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Peptide-based catalysts offer attractive and practical options
in the development of asymmetric transformations. Peptides are
easily prepared, consist of readily available chiral building blocks
and are modular. Largely due to these attractive attributes, metal-
peptide complexes have recently been demonstrated to initiate
asymmetric C-C bond forming reactions.1 Research in these
laboratories, involving peptide-based phenolic Schiff bases as
chiral ligands (e.g.,1, Scheme 1), has led to the development of
Ti-catalyzed additions of TMSCN to meso epoxides2 and imines
(Strecker amino acid synthesis),3 and Zr-catalyzed addition of
dialkylzincs to imines.4 The effectiveness of peptidic ligands in
the aforementioned programs led us to investigate their utility in
promoting catalytic enantioselective olefin alkylations with alkyl-
metals.5

Herein, we report the results of our studies on catalytic
enantioselective conjugate addition of dialkylzinc reagents to
cyclic enones.6,7 These transformations are promoted by (CuOTf)2‚
C6H6 in conjunction with peptide-based chiralphosphineligands
(2, Scheme 1).8 The method described allows for efficient,
catalytic, and highly enantioselective (>95% ee) functionalization
of not only six- and seven-membered ring enones, but also of
cyclopentenones. It is worth noting that the catalytic asymmetric
conjugate addition of alkylmetals to five-membered ring enones
has previously been shown to be significantly less efficient and
selective than reactions of the larger ring analogues.7

To initiate our studies, we examined the potential utility of
chiral peptidic ligands represented by1 (Scheme 1). Under a
variety of conditions, however, conjugate additions deliver
racemic products. Treatment of cyclopentenone (3) with 10
mol % 1, a variety of Cu salts,9 and 3 equiv of Et2Zn (toluene,
-30 °C) leads to the formation of the expected ketone product
in >98% conv but in<5% ee. Similar results were obtained with
cyclohexenone and cycloheptenone.

At this point we reasoned that, whereas the phenol Schiff base
may be suitable for association with early transition metals (e.g.,
Ti or Zr), the corresponding P-containing chiral ligand2 should
provide a “softer” site of binding and may be more appropriate
for late transition metals (e.g., Cu or Zn). Accordingly, we
prepared2 from commercially available 2-(diphenylphosphino)-
benzaldehyde and performed screening of conditions to establish
the optimum Cu salt and solvent. As illustrated in entry 1 of
Table 1, treatment of cyclopentenone3 with 1.0 mol % (CuOTf)2‚
C6H6,10 2.4 mol %211 and 3 equiv of Et2Zn leads to 90% conv12
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Scheme 1

Table 1. Cu-Catalyzed Enantioselective Addition of Dialkylzinc
Reagents to Cyclopentenonesa

a Conditions: indicated mol %2 and (CuOTf)2‚C6H6, 3 equiv of
dialkylzinc, toluene,-30 °C (-20 °C for entries 4 and 7).b Conversion
determined by GLC.c Isolated yields after silica gel chromatography.
d Enantioselectivities determined by chiral GLC (R-DEX for entries
1-2; CDGTA for entries 3, 5-8). e GLC yields (volatile products);
representative isolated yields: 52%4a and 46%7a. f ee determined
by GLC analysis of the acetal derived from (R,R)-dimethylethylene
diol (CDGTA).
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after 12 h (toluene,-30 °C), where ketone4a is obtained in 78%
yield and 97% ee (chiral GLC).13 Addition of Bu2Zn (3f4b) and
functionalized alkylzinc5 (f4d) takes place smoothly with 98%
and>98% ee, respectively (entries 2 and 4, Table 1). With the
sterically more hindered (i-Pr)2Zn as the alkylating agent (entry
3, Table 1), the catalytic addition proceeds to completion (>98%
conv) but is less enantioselective (79% ee; see below for ligand
optimization).

