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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/EEn-promoted intermolecular coupling
between propargylic mesylates or benzodt€s = OMs, OBz)
and aldehydes is a powerfulHC bond-forming reaction that
enables the efficient preparation of homopropargyl alcoBols
(Scheme 1}.This reaction is believed to proceed through the
catalytic cycle shown in Scheme! T hus, the initial formation
of the intermediate allenylpalladium compl8xs followed by

a series of transmetalation steps to finally generate the nucleo-

philic organozinc species, which then adds to the carbonyl
group. For propargylic mesylatdgX = OMs) the preferential
enantio- and diastereoselective formation of anti prod2biss
been conveniently rationalized by invoking chelated transition
structures, an interpretation which is supported by calculations
performed on a simple model systém.

Our interest in the mechanism of these and related reactions

arose after studies on an intramolecular vafiesnealed stereo-

chemical tendencies that appeared to imply the intervention of

“open” transition state$,and similarly difficult to rationalize

stereochemical outcomes were also reported on the closely relate(g

enantioselective EZn/Pd-promoted allylation reactiohThese
and other related dafa? together with the realization that the
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Scheme 1. Intermolecular Propargylation of Aldehydes
with Et,Zn/Pd°
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mechanism of the transmetalation step, common to many Pd-
atalyzed reactions, is only poorly understood in most césés,
prompted us to undertake a computational study in order to in-
vestigate the mechanism of the%&t,Zn-mediated propargyl-
ation of carbonyl compounds. We have focused our study on
the4 — 5 — 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 theFzh bond plays

a key role to facilitate transmetalation. The results presented here
suggest a new framework to study these and related reactions.

(10) The Stille reaction is an exception where recent experinténeel
well as computational studi€§—d have contributed to the rationalization
of the known facts. The Suzuki reaction has also been recently the subject
of detailed theoretical studidé&
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Scheme 2. Mechanism of Pd to Zn Allenyl Transfer respectively. As for the Zn reagent, EtZnX €Xleaving group
H H H H + in 1) is usually assumed to be the transmetalating species for
HWH step 2'¢and the actual choice of EtZnCl as the model is justified
" L) | L(S) | by literature precedents which show that propargylic halides
Ls)_ )L,H "EtZnCI" Et_Pld_;Z JEt Et_PId_;Z _Et act as effective substrates for theZt/Pd-mediated propar-
PN i "\Cl \;'/” gylation of aldehyde& Cartesian coordinates and SCF energies
Bt LOS) L(S) 1§ o of all computed structures, together with tabulated thermody-
| 0 TSI namic magnitudes and representative optimized geometries, are
a, PdL, L =PMe; given as Suppo_rtlng In_form_anon. N
b, PdLS, L = PMe3 S = Me,0 L(s) With | or variants with either a vacant position on Pd or a
¢, PdS;, S = Me,O (n3-propargyl)palladium structure as the starting point, all at-
tempts to find a direct transmetalation pathway through a four-
HOH HoH " HoH centered transition staf@ failed, a major complication being
W W the strong tendency of Pd and Zn to form a-Fh bond!6 re-
L) . ¢ Ls) | _sultlng in the formation pf blmetal!lc complexes_. Thus, the direct
)'-,, o L(IS) “\ | )k interaction of EtZnCl with led, with no activation energy (we
(Pd\—/Zn\ H ,pd"—z',]'\Et D ,Pd_':Zn‘Et were unable to locate transition structures corresponding to this
B Et NG Et \cl-:il/ transformation), to the new complexts where the original
c Pd ligands nearly maintained their square-planar geometry while
v TSIV n the Pd-Zn bond had an approximate perpendicular orientation

with respect to that plane (see Figure 3 in the Supporting Inform-

yipalladium complex (Scheme 2), where variants-¢ have ation). Thus, a five-coordinate Pd complex results with Zn ap-
been used to model the two remaining ligands on palladium proximately occupying the apical position in a highly distorted

. guare-pyramidal structuté.Interestingly, Zn adopts a tetra-
ano_l to account for the fa(_:t that several types O.f Pd SPECIES COUIdEedral geometry in these complexXé3akinglla as an example,
be involved in the catalytic cycle under the typical experimental

conditions employing either Pd(PBI#<or, more commonly the Pd-Zn distance was 2.75 A, which is close to the corres-
Pd(OAC)PPH (1-1 ratiof in THF. As models for PPhand ponding distance in a 1:1 ZnPd alloy (2.65&)The most salient

