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The structures of several complexes arising from the interac-
tion between methylene and palladium and rhodium diform-
ates were optimized through density functional calculations.
For palladium, mono-, di-, and trimeric complexes were con-
sidered. The results obtained show that in all cases the most
stable structures correspond to complexes in which methyl-
ene has inserted in one of the M-O bonds, while metal-car-

bene complexes are energy minima only for monomeric pal-
ladium diformate and for rhodium diformate. Trimeric palla-
dium formate is thermodynamically stable upon fragmenta-
tion. However, when it reacts with methylene, fragmentation
becomes favorable. The role of the resulting monomeric com-
plex in the olefin cyclopropanation mechanism catalyzed by
palladium dicarboxylates is discussed.

Introduction

The reaction of olefins with diazomethane catalyzed by
transition metal complexes is one of the methods for ob-
taining cyclopropane derivatives.l' -2l The generally accepted
mechanism for this reaction involves the formation of a
metal-carbene complex as intermediate. Pfeiffer and Dotz
have recently reported the first direct spectroscopic observa-
tion of such an intermediate for cyclopropanation reactions
of enol ethers catalyzed by Cr® complexes.

Rhodium and palladium diacetates are among the most
efficient catalysts for the cyclopropanation of olefins by di-
azo compounds. Because their ability to coordinate olefins
differs, different mechanisms for these two catalysts have
been postulated.[*! For rhodium, the first step would be the
formation of the metal-carbene complex that would then
react with the olefin, whereas for palladium a metal-olefin
complex would be formed before the attack at diazometh-
ane.

Ortuiio et al.’l have reported that in the reaction between
diazomethane and chiral cyclohexenones catalyzed by pal-
ladium diacetate, the methylenation can take place both at
the C-C double bond and at the carbonyl group, the site-
selectivity of the process depending on the nature of the
substituents in cyclohexenone. The knowledge of the struc-
ture of the intermediate arising from the interaction be-
tween diazomethane and palladium diacetate seems crucial
for understanding the origin of this selectivity.

Metal-carbene complexes have also been studied from a
theoretical point of view.[*!3] Vyboishchikov and Frenk-
ing!'3! have recently studied a series of tungsten—carbene
complexes and have analyzed the nature of the bonding.
For low-valent complexes, such as (CO)sWCH,, the bond-
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ing can be analyzed in terms of an electron donation from
the HOMO of singlet methylene to the corresponding
empty d orbital of the metal and a back-donation from one
of the doubly occupied dr orbitals of the metal to the vir-
tual 1, orbital of singlet methylene. On the other hand, for
high-valent complexes, such as CI;WCH,, the bonding is
better described as a covalent double bond arising from the
interaction between metal and methylene open-shell frag-
ments. In this case, the metal-carbene bond is stronger
(larger bond dissociation energy and shorter bond length).
In this paper we present a theoretical study of complexes
arising from the reaction between diazomethane and palla-
dium dicarboxylates, which can be relevant in the olefin
cyclopropanation mechanism. The alkyl groups have been
modeled by hydrogen atoms to simplify the calculations.

Computational Details

Molecular geometries were fully optimized at the general-
ized gradient approximation (GGA) level of calculation
with Becke’s!'*! exchange potential and the correlation po-
tential of Perdew and Wang!!3! (BPWO91) implemented in
the ADF program.['¢-18] The inner electrons of the metal
(up to the 3d shell), C, and O were treated within the
frozen-core approximation.l'”! For the valence space, a basis
set of uncontracted Slater-type orbitals was used.['”] The
basis set for the metal is triple-§. The valence basis set for
C, O, and H is of the double-§ type, supplemented with a
set of 3d (C and O) and 2p (H) polarization functions. At
this level of calculation the computed bonding energy of
PdACH, is 49.4 kcal mol™!, in excellent agreement with the
value obtained by Siegbahn,”! using the MCPF method
(51.0 kcal mol ™).

