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Abstract: Cyclic sulfones have demonstrated important
applications in drug discovery. However, the catalytic
and enantioselective synthesis of chiral cyclic sulfones
remains challenging. Herein, we develop nickel-cata-
lyzed regiodivergent and enantioselective hydroalkyla-
tion of sulfolenes to streamline the synthesis of chiral
alkyl cyclic sulfones. The method has broad scope and
high functional group tolerance. The regioselectivity can
be controlled by ligands only. A neutral PYROX ligand
favors C3-alkylation whereas an anionic BOX ligand
favors C2-alkylation. This control is kinetic in origin as
the C2-bound Ni intermediates are always thermody-
namically more stable. Reactivity study of a wide range
of relevant Ni intermediates reveal a NiI/NiIII catalytic
cycle with a NiII� H species as the resting state. The
regio- and enantio-determining step is the insertion of
this NiII� H species into 2-sulfolene. This work provides
an efficient catalytic method for the synthesis of an
important class of organic compounds and enhances the
mechanistic understanding of Ni-catalyzed stereoselec-
tive hydroalkylation.

Introduction

A large variety of small-molecules in clinical trials comprise
of at least one ring system, due to its high potential to
enhance physicochemical properties of drug candidates.[1]

Sulfur-containing compounds, particularly with S(VI) cen-
ters, have found applications in medicinal, agrochemical and
material science.[2] Structurally, sulfones are regarded as

bioisosteres of ketones and carboxylic acids, and possess
unique physical properties while providing enhanced bind-
ing affinity with the targeted proteins by non-covalent
hydrogen bond interactions. Enantioenriched cyclic sulfones
and their derivatives have demonstrated important bio-
logical activities (Figure 1a).[3] Despite their significant
importance, methods for the efficient synthesis of cyclic
sulfone derivatives are currently limited. This situation
reflects the difficulty in the functionalization of cyclic
sulfones compared to N, and O-based heterocycles.[4]

Asymmetric hydrogenation, cyclization, or cycloaddition
methods have been reported for the synthesis of chiral cyclic
sulfones. These methods frequently require lengthy syn-
thesis of precursors (Figure 1b).[5] Direct functionalization of
preformed and readily available cyclic sulfone represents a
more versatile approach, but there are only few
precedents.[6] A notable example is the rhodium-catalyzed
enantioselective hydroarylation of 3-sulfolene reported by
the Hayashi group (Figure 1b).[6d] As Ni-catalyzed enatiose-
lective hydroalkylation of alkenes emerges as a versatile
method in C(sp3)� C(sp3) bond formation,[7] we considered
such a method for the synthesis of chiral alkyl-substituted
sulfones from sulfolenes.

Although there is significant progress in Ni-catalyzed
enantioselective hydroalkylation and related hydrofunction-
alization reactions,[8] achieving simultaneously regio- and
enantioselectivity is challenging. Typically, the regioselectiv-
ity is dictated by the nature of directing groups, or by the
stability of the metallocycle intermediate.[9] The selectivity
cannot be easily altered within one given system. The Lu
group reported a pioneering study where temperature was
used as a control to achieve regiodivergent alkene
hydroalkylation[10] (Figure 1c). At 100 °C, a five-membered
nickellocycle is more stable than its six-membered counter-
part, so alkylation is selective at the α-site to the amide
directing group. At 10 °C, the six-membered nickellocycle is
more stable, giving β-alkylation. The Rong group then
reported enantioselective and regiodivergent hydroalkyla-
tion of pyrrolines by switching the catalytic metal.[11] The
Ni� H catalysis yielded C2-alkylation, whereas the Co� H
catalysis yielded C3-alkylation. A similar strategy was used
by the Shu group to obtain regiodivergent and enantiose-
lective hydroamination using either a Ni� H or a Cu� H
catalyst.[8e] Despite this progress, regiodivergent hydroalky-
lation of electron-deficient conjugated alkenes remained
elusive, because it would be difficult to overcome the innate
regioselectivity due to the electronic properties of the
substrates. Moreover, prior to this work, ligand-controlled
simultaneously regiodivergent and enantioselective hydro-
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alkylation using identical substrates had not been reported,
although racemic methods were known for amide-based
substrates.[9c,d,12] Here we describe a method for Ni-catalyzed
regiodivergent and enantioselective hydroalkylation of sul-
folenes. By judicious choice of ligands, we can achieve either
C2- or C3-alkylation in high regioselectivity and enantiose-
lectivity in the same catalytic system. The method provides a
rapid access to a large number of chiral cyclic sulfones from
readily available reagents and with high functional group
tolerance. Mechanistic study indicates a NiI/NiIII catalytic
cycle where the reactivity of the key intermediates has been
determined.

