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ABSTRACT: Enantioselective [2 + 2] cycloaddition of C(1)-
ammonium enolates generated catalytically using the isothiourea
HyperBTM with N-alkyl isatins gives spirocyclic β-lactones. In situ
ring opening with an amine nucleophile generates isolable highly
enantioenriched products in up to 92:8 dr and in >99:1 er.

β-Lactones are versatile synthetic building blocks and
significant components of many bioactive natural products.1,2

As a consequence, a range of enantioselective synthetic
methods for their preparation has been developed, with both
Lewis acid and Lewis base catalyzed approaches common.3 In
terms of Lewis base catalysis using tertiary amines, the use of
cinchona alkaloids and chiral DMAP derivatives has been
extensively used to promote β-lactone formation through the
generation of an intermediate C(1)-ammonium enolate.4

Although versatile, these methods typically rely on the
generation of reactive monosubstituted ketenes (formed in
situ from acyl chlorides) or isolable but sensitive disubstituted
ketenes as starting materials.5 In an alternative approach,
Romo introduced the NCAL (nucleophile-catalyzed aldol-
lactonization) process to prepare β-lactones from keto-acids
(Scheme 1a).6 Key to this protocol was the development of
carboxylic acids as the C(1)-ammonium enolate precursor,
with a modified Mukaiyama reagent used for in situ generation
of a reactive ester. Addition of either a cinchona alkaloid or
isothiourea catalyst was used to generate the desired C(1)-
ammonium enolate, with subsequent intramolecular formal [2
+ 2]-cycloaddition onto the pendant carbonyl giving highly
enantioenriched β-lactones. Building on this work, we
previously demonstrated the use of symmetric arylacetic
anhydrides as alternative C(1)-ammonium enolate precursors.7

These anhydrides are generally readily prepared from the
parent carboxylic acid, are easy to handle, and can be used in
conjunction with isothiourea catalysts without requiring the
excess base that is a recognized limitation of alternative
protocols using carboxylic acids as starting materials. This
approach was applied to the HyperBTM-catalyzed enantiose-
lective intermolecular formation of β-lactones with perfluor-
oalkyl ketones and arylacetic anhydrides (Scheme 1b).
Mechanistic studies using natural abundance 13C kinetic
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Scheme 1. Tertiary Amine-Catalyzed β-Lactone Syntheses:
(a) Romo’s NCAL Intramolecular β-Lactone Synthesis; (b)
Previous Work: β-Lactone Synthesis with Perfluoroalkyl
Ketones; (c) This Work: β-Lactone Synthesis with Isatins
Followed by Ring Opening
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isotope effect experiments, together with computational
analyses, indicated the operation of a concerted asynchronous
[2 + 2] cycloaddition.8 To date, the isothiourea-catalyzed
intermolecular [2 + 2] cycloaddition approach has not been
demonstrated using cyclic ketones as substrates; in this
manuscript the application of N-protected isatins as electro-
philes to initially generate spirooxindole β-lactones is
investigated.9 Attempted isolation of the β-lactones led to
spontaneous decarboxylation, but postcatalysis addition of an
amine nucleophile led to β-lactone ring opening to give
isolable highly enantioenriched products (Scheme 1c).
Mechanistic studies are consistent with in situ epimerization
of the initially formed β-lactone, leading to a mixture of β-
hydroxy amide diastereoisomers in highly enantioenriched
form (up to 92:8 dr, >99:1 er for both diastereoisomers).
Initial studies began with the reaction of (2R,3S)-

