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Abstract: The spiro-2,2’-bichroman-based chiral bi-
soxazoline ligands (SPANbox) were found to be
highly efficient in copper(II)- and zinc(II)-catalyzed
asymmetric chlorinations of cyclic b-keto esters with
N-chlorosuccinimide (NCS) as the chlorination re-
agent, to give the corresponding a-chloro-b-keto
esters in excellent yields in 5–30 min with ee values
up to 97%. The copper(II) triflate and zinc(II) tri-

flate complexes of a single SPANbox ligand demon-
strated complementary results to each other with re-
spect to the enantioselection, affording both anti-
podes of the chlorinated product enantiomers with
good to excellent optical purities.

Keywords: asymmetric catalysis; bisoxazolines;
chlorination; a-chloro-b-keto esters; copper; zinc

Introduction

Chiral a-halo carbonyl compounds are versatile syn-
thetic intermediates for further stereospecific transfor-
mations and important structural motifs in biological-
ly active molecules.[1] Catalytic asymmetric electro-
philic a-halogenation of carbonyl compounds can pro-
vide a direct access to enantioenriched a-halo carbon-
yl compounds, and thus has gained considerable
interests in recent years.[2] Several strategies based on
Lewis acid catalysis[3] or organocatalysis[4] have been
successfully developed over the past decade for the
stereocontrolled construction of carbon�halogen
bonds adjacent to either one or two carbonyl groups,
with the most significant progresses being made in the
area of a-fluorination reactions.[5] On the other hand,
the catalytic enantioselective a-chlorination reactions
of carbonyl compounds have been relatively less ex-
plored, and catalytic systems with synthetically useful
enantioselectivities (>90% ee) and general substrate
adaptability are still rare. In this regard, Hintermann
and Togni disclosed the first example of catalytic
asymmetric a-chlorination (also involving fluorination

and bromination) of b-keto esters in 2000, using iso-
lated chiral Ti-TADDOLato complexes as the cata-
lysts.[6] Following this pioneering work, a number of
catalytic systems based on chiral Lewis acidic com-
plexes of Cu(II),[7] Ni(II),[8] Cu(I),[9] Co(II),[10] or
Zn(II)[11] have been found to be effective catalysts for
asymmetric a-chlorination of 1,3-dicarbonyl com-
pounds, which can form reactive enolates by chelation
with the metal centers. The organocatalytic enantiose-
lective a-chlorination of this type of substrates has
also been recently developed by the groups of Bartoli,
Feng, and D�az-de-Villegas, respectively, using chiral
amines,[12] N,N’-dioxides,[13] or amino diol deriva-
tives[14] as the catalysts for the enolate generation.
High enantioselectivities have been achieved for the
a-chlorination of 1,3-dicarbonyl compounds in some
cases, but the protocols incorporating cheap chlorinat-
ing reagents, mild conditions, and excellent yields
remain scarce. Herein, we report a highly efficient a-
chlorination of cyclic b-keto esters by N-chlorosuc-ACHTUNGTRENNUNGcinimide (NCS) using Cu(II) or Zn(II) complexes of
chiral spiro-2,2’-bichroman-based[15,16] bisoxazoline li-
gands[17] (SPANbox 1,[18] Figure 1) as the catalysts.
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Under mild conditions, most of the reactions were ac-
complished in 5 min to afford the a-chloro-b-keto
esters in almost quantitative yields with good to high
enantioselectivities. Notably, the SPANbox complexes
of Cu(II) and Zn(II) are found to be complementary
to each other in the sense of asymmetric induction,
and both antipodes of the chlorinated product enan-
tiomers can be readily accessed using a single chiral
ligand simply by switching the metal salt from
Cu ACHTUNGTRENNUNG(OTf)2 to Zn ACHTUNGTRENNUNG(OTf)2, or vice versa.

Results and Discussion

The chiral spiro-bisoxazoline ligands SPANbox
1 (Figure 1) were synthesized by following our previ-
ously published procedure.[18] As an initial investiga-
tion of the reaction, a number of commercially avail-
able Lewis acidic metal salts in combination with
SPANbox ligand (S,R,S)-1a were examined as the po-
tential catalysts for the enantioselective chlorination
of a cyclic b-keto ester, 1-adamantyl 1-oxo-2,3-dihy-
dro-1H-indene-2-carboxylate (2a). The reactions were
performed in dichloromethane at room temperature
in the presence of a catalytic amount of Lewis acid
(10 mol%) and the chiral ligand (S,R,S)-1a
(18 mol%), using NCS (1.2 molar equiv.) as the chlori-
nating agents (Table 1). Clearly, 2a is a highly enoliza-
ble substrate, which readily underwent an uncatalyzed
background reaction in the absence of any Lewis acid
to afford a racemic product 3a (entry 1). In all cases,
the presence of a catalytic amount of Lewis acid
(10 mol%) was found to significantly accelerate the
reactions, however, the enantioselectivities varied
widely (0–86% ee) depending on the salt used. While
the majority of the examined metal salts only gave 3a
in nil or modest ee values (entries 1–9 and 16), some

