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A New Type of Chiral Cyclic sulfinamide-Olefin Ligands for
Rhodium-Catalyzed Asymmetric Addition**

Quan Wen, Li Zhang, and Jing Xiong, Qingle Zeng*

Abstract: A new type of chiral cyclic sulfinamide-olefin ligands N-
allylic 2,3-dihydro-1,2-benzoisothiazole 1-oxides with 2,3-dihydro-
1,2-benzoisothiazole 1-oxide as unique chiral skeleton is developed
for highly enantioselective rhodium-catalyzed asymmetric 1,4-
additions of a,B-unsaturated cyclic carbonyl compounds and 1,2-
addition of benzil. Both enantiomers with 99%ee of chiral cyclic
sulfinamide-olefin ligands could be easily prepared from inexpensive
and commercially available starting materials and directly used in
asymmetric catalysis, and thus both enantiomers of the addition
products could be obtained in high yields (up to 98%) and excellent
enantioselectivities (up to 98%ee).

Chiral compounds exhibit more and more extensive applications
in pharmaceuticals, agricultural chemicals and materials.
Transition metal-catalyzed asymmetric syntheses with chiral
ligands are one of the most efficient approaches to prepare
chiral compounds.™ Chiral ligands with appropriate chiral
skeletons are the key factor to achieve high enantioselectivity for
asymmetric reactions. Therefore, in addition to the extensively
investigated phosphorus-based chiral ligands,? to explore novel
chiral ligands with other kinds of coordination atoms and/or
functional groups is of great interest in organic and
organometallic chemistry.”

Among them, chiral ligands, such as chiral sulfoxides,™ chiral
sulfoxide-phosphines,® chiral dienes,’ P/N-olefins™ are
becoming the focus of asymmetric catalysis.

Most recently, a series of chiral sulfinamide/sulfoxide-based
olefin ligands are developed in Knochel,® Xu,® Du,*? Liao,™
wan,*? and Chen®*® groups. All of the reported ligands hold an
open chain sulfinyl group (Figure 1). Therefore it occurred to us
that whether the activity and enantioselectivity of catalytic
reaction would be maintained or improved if rigid chiral cyclic
sulfinamides was introduced into the ligands (Figure 1).
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Figure 1. The general formula of chiral sulfinamide/sulfoxide-based olefin
ligands and our designed chiral cyclic sulfinamide-olefin ligands.

During our research in chiral sulfur chemistry,™ we noticed
unsubstituted chiral cyclic sulfinamide, namely, 2,3-dihydro-1,2-
benzoisothiazole 1-oxide, was firstly reported by Fensterbank
group,*® which is readily synthesized with 94%ee via
intramolecular radical cyclization. Although only 94%ee
enantiomeric purity of 2,3-dihydro-1,2-benzoisothiazole 1-oxide
is not high enough to be used as chiral ligand source, we
thought that a modified procedure or an additional
recrystallization may improve its enantiomer purity. Later
Rodriguez-Fernandez's group further developed the synthetic
method of 3-substiuted chiral cyclic sulfinamides with 98%de,*®
which offers more chances to modify the chiral structural motif.
To the best of our knowledge, chiral cyclic sulfinamide 2,3-
dihydro-1,2-benzoisothiazole 1-oxide are not used as chiral
ligand skeleton in catalytic asymmetric transformation. Herein
we describe our discovery of chiral N-allylic 2,3-dihydro-1,2-
benzoisothiazole 1-oxides, especially N-cinnamyl 2,3-dihydro-
1,2-benzoisothiazole 1-oxide, as efficient chiral ligands used in
highly enantioselective rhodium-catalyzed asymmetric 1,4-
addition reaction of arylboronic acids to a,B-unsaturated
carbonyl compounds (Scheme 1).

