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Summary: According to DFT calculations, allenyl transfer from
Pd to Zn may take place through intermediate bimetallic Pd-
Zn complexes and be facilitated by the intermetallic link. The
resulting bimetallic allenylzinc species display typical nucleo-
philic behaVior in carbonyl addition reactions.

The Pd(0)-catalyzed/Et2Zn-promoted intermolecular coupling
between propargylic mesylates or benzoates1 (X ) OMs, OBz)
and aldehydes is a powerful C-C bond-forming reaction that
enables the efficient preparation of homopropargyl alcohols2
(Scheme 1).1 This reaction is believed to proceed through the
catalytic cycle shown in Scheme 1.1 Thus, the initial formation
of the intermediate allenylpalladium complex3 is followed by
a series of transmetalation steps to finally generate the nucleo-
philic organozinc species5, which then adds to the carbonyl
group. For propargylic mesylates1 (X ) OMs) the preferential
enantio- and diastereoselective formation of anti products2 has
been conveniently rationalized by invoking chelated transition
structures6, an interpretation which is supported by calculations
performed on a simple model system.2

Our interest in the mechanism of these and related reactions
arose after studies on an intramolecular variant3 revealed stereo-
chemical tendencies that appeared to imply the intervention of
“open” transition states,4 and similarly difficult to rationalize
stereochemical outcomes were also reported on the closely related
enantioselective Et2Zn/Pd0-promoted allylation reaction.5 These
and other related data,6-9 together with the realization that the

mechanism of the transmetalation step, common to many Pd-
catalyzed reactions, is only poorly understood in most cases,10,11

prompted us to undertake a computational study in order to in-
vestigate the mechanism of the Pd0/Et2Zn-mediated propargyl-
ation of carbonyl compounds. We have focused our study on
the 4 f 5 f 2 portion of the catalytic cycle, involving step 2
of the transmetalation process and the subsequent carbonyl add-
ition step. As will be described below, a pathway has been found
that leads to the homopropargyl alcohol product through bime-
tallic Pd-Zn-bonded complexes, where the Pd-Zn bond plays
a key role to facilitate transmetalation. The results presented here
suggest a new framework to study these and related reactions.
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Scheme 1. Intermolecular Propargylation of Aldehydes
with Et 2Zn/Pd0
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The starting point for calculations12-15 was the allenyleth-
ylpalladium complexI (Scheme 2), where variantsa-c have
been used to model the two remaining ligands on palladium
and to account for the fact that several types of Pd species could
be involved in the catalytic cycle under the typical experimental
conditions employing either Pd(PPh3)4

1a,c or, more commonly,
Pd(OAc)2/PPh3 (1:1 ratio)1d in THF. As models for PPh3 and
THF, we have used trimethylphosphine and dimethyl ether,

respectively. As for the Zn reagent, EtZnX (X) leaving group
in 1) is usually assumed to be the transmetalating species for
step 2,1eand the actual choice of EtZnCl as the model is justified
by literature precedents which show that propargylic halides
act as effective substrates for the Et2Zn/Pd0-mediated propar-
gylation of aldehydes.1a Cartesian coordinates and SCF energies
of all computed structures, together with tabulated thermody-
namic magnitudes and representative optimized geometries, are
given as Supporting Information.

