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Abstract: The reaction of diazomethane with ethylene in the presence of palladium diformate has been studied
through density funcional calculations. Several mechanistic paths leading to the formation of cyclopropane
have been studied. The results obtained show that the reaction of palladium diformate with diazomethane is
more favorable than the reaction with ethylene. The reaction with diazomethane may lead to two different
isomeric complexes: a methylene-inserted complex and a pallagiarbene complex. Insertion of methylene

is the most favorable process, but the resulting complex is not suitable for cyclopropanation. The reaction
with two additional diazomethane molecules makes the formation of the bismethylene-inserted palfladium
carbene complex favorable. Attack of ethylene on this palladioartbene complex leads to the formation of
cyclopropane.

Introduction The formation of palladiumcarbene complexes competes

The reaction between diazoalkanes and olefinic substrateswith the generation of methylene-insertion derivatives. Thus,

assisted by transition metal complexes is one of the mostfor instance, (chloromethyl)palladium(ll) complexes are rela-

important protocols for the cyclopropanation of electron- tl\{ely stable_ compou_nds qbtalned from reactlon_ofd|azomet_hane

deficient and electron-rich double bont$.The parent diazo- V.V'th palladium(li) d|<;hlor|de compllexes containing chelating

compound, diazomethane, has been employed as a source Olf}gands such as oleflns or phosphirtéghese products result
rom carbene insertion into the metdialogen bond.

methylene due to its easy dediazotization in the presence of ; .
Y ¥ P In a recent theoretical stutfyof the complexes arising from

many metal compounds. Among them, copper and palladium . . . .
derivatives are the most usual and efficient agents for the reIiabIethe interaction between palladlum diformate and methylene we
have shown that palladiurtarbene complexes are unstable

methylenation of olefins by diazomethafié. i . o |
Cyclopropanation of olefins with diazomethane catalyzed by with respect to methylen_e Insertion in one of th bonds.
So, the effective formation of palladiuntarbene complexes

palladium(ll) acetate is a widely used synthetic method. might be dubious
However, the mechanistic pathway and the nature of the The ability of palladium to coordinate olefins has led to the

intermediates are not completely understood. It is currently . . e . ;

assumed that the mechanism involves the formation of apostulat|on of an alternatlvg mechanls_m in which dla_zomethane

palladium-carbene complex, resulting from the reaction be- gttacks a prewously coordma}ed olefikivhether the first step

tween palladium(ll) acetate and diazomethane, but there is nomvolves the reactlon with d|gzomethane or with the olefin,

direct experimental evidence for the formation of these com- cycl_oprop_ane formation requires a methylene transfe_r to the
olefin. This process may take place through the formation of a

plexes. Nevertheless, their participation in the reactions is . -
sustained by the existence of stable carbene complexes of othey. etallacyclobutane followed by cyclopropane reductive elimina-

transition metal§.Moreover, the formation of carbene complex |ont. ;Il'qhes_e spsueslhave bee?ﬁ(;g_ierved ftoz pltatlntum |nfolef|n
intermediates has been recently reported for the cycloproptelna-rmiI a d eﬁ's aT bC)t/C opLopanlal b € crys i%e j ructure ot a
tion with ethyl diazoacetate of enol ethers catalyzed by Cr(0) pallada(ll)cyclobutane has also been repofted.

In this paper, we present a theoretical study of the cyclopro-
complexe’ and of styrene catalyzed by Ru(ll) complexés. panation of ethylene by diazomethane in the presence of

_*To whom correspondence should be addressed. E-mail: vicenc@ palladium(ll) diformate. We have considered several mechanistic
Klingon.uab.es. routes to address the following points: (i) Which is the substrate,
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transfer to the olefin? The results obtained have led us to
postulate a mechanism in which palladium diformate reacts with
two diazomethane molecules to form a bis-methylene inserted
complex that would be the catalytic species. The reaction of
additional diazomethane molecules with this species leads to
the formation of an unstable palladiutoarbene complex that
reacts very fast with ethylene to yield cyclopropane.

