotation of the Pd�C bond). The ad-
dition of one molecule of PH3 saturated the coordination va-
cancy in 23 to yield the 18-valence-electron complex 25
(Scheme 8). This step is slightly endothermic (reaction

energy of 2.6 kcal mol�1). From this stationary point, com-
plex 26 is produced via transition state TS3-Pd, a saddle
point that is associated with C�C bond formation between
the two carbene carbon atoms. The activation barrier for
this step is 17.3 kcal mol�1 and as a consequence it is the bot-
tleneck of the overall catalytic cycle. Nevertheless, the trans-
formation of 25 into 26 is strongly favored by its strong exo-
thermicity (reaction energy of around �56 kcal mol�1). Fi-
nally, the coordinated dimerization product in 26 is replaced
by a PH3 ligand to close the catalytic cycle and liberate the
alkene 24.

Scheme 7. The formation of pallada–biscarbene complex 23. See the
legend of Scheme 6 for details.

Scheme 8. Final step in the transmetalation reaction from complex 23.
See the legend of Scheme 6 for details.

Figure 1. Two-electron interactions and associated second-order perturba-
tional energies in intermediates 20 and 30.
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Alternatively, the C�C bond may be formed directly from
Pd–biscarbene 23. In this case, complex 27 is produced via
the corresponding transition state TS4-Pd. Although the ac-
tivation barrier for the transformation 23!27 (17.7 kcal
mol�1) is similar to that for the reaction 25!26, the former
pathway is less exothermic (�42.4 kcal mol�1) than the
latter. From 27 a new molecule of PH3 can coordinate to the
metal center to form 26 or can replace the alkene ligand to
form [Pd ACHTUNGTRENNUNG(PH3)2] and the metal-free olefin 24. As the ligand
interchange is supposed to be fast, we cannot safely discard
one reaction pathway in favor of the other on the basis of
the computed energies (Scheme 8).

According to the available experimental data[4] there is an
additional pathway to be disentangled in this mechanism,
namely the possible b-elimination process from pallada–car-
bene complexes 20, which produces enol ether 28 depending
on the reaction conditions (these compounds are formed
normally in the reaction of chromium(0)–carbene complexes
with hydrogen atoms a to the carbene carbon atom and [Pd-ACHTUNGTRENNUNG(OAc)2]/Et3N. Scheme 9 shows the computational results for

these competitive processes. The computed activation barri-
er for the 20!29 transformation is 31.8 kcal mol�1, which
makes the b-elimination process kinetically unfavorable
compared with the transmetalation step 20!21 (activation
barrier of 8.6 kcal mol�1). Moreover, the b-elimination pro-
cess is also endothermic (reaction energy of 7.5 kcal mol�1)
and therefore it is thermodynamically disfavored. The com-
puted energies are in very good agreement with the nonfor-
mation of enol ethers observed experimentally using [Pd-ACHTUNGTRENNUNG(PPh3)4] as the catalyst for the transmetalation reaction.

Transmetalation to copper : The reaction profile of the reac-
tion of Fischer carbene complex 14 and [Cu ACHTUNGTRENNUNG(MeCN)4]

+ has
been computed as the model reaction for the transmetala-
tion from chromium(0) Fischer carbene complexes to
copper catalysts (Scheme 3c). The essentials of this pathway
are shown in Scheme 10. The calculated reaction profile
(BP86/6-31G(d)&LanL2DZ) for the transmetalation reac-
tion to CuI is very similar to the corresponding process in-
volving Pd0. Again, two different transmetalation steps were
found, the second one being more difficult and more endo-
thermic (activation barrier of 10.0 kcal mol�1 and reaction
energy of 5.9 kcal mol�1) than the first one (activation barri-

er of 4.2 kcal mol�1 and reaction energy of �1.3 kcal mol�1).
Similarly to the palladium reaction, the lower nucleophilicity
of the copper(I)–carbene complex 30 compared with [Cu-ACHTUNGTRENNUNG(MeCN)3]

+ , due to the exchange of a MeCN ligand for the
more electron-accepting carbene ligand, may explain the
computed values. In fact, the second-order perturbation
theory of the NBO method shows again a strong two-elec-
tron stabilizing donation from an occupied d atomic orbital
of the copper to the p* (C�OMe) molecular orbital of the
carbene ligand in complex 30 (associated second-order
energy of �8.5 kcal mol�1) making the copper atom less nu-
cleophilic (Figure 1). The structure of the copper(I)–carbene
complex 30 is quite similar to that of carbene 13 determined
by X-ray diffraction.[7a] In fact, the computed structure
shows a carbene ligand perpendicular to the plane formed
by the [Cu ACHTUNGTRENNUNG(MeCN)2] fragment and with a similar Cu�C
bond length (calcd: 1.914 �, X-ray structure: 1.882 �).[7a]

