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ABSTRACT: The first strategy for bringing about highly enantioselective alkylative enolate kinetic resolutions using a simple
phase-transfer protocol via SN2 chemistry has been developed. In the presence of a new squaramide-based quaternized cinchona
alkaloid-derived catalyst and aqueous base, benzyl, allyl, and propargyl halides react with racemic substituted oxindoles to
generate densely functionalized products with the two contiguous stereocenters, one of which is an all-carbon quaternary.

Kinetic resolution (KR) is a powerful, time-honored tool for
the preparation of enantiomerically enriched materials. A

vast number of KR protocols (e.g., acylation, epoxidation,
oxidation, reduction, ring opening, inter alia) exploiting reactions
involving a diverse array of functional groups have been
developed.1 However, despite exhaustive research since the
1980s, the diastereoselective alkylation of enolates incorporating
chiral auxiliaries and the KR of chiral enolates has been
comparatively neglected.2−7 To the best of our knowledge only
two reports (both involving alkylation reactions) have appeared
to date.8,9 These reactions are also rare examples of KR processes
which also generate a chiral center.10

In 1991, Simpkins et al. reported the noncatalytic KR of
heterocyclic chiral enolates (such as that derived from 1) via an
alkylation reaction mediated by the chiral lithium amide 2.8

Although diastereomer 3 (Figure 1A) was the only product
obtained, the ee was not reported and selectivity (S = kfast/kslow)
was poor (S = 4).11 A considerably more enantiodiscriminatory
KR process was recently developed byHou et al.,9 who employed
a chiral palladium complex to promote the asymmetric allylic
alkylation of quinolone derivatives (4, Figure 1B).12The alkylated
product (i.e., 6) was obtained with absolute diastereocontrol with
very high enantioselectivity (S up to 145).
Since the pioneering studies reported byDolling et al.,13 phase-

transfer catalysis has become a practical methodology for the
asymmetric alkylation of enolates generated in situ.14 However,
the KR of racemic chiral enolates (generated in situ) via phase-
transfer-catalyzed alkylation reactions has been unexploited to
date and, to the best of our knowledge, the only examples known
are three isolated reactions reported by Dixon et al. (Figure
1C).15,16 The 2-oxindole structural unit is found in a myriad of
natural products and bioactive molecules.17 Rather surpisingly,
only three examples of the KR of 3-substituted 3-oxindoles are
known, and none involve the KR of enolates.18,19 Herein we
present the development of an unprecedented KR of 2-oxindole

derivatives (11) via an enolate alkylation reaction, promoted by a
new squaramido-based bifunctional PTC (12), to afford 3,3′-
disubstituted-2-oxindoles 14.20

The formed products are densely functionalized and contain
two contiguous stereocenters (one all-carbon quaternary). They
can be obtained as single diastereomers (dr > 99:1), with
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Figure 1. KR of chiral enolates.

Letter

pubs.acs.org/OrgLett

© 2016 American Chemical Society 5204 DOI: 10.1021/acs.orglett.6b02398
Org. Lett. 2016, 18, 5204−5207



enantioselectivity (S up to 261) often akin to that associated with
KR catalyzed by efficient enzymatic systems (Figure 1D).
Our study began with an observation: in the search for new

tandem catalytic processes, we found that bifunctional catalyst 17
was able to catalyze the asymmetric addition of malonate 16 to
alkylidene oxindole 15. The resulting Michael adduct 18, formed
in 92% ee, could be subsequently treated in the same pot with a
small undercharge of benzyl bromide in the presence of aqueous
base and the bifunctional PTC 19 to afford 20 in 98% ee (Scheme
1). The observed improvement in enantiomeric excess alerted us

to the possibility of developing an efficient methodology for the
KR of densely functionalized enolates derived from the
ubiquitous 2-oxindole motif.
Triester (rac)-18was treatedwith 0.55 equiv of benzyl bromide