. . . feature of these species is the presence of a three-membered
THF, we have used trimethylphosphine and dimethyl ether, ring?® with simultaneous interactions between Zn, Pd, and the

(12) All computations in this study have been performed using the allenic carbon dlre(.:tly bonded to the metal, as revealed b.%Pd
Gaussian03 suite of prograris.To include electron correlation at a ~and Zn—C bond distances of 2.19 A (up from 2.13 A ia)
reasonable computational cost, density functional theory (BR3s used. and 2.24 A, respectively, fdta. Nonetheless, it is interesting
The Becke three-parameter exchange functional and the nonlocal correlationihat|1a has still the structural features of a somewhat distorted

functional of Lee, Yang, and Parr (B3LYP) with the 6-31G* set for C, H, . A
Zn, O, Cl, and P, in conjunction with the Stuttgart/Dresden relativisc allenylpalladium, as indicated bys-Csz—Pd and Gy—Cs—

effective core potentials for Pd, were used to compute the geometries, Zn bond angles of 135.0 and 94, Bespectively. Similarly, with
energies, and normal-mode vibration frequencies of the starting material, [b or Ic as the starting point, coordination of EtZnCl leads to

the corresponding transition structures, and the products. We have ; ; ; ;
recalculated some of the structures, namely the transformiation>- TSVa ”.b .and lic, respectively, with geometric feature.s which are
— Va, as single-point calculations with a 6-311G*/SDD basis set to further Similar to those ofla, except that the square-pyramidal structure

validate the results and found very minor differences (less than 0.2 kcal/ is more distorted idlb . Formation ofil from | and EtZnCl is
mol) with a threefold more expensive cost on CPU time. The stationary exgthermic in all cases (Table 1). We have also computed the

points were characterized by means of harmonic analysis, and for all the . . . f . )
transition structures, the vibration related to the imaginary frequency Nergetics of formation of bimetallic complexésising EtZnCl

corresponds to the nuclear motion along the reaction coordinate under study (OMez)2 as a more realistic model for tetrahedral zinc in
In selected cases where IRC calculations proved troublesome, relaxed scansolution182* As seen in Table 1, this transformation is nearly

along the relevant reaction coordinates were performed in order to confirm thermoneutral fola and quite favorable folb andIc, which
the nature of the transition states through a better understanding of the ’

surrounding potential energy surface (PES). Solvent effects were taken intoWoUld be more appropriate models for the starting palladium
account with sequential single-point calculations at the gas-phase optimizedspecies under the prevailing experimental conditidns.
B3LYP/6-31G* geometries using the polarized continuum model (PE&M). Of possibly greater significance in the context of this work,

M_%@Eﬂié@gﬂgﬂf gruéﬁsmghggrfggjeg?w' J?_'.; \S/fgvseerz'a’T_G.'K%aﬁO%’ in all cases a transmetalation pathway has been found that leads

N.; Burant, J. C.; Millam, J. M.; lyengar, S. S.; Tomasi, J.; Barone, V.;

The starting point for calculatioh% > was the allenyleth-

Mennucci, B.; Cossi, M.; Scalmani, G.; Rega, N.; Petersson, G. A.; (16) For an overview of alloyed Pe&Zn bimetallic catalysts, see: Coq,
Nakatsuji, H.; Hada, M.; Ehara, M.; Toyota, K.; Fukuda, R.; Hasegawa, J.; B.; Figueras, FJ. Mol. Catal. A2001, 173 117-134.
Ishida, M.; Nakajima, T.; Honda, Y.; Kitao, O.; Nakai, H.; Klene, M.; Li, (17) DFT calculations performed on the Pd(0)-catalyzed insertion of