Computational Details

Molecular geometries have been fully optimized at the generalized
gradient approximation (GGA) level of calculation using Becke's
exchange potential and the correlation potential of Perdew and Wang
(BPW91) implemented in the Gaussian-98 progtéin.these calcula-
tions we have used the effective core potentials of Hay and At
Pd. For the remaining atoms, we have used the D95 basi® set
supplemented with a set of 3d polarization functions for C, N, and O.
Harmonic vibrational frequencies have been computed for all stationary
points at this level of calculation to characterize them as energy minima
(all frequencies are real) or transition states (only one imaginary
frequency). In specific cases, where the examination of this imaginary
frequency did not allow the assignation of the transition state to the

Ryukz-Garca et al.
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corresponding reactants and products, the intrinsic reaction coordinate,

(IRC) has been computéd.

For all the structures we have recalculated energies with the ADF
prograni? using a larger basis set and including relativistic effects
through the Zeroth Order Regular Approach (ZORAJhe inner
electrons of Pd (up to 3d shell), C, N, and O have been treated within
the frozen core approximatigiFor the valence space the basis set V
of the ADF database has been used. This is a tiplesis set of
uncontracted Slater-type orbitals supplemented with a set of 4f (Pd)
3d and 4f (C, N, and O), and 2p and 3d (H) polarization functions. All
calculations have been done without taking into account solvent effects,

so that all reported energies and Gibbs energies are gas-phase

magnitudes.
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Table 1. Energies and Gibbs EnergieRelative to Reactants for
the Stationary Points of the Reactionslaf with Diazomethane and
Ethylene

stationary poirft AE AG%gg
la+ CHyN,

TS(1a-2a) 0.8 10.0

2a —-17.2 —-6.5

TS(2a-1b) -10.4 -0.7

1b+ Ny —49.2 —46.9

TS(2a-3a) -36 3.8

3a+ Nz —-13.9 —14.5
la+ CH2CH2

TS(la-4a) 45 11.7

4a —15.5 —-3.7

a All values are given in kcal mol. ® See Scheme 1 and Figure 1.

Results and Discussion

We present in the first place the results corresponding to the
competitive reactions of palladium diformatea with di-
azomethane and ethylene (see Scheme 1). The geometries of
the stationary points involved in these reactions are represented
in Figure 1 and the corresponding relative energies and Gibbs
energies are shown in Table 1.

Diazomethane coordinates i@ with a very small energy
barrier to yield complexXa. At the transition statd S(1a-2a)
diazomethane approachéa perpendicularly to the Pd coordi-
nation plane. One of the P bonds breaks and diazomethane
enters the vacant coordination site in the square-planar inter-
mediate2a. This process is similar to the first step in the-8
bond activation of benzene and methane by palladium diformate
recently studied by Biswas et @ Intermediate2a is stabilized
through a hydrogen bond involving the methylene group and
the uncoordinated oxygen atom. A similar hydrogen bond has
been recently observed in the crystal structure of a palladium-
() carboxylate complex8

2a may eliminate nitrogen in two different ways. The first
one leads to the formation of a complex in which the methylene
group has inserted in one of the@ bonds Lb) and involves
a Gibbs activation energy of 5.8 kcal mél This process
requires a rotation of the methylene group, which takes place

Baerends, E. J.; Snijders, J. {Bt. J. Quantum Cheml996 57, 281. (e)
van Lenthe, E.; Ehlers, A. E.; Baerends, EJJChem. Phys1999 110,
8943.

(24) Baerends, E. J.; Ellis, D. E.; Ros, ®hem. Phys1973 2, 41.

(25) Biswas, B.; Sugimoto, M.; Sakaki, ®rganometallics200Q 19,
3895.

(26) Herrmann, W. A.; Schwarz, J.; Gardiner, M. Grganometallics
1999 18, 4082.
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Figure 1. Geometries of the stationary points corresponding to the

reactions of palladium diformatka with diazomethane and ethylene.
Selected interatomic distances are given in A.