Relativistic effects were considered in all atoms through
the so-called quasi-relativistic method,?! in which the first-
order scalar relativistic Pauli Hamiltonian is diagonalized
in the space of the nonrelativistic solutions. These effects
were included in the geometry optimization.
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Molecular geometries were also optimized at the local
density approximation??! (LDA) level of calculation with
the Gaussian-98 program.>3] These geometries were used to
calculate harmonic vibrational frequencies. In these calcula-
tions we used the effective core potentials of Hay and
Wadt?>4 for the metal atoms. For the remaining atoms we
used the D95 basis set®! supplemented with a set of 3d
polarization functions for C and O.

Results and Discussion

Palladium diacetate has a trimeric structure in the solid
state.?®) We optimized the geometry of trimeric palladium
diformate as well as those corresponding to the dimer and
the monomer. For comparison, we also studied dimeric
rhodium diformate.*”! The optimized geometries of these
complexes are shown in Figure 1 and selected geometry
parameters are presented in Table 1.

d-1 M = Pd .
d2M= 1

Figure 1. Structures of palladium and rhodium diformates

Table 1. Selected geometry parameters obtained for palladium and
rhodium diformate

Structure® M-O®1 O-C M-OC O-CO OOM-O MM

m-1 2082 1278 892 1182 635

d-1 207 1271 1181 1311 898  2.581

d-2 2059 1270 1168 1289 90.0 2380

£-10 2049 1262 1275 1315 925 3242
(1.989) (1.237) (130.9) (125.6) (3.131)

4l See Figure 1. — ¥ Distances in A, angles in degrees. — [ Experi-
mental values corresponding to the crystal structure of palladium
diacetate are given in parentheses (ref.[>%),

Monomeric palladium diformate, m-1, has D,;, symmetry
with the two formate ligands in a bidentate coordination
mode, in such a way that Pd is in a square-planar environ-
ment, as expected for d® ML, complexes.

Dimeric palladium diformate, d-1, and rhodium diform-
ate, d-2, have Dy, symmetry. Both metal atoms are linked
to each other through four bridging formate ligands, so that
each metal atom is also in a square-planar environment. In
this environment, Rh'" has a d” electron configuration. The
d orbital pointing to the four oxygen atoms of the coordina-
tion plane is empty, while the d.: orbital, which is perpen-
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dicular to the coordination plane, is singly occupied. The
interaction between the d.> orbitals of both Rh atoms leads
to a single Rh—-Rh bond in d-2. The geometry parameters
obtained for this complex are very similar to those reported
by Cotton and Feng.”®! On the other hand, for the palla-
dium dimeric complex, d-1, there is no metal-metal bond,
since the dz? orbitals of both Pd atoms are doubly occu-
pied. The relatively short value of the Pd-Pd distance is due
to the bridging ligands and it is similar to values observed
for other Pd"! dinuclear complexes.?8]

The trimeric palladium diformate, t-1, has D5, symmetry,
with the three Pd atoms forming an equilateral triangle (see
Figure 1). Two formate bridges link each pair of Pd atoms,
leading to a square-planar environment for all metal cen-
ters. The optimized geometry parameters obtained for t-1
(see Table 1) are in very good agreement with the crystal
structure determined for palladium diacetate.*®

Even though palladium diacetate has a trimeric structure
in the solid state, in solution it could also exist as a mono-
mer or a dimer. Fragmentation of t-1 could take place ac-
cording to the following steps:

t-1 — d-1 + m-1 (M
d-1 - m-1 + m-1 2)

Table 2. Variation of energy and of thermodynamic functions; com-
puted for palladium diformate fragmentation

Step AER] AHP g 81 AS° 04! AG® 59l
1 30.9 29.3 433 16.4
2 28.1 26.2 48.9 11.6

[l Tn kcal mol !, — ™1 In cal K'! mol .

