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ABSTRACT: An efficient enantioselective hypervalent iodine promoted oxylactonization of 4-pentenoic acids has been achieved
using stoichiometric or a catalytic amount of chiral aryl-λ3-iodane. This reaction provides straightforward access to a wide range
of sulfonyloxy- and phosphoryloxy-γ-butyrolactones in respectable yields with moderate to excellent enantioselectivities.

Chiral γ-butyrolactones (dihydrofuran-2-ones) are prevalent
motifs found in diverse biologically active natural and

synthetic products.1 In addition, γ-(hydroxymethyl)-γ-butyrolac-
tones are valuable key building blocks for the synthesis of various
natural products.2 Among the reported approaches to γ-
(oxymethyl)-γ-butyrolactones,2,3 direct oxycyclization of 4-
pentenoic acids mediated by hypervalent iodine(III) represents
one of the most straightforward approaches starting from readily
available precursors (Scheme 1, eq 1).4 Surprisingly, in spite of
recent impressive progress in asymmetric hypervalent iodine
catalysis,5,6 fewefficientenantioselectiveoxylactonizationshave to
date been recorded. Fujita et al.7 disclosed the first examples of
enantioselective oxylactonization of ortho-alkenylbenzoate 4
using a stoichiometric amount of lactate-based aryl-λ3-iodanes 6
leading to 6-endo δ-lactone 5with excellent regio-, diastereo-, and
enantioselectivity (Scheme 1,MethodA, eq 2).8 Three years later,
the same group developed the first catalytic enantioselective
hydroxylactonization of terminal akenes through the use of a
combination of a stoichiometric amount of co-oxidant, namelym-
chloroperbenzoic acid (mCPBA), and a catalytic amount of chiral
iodoarene precursors 8 allowing in situ formation of the chiral
hypervalent iodine catalyst (Scheme1,MethodB, eq2).Although
the δ-syn-hydroxylactones 7 were generally obtained with
excellent enantioselectivity (up to 90% ee), moderate yields were
observed due to the formation of a significant amount of racemic
anti-products coming from a direct oxidation of 4 by mCPBA.
Despite these advances, enantioselective cyclizationsmediated by
stoichiometric or catalytic amounts of hypervalent iodine have
been limited to geometrically constrained substrates leading to
endotype transformationanda relatedexotypecyclizationofmore
flexibleprecursors,whichwould lead to valuable γ-butyrolactones,
remains to be reported.4g,i,6−9 Within this context and in
conjunction with our interest in enantioselective hypervalent
iodine(III) catalysis,6b,10 we describe herein the first enantiose-
lective sulfonyl- and phosphoryl-oxylactonization of nonrigid 4-
pentenoic acid derivatives using stoichiometric or catalytic
amounts of chiral hypervalent iodine precursors.

The chiral iodoarene 87 was first examined in the γ-
sulfonyloxylactonization of 4-pentenoic acid (1a) with p-
toluenesulfonic acid (2a) in Et2O at room temperature in
combination with mCPBA (Table 1). Disappointingly, the
recovered γ-tosyloxymethyl-γ-butyrolactone 3a was obtained in
low yield as a nearly racemic mixture, together with the epoxide
adduct 12a (50% yield, entry 1). Therefore, alternative chiral
iodoarene precursors possessing different backbones were
considered (entries 2−4). Axially chiral iodoarenes 9 and 10
developed byKita6d,g and us,6b respectively, afforded 3a as amajor
product in moderate enantioselectivity. Gratifyingly, we found
that the flexible C2-symmetric iodoarene 11a

6e,f afforded better
enantioselectivity. Encouraged by this result, a variety of chiral
iodoarenes 11, built by modulating the steric properties of the
secondary amide moiety, were prepared and evaluated in the
model reaction(seeSupporting Information(SI)).Toourdelight,
precatalyst 11b, incorporating a bulky 2,4,6-trimethyl phenyl
group, furnished the γ-tosyloxymethyl-γ-butyrolactone 3a with
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Scheme 1. Previous Oxylactonization Promoted by Aryl-λ3-
iodane
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higher enantioselectivity. Tertiary amide precatalysts 11c−dwere
able to catalyze the tosyloxylactonization but with reduced
asymmetric induction (entries 6 and 7). Among the solvents
that were tested, Et2O provided the highest level of enantiose-
lectivity. Improvements in both yield and enantioselectivity were
observed,whenthe reactionwasperformedat0°C.Thiscondition
minimizes the formationof12a.Additionof2,2,2-trifluoroethanol
(TFE) as a cosolvent,11 which is well-known to improve the
reactivity of the hypervalent iodine(III) catalyst, slightly increased
theyieldbutslightlydecreasedtheenantioselectivity (entries9and
10). Reactionswith a 20mol% catalyst loading resulted in a better
yield than with a 10 mol % loading (entry 11). Interestingly,
although the enantioselectivity improved at <0 °C, a significant
decrease of the yield was observed even after prolonged reactions
(entries 12 and 13).We first thought that this result possibly arose
from heterogeneous reaction conditions. However, addition of
TFE furnished a clear limpid solution at lower temperature, but
gave similar results (entry 14). Other oxidants such as Oxone,
H2O2, and Selectfluor were examined without much success.
Although the use of a catalytic amount of a chiral hypervalent
iodinehasbeenrecently reportedat−50°C,6awe foundthatunder
our experimental conditions (−45 °C), the iodoarene precatalyst
11b is oxidized too slowly. Indeed, when 1 equiv of in situ
preformed chiral hypervalent iodine was employed at −45 °C in
Et2O/TFE, the desired product was isolated in 74% isolated yield
with 87% ee (entry 15).7,12 These conditions while requiring a
stoichiometricamountof11ballowedexcellentenantioselectivity.
Having established two sets of optimum reaction conditions