TS(1a-4a)

before the transition staf€S(2a-1b) The methylene-inserted
complex1b presents a square-planar coordination around Pd
andCs symmetry. If we compare the values of the-Rad bond
lengths inlb with those corresponding tba, we can observe

a remarkable trans effect of the methylene group.

Nitrogen elimination irRa can also lead to the metatarbene
complex 3a. In this case, the process does not involve the
rotation around the PelC bond (seeTS(2a-3a)in Figure 1).
The final complex3a has a trigonal bipyramid structure with
the methylene ligand in one of the equatorial positions. This
process is endothermic and involves a Gibbs activation energy
of 10.3 kcal mofl. We have also located a transition state
connecting the two isomeric structurBsand3a. This structure
is only 5.6 kcal mot?! higher in energy tha®a (AG* = 4.6
kcal mol1). From these results, we can conclude that the
reaction betweerda and diazomethane leads to the formation
of the methylene inserted compléb, whereas the formation
of the carbene comple3ais not favorable.

Methylene insertion in PdCl and Pt+Cl bonds of metal
chloride complexes through reaction with diazomethane has
been reported in the literatuté?’” However, the proposed
mechanism involves the formation of a palladitoarbene

(27) (a) McCrindle, R.; Arsenault, G. J.; Gupta, A.; Hamden-Smith, M.
J.; Rice, R. E.; McAlees, ‘A. 3. Chem. Soc Dalton Tran$991 949. (b)
McCrindIe, R.; McAlees, A. JOrganometaIIicleQS 12, 2445.

J. Am. Chem. Soc., Vol. 123, No. 25, 206%

Scheme 2
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complex as intermediaf@® whereas our results indicate that
this is not the case for palladium diformate.

Let us now consider the reaction betwekmand ethylene,
which leads to the formation @fa. If we compare the energies
involved in this process with those corresponding to the
formation of1b (Table 1), we can observe that the reaction of
lawith diazomethane is both thermodynamically and kinetically
more favorable than the coordination of ethylene, thus confirm-
ing our previous assumption that cyclopropanation does not
involve olefin coordination as the first stép.

If diazomethane reacts with palladium diformate in the first
place, the next step in the cyclopropanation mechanism must
involve the reaction with ethylene. We have studied the attack
of ethylene on three different palladium complexgs,1b, and
3a. These processes are summarized in Schemes 2, 3, and 4,
respectively.

The attack of ethylene oBa (see Scheme 2 and Figure 2)
leads to the formation da, which can be considered an edge-
metalated cyclopropane, similar to complexes which have been
proposed as intermediates in metallacyclobutane isomeriza-
tions28 5ais an energy minimum of the potential energy surface,

138
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Figure 2. Geometries of the stationary points corresponding to the
reaction betweea and ethylene. Selected interatomic distances are
given in A.
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Table 2. Energies and Gibbs EnergieRelative to Reactants for
the Stationary Points of the Reaction betw@arand Ethylene

stationary poirft AE AGP%q5
TS(2a-5a) 11.4 175
5a+ N; —29.5 —26.9
TS(5a-1a) —-225 —20.4
la+ CsHs —33.9 —40.9
TS(5a-6a) —-29.5 —26.5
6a —41.9 —38.1