HyperBTM 1 (5 mol %) with phenylacetic anhydride 2 and
N-benzyl isatin 3, in CH2Cl2. Although β-lactone 5 could be
observed by 1H NMR spectroscopic analysis of the crude
reaction product, attempted chromatographic purification
resulted in the isolation of alkene 4 in 58% yield [66:34
(E)/(Z)], consistent with decarboxylation of β-lactone 5.10 As
an alternative, the crude reaction mixture was treated in situ
with excess benzylamine (3.0 equiv) to give the isolable β-
hydroxyamide derivative 6 (76:24 dr).11 Chromatographic
purification gave the separable diastereoisomers in 81%
combined yield and >99:1 er for each diastereomer (Scheme
2a). In situ formation of a mixed anhydride, using phenylacetic
acid and pivaloyl chloride, and subsequent HyperBTM-
catalyzed cycloaddition followed by ring opening led to
slightly decreased levels of diastereoselectivity (69:31 dr,
>99:1 er) and product yield (57%). Further attempted
optimization through variation in catalyst, solvent, and reaction
temperature gave no significant improvement in either product
dr or yield (see Supporting Information (SI) for full
information) with consistent high enantioselectivity observed.
Intrigued by the observation that both product diaster-
eoisomers were highly enantioenriched (>99:1 er), further
investigations probed if the stereochemical outcome (76:24 dr,
>99:1 er) was intrinsic to the catalyzed process, or alternatively
a consequence of in situ epimerization of the β-lactone 5 or β-
hydroxyamide product 6. Control experiments showed that
retreatment of a single diastereoisomer of β-hydroxyamide 6
(>95:5 dr, 99:1 er) to the reaction conditions, or with excess
iPr2NEt, led to no change in dr or er. In situ reaction
monitoring at room temperature using 1H NMR spectroscopy
allowed the concentration and dr of β-lactone 5 to be
quantified over the reaction course (Scheme 2b). After 10 min,
a single diastereoisomer of β-lactone 5 (60% conversion of
isatin 3) was observed, with the dr gradually reducing with
time to 85:15 dr after 2 h (∼80% conversion). Extending the
reaction time to 16 h gave the β-lactone 5 in 70:30 dr and
reduced yield (70%) due to the observation of (E)/(Z) alkenes
4 from decarboxylation in the reaction mixture. These results
are consistent with an initial highly stereoselective catalytic
process giving β-lactone 5 in high diastereo- and enantiose-
lectivity, with in situ epimerization giving a mixture of
diastereoisomers.12 To further probe this process, variation
of the reaction time before addition of benzylamine, plus the
use of alternative amine nucleophiles for derivatization, was
investigated (Scheme 2c). At 0 °C, addition of benzylamine
after a 30-min reaction time gave product 6 in an improved
95:5 dr and >99:1 er but with reduced yield (36%) compared

to the standard 3 h reaction time (81%, 76:24 dr, >99:1 er).
The use of morpholine and pyrrolidine gave the corresponding
products 7 and 8 respectively in uniformly excellent
enantioselectivity (>99:1 er), but varying diastereoselectivity
(85:15 and 68:32 dr respectively). The variation in dr
presumably reflects competition between the basicity (promot-
ing epimerization alongside iPr2NEt) and nucleophilicity
(promoting ring opening) of these amines and their relative
reaction rates. Consistent with these observations, X-ray crystal
structure analysis allowed the relative and absolute config-
uration of the product minor diastereoisomer 9 to be
unambiguously determined (Scheme 2d).13 The observed
(S)-configuration at C(2) is opposite to that expected based

Scheme 2. Optimization and β-Lactone Epimerizationa

aYield of isolated products. Reported er of major diastereoisomer (er
always >99:1 for minor diastereoisomer). 1H NMR of the crude
reaction product was used to determine dr. (b) 30 min reaction time
before addition of amine; (c) 3 h reaction time before addition of
amine.
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upon the established selectivity of (2R,3S)-HyperBTM in
C(1)-ammonium enolate reactions,14 consistent with epime-
rization of β-lactone 5.
Following these observations, the scope and limitations of

this process were examined through variation of the isatin,
anhydride, and ring-opening nucleophile reaction components
(Figure 1). Alternative N-substituents within the isatin were
tolerated, with N-methyl, N-allyl protected isatins giving the
corresponding products 10 and 11 in good yields and
consistently high enantioselectivity (>99:1 er). Interestingly,
using N-Boc protected isatin led to product 12 in >99:1 er as a
result of ring opening of the β-lactone and the oxindole
presumably facilitated by the N-Boc substituent.15