With I or variants with either a vacant position on Pd or a
(η3-propargyl)palladium structure as the starting point, all at-
tempts to find a direct transmetalation pathway through a four-
centered transition state11a failed, a major complication being
the strong tendency of Pd and Zn to form a Pd-Zn bond,16 re-
sulting in the formation of bimetallic complexes. Thus, the direct
interaction of EtZnCl withI led, with no activation energy (we
were unable to locate transition structures corresponding to this
transformation), to the new complexesII , where the original
Pd ligands nearly maintained their square-planar geometry while
the Pd-Zn bond had an approximate perpendicular orientation
with respect to that plane (see Figure 3 in the Supporting Inform-
ation). Thus, a five-coordinate Pd complex results with Zn ap-
proximately occupying the apical position in a highly distorted
square-pyramidal structure.17 Interestingly, Zn adopts a tetra-
hedral geometry in these complexes.18 TakingIIa as an example,
the Pd-Zn distance was 2.75 Å, which is close to the corres-
ponding distance in a 1:1 ZnPd alloy (2.65 Å).19 The most salient
feature of these species is the presence of a three-membered
ring20 with simultaneous interactions between Zn, Pd, and the
allenic carbon directly bonded to the metal, as revealed by Pd-C
and Zn-C bond distances of 2.19 Å (up from 2.13 Å inIa)
and 2.24 Å, respectively, forIIa . Nonetheless, it is interesting
that IIa has still the structural features of a somewhat distorted
allenylpalladium, as indicated by Csp-Csp2-Pd and Csp-Csp2-
Zn bond angles of 135.0 and 94.5°, respectively. Similarly, with
Ib or Ic as the starting point, coordination of EtZnCl leads to
IIb and IIc , respectively, with geometric features which are
similar to those ofIIa , except that the square-pyramidal structure
is more distorted inIIb . Formation ofII from I and EtZnCl is
exothermic in all cases (Table 1). We have also computed the
energetics of formation of bimetallic complexesII using EtZnCl-
(OMe2)2 as a more realistic model for tetrahedral zinc in
solution.18,21 As seen in Table 1, this transformation is nearly
thermoneutral forIa and quite favorable forIb and Ic, which
would be more appropriate models for the starting palladium
species under the prevailing experimental conditions.1d
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Scheme 2. Mechanism of Pd to Zn Allenyl Transfer
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from II to the allenylzinc speciesIV in two stages. The first
step features ligand dissociation assisted by a lone pair from
the neighboring Cl bound to Zn, while in the second step a
fully formed allenylzinc species is generated at the expense of
further weakening of the Cl-Zn bond. The ligand dissociation
step generates the bicyclic allenylpalladium/zinc bimetallic
structureIII , in which a Cl occupies the position left vacant by
the departing Pd ligand and additionally bridges Pd and Zn.
The structures still resemble a square pyramid about the Pd
center, with the zinc occupying the apical position.22 The new
complexesIII are more stable thanII (by 3.4 kcal/mol for series
a, 9.3 kcal/mol for seriesb, and 13.6 kcal/mol for seriesc, Figure
1). In line with the stability trends, the corresponding activation
barriers are 9.3 kcal/mol fora but only 0.5 kcal/mol forb (with
displacement of OMe2),23 while formation ofIIIc from IIc is
barrierless.24 Significantly, the groups to be transferred upon
transmetalation (allenyl and chloride) are simultaneously bound
in III to both metals, and this is reminiscent of the cyclic four-
membered arrangement customarily used as a model for
transmetalation processes.11,25Completion of the transmetalation
process fromIII simply requires transfer of Zn-Cl to Pd-Cl
bond density and breaking of the Pd-C bond, as indicated, for
example, in the corresponding transition structureTSIVa (Figure
3 in the Supporting Information) by the lengthening of the Zn-
Cl (which increases by 16% from the value inIIIa ) and Pd-
CR bonds (47% increase) and the shortening of the Pd-Cl bond
(from 2.50 Å inIIIa to 2.37 Å inTSIVa).26 This step proceeds
energetically uphill with activation energies of 9.2 kcal/mol for
TSIVa and 7.4 kcal/mol forTSIVc in an overall endergonic
process (5.9 and 3.9 kcal/mol, respectively, Figure 1). The final
allenylzinc structureIVa maintains a cyclic three-membered
PdZnCl arrangement, where net transfer of Zn-Cl to Pd-Cl
bond density is indicated, for example, by Zn-Cl and Pd-Cl

bond distances of 2.58 and 2.43 Å, respectively, inIVa .
Therefore, in this pathway the ease of transmetalation would
depend on the bridging aptitude and departing ability of halide-
type and phosphine/solvent ligands, respectively, and the whole
process is facilitated by the Pd-Zn bond as an element that
brings the reacting fragments together.27

Allenylzincs IV display a reactivity profile which parallels
that of the simpler allenylzinc fluoride modeled by Gung and
Marshall in their earlier computational study of the coupling
between allenylzinc reagents and acetaldehyde.2 Thus, coordina-
tion of formaldehyde to the Zn atom inIV takes place with
displacement of a neutral Cl ligand from the coordination sphere
of Zn, leading to the new complexV (Scheme 3). The activation
energy of this step is 5.7 kcal/mol forTSVa and 6.6 kcal/mol
for TSVc. The new structureV is already poised to undergo
carbonyl propargylation through a “closed”TSVI (Figure 2),
and this individual step requires a relatively low activation
energy, regardless of the ligand used in the model (a, 1.8 kcal/
mol; c, 1.5 kcal/mol). Starting fromIV , the overall activation
energies for carbonyl addition are similar in both profiles: 6.2
and 6.6 kcal/mol fora andc, respectively (Figure 1).

The geometries of transition statesTSVI , leading to ho-
mopropargyl alkoxidesVI , have a close resemblance with that
already reported for the addition of an allenylzinc fluoride model
to acetaldehyde (Figure 2).2 Obvious differences arise from the
presence inTSVI of an ethyl group and a bridging Cl in place
of the reported fluoride and Me2O ligands,2 respectively, as well
as, more significantly, from the incorporation of a Zn-bound
Pd moiety. WithTSVIa as an example, the Pd atom bonded to
Zn maintains a distorted-square-planar structure, with an inter-
metallic bond distance of 2.62 Å. Significantly, the reacting
carbons are placed at a distance of 2.35 Å and are oriented for
nucleophilic addition (Figure 2) in an eclipsed arrangement2 with
a O-CCO-Csp2-Csp dihedral angle of 26.0°.