2 All values are given in kcal mot. P See Scheme 2 and Figure 2.

Scheme 3
1b
r CH5=CH>
HyC—CH, Hz
‘ nc C TCHy
Hy 2] |
,C—Pd—O0 —> 5  Pd—0Q
Q / \ \ N \C
=S o & H L£—0 o~ "H
4b H 7b
CHZNZ\i _l
6a Figure 3. Geometries of the energy minima corresponding to the
8b reactions shown in Scheme 3. Selected interatomic distances are given
in A,
l‘ N2 l
/\ 5a Table 3. Energies and Gibbs EnergieRelative to Reactants for
. the Stationary Points of the Cyclopropanation Mechanism Starting
gz : //o l\ A from the Reaction oflb with Ethylene
ot \F;d\o _C. = ep 1a stationary poirit AE AG%gg
\C/OSb H 1b + CH,CH,
/ TS(1b-4b) 8.4 17.7
H L /\ 4b -10.7 1.8
TS(4b-7b) 18.0 29.4
1b b —14.3 0.8
TS(7b-6a) 17.6 29.4
. . . 6a —10.0 2.2
but it evolves to palladacyclobutata with an energy barrier
of only 0.05 kcal mot! when computed at the same level of TS(4b-8b 4b + CHZ;\'SZ?) 28.8
calculation used in the geometry optimization. This barrier 8b( -8b) 107 519
disappears when the energies are computed with the larger basis TS(8b-5b) 106 20.9
set, but the entropy contribution leads to a Gibbs activation 5b+ N, -27.0 —24.9
energy of 0.4 kcal mott (see Table 2). From these results it is TS(5b-1b) -21.7 —-20.3
not possible to assert whettsais a real intermediate. However, 1b+ CsHs —404 —49.2
this structure is also encountered along the reaction coordinate ZS(Sb'Gb) :421(15'2 :ggé

corresponding to reductive cyclopropane elimination fréen
This fact has been confirmed by computing the IRC connecting Al values are given in kcal mot. ® See Scheme 3 and Figure 3.
TS(5a-6a) with 5a and 6a (see Figure 2). The formation of

palladacyclobutanéa from 5ais energetically more favorable ~ Cyclopropane ring opening by palladium dichloride has been
than cyclopropane elimination (see Table 2). However, when reported to be very unfavorabie.However, in that study,
entropy is taken into account, the formation of cyclopropane important symmetry constrains were imposed to the pallada-

becomes thermodynamically favorable. cyclobutane complex, so that the stability of this structure could
From the values shown in Table 2, we can see that have been underestimated.
cyclopropane ring opening tais exothermic AE = —8 kcal The second cyclopropanation mechanism that we have

mol~1) and involves an energy barrier of 7 kcal mblSiegbahn considered corresponds to the attack of ethylenellorfsee

and Blomberé® have reported that the formation of palladacy- Scheme 3). The geometries of the energy minima corresponding
clobutane from a Pd atom and cyclopropane involves a reactionto this process are represented in Figure 3 and the relative
energy of—22.4 kcal mot! and it takes place with no energy energies and Gibbs energies of all the stationary points are
barrier. The presence of a barrier and the lower exothermicity shown in Table 3. The first step in Scheme 3 consists of the
in the formation of6afrom 1acan be attributed to the important ~ formation of the ethylene-coordinated compf Coordination
rearrangement of the formate ligands (see Figures 1 and 2).of ethylene tolb is less favorable than coordination 1@ as

we can see from the comparison between Tables 1 and 3.

Starting from4b we have considered two different reaction

(28) (a) Johnson, T. Hl. Org. Chem1979 44, 1356. (b) Casey, C. P.;
Scheck, D. M.; Shusterman, A.J. Am. Chem. Sod.979 101, 4233. (c)

Al-Essa, R. J.; Puddephatt, R. J.; Thompson, P. J.; Tipper, C. &.Am. paths (see Scheme 3). In the first one, ethylene inserts into the
Chem. Soc198Q 102, 7546.
(29) Siegbahn, P. E. M.; Blomberg, M. R. . Am. Chem. S0d.992 (30) Blomberg, M. R. A.; Siegbahn, P. E. M.;"&all, J. E.J. Am.

114, 10548. Chem. Soc1987 109, 4450.
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Scheme 4 Scheme 5
ﬁHz H Cle
CH;=CH, ¢ o CHN N, 2 dl g
—pH— —~ 2N2 2 C
A s et O IR A AN =
H™ g o H l\A /Ny o )
H ~O Y
3a 1b Nz/t H 3b
1a
H H;
Pd—CH, bond leading to the formation @b. In a second step, O/C\ /C\O
this complex isomerizes into the palladacyclobut&ae The | Ed\ |
formation of 6a from 4b can also take place in one step, but H'C\o o
the corresponding energy barrier is notably larger (39.6 kcal 1c CH,
mol~1) than the ones involved in the two-step path. Cyclopro- CH,N, Ha ||/0\
pane can be formed through reductive elimination frém \i N2 /C‘Pd\ C—H
according to the mechanism previously discussed (see Scheme 2¢c O\C HzC\o/
2) A 0)
The alternative mechanistic path involves the participation NZ% H 3c
of an additional diazomethane molecule, which attacks the H,
coordinated ethylene iib. This process leads to the formation ¢ HL—o0
of intermediateBb with a Gibbs activation energy of 28.8 kcal (|) }’d/ \ _
mol~1. In the transition statd S(4b-8b) the methylene group c—/ \ /C H
of diazomethane approaches one of the ethylene C atoms while H O HXC—o0
the N, group is oriented outside with respect to ethylene. This 1d