Results and Discussion

We started our investigation by optimizing reaction con-
ditions for regio- and enantioselective hydroalkylation of the
2-sulfolene (1a) with a primary alkyl iodide (2a) (Table 1a
and Supporting Information Table. S1–S5). We found that
the reactions of 1a had better regioselectivity than those of
1b, its regioisomer (see below). Compound 1a can be easily
synthesized in gram-scale by base-promoted isomerization
of 1b. Among a representative set of ligands, PYROX
ligands stood out for C3-selective alkylation. The ligand L1
provided the desired product 3a with 70% yield and
88 :12 er under the following reaction conditions: Ni-
(NO3)2 ·6H2O (10 mol%), ligand (15 mol%), K3PO4/PhMe-

Figure 1. Synthesis of chiral cyclic sulfones via Ni� H catalyzed hydroalkylation. a. Selected examples of important cyclic sulfone in medicinal
research. b. Previous examples on constructing chiral cyclic sulfones. c. Regiodivergent and enantioselective hydroalkylation and this work.
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(OMe)SiH (2.5 equiv.) and DMA (0.2 M) under 0 °C for
48 hours. Modification of the oxazole backbone from five-
membered ring to six-membered ring (L2) resulted in lower
yield but higher enantioselectivity (entry A1 vs entry A2).
Gratifyingly, introduction of a phenyl group on the 4-
position of the pyridine ring (L3) led to high enantioselectiv-
ity (95 :5 er) and excellent yield (83%) (entry A3).

Installation of a bromo group on the oxazoline motif
(L4) increased further the yield (95%) but decreased
slightly the enantioselectivity (94 :6 er). A PYROX ligand
with a larger bite angle (L5) or a chiral diamine (L6) gave
low yields (entries A5–A6). When 1b was used as the
substrate instead of 1a, the yield (42%) and the er (80 :20)
were much lower (entry A7). For further experiments, we

selected L3 as the optimized ligand for C3-selective
alkylation of 2-sulfolene. Additional experiments showed
that another nickel salt, lower or higher temperature, or
other silanes were less effective (entries A8-A12). Note that
in all these cases, the C3-alkylation was dominant.

Next, we turned to optimize the reaction conditions for
C2-selective hydroalkylation of cyclic sulfolenes (Table 1b
and Supporting Information Table. S6–S9). We found that
bi-oxazoline and bis-oxazoline ligands (L7–L12) were able
to promote C2-alkylation. The reaction protocol was
NiBr2 ·diglyme (10 mol%), ligand (15 mol%), Na2CO3/
(EtO)2MeSiH (2.5 equiv.) and DMA (0.1 M) under room
temperature for 24 hours. With neutral ligands L7–L8, the
yields were very low (Table 1B, entries B1–B2). Although

Table 1: Optimization of reaction conditions. aSee the Supporting Information for experimental details; all reactions were carried out on 0.1 mmol
scale with respect to 1a; GC yields (calibrated using n-decane as an internal standard) and regioisomeric ratio (rr) were reported. bThe
enantiomeric ratios (er) were determined using chiral HPLC analysis of the product after column chromatography. c Isolated yield is shown in the
parenthesis. DMA=N,N-Dimethylacetamide.
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the anionic BOX ligand L9 gave no yield (entry B3), cyano-
substituted BOX ligand[13] L10 gave a good yield of 81%
and good er of 89 :11 (entry B4). But in this case the C2:C3
regioselectivity was only 1.2 : 1. Fortunately the regioselectiv-
ity could be improved by varying the substituent of the
BOX ligands. A change from benzyl to phenyl (L11)
increased the regioselectivity to 8 :1 (entry B5). Further
change from the phenyl group to a bulkier mesityl group
(L12) then resulted in complete C2-selectivity, as well as a
high yield (95%) and high enantioselectivity (98 :2 er)
(entry B6). Again, the use of the sulfolene isomer 1b instead
of 1a led to poor regioselectivity (1.3 :1) (entry B7). The use
of NiI2 ·xH2O as Ni salt lowered the yield (entry B8), but the
use of other reactive hydride donors such as (EtO)3SiH and
HBpin gave similar results as (EtO)2MeSiH (entries B9–10).