Table 2 presents the computed values for energies and
thermodynamic functions associated with these steps. Frag-
mentation of t-1 is energetically and thermodynamically un-
favorable in the gas phase. However, we cannot exclude the
possibility that the solvent effect or the coordination of an
additional ligand make this process feasible. For this
reason, we will consider the formation of carbene com-
plexes from the three forms of palladium diformate.

For comparison, we also considered the fragmentation
of d-2, which would lead to planar monomeric rhodium
diformate in a 24, state. This process is energetically more
unfavorable than the fragmentation of d-1, the computed
fragmentation energy being 80.3 kcal mol™!, since it would
involve the cleavage of a Rh—Rh bond, whereas for the pal-
ladium complex the metal-metal interaction is repulsive.

For the interaction of methylene with m-1, we obtained
two different structures (see Figure 2): a Pd-CH, complex
with C, symmetry (m-3) and a structure in which methylene
has inserted into one of the Pd—O bonds (m-4). Both struc-
tures are energy minima, since all their vibrational frequen-
cies are real. The m-3 structure can be considered as a dis-
torted trigonal bipyramid in which Ol and O2 are in the
axial positions. The inserted structure m-4 is 35.3 kcal mol™!
more stable than m-3 and the coordination is square planar.

Eur. J. Inorg. Chem. 2000, 1073—1078
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Figure 2. Structures of complexes arising from the interaction be-
tween methylene and monomeric palladium diformate; distances
are in A and angles in degrees

Figure 3 represents the structures obtained for the inter-
action of methylene with dimeric complexes d-1 and d-2.
For rhodium diformate, we obtained a metal-carbene com-
plex with C,, symmetry (d-5). A similar structure was
optimized for palladium diformate, but it has three imagin-
ary frequencies, of symmetries a,, b;, and b,. By lowering
the symmetry to C,, a structure with one imaginary fre-
quency of b symmetry is obtained. Relaxation of all sym-
metry constraints leads to a structure in which the CH,
group has inserted into one of the Pd-O bonds (d-4). This
structure is 35.4 kcal mol!' lower in energy than the Cs,
Pd-CH, structure. A similar CH,-inserted structure was
also obtained for Rh (d-6), this structure being 16.6 kcal -
mol ! lower in energy than d-5.

For the interaction between t-1 and methylene, we ob-
tained a Pd-CH, structure with C, symmetry. However, this
structure is not an energy minimum, since it has an imagin-
ary frequency of » symmetry. When symmetry restrictions
are removed, this structure evolves to the CH,-inserted
complex t-4a represented in Figure 4. This structure is
32.3 kcal mol! lower in energy than the C, one. Figure 4
shows that in t-4a one of the Pd atoms is surrounded by
only three oxygen atoms, and that the CI-O1 carbonyl
group is not interacting with any of the Pd atoms. We also

Eur. J. Inorg. Chem. 2000, 1073—1078

Figure 3. Structures of complexes arising from the interaction be-
tween methylene and dimeric rhodium and palladium diformates;
distances are in A and angles in degrees

t-4a t-db

Figure 4. Structures of complexes arising from the interaction be-
tween methylene and trimeric palladium diformate; distances are
in A and angles in degrees

optimized the geometry of a CH,-inserted structure in
which all Pd atoms are linked through bidentate ligands, as
in dimeric complexes d-4 and d-6. The obtained structure,
t-4b, which is also shown in Figure 4, is 6.0 kcal higher in
energy than t-4a.