and a PTC (i.e., 19 and 21−28) in a biphasic solvent system
comprising CH2Cl2 and an aqueous carbonate base, to afford the
alkylated derivative 20 (Table 1). Since the product possesses two
stereogenic centers, the determination of the conversion-
independent selectivity factor (S = kfast/kslow, = ln[1 − Conv(1
+ eeProd)]/ln[1 − Conv(1 − eeProd)]) is not straightforward.
Therefore, in these preliminary studies we utilized an
approximate, simplified parameter S*, based on conversion
determined by 1H NMR spectroscopy and the ee data associated
with the major product enantiomer only, which served solely as a
guide for catalyst design. The first catalyst evaluated was the urea-
based bifunctional system 21, first reported by Dixon,21,22a which
promoted the KR of 18 with moderate enantioselectivity (entry
1). Modification of the N-benzyl substituent to incorporate
electron-withdrawing groups (i.e., 22 and 23) did not lead to an
appreciable improvement in terms of selectivity (entries 2 and 3),
while the use of catalyst 24, bearing a bulky 3,5-di-tert-butyl-
benzyl moiety, led to considerably more enantioselective
alkylation (entry 4). Further augmentation of the steric demand
of this catalyst substituent by replacement of the benzyl group
with an anthracenylmethyl unit allowed the resolution to occur
with synthetically useful levels of selectivity (S*>10, i.e., 19, entry
5). Installation of a phenyl ring at the C-2′ position of catalyst 19
(i.e., 25) led to a dramatic diminution of selectivity (entry 6).
Catalysts possessing weaker hydrogen-bond donors (i.e., 26 and
28) promoted the formation of almost racemic products (entries
7 and 8). The squaramide hydrogen-bond donating substi-
tuent22b proved a useful addition to these systems.Catalyst27was
able to promote the KR of 18with an S* of 6.9 (entry 9), which is
twice the value obtained by employing the analogous urea-based
catalyst 21 (compare entries 1 and 9).We therefore synthesized a
new squaramido-analogue of the superior urea-based catalyst 19
(i.e., catalyst 12). To our delight, when 12 was employed in the
KR of 18, slow yet highly enantioselective alkylation occurred

(entry 10). Increasing the loading to 5 mol % resulted in an
outstanding S* of 92 (entry 11).
Attention now turned to the question of the influence of the

substrate’s malonate ester unit on enantiocontrol (Table 2). In
order to determine the ee of the unreacted starting materials
(which are present as a pair of diastereomers inseparable by CSP-
HPLC), the chiral center at the C-3 position was ablated in situ
after alkylation by O-acylation with octyl chloroformate, to give
29, 31, 34, and 40. Starting with 18, increasing the loading of
catalyst 12 further to 10mol % allowed the isolation of 20 in good
yield and increased selectivity (entry 1).
Variation of the structure of the malonate unit led, in each case,

to the formation of a single product diastereomer (dr > 99:1,
entries 2−5), which allowed for the calculation of the true
selectivity factor, S. The installation of a methyl group at the α-
carbon (i.e., 30) resulted in an extraordinary level of
enantiodiscrimination (i.e., S = 205, entry 2). It is noteworthy
that exchange of the methyl esters for more synthetically versatile
benzyl analogues was also well tolerated from both activity and
selectivity standpoints (entry 3). Surprisingly, the replacement of
the α-methyl substituent with an ethyl group (entry 4) resulted in
a less selective process (due in part to the simultaneous
decomposition of the substrate36, via a retro-Michael elimination
process); nevertheless, overall enantioselectivity remained high.
Excellent levels of selectivity were also observed when 2-oxindole
39, bearing an α-fluorine atom, was utilized in the KR protocol
(entry 5). While all the alkylated products could be isolated with

Scheme 1. Observed Enantioenrichment of a Chiral
Nonracemic Oxindole by PTC-Catalyzed Enolate Alkylation

Table 1. Catalyst Evaluation

entry cat. t (h) conv (%)a dra ee (%)b S*c

1 21 90 46 85:15 42 3.4
2 22 103 44 83:17 26 2.1
3 23 70 34 89:11 47 3.5
4 24 47 47 88:12 63 7.5
5 19 73 42 88:12 75 12
6 25 70 16 81:19 34 2.2
7 26 69 50 87:13 9 1.3
8 28 69 40 80:20 17 1.5
9 27 190 55 84:16 56 6.9
10 12 208 14 90:10 92 28
11d 12 136 26 89:11 97 92

aDetermined by 1H NMR spectroscopy. bDetermined by CSP-HPLC,
refers to the major diastereomer. cS* = approximate selectivity factor
(ref 1a) calculated using the conversion determined by 1H NMR
spectroscopy and the ee of product 20. dCatalyst 12 was employed at 5
mol % loading.
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excellent ee at conversion close to 50%, the resolved 2-oxindole
substrates undergo partial racemization in situ (due to retro-
Michael/Michael processes; see Supporting Information).23 The
rate of this racemization is not of sufficient magnitude to facilitate
efficient DKR. The notable exceptions were oxindoles 30 and 33,
which do not discernibly racemize.
A study of the KR of oxindole 30 employing a variety of alkyl