Note that complex [(CO)5CrACHTUNGTRENNUNG(MeCN)] was detected by
NMR spectroscopy of the crude of the reaction shown in
Scheme 3c and its structure was assigned by comparison
with an authentic sample.[7a] Therefore, it is very likely that
the direct decoordination of one MeCN ligand and the elim-
ination of the pentacarbonylchromium(0) fragment, which
directly leads to the transformation of complex 31 into 30,
may be solvent-assisted in view of the lower endothermicity
of this process compared with the elimination of MeCN to
form 32 and subsequent extrusion of the [Cr(CO)5] frag-
ment. A similar process may be assumed in the transforma-
tion of complex 33 into the mononuclear copper(I)–biscar-
bene complex 34 and, by analogy, in the transmetalation
from chromium to palladium discussed above. The evolution
of intermediate 34 to the alkene 24 follows similar reaction
pathways to those discussed above in the transmetalation
from chromium to palladium. Thus, either direct C�C bond
formation through TS4-Cu to form complex 37 followed by
the liberation of the alkene 24 after coordination of a mole-
cule of MeCN or, alternatively from 35 via TS3-Cu (associ-
ated again with C�C bond formation) to form complex 36,
which produces the alkene 24 and [Cu ACHTUNGTRENNUNG(MeCN)3]

+ . This C�C
bond formation step is kinetically demanding (computed ac-
tivation barrier ca. 22 kcal mol�1) but it is thermodynamical-
ly strongly favored (reaction energies of ca. �40 kcal mol�1).
Therefore, this process is more difficult from both kinetic
and thermodynamic points of view than the analogous evo-
lution of palladium intermediate 23 (Scheme 8), which has a
lower activation barrier and reaction energy.

Transmetalation to rhodium : The transmetalation to rhodiu-
m(I) complexes[18] was the last process studied. We consid-
ered the reaction shown in Scheme 12 as a model reaction
of the experimentally studied transformation depicted in
Scheme 11, which produces rhodium complexes 39 from
Fischer carbene complexes 38.[18i]

In contrast to the transmetalation from chromium to pal-
ladium or copper discussed above, the reaction of chromi-
um(0) Fischer carbene complex 14 and RhI complex 40
leads to a new type of heterobimetallic complex 41 through

Scheme 9. The b-elimination process in pallada–carbene 20 bearing alkyl
substituents. See the legend of Scheme 6 for details.
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a strongly exothermic transfor-
mation (Scheme 12). Complex
41 has two bridging ligands
(one a carbene ligand and one
a carbonyl group) tethering the
two metal centers.[18d, i,19] There-
fore, and in agreement with ex-
perimental findings, transmeta-
lation of the Fischer carbene
complexes to rhodium occurs
with carbonylation leading to

rhodium–carbene complexes like 42, which incorporate a
carbonyl ligand into their structures. Again, the optimized
geometry of 42 fully matches the structure of similar report-
ed RhI–carbene complexes characterized by X-ray diffrac-
tion (i.e. , Rh�C bond length: exp.: 2.011 calcd: 1.983 �).[18i]

Scheme 10. The full computed mechanism for the transmetalation of chromium(0) Fischer carbene complexes to CuI catalysts. All structures correspond
to fully optimized BP86/LANL2DZ&6-31G(d) geometries. Bond lengths and energies are given in � and kcal mol�1, respectively. Numbers over the
arrows correspond to the relative energies between the corresponding structures. Zero-point vibrational energy corrections have been included [kcal
mol�1].

Scheme 11. Stoichiometric rhodium transmetalation reaction of Fischer
carbene complexes. IMes =N,N’-1,3-bis(2,4,6-trimethylphenyl)imidazol-2-
ylidene.

Scheme 12. Transmetalation reaction from Fischer carbene 14 and RhI complex 40. Bond lengths and bond
orders (in brackets) are given in � and a.u., respectively.
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Bonding in heterobimetallic intermediates : The structures
and bonding situation of the so far elusive Pd–Cr heterobi-
metallic complexes 18, 19, and 22 and the corresponding
Cu–Cr analogues 31–33 deserve further analysis. The essen-
tial geometric features and NBO partial charges of these
species are compiled in Table 1. The AIM method[20] clearly
indicates that, as expected, all the species are characterized
by the presence of a carbene ligand, which acts as a bridging
ligand between the two metal atoms in each complex. Thus,
the Laplacian of the electron-density plots of complexes 18
and 31 shows that the electron density of the carbon atom
(former carbene carbon atom in Fischer carbene complex
14) is directed towards the chromium and the palladium or
copper atoms (Figure 2).

Strikingly, whereas the palladium complexes have quite
similar Cr�C and Pd�C NBO bond orders (ca. 0.45 a.u.),
the corresponding NBO bond orders in the analogous
copper complexes are rather different (Cr�C bond order of
ca. 0.55 a.u. and Cu�C bond order of ca. 0.25 a.u.). This
means that the interactions between the ligand and the two
metal atoms in palladium complexes 18, 19, and 22 are simi-
lar, whereas in the corresponding copper complexes the in-
teraction with the chromium moiety is stronger than with
the copper fragment. This effect is of course reflected in
longer Cr�C bond lengths in the palladium complexes
(>2.15 �) with respect to their copper analogues (ca.
2.1 �). This is also seen in the Laplacian plot of 31 in which
the charge density of the carbon atom is mainly directed to-
wards the chromium atom whereas in 18 it is equally orient-
ed in the direction of both the metal fragments (Figure 2).
Moreover, both types of complexes exhibit almost negligible
values of the computed Wiberg bond orders (less than
0.1 a.u.) for the M�Cr bond. In addition, a (3,�1) bond criti-
cal point between the two metal atoms cannot be found by
using the AIM method. Therefore we can conclude that the
interaction between the two metal atoms is indeed very
weak.