cupric salts and Zn ACHTUNGTRENNUNG(OTf)2 are exceptions (entries 10–
15). The identity of the anions also plays a prominent
role in the catalysis. For instance, the catalyst generat-
ed from Cu ACHTUNGTRENNUNG(OTf)2 and (S,R,S)-1a gave the product
(�)-3a with an ee value of 86% (entry 11), whereas
changing the anion of the cupric salt to either acetate
or perchlorate led to an erosion in enantioselectivity
or even a change in stereochemistry (entries 12 and
14). Similar behaviors can also be found in Zn(II)-
mediated reactions (entries 15 vs. 16). Most interest-
ingly, the (S,R,S)-1a/Zn ACHTUNGTRENNUNG(OTf)2 catalyst combination
afforded the (+)-3a in 85% ee, but with a complete
reversal of enantioselectivity with respect to that of
(S,R,S)-1a/Cu ACHTUNGTRENNUNG(OTf)2 under the otherwise identical
conditions (entries 15 vs. 11). In consideration of their
complementary nature in asymmetric inductions, both
(S,R,S)-1a/Cu ACHTUNGTRENNUNG(OTf)2 and (S,R,S)-1a/ZnACHTUNGTRENNUNG(OTf)2 catalyst
combinations were employed in subsequent reaction
studies.

A general survey of the reaction conditions was
subsequently conducted for the enantioselective
chlorination of 2a, using the complexes generated in
situ from (S,R,S)-1a and Cu ACHTUNGTRENNUNG(OTf)2 or Zn ACHTUNGTRENNUNG(OTf)2 as the
catalyst, respectively. The reactions were typically per-
formed by treatment of a solution of 2a with an elec-

Figure 1. Chiral spiro bisoxazoline ligands (SPANbox 1)
used in this study.

Table 1. Screening of Lewis acids in the catalytic enantio-ACHTUNGTRENNUNGselective chlorination of b-keto ester 2a.[a]

Entry Lewis acid Time
[min]

Yield
[%][b]

ee
[%][c]

1 None 20 70 rac.
2 Sc ACHTUNGTRENNUNG(OTf)3 5 >99 rac.
3 La ACHTUNGTRENNUNG(OTf)3 5 >99 rac.
4 InCl3 5 >99 10 (�)
5 InBr3 5 >99 10 (�)
6 In ACHTUNGTRENNUNG(OTf)3 5 >99 3 (�)
7 Mg ACHTUNGTRENNUNG(OAc)2 5 >99 rac.
8 Fe ACHTUNGTRENNUNG(OAc)2 5 >99 2 (+)
9 Ni ACHTUNGTRENNUNG(ClO4)2·6 H2O 5 >99 10 (+)
10 CuOTf·0.5 C6H6 5 >99 56 (�)
11 Cu ACHTUNGTRENNUNG(OTf)2 5 99 86 (�)
12 Cu ACHTUNGTRENNUNG(OAc)2 5 >99 21 (+)
13 Cu ACHTUNGTRENNUNG(TFA)2·0.56 H2O 5 >99 84 (�)
14 Cu ACHTUNGTRENNUNG(ClO4)2·6 H2O 5 >99 33 (+)
15 Zn ACHTUNGTRENNUNG(OTf)2 5 >99 85 (+)
16 Zn ACHTUNGTRENNUNG(OAc)2 5 >99 rac.

[a] Reaction conditions: 2a (0.1 mmol), Lewis acid
(10 mol%), 1a (18 mol%), NCS (1.2 equiv.), dichlorome-
thane solvent (0.75 mL), room temperature. Ad= 1-ada-
mantyl.