halides was also undertaken (Table 3). Benzyl bromides
incorporating either electron-withdrawing (a−c, entries 1−3)
or electron-donating (d, entry 4) substituents all participated in
highly enantiodiscriminatory KR processes, with S > 100. The
dibromo derivative e also proved a useful substrate, allowing the
isolationof the corresponding alkylated substrate in 45%yield and
96% ee (entry 5). Allylation is also possible: use of allyl bromide
(f) allowed a slow yet extraordinarily selective KR to take place (S
> 250, entry 6). Faster alkylation (at the expense of selectivity)
occurs using increased loadings of f, with 1.5 equiv representing a
good compromise between selectivity and yield (entries 7 and 8).
The methodology also accommodates the more hindered
methylallyl bromide (g), which can be reacted with 30 at 2 °C
with excellent enantiocontrol (entry 9). Finally, highly selective
propargylation of 30 using the protected propargyl bromidehwas
possible, with an S value of 89.6 (entry 10). These reactions all
proceeded with total diastereocontrol.
In order to demonstrate that the stereoablation process (used

primarily to allow facile evaluation of the enantiomeric excess of
the unreacted starting material) is both reversible and does not
result in erosion of enantiopurity, we treated a sample of the O-
acylated material 31 (of known enantiomeric excess) with
methanol in the presence of substoichiometric loadings ofDMAP
(Scheme 2) to generate 30 as an almost 1:1 diastereomeric
mixture. This was then resubjected to O-acylation with octyl
chloroformate (to facilitate analysis) to give 31 in unaltered ee.
In summary, highly tunable bifunctional phase transfer catalysts

have been shown to promote the alkylative kinetic resolution of
chiral enolates. Optimization studies identified both the catalyst’s
squaramide-based hydrogen-bond donating group and a bulky

chiral ammonium ion substituent as key units for the facilitation of
effective catalysis. The process generates benzylated, allylated,
and propargylated 2-oxindole units substituted with a densely
functionalized side chain incorporating an ester at the α-position
and amalleablemalonate derivativeβ to the heterocycle. The level
of enantio- and diastereocontrol obtained ranges from excellent
to outstanding, with S factors in excess of 250 possible. The
resolved starting materials can undergo racemization via a retro-
Michael/Michael process; however this can be arrested through
the installation of amethyl group at the β-carbon of the side chain.
Studies to further exploit the synthetic potential of the catalytic
alkylative kinetic resolution of enolates by bifunctional phase
transfer catalysis are underway.
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Table 2. Substrate Scope: 2-Oxindole Derivatives

entry S.M. t (h) conv. (%)a
S.M. ee
(%)b

prod. ee
(%)b Sc

1d 18 183 45.1e (51, 43f) 45 95g 98.0h

2 30 134 45.4 (47, 45) 81 98 205.8
3 33 115 41.7 (49, 42) 70 98 224.3
4 36 133 41.7e (n/d, 40) n/d 92 42.0i

5 39 264 43e (54, 41) 18 95 70.0i

aConversion was determined using CSP-HPLC, where conversion =
100 × eeS.M./(eeS.M. + eeProd.); isolated yields of recovered starting
material and product, respectively, in parentheses. bDetermined by
CSP-HPLC. cS = enantioselectivity (kfast/kslow; see ref 1a).

dCatalyst 12
was employed at 10 mol % levels. eDetermined by 1H NMR
spectroscopic analysis. fCombined yield of both diastereomers, 89:11
dr gRefers to the major product. hS = S*. iS calculated using isolated
yield of the alkylated product due to starting material racemization or
decomposition.

Table 3. Substrate Scope: Electrophilic Component

entry R X t (h) conv (%)a
31 ee
(%)b

42 ee
(%)b Sc

1 a 0.5 170 43.5 (48, 44)d 74 96 113.7
2 b 0.5 96 48.2 (49, 48)d 89 96 149.1
3 c 0.5 130 40.1 (52, 40)d 65 97 139.7
4 d 0.5 134 48.6 (46, 48)d 92 97 237.7
5 e 0.5 121 46.4 (49, 45)d 83 96 134.2
6 f 0.5 255 20.3 (79, 21)e 25 99 261.8
7 f 2.0 139 52.1 (48, 52)e 95 87 51.5
8 f 1.5 120 43.8 (49, 43)d 75 96 103.8
9f g 2.0 163 39.9 (52, 40)d 65 98 172.3
10g h 2.0 168 41.9 (54, 42)d 69 96 89.6

aConversion was determined using CSP-HPLC, where conversion =
100 × eeS.M./(eeS.M. + eeProd.).

bDetermined by CSP-HPLC. cS =
enantioselectivity (kfast/kslow; see ref 1a). dIsolated yields of S.M. and
Prod. eDetermined by 1H NMR spectroscopy. fReaction performed at
2 °C. gStereoablation carried out after column chromatography
purification.

Scheme 2. Cleavage of 31 and Reprotection
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