With optimized conditions in hand (entry A3, Table 1a),
we examined the substrate scope of the C3-selective hydro-
alkylation of 2-sulfolene (Figure 2). A broad range of alkyl
iodides were suitable coupling partners, and functional
groups such as chloro-, bromo-, iodo- and boryl group were
well compatible, affording the C3-alkylated sulfones 3b–3e
in good yields and with good to high enantioselectivities. In
the case of 2d, a notable amount of arylation product (3d‘)
was observed as by-product (~15%, see Supporting Infor-
mation), and a drop in the enantioselectivity was detected

for the C3-alkylated sulfone 3d, possibly due to a competing
catalytic cycle. We observed an influence of halogen
bonding interaction when bromo containing chiral ligand L4
was used instead of L3 for certain substrates. For instance,
for alkyl iodide 2c, the enantioselectivity increased from
91 :9 er to 97 :3 er with L4 as the ligand. Electrophilic
functional groups such as nitrile and triflate were also
tolerated, delivering the corresponding enantioenriched C3-
alkylated products 3f–3g. Substrates containing a free
phenol (2h) and an alkyl alcohol (2 i) reacted to give C3-
alkylated products (3h and 3 i) in high enantioselectivity but
the yields were reduced to about 50%. A substrate
containing an easily reducible ketone (2 j) underwent
alkylation with a high yield and enantioselectivity without
suffering from possible ketone reduction by the nickel-
hydride intermediate. The reaction of a bulky silyl protected
alcohol 2k had lower enantioselectivity (83 :17 er). A Boc-
protected amine 2 l was alkylated in 85% yield with 93 :7 er.
Importantly, heterocycles including phthalimide (2m), furan
(2n) and thiophene (2o) were compatible under this
reaction protocol, providing enantioenriched 3m–3o. The 3-
alkylation protocol was successfully applied to a substrate
derived from indomethacin, a nonsteroidal anti-inflamma-
tory drug. The desired C3-alkylated sulfone was obtained in
65% yield with 90 :10 er. The absolute configuration of

Figure 2. Reaction scope of nickel-catalysed enantio- and regioselective hydroalkylation for C3 selectivity. See the Supporting Information for
experimental details (General procedure 1, GP1); all reactions were carried out on 0.1 mmol scale with respect to 1a. Isolated yields are reported.
The other regioisomer was unable to be isolated or detected. The enantiomeric ratios (er) were determined using chiral HPLC analysis of the
product after column chromatography. aL4 was used instead. bEnantiomeric ratio was determined after proper transformation. BPin=Boron
pinacolate.

Angewandte
ChemieResearch Articles

Angew. Chem. Int. Ed. 2024, e202406767 (4 of 10) © 2024 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH

 15213773, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/anie.202406767 by B

ibliothèque de l’E
PFL

, W
iley O

nline L
ibrary on [04/07/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



product 3f was determined by X-ray crystallographic
analysis. We assign a same absolute stereochemistry of the
other C3-alkylated products based on this result.