orientation contrasts with the one corresponding to the attack
on isolated ethylene which leads to the formation of & pyrazo- tapje 4. Energies and Gibbs EnergieRelative to Reactants for

line.3! the Stationary Points of the Reactions of Diazomethane ftnd
8bis an energy minimum of the potential energy surface and 1c

its evolution to5b through nitrogen elimination involves an stationary poirft AE AG%gs

energy barrier of only 0.8 kcal mol at the level of calculation 1b + CH,N,

used in the geometry optimization. When zero-point corrections TS(1b-2b) 6.3 16.7

are taken into account or when the energies are recalculated 2 -11.5 -0.4

with the larger basis set, the barrier disappears, so that this TS(2b-1c) 0.5 10.5

structure cannot be considered as a real intermediate. Nitrogen ic+ Ny —42.8 —39.3

elimination leads t®b, which is similar to5a. 5b may evolve TS(2b-3b) 2.6 14.8
. 3b+ Nz —6.4 —6.3

to palladacyclobutanéb or to 1b and cyclopropane. The first

process is energetically the most favorable one, but when 1c+ CH:N,

. ; . TS(1c-2c) 7.9 18.0
entropy is taken into account the second one is the thermody- 26 11 9.4
namically most favorable. TS(2c-1d) 17.2 26.7

The third cyclopropanation mechanism (see Scheme 4) 1d + N -1.8 0.2
involves the attack of ethylene on the carbene comp&ex his TS(2¢-3c) 16.1 23.7
process leads tea with no energy barrier. Thebacan evolve 3¢t N 107 s
to palladacyclobutanea or to la and cyclopropane, as a All values are given in kcal mol P See Scheme 5 and Figure 4.

previously discussed.

From the results presented up to now, we can conclude that
cyclopropane formation from the attack of ethylene Hm
involves large activation Gibbs energies {29 kcal mot™),
so that this process is not expected to be involved in the reaction
mechanism. On the other hand, the activation Gibbs energy
corresponding to the attack of ethylene 2ais not so high
(17.5 kcal mot?), but it is still larger than those corresponding
to the competitive nitrogen elimination reactions to folin
(5.8 kcal mot?) or 3a (10.3 kcal mot?). Finally, reaction of
ethylene with3a is expected to be very fast. However, the
formation of3ais unfavorable with respect to that &b. So,
all results indicate that the formation @b is very favorable,
but that this species is not suitable for cyclopropanation.

We have seen that the reactionlaf with diazomethane to
form the methylene-inserted compléb involves very small
energy barriers. For this reason, we have also studied reatction%nergy than the cis isomac.
with additional diazomethane molecules leading to the formation 1 ' react with a third diazomethane molecule to f@&mn

of bis- or trismethylene-inserted complexes. For each case, Weryg complex can also eliminate nitrogen through two different
(31) Branchadell, V.; Muray, E.; Oliva, A.; Orfon R. M.; Rodfguez- paths. In this case, the most favorable one leads to the formation
Garca, C.J. Phys. Chem. A998 102, 10106. of the Pd-methylene complex3c with an activation Gibbs

have also considered the competitive formation of the corre-

sponding isomeric Pdmethylene complex (see Scheme 5).