As depicted in entries 5-7 of Table 1, Cu-catalyzed conjugate
additions of dimethyl-cyclopentenone6 are equally efficient. In
the presence of 1-2.5 mol % (CuOTf)2‚C6H6 and 2.4-6 mol %
2 reactions are complete within 12 h and deliver the desired
products ing98% ee.14 In contrast, the sterically more hindered
alkene of8 (entry 8) undergoes conjugate addition reluctantly:
higher catalyst loadings are required for appreciable conversion
(7.5 mol % Cu salt and 17.5 mol %2). The desired product9 is
however obtained in 97% ee (56%).15

Chiral phosphine2 and CuOTf promote enantioselective
conjugate additions to larger ring enones as well. As illustrated
in Table 2, cyclohexenone10 undergoes Cu-catalyzed conjugate
additions in the presence of 1.0 mol % (CuOTf)2‚C6H6 and 2.4
mol % 2 (>98% conv in all cases). Entries 1-3 and 5 of Table
2 indicate that whenn-alkylzinc reagents are used, chiral ketones
11a-11cand11eare isolated in>70% yield andg95% ee. As
before (entry 3, Table 1), reaction with (i-Pr)2Zn occurs with lower
enantioselectivity (72% ee). A similar trend is observed with
reactions of cycloheptenone12 (entries 6-9, Table 2); most
n-alkylzincs, except for (i-Pr)2Zn (entry 9), participate in facile
and highly enantioselective transformations.

To address the issue of lower enantiocontrol in additions
involving i-Pr2Zn, we set out to identify an improved chiral ligand
through the positional optimization strategy,2a with cyclohexenone
10 serving as the substrate. As illustrated in Scheme 2, we have
established that reactions promoted by phosphine14 (t-Leu at
AA1, t-Bu-Tyr at AA2 and Gly at AA3) deliver11d in 91% ee
(vs 72% ee with2 as catalyst). Ligand14 also provides a better
selectivity in reaction of cycloheptenone12 with i-Pr2Zn (81%
ee vs 62% ee with2). In contrast, with cyclopentenone3 as

substrate,4c is obtained in 65% ee when14 is used (vs 79% ee
with 2). When phosphine15 (Gly replaced byn-Bu)16 is employed
in the reaction of3, however, cyclopentanone4c is isolated in
85% ee (94%). The above observations imply that if complete
ligand screening is carried out specifically for each substrate, a
different optimal chiral phosphine construct may emerge for that
particular enone.2

The present catalytic asymmetric method delivers Zn-enolate
intermediates that can be functionalized in situ. For example,
sequential catalytic addition/alkylation of12 provides 16 in
97% ee, 80% yield, and with>15:1 diastereoselectivity (Scheme
3). Pd-mediated regioselective oxidation (f17),17 followed by
Wacker oxidation18 completes a four-step enantioselective syn-
thesis of anti-cancer clavularin B19 (42% overall from com-
mercially available12).

In brief, we disclose an effective protocol for the enantio-
selective addition of dialkylzincs promoted by catalysts that are
composed of commercially available components and can be
easily modified.20 Future studies are aimed at deciphering various
mechanistic issues and the application of peptidic phosphine
ligands to enantioselective additions involving acyclic substrates.
Development of other asymmetric C-C bond forming transfor-
mations with this class of chiral ligands is in progress as well.21
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Table 2. Cu-Catalyzed Enantioselective Addition of Dialkylzinc
Reagents to Cyclohexenones and Cycloheptenonesa

a Conditions: 1.0 mol % (CuOTf)2‚C6H6, 2.4 mol %2, 3 equiv of
alkylzinc, toluene,-30 °C (-20 °C for entry 5). All reactions required
12 h, except for entries 2 and 7.b Conversion determined by GLC.
c Isolated yields after silica gel chromatography.d Enantioselectivities
were determined by chiral GLC (CDGTA for entries 1-5, 7, 9;â-DEX
for entries 6, 8). See Supporting Information for details.

Scheme 2a

a Conditions: 1.0 mol % (CuOTf)2‚C6H6, 2.4 mol % chiral ligand, 3
equiv of (i-Pr)2Zn, -30 °C.

Scheme 3
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