The overall calculated gas-phase activation energies for form-
ation of VI from III are 12.1 and 10.4 kcal/mol for the series
a andc, respectively, values compatible with a reaction proceed-
ing at temperatures in the range 0-25 °C, as reported.1c,d Intro-
duction of solvent (diethyl ether) effects in the calculations12

lowers the energy of all the species involved (see data in the
Supporting Information) but has little effect on the overall
barriers (12.0 and 10.1 kcal/mol for thea and c profiles,
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and 2.35 Å (for the ArP-Pd-Cl-[Pd] bond): Christmann, U.; Pantazis,
D. A.; Benet-Buchholz, J.; McGrady, J. E.; Maseras, F.; Vilar, R.J. Am.
Chem. Soc.2006, 128, 6376-6390.
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Hirano, M.; Komiya, S.J. Organomet. Chem.2007, 692, 26-35.

Table 1. Overall Reaction Free Energies (kcal/mol) for
Formation of Bimetallic Pd-Zn Complexes II from I and

EtZnCl or EtZnCl(OMe 2)2 at 298 K (Gas Phase)

entry reacna ∆G

1 Ia + EtZnCl f IIa -3.7
2 Ia + EtZnCl(S)2 f IIa + 2S 0.2
3 Ib + EtZnCl f IIb -8.8
4 Ib + EtZnCl(S)2 f IIb + 2S -4.9
5 Ic + EtZnCl f IIc -11.2
6 Ic + EtZnCl(S)2 f IIc + 2S -7.3

a S ) Me2O.

Scheme 3. Carbonyl Addition Step

Communications Organometallics, Vol. 26, No. 11, 20072801



respectively) relative to the gas phase. On the other hand, a
comparison between transmetalation/carbonyl addition pathways
including either a phosphine or a solvent molecule (seriesa vs
c) is enlightening. Thus, for the overall conversion (II f VI )
our calculations predict significantly lower energy barriers (by
1.6 kcal/mol in the gas phase and by 1.9 kcal/mol in diethyl
ether) when intermediateIIIc is involved starting from solvato
complex Ic, as compared to pathways starting from eitherIa
or Ib and going throughIIIa . Incidentally, complexIc is most
likely involved under the usual synthetic conditions where Pd-
(0) is generated from Pd(OAc)2/PPh3 (1:1 ratio) in a coordinating
THF solvent, and this particular catalyst system has been
reported to perform more effectively than Pd(PPh3)4 under
otherwise similar conditions,1d an observation that fits in well
with our qualitative computational results. Furthermore, the
bimetallic nature of the calculated intermediates introduces an
interesting new element into the mechanistic study and may
offer alternative ways to rationalize experimental facts. For
example, normally facile reductive elimination andâ-elimination
pathways could be disfavored from Pd-Zn complexesII or
III for electronic or geometric reasons, and this might explain
the remarkable usual absence of the corresponding derived allene
products in these propargylation reactions.1d,8Additionally, both
the propargylic leaving group X and palladium ligands are
predicted to be involved all throughout the transmetalation/
carbonyl addition process by means of the intermetallic link.
All of these factors could modulate the acidity4,28and the steric

environment of Zn and possibly be a source of unusual stereo-
chemical results, as observed in these and related reactions.3,5,9

In conclusion, DFT calculations on a portion of the catalytic
cycle for the Et2Zn/Pd0-mediated addition of propargylic deriva-
tives to carbonyl compounds suggest a reaction pathway that
would proceed from an allenylpalladium to a homopropargylzinc
alkoxide through intermediate bimetallic Pd-Zn complexes. At
this preliminary stage, the new model already accounts for some
of the experimentally observed ligand effects and hints at a pos-
sible rationalization for others. A more precise mechanistic des-
cription would require characterization of the full catalytic cycle
as well as the study of other variants within the same general
scheme. However, it should be emphasized that the general con-
cept highlighted here provides a new viewpoint for the mech-
anisticstudyof these reactions,whichcouldbeextended toamore
general transmetalation context involving Pd/Zn as well as other
metal combinations. These are ongoing studies in our laboratories.
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Figure 1. Energy reaction profile (gas phase) for theI to VI transformation from complexesIa-c. Relative Gibbs free energies are given
in kcal/mol at 298 K.

Figure 2. Transition stateTSVIa involving C-C bond formation
and comparison with the TS for carbonyl addition previously
computed by Gung and Marshall.2
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