X.; Knox, J. E.; Hratchian, H. P.; Cross, J. B.; Bakken, V.; Adamo, C.; arynes into the SAC o-bond of alkynylstannanes have revealed a related
Jaramillo, J.; Gomperts, R.; Stratmann, R. E.; Yazyev, O.; Austin, A. J.; five-coordinate Pd complex with a three-membered-Bd—Csp ring that
Cammi, R.; Pomelli, C.; Ochterski, J. W.; Ayala, P. Y.; Morokuma, K.; participates in an oxidative-additiersn-migration step. This pathway,
Voth, G. A,; Salvador, P.; Dannenberg, J. J.; Zakrzewski, V. G.; Dapprich, which appears to be a minor one in that Pd-catalyzed reaction, is however
S.; Daniels, A. D.; Strain, M. C.; Farkas, O.; Malick, D. K.; Rabuck, A. the most favorable one when Pt replaces Pd in the calculations. See:
D.; Raghavachari, K.; Foresman, J. B.; Ortiz, J. V.; Cui, Q.; Baboul, A. Matsubara, TOrganometallic2003 22, 4297-4304.

G.; Clifford, S.; Cioslowski, J.; Stefanov, B. B.; Liu, G.; Liashenko, A; (18) The X-ray structure of EtZnCl displays tetrahedral Zn atoms
Piskorz, P.; Komaromi, I.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham,  coordinated to one ethyl and three chloride ligands: Guerrero, A.; Hughes,
M. A.; Peng, C. Y.; Nanayakkara, A.; Challacombe, M.; Gill, P. M. W.;  D. L.; Bochmann, M.Organometallic2006 25, 1525-1527.

Johnson, B.; Chen, W.; Wong, M. W.; Gonzalez, C.; Pople, Hdussian (19) Rodriguez, J. A.; Kuhn, MJ. Phys. Chem1996 100, 381—389.

03, revision C.02; Gaussian, Inc.: Wallingford, CT, 2004. (20) The interaction between I&n and Ni(0) has been similarly
(14) (a) Parr, R. G.; Yang, WDensity Functional Theory of Atoms and  suggested, on the basis of DFT calculations, to lead to the formation of a

Molecules Oxford University Press: New York, 1989. (b) Ziegler,Ghem. bimetallic Ni-C—Zn three-membered ring with a NZn bond and a

Rev. 1991, 91, 651-667. (c) Lee, C.; Yang, W.; Parr, R. Ghys. Re. B bridging methyl group: Hratchian, H. P.; Chowdhury, S. K.; Guége-

1988 37, 785-789. Garcm, V. M.; Amarasinghe, K. K. D.; Heeg, M. J.; Schlegel, H. B;
(15) (a) Onsager, L1. Am. Chem. So&936 58, 1486-1493. (b) Tomasi, Montgomery, JOrganometallics2004 23, 4636-4646.

J.; Persico, MChem. Re. 1994 94, 2027-2094. (c) Tomasi, J.; Mennucci, (21) Formation ofl from | and EtZnCl(OMe), appears to be a multistep

B.; Cammi, R.Chem. Re. 2005 105, 2999-3094. process, which is presently under study.
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Table 1. Overall Reaction Free Energies (kcal/mol) for
Formation of Bimetallic Pd—Zn Complexes Il from | and

Scheme 3. Carbonyl Addition Step

H_H
EtZnCl or EtZnCI(OMe »), at 298 K (Gas Phase) HWH R Y
entr reach AG . i H I
1 - la + EZnCl— lla —37 A L ) l"H/O/ P ) Hy
. H | . [ —
2 la + EtZnCI(Sy — lla + 2S 0.2 d—Ing Pd—2Zn ,Pd—Z/"
3 Ib + EtZnCl— llb -8.8 Bt ¢~ Et e’ V7 et B | £t
4 Ib + EtZnCI(Sy — Ilb + 2S —-4.9 c cl
5 Ic + EtZnCl—llc -11.2 v TSV v
6 Ic + EtZnCI(Sy— llc + 2S -7.3
as = Me0. \
from Il to the allenylzinc speciel/ in two stages. The first H Ho 1
step features ligand dissociation assisted by a lone pair from A—H )