'N/\/\R
© O,
Oﬂ + ArB(OH) t1-t4
X )n 2 X n Ar

[RN(C2H,),Cll2
K3POy,, dioxane, 40 °C 3

1la, X=CH,, n=2 2
1b, X=CH,, n=1
1c, X=0, n=2

Scheme 1. Rhodium-catalyzed asymmetric 1,4-addition with chiral N-allylic
2,3-dihydro-1,2-benzoisothiazole 1-oxides

We started our research by preparing the unsubstituted chiral
cyclic sulfinamide (S)-2,3-dihydro-1,2-benzoisothiazole 1-oxide
(Fig. 2). Fortunately, modification on the base of Fensterbank’s
procedure™ by using toluene in place of benzene, increasing
reaction temperature to 110 °C, and prolonging injection time of
a toluene solution of AIBN and BnsSnH, afforded the cyclic
sulfinamide (S)-2,3-dihydro-1,2-benzoisothiazole 1-oxide with
extremely high ee value up to 99%ee, which was directly used in
synthesis of chiral ligands. And then chiral 3-ethyl and 3-phenyl
2,3-dihydro-1,2-benzoisothiazole  1-oxides were prepared
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according to Rodriguez-Fernandez's procedure,™® which are
reported to have >98%dr diastereomer purity.

Once chiral cyclic sulfinamides were prepared, chiral cyclic
sulfinamide-olefin ligands were readily synthesized via simple
Sn2 nucleophilic substitution of allylic halides and chiral cyclic
sulfinamide in the presence of the base sodium hydride. Luckily,
chirality of N-cinnamyl-2,3-dihydro-1,2-benzoisothiazole 1-oxide
(L1) was well kept and no any racemization occurred during the
basic reaction conditions, and thus chiral ligand L1 had 99%ee.
The absolute configurations were established by single-crystal
X-ray diffraction analysis of (S)-N-cinnamyl 2,3-dihydro-1,2-
benzoisothiazole 1-oxide (L1) (Figure 2), whose crystal structure
data has been deposited at the Cambridge Crystallographic

Data Centre with a CCDC deposition number of CCDC 1501739.

The single crystal X-ray diffraction analysis confirmed that the
chiral configuration was completely inverted at the sulfur atom
during the intramolecular homolytic substitution, which is
conformed to Fensterbank’s™ and Rodriguez-Fernandez's
results.™ From the crystal diagram, we can imagine that the two
aromatic rings will be like two chiral fences to produce an
excellent chiral surrounding when it coordinates with rhodium or
other appropriate center metal to form a complex. Unfortunately,
attempts to obtain single crystals of the rhodium complex of L1
failed.

Figure 2. X-ray crystal structures of (S)-N-cinnamyl
benzoisothiazole 1-oxide (L1)

2,3-dihydro-1,2-

With chiral cyclic sulfinamide-olefin ligands in hand, we chose
the Rh-catalyzed 1,4-addition of phenylboronic acid to
cyclohexenone as the model reaction to evaluate their catalytic
performance (Table 1). To our delight, the products were
obtained in good yield (82%) and pretty good enantioselectivity
(90%ee) in the presence of 1 mol% [Rh(C2H.).Cl], and 2 mol%
chiral ligand (S)-L1 (Entry 1).

When allyl group took place of cinnamyl group on the chiral
sulfinamide ligand, the yield is similar to the former, but the ee
value of the product was decreased to 82%ee (Entry 2). It
seems that a phenyl moiety at the end of allyl group acts as a
chiral shield and favors the chiral induction.

However, chiral sulfinamide ligands with 3-substituted
groups, both with ethyl (L3) and with phenyl (L4), did not benefit
chiral induction as well as the reaction rate for this reaction
(Entries 3 and 4). It seems that a 3-substituted group hinders the
coordination efficiency of rhodium and the sulfinamide-olefin
ligand.

All of the four chiral sulfinamide ligands afforded R form
addition product 3-phenycyclohexanone (Entries 1 to 4), which
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proves that the stereochemistry of catalytic reaction is governed
by S-chirality.

Increase the amount of catalyst [Rh(C;H4).Cl], and chiral
ligand L1 resulted in the rise of yields and enantioselectivities
(Entries 5 to 8), and at last 96%ee and 98% yield were obtained
in the presence of 2.5 (mol)% [Rh(C2H4).Cl], and 5 (mol)% chiral
ligand L1 (Entry 8). Further increase of rhodium catalyst and L1
did not give better results.

Encouraged by the preliminary results, we hope to further
improve the enantioselectivity and yield of reaction through
optimizing the base and solvent. However, further screening of
base kinds and solvent types did not improve the results (see
the supporting information).