We then tested the scope of C2-alkyation using the
optimized protocol (entry B6, Table 1b). A wide range of
alkyl iodides could be used, delivering enantioenriched, C2-
alkylated sulfones 4 with high yields and enantioselectivities
(Figure 3). A range of functional groups, including alkoxy-
(2b), chloro- (2c), bromo- (2d), iodo (2e), triflate (2 f) and
boryl group (2g) were tolerated. Reaction of a substrate
containing a phenol group (2h) again had a modest yield of
55%, but the enantioselective was 99 :1. Functional group
such as ketone (2 i), TBDPS protected alcohol (2 j) and Cbz
protected amine (2k) were all compatible. Likewise, alkyl
iodides containing heterocycles like furan 2 l, thiophene 2m
and phthalimide 2n were suitable coupling partners, afford-
ing the C2-alkylated sulfones in high enantioselectivity. The
C2-selective reaction protocol was also used for the
enantioselective synthesis of 4o (50% yield, 99 :1 er). Note
that the racemate of 4o was found to be an antagonist for a
neuropeptide receptor, but the bioactivity of each of its

enantiomers has not been yet studied. The synthesis of
enantiomerically enriched 4o opens the door for such a
study.[14] Several complex alkyl iodide substrates derived
from natural products and drugs were also successfully
applied (4p–4s) and high enantioselectivity was obtained.
The absolute configuration of product 4n was determined
by X-ray crystallographic analysis. We assign a same
absolute stereochemistry of the other C2-alkylated products
based on this result.

Radical clock experiments were performed under
standard reaction conditions for both C2- and C3- selective
alkylations. When 6-iodo-hex-1-ene (5) was used as a
substrate, the cyclized products originated from intramolec-
ular cyclization of the linear alkyl radical (hex-1-ene-6-yl)
were obtained in both cases (Figure 4a and Supporting
Information Figure S2). Addition of a radical scavenger
2,2,6,6-tetramethylpiperidine 1-oxyl (TEMPO) to the reac-
tion medium inhibited the reaction, and an alkyl-TEMPO
adduct was detected (Figure S4). These results indicate the
involvement of an alkyl radical from an alkyl halide coupling
partner in the catalysis. Deuterium labeling experiments

Figure 3. Reaction scope of nickel-catalysed enantio- and regioselective hydroalkylation for C2 selectivity. See the Supporting Information for
experimental details (General procedure 2, GP2); all reactions were carried out on 0.1 mmol scale with respect to 1a. Isolated yields are reported. 4
was obtained as the single isomer. The enantiomeric ratios (er) were determined using chiral HPLC analysis of the product after column
chromatography. aAlkyl bromide was used instead, KI (1 equiv.) was added as an additive. BPin=Boron pinacolate.
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were performed using D-silane 6 (85% D) as the source of
hydride donor under otherwise identical reaction conditions.
An almost quantitative deuterium incorporation was ob-
served exclusively at the 3-position for C2- selective
alkylation, and at the 2- position for C3-selective alkylation
(Figure 4b). When a racemic L12 was also used instead of its
chiral version, the same result, that is, the D atom is always
cis to the alkyl group, was obtained. These results indicate
syn-addition of nickel-hydride to the alkenyl group. No
deuterium scrambling was observed, suggesting that there is
no homolytic cleavage and recombination of the Ni-alkyl
bond. Moreover, the nickel-hydride addition into the C� C
double bond is enantio-determining.

We conducted time-course and UV/Vis analyses. Under
the standard condition, a 25-min induction period was
observed (Figure 4c). We pre-mixed all the reaction compo-
nents except the alkyl halide for 20 min. The reaction
displayed no induction period after addition of the alkyl
halide to the medium, and H2 was detected in the headspace.
When we used Ni(COD)2 as the Ni source, an induction
period of more than 90 minutes was observed (Figure S9),
along with a significantly lower yield of 37% (vs. 88% in
normal conditions). A previous DFT study suggests that a
Ni0 complex formed by reduction of a NiII complex with a
silane acts as the initial catalytic species.[15] Our data
indicates that in our system the formation of a Ni0 complex
is not sufficient to initiate the catalysis.