The replacement of a PH3 ligand in 19 by a carbene
ligand in 22 results in only slight changes in the structure of

the complex. Thus, the Pd�C ACHTUNGTRENNUNG(bridge) bond is shortened due
to the higher acceptor ability of the palladium moiety in 22
due to the presence of the acceptor carbene ligand. This re-
sults in a stronger Pd–C interaction at the expense of a

Table 1. Selected bond lengths (r ACHTUNGTRENNUNG(X�Y)), bond orders (BACHTUNGTRENNUNG(X�Y) [a.u.] , in parentheses), and NBO partial charges for heterobimetallic complexes 18, 19,
22, 31–33.[a]

r ACHTUNGTRENNUNG(Cr�C) [�] 2.169 2.186 2.203 2.075 2.088 2.132ACHTUNGTRENNUNG(0.446) ACHTUNGTRENNUNG(0.448) ACHTUNGTRENNUNG(0.419) ACHTUNGTRENNUNG(0.584) ACHTUNGTRENNUNG(0.577) ACHTUNGTRENNUNG(0.520)
r ACHTUNGTRENNUNG(M�C) [�] 2.173 2.113 2.098 2.242 2.100 2.111ACHTUNGTRENNUNG(0.406) ACHTUNGTRENNUNG(0.445) ACHTUNGTRENNUNG(0.463) ACHTUNGTRENNUNG(0.223) ACHTUNGTRENNUNG(0.263) ACHTUNGTRENNUNG(0.296)
r ACHTUNGTRENNUNG(Cr�M) [�] 2.798 2.714 2.754 2.593 2.565 2.677ACHTUNGTRENNUNG(0.079) ACHTUNGTRENNUNG(0.096) ACHTUNGTRENNUNG(0.083) ACHTUNGTRENNUNG(0.073) ACHTUNGTRENNUNG(0.081) ACHTUNGTRENNUNG(0.067)
q(Cr) �1.33 �1.34 �1.34 �1.37 �1.37 �1.35
q(M) 0.27 0.24 0.31 0.96 0.93 0.93
q(C) 0.16 0.15 0.11 0.25 0.20 0.14

[a] All data were computed at the BP86/6-31(d)&LanL2DZ level of theory.

Figure 2. Laplacian 521(r) plot for complexes (a) 18 and (b) 31 (down).
Solid lines indicate areas of charge concentration (521(r)<0) and
dashed lines show areas of charge depletion (521(r)>0).
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weaker Cr–C interaction, and this is nicely reflected in the
lengthening of the latter bond (from 2.186 � in 19 to
2.203 � in 22). Similar conclusions can be drawn when one
compares the copper complexes 32 and 33, the latter con-
taining a carbene ligand in its structure. Again, a stronger
interaction between the bridging ligand and the copper
moiety provokes a lengthening of the Cr�C bond length
(from 2.088 � in 32 to 2.132 � in 33, Table 1).

To complete this study the double-bridged structure of
the rhodium(I) complex 41 was analyzed by both the NBO
and AIM methods. The computed M–C Wiberg bond orders
are quite similar for all M�C bonds (ca. 0.5 a.u., see
Scheme 12), which indicates that the bonding interactions of
the two bridging ligands with each of the metal fragments
are essentially the same. This is also supported by the Lapla-
cian plot of 41 (Figure 3), which clearly shows that the
charge density of both carbon atoms is uniformly oriented
towards both metal atoms.

Conclusion

From the computational study reported in this paper the fol-
lowing conclusions can be drawn: 1) The transmetalation re-
action from Fischer carbene complexes to Pd0 or CuI leads
to the dimerization of the carbene ligands in metalla–biscar-
bene complexes. 2) In both cases C�C bond formation is the
most difficult step in the overall reaction mechanism al-
though it is thermodynamically strongly favored. 3) Al-
though the reaction profiles of the transmetalation reactions
to palladium and copper are quite similar, the computed ac-
tivation barriers and reaction energies indicate that the pro-
cess involving palladium as catalyst is more favorable than
that involving copper. 4) The transmetalation step leads to
triangular heterobimetallic species in which the former car-
bene ligand acts as a bridging ligand between the two metal
atoms. Interestingly, the interaction between the two metal

nuclei is rather weak. 5) In contrast to these transforma-
tions, the transmetalation reaction to rhodium(I) leads to a
new heterobimetallic species in which a carbonyl ligand is
also transferred from the Fischer carbene complex to the
rhodium catalyst.
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