Table 1. Screening of chiral cyclic sulfinamide-olefin ligand in rhodium-
catalyzed 1,4-addition of 4-methoxyphenylboronic acid to cyclohexenone.

@Q

o
chiral Ligand

[Rh(C2H4)2C|]z
K3POy,, dioxane, 40 °C

[ :\o/

3a

®,
N/\/\Ph /\/\ Ph N/\/\Ph
(3) el :: j X Xe} (S) o] (5) ‘o

Entry Rh (%) Ligand Ligand (%) Yield (%)b ee (%)°
17 2 (S)-L1 2 82 90
2 2 (S)-L2 2 80 82
3° 2 (1S,3S)-L3 2 72 70
4° 2 (1S,3S)-L4 2 79 65
5 2 (S)-L1 3 82 92
6 4 (S)-L1 4 89 93
7 5 (S)-L1 4 95 94
8 5 (S)-L1 5 98 96

[a] Reaction conditions: Cyclohexenone (0.5 mmol), arylboronic acid (1 mmol),
[Rh(C2H,),Cl],, chiral sulfinamide ligand, K3PO,4 (0.25 mmol), dioxane (5 mL),
water (1 mL), argon, 40 °C, 4 h. [b] Isolated yield. [c] Determined by HPLC
analysis with a chiral stationary phase. All products are R form. [d] With
99%ee (S)-L1 as chiral ligand. [e] L3 and L4 with 98%de according to the
literature %!

With the optimized conditions in hand, reaction of a,f-
unsaturated cyclic carbonyl compounds la-1c and various
arylboronic acids 2 were evaluated (Table 2).

Several points are noteworthy: Firstly, all of the reactions for
which L1 were used as ligands furnished high yields (80%~98%)
and excellent enantioselectivities (86%ee~98%ee) (Entries 1 to
21). All confirmed configuration of the products with (S)-L1 as
ligand were R form, while (R)-L1 afforded S form 3-
tolylhexanone. As means extremely strong chiral induction ability
with L1.

Table 2. Evaluation of reactlon of a,B-unsaturated cyclic carbonyl compounds
la-1c and arylboronic acids 2. (el
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(5mol%) (S)-L1

2.5%mol [Rh(C,H,),Cll, ©. -
> TAr
K3PO,, dioxane, 40 °C mn

oﬂ
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rhodium-catalzyed 1,2-addition reaction of benzil and
phenylboronic acid, and (R)-form product with 90% vyield and
90%ee was obtained (Scheme 3).

1a, X=CH,, n=2 2 3

ib’ ;((ngZ’—E:L 5mol% L1 Ph

c, X=0, n= O, Ph B(OH)2 2.5 mol% [Rh(C,H4),Cll, e
Entry 1 Ar 3 Yield ee Config.[a] H + /©/ o] & Ph

(%)™ (%) Ph o] o KsPO,, dioxane, 40°C 7 HO
1 la  4-MeOCeHs  3a 98 96 R 90% yield, 90%ee
2 la CeHs 3b 90 97 R% 4 2a 5
3 la  4-MeCeHs 3c 97 98 R
4 la  4-MeCeHs 3c 97 97 st
5 1a 3-MeCgHs 3d 96 95 Riteal Scheme 2. Rh-catalyzed 1,2-addition reaction of benzil and phenylboronic
6 la 2-MeCgHs 3e 97 98 NC!% acid with (S)-L1 as ligand.
7 la  4-t-BuCeHs 3f 98 98 R
8 la 4-CICgHs 3g 95 94 R
9 la  3-ClCeHs 3h 97 93 R[iga]
10 la 2-CICgHs 3i 94 91 RI l:]cl In summary, we have developed a new type of chiral cyclic
i; i: j:g%::js g’k gg gg mgm sulfinamide-olefin  ligands from commercially available,
13 la 2-naphthyl 3l 86 94 R inexpensive starting materials. Wide structural diversity of chiral
[22] . . . .
1‘5‘ ig ‘é‘?_leE»CBHS gnm 2(7) gg gl%, ligands can be achieved by changing the synthetic routes. For
16 1b 4_6MZC5H5 30 92 o1 Nl rhodium-catalyzed asymmetric addition reactions, both
17 b 2-MeCeHs 3p 94 86 NC? enantiomers could be furnished in high yields with excellent
1 t- . ..

