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The transition-metal catalyzed [3+2] trimethylenemethane (TMM)
cycloaddition reaction is a versatile method for the chemo-, regio-,
and diastereoselective construction of highly substituted five-
membered rings.1 Utilization of Pd-TMM complexes derived from
3-acetoxy-2-trimethylsilylmethyl-1-propene has resulted in the
efficient catalytic syntheses of carbocycles2 and heterocycles.3

Although this methodology was disclosed over 30 years ago by
our laboratory,4 a general asymmetric variant of the cycloaddition
remained elusive until 2006.5 Using a new class of chiral phos-
phoramidite ligands, we were able to affect the efficient syntheses
of cyclopentanes,5,6 pyrrolidines,7 and bicyclo[4.3.1]decadienes8

through reaction of olefins, aldimines, and tropones respectively.9

While catalytic, enantioselective addition of carbon nucleophiles
to aldimines is well precedented, the corresponding additions to
ketimines are rare.10 The intrinsic lower reactivity of ketimines due
to both electronic and steric factors undoubtedly plays a significant
role. In addition to the opportunity for novel selectivity afforded
by our phosphoramidite ligands, we also observed a significant
increase in reactivity of various substrate classes. Many cycload-
ditions requiring elevated temperatures and high catalyst loading
in the racemic reaction were found to proceed under milder
conditions, requiring as little as 1 mol % metal at low temperatures.
This enhanced reactivity inspired us to examine the asymmetric
cycloaddition to ketimines, despite the relatively rare and specialized
nature of reactive ketimines in the achiral TMM reaction.3b Such
a reaction (eq 1, R1, R2 * H) would provide a novel route to highly
substituted pyrrolidines containing a tetrasubstituted center.

We began our studies with the examination of the Pd-catalyzed
[3+2] cycloaddition of our cyano-TMM donor 1 with a series of
ketimines 2a-e (Table 1). Using CpPd(η3-C3H5) and Feringa ligand
L1 (Figure 1), we were discouraged by the fact that PMP-imine
2a proved completely unreactive under the conditions utilized, as
the corresponding aldimine class had performed well using our
parent donor (eq 1, R4 ) H).7 Equally frustrating, no reactivity
was observed with benzyl imine 2b or oxime ether 2c. Diphe-
nylphosphinoyl imine 2d provided a complex mixture. Analysis
of the crude mixture by NMR indicated the presence of the desired
product 3d and its tautomer containing an endocyclic olefin
conjugated with the nitrile; however purification proved problematic.
These results indicated that a strongly electron-withdrawing group
was necessary for reactivity. Gratifyingly, using N-tosyl imine 2e
we observed formation of the desired cycloadduct, albeit as a
mixture of 4e and its endocyclic olefin tautomer. Reduction of the
temperature prevented isomerization and increased the enantiose-
lectivity, but the diastereoselectivity remained poor and it became

clear that ligand optimization would be required. Azetidine ligand
L2 (Figure 1) provided a sizable increase in enantioselectivity,
although the diastereoselectivity remained low. Our previously
introduced bis-2-naphthyl phosphoramidite L3 solved both the
enantio- and diastereoselectivity issues, providing the desired
product in excellent yield with a >20:1 dr and a >99% ee. Notably,
while N-Boc imines derived from aromatic aldehydes performed
admirably in previous studies, they were ineffective in this case
due to their propensity to isomerize to the enamine tautomer.

We next wanted to examine the reaction scope with respect to
the imine (Table 2). Gratifyingly, the reaction proved very general
under the optimized conditions, performing well in every case
examined. Yields and selectivities proved insensitive to the steric
bulk of the aromatic substituent (entry 2), aliphatic substituent (entry
3), substitution pattern of the aromatic ring (entries 4-6), or
electronic nature of the substituent. Spirocycles could be formed
in good to excellent diastereoselectivity and excellent enantiose-
lectivity (entries 7-8). Heterocycles were tolerated (entry 9), albeit
with moderately decreased enantioselectivity, and equivalently
substituted aliphatic ketimines performed well (entry 10). Conver-

Table 1. Selected Optimization Studiesa

entry R Ligand T, °C % yield 3/4 3 % ee 4 % ee

1 4-MeOC6H4 (2a) L1 50 0
2 Bn (2b) L1 50 0
3 OCH3 (2c) L1 50 0
4 P(O)Ph2 (2d) L1 50 Complex
5 Ts (2e) L1 50 24b 0:1 - 53
6 Ts L1 4 67 1:1.1 86 63
7 Ts L2 4 79 2.2:1 95 89
8 Ts L3 4 91 >20:1 >99 -

a All reactions were performed at 0.2 M in toluene with 5%
CpPd(η3-C3H5), 10% ligand, and 1.5 equiv of 1 and stirred for 4 h.
Yields are isolated values; ee’s were determined by chiral HPLC.
b Mixture also contained 53% yield of the endocyclic double bond with
a 41% ee.

Figure 1. Phosphoramidite ligands examined.
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sion remained high at low temperatures, in some cases as low
as -15 °C (entry 7). An X-ray crystal structure analysis of 9
(entry 6) unambiguously allowed the determination of absolute
stereochemistry.

Our proposed model for the diastereoselectivity of the reaction
is shown in Figure 2 and is based on the imine geometry. We
suggest that the initial bond forming event occurs as depicted from
the top conformer, leading to the observed, thermodynamically less
favored diastereomer.11 The other diastereomer would arise from

the bottom conformer, which is highly disfavored due to severe
steric interactions between the tosyl group and bulky π-allyl.

Nonequivalently substituted aliphatic ketimines presented a
selectivity problem when subjected to the standard conditions (Table
3, entry 1). Using L3 conversion remained high with the cyclohexyl
imine, but the diastereoselectivity dropped below acceptable levels.
Ligand L1 (entry 2) restored the diastereoselectivity, albeit at the
cost of conversion and enantioselectivity. Ligand L2 provided a
nice compromise, providing the desired product in good yield, 10:1
diastereoselectivity, and restored enantioselectivity. A more remote
branch point could be tolerated while maintaining selectivity as
shown by the isobutyl and cyclohexyl imines (entries 4-5).

In summary, we have demonstrated a palladium-catalyzed
asymmetric addition of a carbon nucleophile to ketimines in the
context of a [3+2] TMM cycloaddition, providing highly substituted
pyrrolidines. This transformation showcases novel reactivity and
selectivity that has not been previously observed. We have been
able to affect high enantio- and diastereomeric excesses by matching
substrate classes with the appropriate ligand. Investigations into
the full imine scope and further transformations are ongoing and
will be reported in due course.
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a All reactions were performed at 0.2 M in toluene with 5%
CpPd(η3-C3H5), 10% ligand, and 1.5 equiv of 1 and stirred for 2-4 h.
Yields are combined, isolated values; ee’s were determined by chiral
HPLC. b Reaction performed at -15 °C. c Minor diastereomer.

Figure 2. Proposed model for reaction diastereoselectivity.

Table 3. Scope of the Aliphatic Imine Cycloadditiona

a All reactions were performed at 0.2 M in toluene with 5%
CpPd(η3-C3H5), 10% ligand, and 1.5 equiv of 1 and stirred for 2-4 h.
Yields are combined, isolated values; ee’s were determined by chiral
HPLC. b Using Ligand L3. c Using Ligand L1.
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