The value of the Pd1-Pd3 distance in t-4a (see Figure 4)
and the fact that Pd3 is only coordinated to three oxygen
atoms seem to indicate that some kind of bonding interac-
tion exists between Pd1 and Pd3. This interaction could be
viewed as the electron donation from an occupied dz>-type
orbital perpendicular to the Pdl coordination plane to an
empty d orbital of Pd3. In this way, Pd3 would be in a
square-planar tetracoordinated environment, while Pdl
would be in a square-pyramidal pentacoordinated environ-
ment.
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Structure t-4b would be more similar to the CH,-inserted
structures obtained for the monomer and the dimer. How-
ever, it is destabilized with respect to t-4a. The reason is
that the Pd1-Pd3 distance is too large for a bridging ligand
such as CH,OCHUO. In the monomeric complex m-4, all the
C and O atoms of the CH,OCHO bidentate ligand are in
the same plane as Pd, so that the C1-O1-C3-Pd dihedral
angle is 0°. In the dimeric complexes, the CH,OCHO
bridging ligand is not coplanar with the metal atoms and
the C1-O2-C2-M dihedral angle is —59.4° for d-4 (M =
Pd) and —-57.8° for d-6 (M = Rh). Finally, in t-4b, the C1-
02-C2-Pd1 dihedral angle is —80.1°. This large deviation
from planarity makes t-4b unstable with respect to t-4a.

These results suggest that a metal-carbene complex does
not exist for dimeric and trimeric palladium dicarboxylates.
This kind of structure would exist for monomeric palladium
dicarboxylates and for dimeric rhodium dicarboxylates, but,
in both cases, the metal-carbene complex would be unstable
with respect to methylene insertion in one of the M-O
bonds. To rationalize these results, we will analyze the
metal-carbene bond in complexes m-3 and d-5.

For comparison, we also optimized the geometries of
(CO)sWCH, and CI4WCH, as representative examples of
different kinds of metal-carbene complexes. The results ob-
tained, which are summarized in Table 3, are very similar
to those reported by Vyboishchikov and Frenking.!'3] If we
compare the values of the M—CH, bond length and of the
internal geometry parameters of the methylene group cor-
responding to m-3 (Figure 2) and d-5 (Figure 3) with those

Table 3. Selected geometry parameters of (CO)sWCH, and
CI,WCH,

Complex Geometry parameterldl

(CO)sWCH, W-Clb 2.070
C-H 1.101
H-C-H 108.9

CI,WCH, W-C 1.881
C-H 1.097
H-C-H 115.6

la] Bond lengths in A and bond angles in degrees. — ) Methylene

C atom.

presented in Table 3, we observe that Pd and Rh complexes
are more similar to CI;WCH, than to (CO)sWCH,. So, m-
3 and d-5 complexes would be better viewed as arising from
the interaction of the *B; ground state of methylene with
the corresponding metal fragment also in a triplet state, as
shown in Figure 5.

According to the extended transition state method,! the
M-CH, bonding energy (BE) can be formally partitioned
into the following terms

BE = (AE,p + AEy + AE,)

The preparation energy term, AL, is the energy differ-
ence between the ground state equilibrium geometry of each
fragment and the geometry and electronic state they have
in the complex. AE, is the steric energy term and repres-
ents the interaction energy between both prepared frag-
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Figure 5. Schematic orbital interaction diagram for triplet methyl-
ene and a metal fragment

ments with the geometries corresponding to the final com-
plex, but with the densities that each fragment would have
if the other fragment was absent. Finally, the orbital inter-
action term, AE,, takes into account the stabilization pro-
duced when the densities of both fragments are allowed to
relax.

The formation of the M—CH, bond requires monooccup-
ied do and dm orbitals in the metal. These orbitals are
doubly occupied in the ground state structure of m-1, where
the only vacant metal d orbital is the one pointing to the
four oxygen atoms (d,,). In the prepared fragment, this or-
bital is doubly occupied, so that the interaction with the
formate ligands becomes repulsive. Geometry distortion re-
lieves this repulsion, leading to the structure shown in Fig-
ure 3.

For the metal fragment of d-5, the do orbital is the unoc-
cupied antibonding combination of the Rh dz? orbitals,
while dn is the doubly occupied antibonding combination
of the corresponding Rh d orbitals. The preparation of the
metal fragment involves a promotion from dn to do. Since
do is a Rh—Rh antibonding orbital, the Rh—Rh bond be-
comes weaker upon complex formation (see Table 1 and
Figure 3).