ig 13 j_:\,lilg%rﬁs g? gg gg gl%. enantioselectivity by employment of (S)- and (R)-L1,
20 1c  4-MeCeHs 3s 96 96 R respectively. Chiral cyclic sulfinamide-olefin ligand with only
21 1c  4-MeOCeHs 3t 97 94 NCPe

[a] Reaction conditions: Cyclohexenone (0.5 mmol), arylboronic acid (1 mmol),
[Rh(C2H4)Cl]; (0.0125 mmol), 99%ee (S)-L1 (0.025 mmol), KzPO, (0.25
mmol), dioxane (5 mL), water (1 mL), argon, 40 °C, 3 h, unless otherwise
noted. [b] Isolated yield. [c] Determined by HPLC analysis with a chiral
stationary phase. [d] The absolute configurations of 3a-3t were determined by
comparison of their chiral HPLC elution order with those reported (see the
supporting information). NC means no comparison of the configuration with
the literature data. [e] Ligand (R)-L1 (0.025 mmol) was used.

Secondly, both enantiomers of a chiral compound are often
required in organic synthesis, fine chemicals, medicinal and
pharmaceutical industries. To our gratification, both enantiomers
of the product 3-(4-tolyl)cyclohexanones could be obtained in
high yields and with 98%ee (R form) and 97%ee (S form),
respectively, when the sulfinamide ligands (S)- and (R)-L1 were
applied (Entries 3 and 4).

Thirdly, para- and ortho-methyl- and para-tert-butyl-
phenylboronic acid afforded the highest enantioselectivities of
98%ee among the tested arylboronic acids (Entries 3, 6 and 7).
It should be emphasized that 98%ee of the products are
produced not by 100%ee but by only 99%ee chiral ligand (S)-L1.
Fourthly, halo, vinyl and alkoxyl groups are compatible in the
addition. These addition product is easily further derived into
various valuable compounds.

Fifthly, cyclic lactone 5,6-dihydropyran-2-one afforded nearly the
same high yields and enantioselectivities as cyclohexenone
(Entries 20-21). However, cyclopentenone is a homologen of
cyclohexenone, but for the same kinds of arylboronic acids,
cyclopentenone generally afforded lower ee values (Entries 15
to 19). The reason probably is that four hydrogen atoms of two
methylene groups out of the plane of cyclopentenone hamper

efficiency of rhodium’s vertical coordination with cyclopentenone.

Although Xu®®” and Kiar® have reported efficient rhodium-
catalyzed 1,2-additions of arylboronic acids to benzil, to our
delight, this new type of chiral ligand also performed well in

99%ee afforded 1,4-addition products with up to 98%ee. The
salient features of these new chiral ligands, including their rigid
cyclic structure, air stability, the practical preparation from
readily available starting materials, easy modification, and good
results in enantioselective transformations, render these ligands
very attractive. Further studies, such as investigation of the
performance of these ligands in other metal-catalyzed
asymmetric reactions, are currently underway in our laboratory.

Experimental Section

Typical procedure for the synthesis of chiral cyclic sulfinamide (S)-2,3-
dihydro-1,2-benzoisothiazole 1-oxide: To an oven-dried 25 mL test tube
with ground joint equipped with a stir bar were added (R)-N-(2-
iodobenzyl)-2-methylpropane-2-sulfinamide (1 mmol, 337 mg), AIBN
(0.38 mmol, 64 mg), and degassed toluene (2 mL). The test tube was
sealed and evacuated and refilled with argon for three cycles. And it was
put into an oil bath preheated at 110 °C. A solution of AIBN (1.09 mmol,
179 mg), BnzSnH (0.9 mmol, 264 mg) and degassed toluene (5 mL) was
injected into the test tube via syringe with two hours. After injection the
test tube kept stirring at 110 °C for another four hours. After cooling to
room temperature, the reaction mixture was quenched with water (20
mL) and extracted with ethyl acetate (20 mL) for three times. The
combined organic layer was dried with anhydrous MgSO, and filtered.
After removal of the solvent under reduced pressure, the residue was
purified by flash column chromatography (eluted using gradient mixtures
of petroleum ether and ethyl acetate (0-100% ethyl acetate)) on silica gel
to afford (S)-2,3-dihydro-1,2-benzoisothiazole 1-oxide as a white solid
(0.994 g, 65%, 99%ee). Mp: 125-126 °C for 99%ee (lit.**™: mp. 120 °C
for 94%ee). [a]p?® = -123.39° (¢ = 0.124, CH.Cl,) (lit. ® [a]p® = -
98.9° (c = 1, EtOH)).