A series of potential Ni0, NiI, and NiII intermediates were
prepared (Supporting Information 5.5). Upon comparing
their NMR spectra with that of the reaction mixture, we
deduced that the latter belongs to a paramagnetic NiII

species. Further identification of this species by NMR was
hindered by the broadness of the peaks (Figure S6).
Subsequently, we used UV/Vis spectroscopy to investigate
the species present in the reaction mixture. (Figure 4d) By
comparing the spectrum of reaction mixture under the
“normal” conditions after the induction period (blue) and
that of the mixture generated by mixing all reagents except
the alkyl iodide (the pre-activation mixture, green), we
found that the resting state of Ni catalyst in the “normal”
reaction is the same species that was generated during the
pre-activation. Comparison of these spectra with those of
independently prepared NiII hydride (orange) and NiII alkyl
species (purple) indicates that the resting states likely consist
of both NiII hydride and NiII alkyl species. When the pre-
activated mixture was quenched by HCl solution, H2 and
sulfolane were formed in a ratio of 5 :1, suggesting that in
the resting state the ratio of NiII hydride to NiII alkyl species
is 5 to 1. Further support for NiII resting species came from
the lack of EPR signal of NiI species for the reaction mixture
(Figure S8).

Both Ni0/NiII and NiI/NiIII catalytic cycles have been
proposed for nickel hydride catalyzed hydroalkylation.[7] To
probe these possibilities, we conducted a series of stepwise

Figure 4. Mechanism study. a. Radical clock experiments under the standard reaction conditions. b. Deuterium labelling experiments under the
standard reaction conditions. c. Time-course analysis for the standard reaction (GP2) and the pre-activated reaction. d. UV/Vis spectra of reaction
mixture and relevant Ni complexes.
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reactions with pre-formed NiI and NiII halide, hydride, and
alkyl species (10–16, Figure 5 and Supporting Information).
In general, phosphine ligands or diamine ligands are needed
to obtain a stable nickel hydride complex.[16] Bidentate
ligands bearing oxazoline or pyridine which are the common
ligands used in hydroalkylation[7] had not been reported to
support nickel hydride species. Probably because the anionic

bisoxazoline ligand we use here has a large conjugate
backbone that is similar to that of diimine ligands, we could
for the first time obtain nickel hydride complexes in the
solution for mechanistic study.

To assess the trapping of an alkyl radical intermediate by
a nickel alkyl species before alkyl-alkyl reductive elimina-
tion, we generated an alkyl radical by photolysis of tert-

Figure 5. Reactivity study. a. Possible nickel intermediates. b. Radical activation and radical capture reactions. c. Kinetic probes to compare reaction
rates between major steps in possible catalytic cycle.
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Butyl γ-phenylperoxybutyrate 9 (Figure 5b).[17] In the pres-
ence of the NiII alkyl species 15, the formation of the
hydroalkylation product 4a, albeit in a low yield, indicates
that NiII alkyl species was able to capture an alkyl radical to
form a NiIII bis(alkyl) species before reductive elimination.
In contrast, in the presence of the NiI alkyl species 14, no
hydroalkylation product was formed. These results support
a NiI/NiIII, rather than a Ni0/NiII catalytic cycle.

The NiI halide species (10), which is often suggested as
an activator of an alkyl halide,[18] did not react with the alkyl
iodide 2a. Likewise, the NiII-alkyl species (15) failed to react
with 2a. Thus, these species could not be responsible for the
activation of alkyl halide. On the other hand, Ni0, NiI and
NiII hydride, as well as NiI alkyl could all activate 2a,
although the reaction rates were very different (Figure 5c,
equations C, G and Figure S11, Supporting Information). It
was found that within 10 min at room temperature, the
formation of NiI or NiII hydride (12 or 13) by reaction of
their corresponding halide with the silane, as well as the
activation of alkyl halide 2a by the NiI hydride (12) were
already at full conversion (Figure 5c, equations A–C). In the
presence of the alkene substrate 1a, the reaction of 12 with
2a occurred in a similar speed, but only a trace amount of
hydroalkylation product 4a was found (Figure 5c, equa-
tion D). This result suggests that NiI hydride reacts much
faster with an alkyl halide than with an alkene. Indeed,
reaction of 12 with the alkene 1a had only 7% yield after
10 min (Figure 5c, equation E). On the other hand, reaction
of NiII hydride (13), or Ni0 (16) with 2a was quite slow and
had little conversion after 10 min (Figure 4c, equations G,
and Figure S11, Supporting Information). The insertion of
NiII hydride 13 into alkene 1a to give NiII alkyl is also slow,
with a 4% yield after 10 min (Figure 5c, equations F). The
above results indicate that NiI hydride (12) is the species
that activate alkyl halide and the resulting NiII hydride (13)
is the resting state. The insertion of 13 into the alkene is
then the rate-determining step.