Table 4 presents the relative energies and Gibbs energies of

the stationary points corresponding to these processes and the

geometries of the energy minima are shown in Figure 4.
Coordination of diazomethane fb leads to the formation

of 2b. This process is both kinetically and thermodynamically

less favorable than diazomethane coordinatioba(see Table

1), but it is more favorable than ethylene coordinatiorilio

(see Table 3). Nitrogen elimination fro2b can lead to the

two isomeric complexedc and 3b. The formation oflc, in

which there are two PdC bonds, is kinetically and thermo-

dynamically more favorable than the formation of the—Pd

methylene comple8b. 1cis a cis square planar complex with

C,, symmetry. We have also optimized the geometry of the

corresponding trans isomer, but it is 18.1 kcal mdiigher in
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Figure 5. Geometries of the stationary points corresponding to the
reaction betweeBc and ethylene. Selected interatomic distances are
given in A.

energy of 14.3 kcal mok. The formation of the complekd,

with three inserted methylene groups, is less favorable, since
the corresponding activation Gibbs energy is 17.3 kcalfol
We have also located the transition state conne@&eandld,
which involves a Gibbs activation energy of 2.6 kcal miol

The attack of ethylene oBc leads to the formation obc
(see Figure 5) with no energy barrier. The corresponding
reaction energy and Gibbs energy ar60.2 and—36.0 kcal
mol~2, respectively. This intermediate can evolve to pallada-
cyclobutanesc or to 1c and cyclopropane. The formation 6¢
is endothermic by 11.7 kcal nol. On the other hand, the
reaction energy for the direct formation of cyclopropane is
—11.6 kcal mot?, so that the latter process is much more
favorable. Moreover, entropy favors the formation of cyclo-
propane leading to a reaction Gibbs energy-afi..0 kcal mot ™.

The computed Gibbs activation energy for this process is 5.8
kcal mol1,

Scheme 6 summarizes the complete reaction mechanism. In
this mechanism the bismethylene-inserted comglexs the
catalytic species. The formation of this complex requires the

reaction of palladium diformate with two diazomethane mol-  giq e 6. Gibbs energy profiles at 1 atm and 298.15 K corresponding
gcule;. In th? presence of excess dlagomgthane, methylengy (a) the formation of the bismethylene-inserted comglexand (b)
insertion reactions could lead to the deactivation of the catalyst. to the catalytic cycle shown in Scheme 6. All values are given in kcal
This fact would be in accordance with the dependence of the mol.
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leads to the formation of the Pdnethylene comple8cin two the most favorable product. Attack of ethylene on this pal-
steps. Once this species is formed, reaction with the olefin to ladium—carbene complex leads to the formation of cyclopropane
form cyclopropane should be very fast, restoring the catalytic in two steps. In the first one, an edge-coordinated cyclopropane
complex1c. The Gibbs energy profile corresponding to the is formed with no energy barrier. This complex evolves to
catalytic cycle is shown in Figure 6b. cyclopropane and the bismethylene inserted complex, which

would be the catalytic species in the catalytic cycle.
Concluding Remarks

Acknowledgment. This paper is dedicated to Professor Juan

We have studied the cyclopropanation of ethylene by di-
ycloprop YIen® BY 9 gertrn on the occasion of his 70th birthday. This work has

azomethane in the presence of palladium diformate. We have ) .
shown that the first step of the process corresponds to the Peen financially supported by DGESIC (PB97-0214) and CIRIT

reaction between palladium diformate and diazomethane to form(1999-SG‘R-00092). Computer time from the Centre de Super-
a methylene-inserted complex in two steps. The formation of ComPutaciode Catalunya and a doctoral fellowship from the
the isomeric palladiumcarbene complex is less favorable. The Universitat Autcn(_)ma de Barcelona to CR are gratefully
attack of ethylene on the methylene-inserted complex can |eadacl_<powledged. Finally, the "%‘U‘hor? would like to thank Prof.
to the formation of cyclopropane, but this process involves large K€lll Morokuma for helpful discussions.

Gibbs energy barriers. Reaction with additional diazomethane
molecules can lead to the formation of complexes with more
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formation of the isomeric palladiurcarbene complex. On the
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