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Symmetry plays a major role in many asymmetric allylic
alkylation reactiond. The underlying assumption for many such
processes is that palladium catalyzes ionization of allylic leaving
groups to formmesointermediates. This proposal permits

racemic substrates to be entirely converted into products of high
ee under the influence of chiral ligands around palladium (see

Figure 1) without resorting to a kinetic resolution. The
selectivity of the alkylation step for one of two diastereomeric

transition states presumably determines the ee of the reaction.

The formation ofmesointermediates is thaine qua nornof
this mechanistic motif. However, this fundamental assumption
may not be entirely correct!

Some of the experimental factors which increase the ee of
these reactions led us to question this assumption and to believ

that some process which occumsforethe alkylation step could
be adversely affecting the ee of the reacbnGiven the
mechanism outlined in Figure 1, it is hard to imagine what

process detrimental to the ee could be occurring before the
alkylation step. We thus began to consider that perhaps a

rigorously mesointermediate is not formed, at least initially.
Previously, Fiauiproposed involvement of a{allyl)palladium
intermediate in such reactions to explain results that appeare
to be at odds with this fundamental assumption. However,

subsequent studies from these laboratories put such a conclusion

in doubt® The extensive studies in carbonium ion chemistry
including that of allyl cations where ion pair effects are known
to influence the regio- and stereochemi$tsyggest consider-

ation of ion pairs in palladium-catalyzed reactions, especially
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Figure 1. Assumed mechanism for asymmetric alkylation.
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Figure 2. Substrate ion pair mechanism for asymmetric alkylation.

data needed to be normalized so that valid comparisons could

é)e made. In doing so, it is convenient to refer to the

enantiomeric ratio (er) of a reaction or a compound (defined
here in matrix notation as §,(R)]. A reaction with an
enantiomerically enriched starting material can be considered
to proceed in two parts: the pure enantiomer and the racemate.
The observed er of a reaction {g) is then the average of the
enantiomeric ratios for the pure enantiomendgrand that of

the racemate (e) weighted by the percentage of each present

S stated mathematically in eq 1, which upon rearrangement of

terms gives eq 2.

elops = (€& (Bl T+ (1 — eeyy)(er,) 1)

s~ er(l— eeylleegy (2)
The terms on the right side of eq 2 can all be determined

€l00= [€lop

because the solvents normally employed are rather nonpolar. Ifexperimentally. Thus, eq 2 allows thegffor a reaction to be

the leaving group (typically an acetate or similar derivative)
were to form an intimate or tight ion pair with the cationic (
allyl)palladium intermediate, then it might retain some memory

extrapolated to the er (gg) that would have been obtained if
the starting material had been enantiomerically pure (see
supporting information for a sample calculation). Alkylations

of the starting material stereochemistry due to the asymmetric of racemates £)-1 and &)-2 with (RR)-4 under the same

configuration of the ion pair as depicted in Figure 2.
This mechanism makes the following prediction. With a

conditions as shown in eq 3 were performed to obtain a value
for ery for each substrate: [67,33] for:}-1 and [69,31] for

given enantiomer of the starting material, one enantiomer of (£)-2. The values used for eifor each substrate witt5(5)-4
the chiral ligand should give a product having a higher ee than were assumed to be the opposite of those obtained RjR)-¢

that obtained with the other enantiomer of the ligand (i.e., since they proceed through enantiomeric transition states (even
matched/mismatched pair). The reverse situation involving the in a postulated ion pair mechanism).
different enantiomers of the starting material and one enantiomer Using samples of§-1 of 44% and 55% ee, asymmetric
of the chiral ligand would also form a matched/mismatched pair. alkylations were performed with bottRR)-4 and §S)-4 in
As some of the samples of the asymmetric starting materials THF as outlined in eq 3?
(9-1and §-257 were of different ee, the resulting product ee

- o MeO,C, OaMe PPhy  PPhy
(1) (a) Trost, B. M.; Van Vranken, D. L.; Bingel, Q. Am Chem Soc Q.,,OJ\R ) Na* Q\{ @
1992 114, 9327. (b) Trost, B. M.; Bunt, R. Cl. Am Chem Soc 1994 MeO.C COzMe TN (3)
116, 4089. (5)-1 R=CH 4 mCHpdc), RR)-4 —(5)-3 O
(2) Fiaud, J. C.; Malleron, J. LTetrahedron Lett1981, 22, 1399. (8)-2 R=0OCH, THF 1t 1h (5.9)-4 — (R)-3 (R.R)-4

(3) Trost, B. M.; Schmuff, N. RTetrahedron Lett1981, 22, 2999.

(4) (@) Sneen, R. AAcc ChemRes 1973 6, 46. (b) Raber, D. J.; Harris,
J. M,; Schleyer, P. v. R. Ifons and lon Pairs in Organic ReactionSzwarc,
M., Ed.; John Wiley & Sons: New York, 1974; Vol. 1, Chapter 3. (c)
Kantner, S. S.; Humski, K.; Goering, H. . Am Chem Soc 1982 104,
1693. (d) Gallina, CTetrahedron Lett1985 26, 519. (e) Gassman, P.
G.; Singleton, D. A.; Kagechika, Hl. Am Chem Soc 1991 113 6271.

(5) Trost, B. M.; Organ, M. GJ. Am Chem Soc 1994 116, 10320.

(6) The ee of this reaction with the simple five-membered-ring substrate
in contrast to this reaction with other ring sizes is known to be extremely

The ee’s were determined by the combination of optical
rotation data andH NMR chiral shift studies. The value for
[a]p max of —85.2 was obtained from an extensive series of
IH NMR chiral shift studies with Euff)-hfc)s (see supporting
information for data and sample spectra). Both the original
enantioselectivity data and the data extrapolated to 100% ee

sensitive to temperature. On a larger scale, the internal reaction temperaturéstarting material via eq 2 are shown in Table R R)-4) and

may not have been rigorously maintained-at8 °C as required for this
substrate.