. . 2 LS) =Yy L) .«>',H
the neighboring Cl bound to Zn, while in the second step a R | /ﬁo"
fully formed allenylzinc species is generated at the expense of E(P|d a E(Pl“_zl“ A
further weakening of the €1Zn bond. The ligand dissociation cl Et cl Et
step generates the bicyclic allenylpalladium/zinc bimetallic i TsVI

structurelll , in which a Cl occupies the position left vacant by
the departing Pd ligand and additionally bridges Pd and Zn. bond distances of 2.58 and 2.43 A, respectively, IVa.
The structures still resemble a square pyramid about the PdTherefore, in this pathway the ease of transmetalation would
center, with the zinc occupying the apical positf8ihe new depend on the bridging aptitude and departing ability of halide-
complexedll are more stable thdh (by 3.4 kcal/mol for series  type and phosphine/solvent ligands, respectively, and the whole
a, 9.3 kcal/mol for serieb, and 13.6 kcal/mol for series Figure process is facilitated by the P&n bond as an element that
1). In line with the stability trends, the corresponding activation brings the reacting fragments togetReér.
barriers are 9.3 kcal/mol fa but only 0.5 kcal/mol foib (with Allenylzincs IV display a reactivity profile which parallels
displacement of OM#,23 while formation oflllc from lic is that of the simpler allenylzinc fluoride modeled by Gung and
barrierlesg# Significantly, the groups to be transferred upon Marshall in their earlier computational study of the coupling
transmetalation (allenyl and chloride) are simultaneously bound between allenylzinc reagents and acetaldeRykieus, coordina-
in 1l to both metals, and this is reminiscent of the cyclic four- tion of formaldehyde to the Zn atom ity takes place with
membered arrangement customarily used as a model fordisplacement of a neutral Cl ligand from the coordination sphere
transmetalation process€g>Completion of the transmetalation  of Zn, leading to the new compléx (Scheme 3). The activation
process fromll simply requires transfer of ZaCl to Pd—ClI energy of this step is 5.7 kcal/mol f@iISVa and 6.6 kcal/mol
bond density and breaking of the P@ bond, as indicated, for  for TSVc. The new structur&/ is already poised to undergo
example, in the corresponding transition struci&¢Va (Figure carbonyl propargylation through a “close@SVI (Figure 2),
3in the Supporting Information) by the lengthening of theZn  and this individual step requires a relatively low activation
ClI (which increases by 16% from the valuellfa ) and Pd- energy, regardless of the ligand used in the moael @ kcal/
Cq bonds (47% increase) and the shortening of the ®dbond mol; ¢, 1.5 kcal/mol). Starting frontV, the overall activation
(from 2.50 Ainllla to 2.37 A inTSIVa).26 This step proceeds  energies for carbonyl addition are similar in both profiles: 6.2
energetically uphill with activation energies of 9.2 kcal/mol for and 6.6 kcal/mol fola andc, respectively (Figure 1).
TSIVa and 7.4 kcal/mol forTSIVc in an overall endergonic The geometries of transition stat@sSVI, leading to ho-
process (5.9 and 3.9 kcal/mol, respectively, Figure 1). The final mopropargyl alkoxide¥!|, have a close resemblance with that
allenylzinc structurdVa maintains a cyclic three-membered already reported for the addition of an allenylzinc fluoride model
PdznCl arrangement, where net transfer of-2i to Pd-Cl to acetaldehyde (Figure 2)0bvious differences arise from the
bond density is indicated, for example, by Z@l and Pd-Cl presence i SVI of an ethyl group and a bridging ClI in place
of the reported fluoride and M@ ligands? respectively, as well

(22) Withllla as an example, the ZrCl and Pd-Cl distances are 2.43  a@s, more significantly, from the incorporation of a Zn-bound
and 2.50 A, respectively. In comparison, X-ray diffraction data of a new Pd moiety. WithTSVla as an example, the Pd atom bonded to
e ot monecs SLSA0 R o o o 1o gy 21 malntains a distortectsquare-planar structure, wih an nter-
and 2.35 A (for the ArP-Pd—CI—[Pd] bond): Christmann, U.; Pantazis, metallic bond distance of. 2.62 A. Significantly, the reacting
D. A.; Benet-Buchholz, J.; McGrady, J. E.; Maseras, F.; VilarJRAm. carbons are placed at a distance of 2.35 A and are oriented for
Chezrg. %ﬁ)cZOCi?] 128 6?7$¢63f90;ha dib s o nucleophilic addition (Figure 2) in an eclipsed arrangefwaith
sibamen ol vt oleete hom comts. Aerrapiey % @ O~CooCaj—Cep dinedral angle of 260
phosphine ligand could be displaced from a diastereoisomeric foilfb of The overall calculated gas-phase activation energies for form-
but this pathway has a much higher activation energy (20.49 kcal/mol). ation of VI from Ill are 12.1 and 10.4 kcal/mol for the series
(e i s Scans st o e roscach corinaes) & 1SC eSpectvely, values compatile with  reacton proceed-
are characterized by motions associated with thg imaginary frequency that/NY at temperatures in the range 26 °C, as reported: Intro-