Based on the above results and previous mechanistic
studies of related reactions,[7,15] we propose a NiI/NiIII

catalytic cycle for the C2-selective alkylation as shown in
Figure 6. The mixing of a NiII salt with the ligand gives a
NiII-halide species (A), which would immediately react with
a silane in the presence of a base to give a NiII� H species
(B), which is the main resting species of the reaction.
Insertion of B into the alkene 1a gives a NiII-alkyl species
(F). Both the enantioselectivity and regioselectivity are set
at this migratory insertion step. Meanwhile, in this reducing
reaction environment, some NiII� H species would react
further with the silane and decompose to a Ni0 species (C).
The latter can activate the alkyl halide to generate an alkyl
radical, thereby initiating the catalysis. This process explains
the induction period observed in the normal reaction, and
the lack of an induction period when the reagents except
alkyl halide were pre-mixed. Once generated, the alkyl
radical can be captured by the NiII-alkyl species (F) to form
a NiIII bis(alkyl) intermediate (G). C� C reductive elimina-
tion from G affords the hydroalkylation product and a NiI

halide (D), which reacts quickly with the silane in the
presence of base to form a NiI hydride E. Species E now

reacts quickly with the alkyl halide to give the alkyl radical
and the NiII hydride species B, thereby closing the catalytic
cycle. Alternatively, the Ni0 species (C) could react with the
NiII species (A or B) to form NiI halide (D) or NiI hydride
(E) species,[7] thereby entering the catalytic cycle. The C3-
alkylation should follow a similar mechanism except that the
insertion of NiII hydride into 2-sulfolene gives a C3-bound
Ni alkyl intermediate.

Although the C2- versus C3-selectivity reported here can
be easily attributed to the influence of the ligands, it is not
clear whether this influence is thermodynamic or kinetic in
origin. To probe this question, we conducted density func-
tional theory (DFT) calculations of the relevant C2- and C3-
bound NiII alkyl intermediates (Figure 5b). We found that
regardless of the ligands, the C2-bound NiII alkyl intermedi-
ates are about 10 kcal/mol more stable than the C3-bound
intermediates. The C3-selectivity observed using the PY-
ROX ligand, thus, is a kinetic product. A complete DFT
study, including the calculations of activation barriers for
the reaction profile, is subject to future work.

Conclusion

In summary, a regiodivergent and enantioselective method
has been developed for Ni-catalyzed hydroalkylation of
sulfolenes. This method provides a rapid access to a large
number of enantiomerically enriched cyclic sulfones that are
otherwise difficult to make. The method has a high func-
tional group tolerance. The regioselectivity can be switched
from C3-selective to C2-selectie using two different sets of
ligands. This control of regioselectivity is kinetic in origin, as
the C2-bound Ni alkyl intermediate formed by insertion of a
Ni hydride into 2-sulfolene is more stable than its C3-
counterpart regardless of the ligands. With ligand L11, the
corresponding NiI and NiII hydride and alkyl species could
be cleanly formed and their reactivity could be studied. The
corresponding data indicate a NiI/NiIII catalytic cycle where
the nature of the key intermediates has been elucidated. In
addition to synthetic applications, we expect the study to
enhance the mechanistic understanding of Ni-catalyzed
hydroalkylation.

Supporting Information

Experimental procedures, and compound characterization
data that support the findings of this study are available in
the online version of this paper in the accompanying
Supporting Information. Crystallographic data for 3f and 4n
have been deposited at the Cambridge Crystallographic
Data Centre, under deposition numbers CCDC 2291816
(3 f), CCDC 2241636 (4n). Copies of the data can be
obtained free of charge via www.ccdc.cam.ac.uk. Further
data are available online in Zenodo: doi: 10.5281/zeno-
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A ligand-controlled nickel catalyzed re-
giodivergent and enantioselective hydro-
alkylation of cyclic sulfolene has been
developed. A range of structrally diverse
and enantioenriched C2 or C3 substi-
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synthesized by this method. Detailed
mechanistic studies indicated a NiI/NiIII
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