Variation of the isatin component was expanded to
incorporate 5-, 6-, and 7-substituted isatins, as well as variation
of the N-substituent. Substitution at the 5-, 6-, and 7-position
was consistently tolerated, with good product yields observed
for both electron-withdrawing and electron-donating sub-
stituents, giving products 13−19 with excellent enantioselec-
tivity (>99:1 er) and consistent diastereoselectivity (from
72:28 to 78:22 dr). Unfortunately, 4-substitution of the isatin
was not tolerated, with 4-Cl isatin giving <10% conversion to
products. The poor conversion in this case is ascribed to the
spatial proximity to the reaction center, disfavoring nucleo-
philic addition.
A selection of anhydrides was next synthesized from the

parent carboxylic acids and tested in this cycloaddition/ring-
opening process. Notably, incorporating the 4-MeOC6H4-
substituent within the anhydride gave product 20 in 77% yield
with 92:8 dr and >99:1 er. The higher dr (compared to 6)
presumably reflects the electron-donating nature of the aryl
substituent that reduces the acidity of the C(3)−H within the
β-lactone intermediate. This effect was also observed for the 4-
MeC6H4-substrate 21 (88:12 dr, >99:1 er). Halogen-
containing phenylacetic anhydrides were tolerated, giving the
corresponding products 22−24 in variable diastereoselectivity

(from 69:31 to 83:17 dr) but with excellent enantiocontrol. A
1-naphthyl-derivative 25 was prepared in 50% yield and >99:1
er, while extension to a 3-thiophene derivative 26 was also
tolerated (85:15 dr, >99:1 er). While the use of simple alkyl
anhydride derivatives did not generate any product (see SI for
further information), the use of an (E)-alkenyl substituent was
tolerated, giving 27 in excellent yield, dr, and er (91%, >95:5
dr, >99:1 er) that was amenable to scale-up to 10 mmol scale,
giving >4.1 g of product. Finally, five examples using
morpholine as the derivatizing agent were demonstrated (7,
28−31). Generally, good yields and higher diastereocontrol
were observed than in the corresponding benzylamides, with
excellent enantiocontrol maintained (>99:1 er). Reduced yield
was observed for the 5-chloro 30 and N-(para-tert-
butylbenzyl) 31 derivatives, with the low solubility of 30
complicating the purification process.
Based upon these observations, alongside previous work in

this area, a catalytic cycle is proposed (Figure 2). Initial
addition of (2R,3S)-HyperBTM 1 to the phenylacetic
anhydride 2 results in the formation of acyl ammonium ion
pair 32. Deprotonation at C(2)- gives the corresponding (Z)-
ammonium enolate 33,16 with a stabilizing 1,5-O···S chalcogen
bonding interaction (nO to σ*S−C)

17−19 providing a conforma-
tional bias and ensuring coplanarity between the 1,5-O- and S-
atoms. The observed product configuration is consistent with
that observed in the related [2 + 2]-cycloaddition of C(1)-
ammonium enolates and trifluoromethylketones,8 so by
analogy a similar concerted asynchronous [2 + 2]-cyclo-
addition pathway via transition state assembly 34 to give 35 is
proposed. Subsequent catalyst release generates the β-lactone 5
in high diastereo- and enantioselectivity. In situ epimerization
of the lactone at C(3)- leads to a mixture of β-lactone
diastereoisomers, with the subsequent addition of an amine
nucleophile promoting ring opening to give the isolable β-
hydroxyamide products.

Figure 1. Scope of the reaction. Combined yield of isolated diastereoisomers. Reported er of major diastereoisomer. Reaction performed on 0.40
mmol scale under air atmosphere. 1H NMR of the crude reaction product used to determine dr. a(2S,3R)-HyperBTM used, product has opposite
absolute configuration to that shown.
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In summary, a procedure for the generation of highly
enantioenriched β-hydroxyamides (>99:1 er) has been
developed. This protocol involves the in situ preparation of
β-lactones from isatins and 2-arylacetic anhydrides using the
isothiourea HyperBTM 1 to promote a concerted asynchro-
nous [2 + 2]-cycloaddition, followed by in situ ring opening
with a nucleophile. Mechanistic studies suggest a base-
promoted epimerization leads to a reduction in the
diastereoselectivity of the initially formed β-lactone product,
giving rise to a diastereoisomeric mixture of isolable products
each in high er (>99:1 er). Further work from this laboratory is
focused upon alternative application of isothioureas and other
Lewis bases in enantioselective catalysis.
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