(catalytic and stoichiometric), we investigated the scope of the

reaction by varying 4-pentenoic acids 1 (Scheme 2). When 2,2-
dimethyl, 3,3-dimethyl and 2,2-diphenyl substituted 4-pentenoic
acids 1b, 1c, and 1dwere submitted to the catalytic conditions, γ-
lactoneproducts3b,3c, and3dwereobtained in respectable yields
andenantioselectivities.These results indicate that thepresenceof
gem disubstituents shows little effect on the course of this
enantioselective reaction. Pleasingly, 1-allylcycloalkanecarboxylic
acids 1e−g were efficiently converted into the corresponding
enantioenriched spiroproducts 3e−g, an important structural
motif present in a large number of pharmaceutical molecules.13

The reaction with another sufonyl acid group, namely 1-
naphthalenesulfonyl acid (2b), afforded the γ-1-naphthalene-
sulfonyloxylactone 3h with similar enantioselectivity when
compared to 2a. We further examined the oxylactonization of
larger ring systems. No cyclic product was isolated from 5-
hexenoic acid, possiblydue to theunfavorable entropical featureof
the cyclization reaction. However, a positive Thorpe−Ingold
effect was observed when gem-disubstituted 5-hexenoic acid 1i
was used as substrate leading to δ-oxylactone 3i in good
enantioselectivity albeit in moderate yield (65% ee, 28% yield).
Evaluation of the scope of the enantioselective γ-sulfonyloxy-
lactonization under the conditions involving a full equivalent of
chiral iodoarene promotor 11b (Et2O/TFE (3/1), −45 °C) was
next performed and resulted in improved enantioselectivity in
each case, albeit in reduced yield as depicted in Scheme 2. For
instance, 3d was isolated in 84% ee instead of 64% ee.
After successful γ-sulfonyloxylactonization of different olefins,

the γ-phosphoryloxylactonatizationwas also evaluated using 1a as
a model substrate with diphenyl phosphate 2c (Table 2).4j,e The
catalytic reactionconditions for tosyloxylactonizationwere tested,
and the desired γ-phosphoryloxylactone 3j was obtained in good
enantioselectivity (76% ee)albeitwithmoderate yield(48%yield).
However, toourdelight, thisnovelphosphorylationwassuccessful
whenTFEwasusedas cosolvent (entry2),11providing thedesired
γ-lactone 3j in much better yield without altering the
enantioselectivity. Yield and enantioselectivity were further
slightly improved by using 2 equiv of diphenyl phosphate and 1

Table 1. Survey of Reaction Conditionsa

entry preCat. solvent t (°C) yield (%)b ee (%)c

1 8 Et2O rt 6 6d

2 9 Et2O rt 62 35d

3 10 Et2O rt 47 23d

4 11a Et2O rt 50 44d

5 11b Et2O rt 50 64d

6 11c Et2O rt 49 45d

7 11d Et2O rt 49 60d

8 11b Et2O 0 53 75d,e

9 11b Et2O/TFE (3/1) 0 72 68d,e

10 11b Et2O/TFE (9/1) 0 66 71d,e

11 11b Et2O 0 62 75d,e,f

12 11b Et2O −30 24 74d,f

13 11b Et2O −45 18 86d,e,f

14 11b Et2O/TFE (3/1) −45 23 86d,e,f

15 11b Et2O/TFE (3/1) −45 74 86d,g

aGeneral conditions: 1a (0.10 mmol), 2a (0.30 mmol), preCat. 7−11
(0.01 mmol), and mCPBA (0.20 mmol), in 1.0 mL of solvent for 24 h.
bYields refer to chromatographically pure product. cDetermined by
HPLC analysis on a chiral stationary phase. dFor the determination of
the absolute configuration (S), see SI. eFor 72 h. fWith 20 mol % of
11b. gWith 11b (0.10 mmol) and mCPBA (0.40 mmol) in 2 mL of
solvent for 120 h.