(7) Optical rotation data for the aceta®-l was in agreement with the
ee determined from the mandelate ester. See: AsanBull.Chem Soc
Jpn 199Q 63, 721.

Table 2 (§9-4). Comparing both the raw and normalized data,
it is apparent that)-1 forms amatchedpair with (R R)-4 and
amismatchegbair with (§S)-4 of fairly modest, but measurable
magnitude.

0002-7863/96/1518-0235$12.00/0 © 1996 American Chemical Society



236 J. Am. Chem. Soc., Vol. 118, No. 1, 1996 Communications to the Editor

Table 1. Alkylations of (§-1 with (RR)-4 retain optical activity in the product only when alkylated with
can (%)  yield (%)  ens(%)  ebws  €@w(%)  ehoo a p(efqrmed, in;ramolecular nucIQopH%.Thus, alkylation of
- . an incipient chiral, ¢-allyl)palladium species before loss of
3‘5‘ gg 2‘5‘ ;gg? gg ;?gg stereochemical memory occurred via isomerization toaly!
55 61 52 7624 66 8317 intermediate is not a likely explanation for the apparent memory
55 71 45 7397 54 77'23 effect in asymmetric alkylation reactions.

The invoking of a nonsymmetrical intimate ion pair nicely
accounts for the apparent dichotomy of the earlier results of
Fiauc? and ourselved. Fiaud’s reactions all dealt with alkyla-

Table 2. Alkylations of (§-1 with (S9-4

eav (%) yield (%) eps(%)  ehns  €600(%)  efhgo tions involving a dissociated leaving group (acetate), whereas,
a4 35 27 37:63 16 4258 in our case, the leaving group was tethered to the substrate as
55 77 31 34:66 28 36:64 in eq 4. The tethering of the leaving group geometrically
55 67 34 33:67 34 33:67 1. MeO . .
55 79 34 33:67 34 33:67 7 c> “Na*
d _MeOC @\(E +Ep (E = COoMe) @
. O (PhgP)sPd DME
Table 3. Alkylations of (§)-22 2.CHaNp E E
ligand  yield (%) ees(%)  ehps €800 (%)  ehgp > R (RR-6
(RR)-5 86 45 73:27 50 75:25 constrains it to lie in the plane of symmetry of the resulting
75 50 75:25 56 78:22 (7r-allyl)palladium cationic intermediate thereby making it truly
(S9-5 88 29 35:65 24 38:62 meso Thus, a memory effect was precluded in this case. A
91 33 33:67 32 34:66 mechanism involving the formation of and partial nucleophilic

addition to an initial asymmetric ion pair (see Figure 2) is

consistent with the results of Fiaud, the alkylation reaction of
5, the present results, and the findings from other studies of
asymmetric g-allyl)palladium catalysidb.14

aThe starting material was of 64% ee {gp

Since ion pairs are proposed to be involved in this phenom-

enoﬂ’ ghanging tge Iehaving grof;Jp from acetate to fgrt;onate These results have important ramifications in seeking asym-
might be expected to have an effect. However, wigr2(0 metric induction in metal-catalyzed allylic alkylations. While

64% ee was employed as the starting material under otherwisey, o effect is modest, the results indicate a propensity for racemic
identical conditions as before, a similar matched/mismatched ¢ \psirates to give racemic products regardless of the ligand

pair was observed with the two enantiomers of the chiral ligand pocause of the nature of the initial ion pair. To optimize

(see Tda}blg 3). This Ifln?mg hStanO‘f ('jr.‘ contraslt (tgougg. NOt asymmetric induction, reaction parameters that favor sym-
contradiction) to results for the palladium-catalyzed addition aqization of the ion pair will be needed. It does not mean

of sodium benzenesulfinate to certain allylic substrates in which -+ the intervention of such intermediates will always have an
th_ehag_?ftate and';araonate Iefle_vm% glroups gave rise tt? productypservable effect on the observed enantioselectivity since it
V;’1't : erefnt ees. rence, afine Iaanpe must exist eg/yeen depends upon the rate of equilibration of intimate ion pairs or
the rates of asymmetric ion pair relaxation tmasontermedi- ot oy mmetrization to solvent-separated ion pairs relative to

ate and nucleophilic addition, both of which can be functions  ,,cjegphilic attack. An observable effect will depend upon the
of the leaving group and the nucleophile. specific reaction being investigated. Thus, in any case where
In all these cases, the matched produgj-§ from (S)-1 or enantioselectivity is independent of the configuration of the
(9-2 with (RR)-4) has an absolute configuration which appears gtarting allylic ester, this simply may mean that nucleophilic
to be a direct replacement of the starting material stereochem-yiack is slow relative to these equilibrations. Further investiga-

istry? This retention of absolute stereochemistry could be tjons of this surprising and interesting phenomenon are certainly
explained by a Coulombic attraction between the negatively \yarranted and are underway.

charged leaving group (acetate or carbonate) and the positively ) _ _
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Although (-allyl)palladium species are known to account . . ) _ ) )
for the racemization of some chiratallyl complexes andyn— Supporting Information Available: Experimental alkylation pro-

cedure, chiral shift and optical rotation data, sample spectra, and a

: - sample calculation (4 pages). This material is contained in many
suggests that they cannot be alkylated before isomerizing tolibraries on microfiche, immediately follows this article in the microfilm
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and reactive intermediate present in soluidnThe rate of  ordering information and Internet access instructions.
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