reflect the weakening of the Pd® and Zr-Cl bonds as well as the incipient
formation of a Pe&Cl bond. However, we were unable to locate the
corresponding transition structure for the transformationto llic .

(25) Interestingly, a recent paper reported the X-ray crystal structure of
a Ni—Al dinuclear complex with a bridging methyl group which would
also be a model for a transmetalation event: Ogoshi, S.; Ueta, M.; Arai,
T.; Kurosawa, HJ. Am. Chem. So005 127, 12810-12811.

duction of solvent (diethyl ether) effects in the calculati@ns
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 thee and c profiles,

(27) For a synergistic effect between Pd and other metals in cross-

(26) The imaginary frequency associated with the late transition state couplings with mixed-metal catalysts, see: Shenglof, M.; Molander, G. A,;
TSIVa (which was validated yoa a relaxed scans calculation along the  Blum, J.Synthesi®006 111-114 and references cited therein. See also:
reaction coordinates) shows the geometric changes occurring at both metalAdams, R. D.; Captain, B.; Zhu, LJ. Am. Chem. So@006 128 13672~
centers, Pd and Zn, in their respective conversions into the square-planarl3673. Tanaka, S. |.; Hoh, H.; Akahane, Y.; Tsutsuminai, S.; Komine, N.;
and tetrahedral geometries present in the resulting allenyl¥iac Hirano, M.; Komiya, SJ. Organomet. Chen2007, 692 26—35.
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Allenyl Transfer | Carbonyl Addition
HTrH E H H
SL ‘ 0
I A Et
Et-PaZ=zn HH )L )L,H Y—H
H ¢ H"H s I Pd‘Zn/o
LS L PN, " | y/
| A _Et Pd—2zn I £t
Pd—=2n e’ o
v \H/ t Et v
(13.6) (12.7) cl v

(12.1)

(9.2)

TSlib-llla

(34) e A

L = PMeg lla Pd-L Vla (-4.9)

S =Mez0 lic Pd-S Vic (-6.7)
Figure 1. Energy reaction profile (gas phase) for the VI transformation from complexda—c. Relative Gibbs free energies are given
in kcal/mol at 298 K.

environment of Zn and possibly be a source of unusual stereo-

. Ve chemical results, as observed in these and related reaéfidns.
£ f In conclusion, DFT calculations on a portion of the catalytic
Me_O/Z"\( cycle for the EsZn/Pd-mediated addition of propargylic deriva-
- A G 208 Me H tives to carbonyl compounds suggest a reaction pathway that
ancaor Znoc s would proceed from an allenylpalladium to a homopropargylzinc

TSVia TSref2

Figure 2. Transition stat& SVla involving C—C bond formation
and comparison with the TS for carbonyl addition previously
computed by Gung and Marshall.

alkoxide through intermediate bimetallic Pdn 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-
respectively) relative to the gas phase. On the other hand, acription would require characterization of the full catalytic cycle
comparison between transmetalation/carbonyl addition pathwaysas well as the study of other variants within the same general
including either a phosphine or a solvent molecule (saxies scheme. However, it should be emphasized that the general con-
c) is enlightening. Thus, for the overall conversidh  VI) cept highlighted here provides a new viewpoint for the mech-
our calculations predict significantly lower energy barriers (by anistic study of these reactions, which could be extendedtoamore
1.6 kcal/mol in the gas phase and by 1.9 kcal/mol in diethyl general transmetalation context involving Pd/Zn as well as other
ether) when intermediaiéic is involved starting from solvato ~ metal combinations. These are ongoing studies in our laboratories.
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