We separated the orbital interaction term into two contri-
butions:

AEvorb = AEG+TE + AEpol

The first term arises from a calculation in which all vir-
tual orbitals of both fragments were removed, so that the
energy stabilization is due only to the metal-carbene double
bond formation. ¢ and 7 contributions can be separated,
since the corresponding orbitals belong to different sym-
metry species, both in m-3 (¢ and b) and in d-5 (a; and
by). The second term (AE,) is the additional stabilization
produced when all virtual orbitals are included in the calcu-
lation and can be attributed to the polarization of the densi-
ties of both fragments.

Table 4 shows that the M—CH, bonds in m-3 and d-5 are
weaker than in CI34yWCH,. The energy partition analysis
shows that the dominant factor is the strength of ¢ and &
interactions. The M-CH, bond is polarized towards

Eur. J. Inorg. Chem. 2000, 1073—1078
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methylene. The Mulliken population analysis shows that the
charge in the CH, fragment is —0.33 for m-3 and -0.39 for
d-5. The value obtained for CIWCH, is —0.45, so that the
donor ability of the metal fragments in m-3 and d-5 is lower
than that of WCl,.

Table 4. Components of the M—CH, bonding energy of metal-car-
bene complexes. See text for definitions; energies in kcal mol™!

CI,WCH, m-3 d-5
AEye 36.3 30.8 232
AEpn: 261.1 215.6 190.8
o 7186.5 71502 2126.8
AE, 74.6 65.4 64.0
AE, 2113.3 95.0 2917
AE, 487 340 223
AEg., . ~160.0 -129.0 “114.0
AE o -36.6 229 265
BE" 85.7 55.7 533

Since the M-CH, bond in m-3 and d-5 is not strong
enough, these complexes are unstable with respect to
methylene insertion in one of the M—O bonds. This process,
which restores the square-planar coordination arrangement
around the metal, involves the cleavage of a M—O bond and
the formation of a ¢ M—C bond. For dimeric and trimeric
palladium diformate, metal-carbene complexes are much
more destabilized and do not correspond to stable struc-
tures. In these cases, the preparation energy of the metal
fragment would be notably larger than for m-3 and d-5 and
the rigidity of the structures does not allow a similar geo-
metry relaxation as the one observed for the monomer.

We have seen that trimeric palladium diformate is ther-
modynamically stable with respect to fragmentation. Let us
now consider the fragmentation of the methylene-inserted
structure t-4a. This fragmentation can take place through
the following steps:

t-4a — d-1 + m-4 3)
t-4a — d-4 + m-1 4)
d-4 — m-4 + m-1 (5)

Table 5. Variation of energy and thermodynamic functions for the
fragmentation of t-4a

Step AE® AH® 4] AS° 508! AG® 05
3 4.3 2.6 39.2 -9.1

4 17.9 17.0 42.3 4.4

5 14.5 12.8 45.8 -0.9

[l Tn kcal mol™!. — [®1 In cal K~! mol .

Table 5 contains the energies and variation of thermo-
dynamic functions associated with these processes. Frag-
mentation is energetically unfavorable, but the inclusion of
the entropy contribution makes step 3 thermodynamically
favorable. These results can be compared with those corres-
ponding to the fragmentation of t-1 (Table 2), which was
unfavorable even when the entropy contribution was con-
sidered.

Thus, t-4a is unstable with respect to fragmentation even
in the gas phase and the monomeric m-4 complex, which

Eur. J. Inorg. Chem. 2000, 1073—1078

would be the product of such a process, could be envisaged
as an intermediate in the cyclopropanation mechanism. A
possible mechanistic scheme for the reaction between diazo-
methane and ethylene catalyzed by palladium dicarb-
oxylates is presented in Figure 6. In the first step, the reac-
tion between diazomethane and t-1 leads to the formation
of t-4a. Then, the fragmentation of this complex leads to
m-4. Reaction between this complex and ethylene would
lead to the formation of the corresponding cyclopropane
derivative and m-1, which could also react with diazometh-
ane to regenerate m-4. The reaction between m-4 and the
olefin is expected to involve several steps, such as the coor-
dination of the olefin to Pd and the formation of a metal-
acyclobutane intermediate. The detailed study of this pro-
cess, including the location of transition states, is currently
in progress. The computed Gibbs energies presented in Fig-
ure 6 show that the overall mechanism is thermodyn-
amically feasible for the cyclopropanation of ethylene.
d-1

_/

» m-4

CH2N2 N2

t-1 t-da
-20.0

CH,CH,

-2.2

CH,N, .