Scheme 2. Substrate Scopea

aGeneral conditions: 1 (0.10 mmol), 2 (0.30 mmol), 11b (0.02
mmol), and mCPBA (0.20 mmol), in Et2O (1.0 mL) at 0 °C for 72 h.
bYields refer to chromatographically pure product. cee determined by
HPLC analysis on a chiral stationary phase. dWith 11b (0.10 mmol)
and mCPBA (0.40 mmol), in Et2O (2.0 mL) at −45 °C for 120 h.
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equiv ofmCPBA (entry 3). As previously, when the reaction was
performed at −45 °C with a stoichiometric amount of 11b, the
reaction proceeded inmuch better selectivity leading to 3j in 94%
ee (entry 4).
Toexplore the scopeand limitationofchiral hypervalent iodine-

catalyzedoxycyclization, avarietyof substrateswere tested,andthe
results are listed in Scheme 3. It was found that the phosphoryl-
oxylactonization of 4-pentenoic acids 1 generally gave higher
enantioselectivity than the tosyloxylactonization. Notably, the
gem-disubstituted lactones 3k−l and spirolactones 3m−n were
obtained in good yields and enantioselectivities. 3,3-Dimethyl
pent-4-enoicacids1c led toslightly reducedyieldswhencompared
to the sulfonyloxylactonization reaction. The nature of the
phosphoric acid substantially influenced the enantioselective
process. Indeed, as observedwhen comparing dibenzyl phosphate
and diphenyl phosphate, the corresponding lactone 3o was
isolated inslightly lowerenantioselectivity compared to lactone3j.
Other reaction conditions, performed with 1 equiv of 11b at−45
°C, were also examined leading to the corresponding 5-
phosphoryloxy-4-pentanolactones 3l−n in good to excellent
enantioselectivity.
A plausible mechanism for this enantioselective organo-

catalyzed γ-oxylactonization process is proposed in Scheme
4.3,4g,e First, precursor 11 is in situ oxidized by mCPBA in the

presence of sulfonic acid or phosphoric acid to generate the chiral
aryl-λ3-iodane 12. While the exact structures of 12 await further
study, 12a and 12b can exist as a hydroxy(tosyloxy)- and
hydroxy(phosphoryloxy)iodoarene, respectively.4g,e,14 After-
ward, these hypervalent iodine(III) species 12 could undergo an
electrophilic addition to thedoublebond forming chiral iodonium
intermediate 13.4 Then, an intramolecular nucleophilic cycliza-
tion could occur to afford 14. Finally, the γ-lactone 3 would be
formed following the intermolecular nucleophilic addition of a
sulfonyl or phosphoryl group, respectively. On the basis of the
previous studies on the structures of chiral hypervalent
iodine,6e,f,15 an active catalyst with C1-symmetry 12 stabilized by
n−σ* interactions between the iodine(III) center and carbonyl
oxygen of amide might be postulated (13, Figure 1).16 In this
proposed model, the chiral aryl-λ3-iodanes 12might hinder the Si
face of an alkene to generate the (R)-iodonium intermediate 13,
which can undergo subsequent nucleophilic displacement of
carboxylate with inversion of the chiral center to produce the
enantioenriched (S)-lactone intermediate 14.
In summary, we have described an enantioselective sulfonyl-

and phoshoryl-oxy-lactonization of nonrigid 4-pentenoic acid
derivatives using a stoichiometric or catalytic amount of chiral
hypervalent iodine precursors. This method provides an efficient
access to various interesting enantioenriched γ-lactones through a
tandem sequence, in acceptable yields and moderate to excellent
enantioselectivity.
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Table 2. Survey of Reaction Conditionsa,b

entry solvent t (°C) yield (%)c ee (%)d

1 Et2O 0 48 76
2 Et2O/TFE (9/1) 0 66 71
3 Et2O/TFE (9/1) 0 76 81e

4 Et2O/TFE (3/1) −45 67 94f

aAbsolute configuration of 3j was assigned by analogy with compound
3a. bGeneral conditions: 1a (0.10 mmol), 2c (0.30 mmol), 11b (0.01
mmol), and mCPBA (0.20 mmol), in 1.0 mL of solvent for 72 h.
cYields refer to chromatographically pure product. dDetermined by
HPLC analysis on a chiral stationary phase. eWith 2c (0.20 mmol) and
mCPBA (0.10 mmol). fWith mCPBA (0.40 mmol) for 120 h.

Scheme 3. Substrate Scope

aGeneral conditions: 1 (0.10 mmol), 2 (0.20 mmol), 11b (0.01
mmol), and mCPBA (0.10 mmol), in Et2O/TFE (9/1, 1.0 mL) at 0
°C for 72 h. bYields referred to chromatographically pure product. cee
determined by HPLC analysis on a chiral stationary phase. dWith 11b
(0.10 mmol) and mCPBA (0.40 mmol) in Et2O/TFE (3/1, 2.0 mL) at
−45 °C for 120 h.

Scheme 4. Plausible Reaction Mechanism

Figure 1. Plausible transition state.
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