Typical procedure for the synthesis of (S)-cinnamyl-2,3-dihydro-1,2-
benzoisothiazole 1-oxide (L1): To an oven-dried 25 mL test tube with
ground joint equipped with a stir bar were added (S)-2,3-dihydro-1,2-
benzoisothiazole 1-oxide (1 mmol, 153.0 mg), 60% NaH (2 mmol, 40 mg),
THF (2 mL). The test tube was sealed and evacuated and refiled with
argon for three cycles. The test tube was put into an ice water bath and
stirred for a half hour. A solution of cinnamyl bromide (1.01 mmol, 0.199
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g) and THF (3 mL) was injected into the test tube via a syringe. And the
test tube was sealed and evacuated and refiled with argon for three
cycles. The test tube was put into an ice water bath and stirred for five
hours. The reaction mixture was quenched with water (15 mL) and
extracted with ethyl acetate (15 mL) for three times. The combined
organic layer was dried with anhydrous MgSO, and filtered. After removal
of the solvent under reduced pressure, the residue was purified by flash
column chromatography (eluent: gradient mixtures of petroleum ether
and ethyl acetate (0-100% ethyl acetate)) on silica gel to afford (S)-
cinnamyl-2,3-dihydro-1,2-benzoisothiazole 1-oxide (L1) as a white solid
(245 mg, 91% vyield, 99%ee). [a]p?®’ +52.27 (c 0.2, CH,Cly), mp. 114-116
°C.

Typical procedure for the synthesis of optically active 3-(4-
methoxyphenyl)cyclohexan-1-one (3a): To an oven-dried 25 mL test tube
with ground joint equipped with a stir bar were added 4-
methoxyphenylboronic acid (1 mmol, 0.152 g), (S)-N-cinnamyl 2,3-
dihydro-1,2-benzoisothiazole  1-oxide (0.025 mmol, 0.0067 Qg),
[Rh(C2H.4).Cl]> (0.0125 mmol, 0.0048 g), 1,4-dioxane (2 mL). The test
tube was sealed with a sleeve rubber stopper and evacuated and refilled
with argon for three cycles. It was put into an oil bath preheated at 40 °C
for 0.5 hour. And then a solution of cyclohexenone (0.5 mmol, 0.048 g),
K3PO,4 (0.25 mmol, 0.053 g), 1,4-dioxane (3 mL) and water (1 mL) was
transferred to the test tube by a syringe. The test tube was further
evacuated and refilled with argon for three cycles. And it was put into the
oil bath preheated at 40 °C for 3 hour. The reaction mixture was added
water (15 mL) and extracted with ethyl acetate (15 mL) for three times.
The combined organic layer was dried over anhydrous MgSO, and
filtrated. After removal of the solvent under reduced pressure, the residue
was purified by flash column chromatography on silica gel to afford 3a
(100 mg, 98% yield, 96%ee).

Keywords: asymmetric catalysis « enantioselectivity ¢ cyclic
sulfinamide-olefin « addition reaction « rhodium
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Rigid cyclic sulfinamide 2,3-dihydro-1,2-benzoisothiazole 1-oxide acts as chiral
skeleton of a new type of chiral cyclic sulfinamide-olefin ligands, which demonstrate
excellent enantioselective catalytic performance in rhodium-catalyzed asymmetric
1,4-additions of a,B-unsaturated cyclic carbonyl compounds and 1,2-addition of
benzil. Both enantiomers of chiral ligands are easily prepared and directly used in
catalysis, and thus both high ee enantiomers of the products are obtained.
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