Figure 6. Possible mechanism for cyclopropanation of ethylene by
diazomethane catalyzed by palladium diformate; values of reaction
Gibbs energies are given in kcal mol™

As we mentioned in the introduction, other mechanisms
involving the prior coordination of the olefin to palladium
diacetate had also been postulated.[] Our results showed
that the coordination of an additional ligand in a tetraco-
ordinated Pd" complex requires an important rearrange-
ment of the ligands to minimize metal-ligand repulsion. We
saw that this rearrangement is not possible for the coor-
dination of methylene in dimeric and trimeric palladium
complexes. Similar behavior is expected for other ligands
such as ethylene. So, a palladium-ethylene complex would
only be formed from the monomeric structure m-1. We
optimized the geometry of this complex and the obtained
structure is shown in Figure 7. This structure can be consid-

Figure 7. Structure of complexes arising from the interaction be-
tween ethylene and monomeric palladium diformate; distances are
in A
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ered to be trigonal bipyramidal with ethylene in one of the
equatorial positions. Compared to m-4 (Figure 2), the Pd-
03 and Pd-O4 distances are notably larger in the ethylene
complex, while Pd-O1 and Pd-O2 distances are slightly
shorter. The computed Pd-ethylene bond dissociation en-
ergy is 16.8 kcal mol~'. We also optimized the geometry of
a complex in which ethylene inserts in one of the Pd-O
bonds, but it is 2.7 kcal mol™! higher in energy than the
ethylene-coordinated complex.

The reaction between m-1 and diazomethane to yield m-
4 and N, has a reaction energy of —47.2 kcal mol!, so that
it is energetically much more favorable than the formation
of the ethylene-coordinated complex. Cui et al.B! studied
the reaction between Cu and diazomethane to form CuCH,
and N, theoretically, and observed that the reaction pro-
ceeds without an energy barrier and with a reaction energy
of —34.9 kcal mol™!. The formation of m-4 from m-1 and
diazomethane involves an important rearrangement of the
formate ligands, so that an energy barrier is expected for
this process. Since this rearrangement is also necessary for
ethylene coordination, the corresponding energy barriers
are expected to be similar.

These results suggest that the mechanism for the cyclopro-
panation of olefins by diazomethane catalyzed by palladium
dicarboxylates does not involve the prior formation of a
metal-olefin complex. On the other hand, metal-carbene
complexes are unstable with respect to methylene insertion in
one of the Pd—O bonds, so that these CH,-inserted species
could be intermediates in the cyclopropanation mechanism.

Concluding Remarks

We optimized the geometries of several complexes arising
from the interaction between methylene and palladium and
rhodium diformates. In all cases, the most stable structures
correspond to complexes in which methylene has inserted
into one of the M—O bonds, while metal-carbene complexes
correspond to energy minima only for monomeric palla-
dium diformate and for dimeric rhodium diformate. In
these cases, the analysis of the metal-carbene bonding
shows that the bond is weaker than for other complexes,
such as CI4WCH,,_ due to a lower ¢ and n donor ability of
the metal fragment.

Trimeric palladium formate (t-1) is thermodynamically
stable upon fragmentation. However, when it forms a com-
plex with methylene (t-4a), fragmentation becomes favor-
able. The resulting monomeric complex m-4 can be envis-
aged as an intermediate in the olefin cyclopropanation
mechanism catalyzed by palladium dicarboxylates.
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