[b] Yield of the isolated product.
[c] Determined by chiral HPLC.
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trophilc chlorinating agent (1.2 equiv.), generally
NCS, in the presence of a catalytic amount of ligand
(S,R,S)-1a together with Cu ACHTUNGTRENNUNG(OTf)2 (10 mol%) or
Zn ACHTUNGTRENNUNG(OTf)2 (10 mol%). Many reaction parameters were
found to have an influence on the reactivity and/or
enantioselectivity of the catalysis, including the metal
to ligand molar ratio, solvent, catalyst concentration,
temperature, additive, as well as the chlorinating
agent (for details, see Table S1–Table S11 in the Sup-
porting Information). As a result, the reaction per-
formed in dichloromethane at room temperature with
a catalyst concentration of 0.13 mM and a metal to
ligand molar ratio of 1:1.8 was found to be beneficial
for the (S,R,S)-1a/Cu ACHTUNGTRENNUNG(OTf)2-catalyzed chlorination of
2a,[19] giving a quantitative yield of (�)-3a in 5 min
with an ee value of 86% (entry 4, Table S1 in the Sup-
porting Information). A deviation from these condi-
tions led to some loss in enantioselectivity (Table S1–
Table S4 in the Supporting Information). Further
scrutiny of some electrophilic chlorinating agents re-
vealed that NCS was still the best one in terms of
both activity and enantioselectivity for the Cu(II)-cat-
alyzed reaction (Table S5 in the Supporting Informa-
tion). Some common additives were examined for
(S,R,S)-1a/Cu ACHTUNGTRENNUNG(OTf)2-catalyzed chlorination as well,
among which the weak Brønsted acid hexafluoro-2-

propanol (HFIP, 1.0 equiv.) was found to have a bene-
ficial effect on the enantioselectivity, leading to an en-
hancement of ee value of 3a to 90% (Table S6 in the
Supporting Information). Finally, a screening of reac-
tion conditions for (S,R,S)-1a/Zn ACHTUNGTRENNUNG(OTf)2-catalyzed
chlorinations of 2a (Table S7–Table S11 in the Sup-
porting Information) revealed a behavior somewhat
parallel to that of 1a/Cu ACHTUNGTRENNUNG(OTf)2 catalysis. In this case,
the reaction was found to be best conducted in 1,2-di-
chloroethane (DCE) at 60 8C for 5 min, using NCS as
the chlorine source and with a metal to ligand molar
ratio of 1:2.2, to give a quantitative yield of (+)-3a in
95% ee (entry 2, Table S11 in the Supporting Informa-
tion).

In order to identify the optimal ligand(s), the li-
brary of chiral SPANbox ligands (S,R,S)- and (S,S,S)-
1 was screened for the chlorination of 2a catalyzed by
Cu ACHTUNGTRENNUNG(OTf)2 or Zn ACHTUNGTRENNUNG(OTf)2, respectively. The reactions
were conducted at room temperature in CH2Cl2 [for
Cu(II)] or DCE [for Zn(II)] using NCS as the chlor-
ine source, and the results are summarized in Table 2.
While almost all the catalyst combinations were
highly active in this reaction (>99% yield in 5 min),
the ee values of the chlorinated product 3a varied
widely (0–90%) depending on the ligand structure. It
is noteworthy that for each SPANbox ligand, the

Table 2. Screening of ligands 1a–h for Cu ACHTUNGTRENNUNG(OTf)2- or ZnACHTUNGTRENNUNG(OTf)2-catalyzed enantioselective chlorination of b-keto ester 2a.[a]

Entry Ligand 3a [Cu(II)/1] 3a [Zn(II)/1]
Yield [%][b] ee [%][c] Yield [%][b] ee [%][c]

1 ACHTUNGTRENNUNG(S,R,S)-1a >99 90 (�) >99 88 (+)
2 ACHTUNGTRENNUNG(S,S,S)-1a 99 15 (+) >99 14 (�)
3 ACHTUNGTRENNUNG(S,R,S)-1b 91 73 (�) >99 66 (+)
4 ACHTUNGTRENNUNG(S,S,S)-1b >99 rac. >99 rac.
5 (S,S,R,S,S)-1c >99 71 (�) >99 79 (+)
6 (S,S,S,S,S)-1c >99 25 (�) >99 rac.
7 ACHTUNGTRENNUNG(S,R,S)-1d >99 rac. >99 24 (+)
8 ACHTUNGTRENNUNG(S,S,S)-1d >99 rac. >99 29 (+)
9 ACHTUNGTRENNUNG(S,R,S)-1e 90 69 (�) >99 10 (+)
10 ACHTUNGTRENNUNG(S,S,S)-1e >99 9 (�) >99 6 (+)
11 ACHTUNGTRENNUNG(S,R,S)-1f 99 43 (�) >99 49 (+)
12 ACHTUNGTRENNUNG(S,S,S)-1f >99 rac. >99 7 (+)
13 ACHTUNGTRENNUNG(S,R,S)-1g 99 35 (�) >99 29 (+)
14 ACHTUNGTRENNUNG(S,S,S)-1g >99 rac. >99 4 (+)
15 (S,R,R,R,S)-1h >99 3 (�) >99 2 (+)

[a] Unless otherwise noted, all reactions were performed at temperature for 5 min with 2a (0.1 mmol) using NCS (1.2 equiv.)
as the chlorinating agent, in the presence of the catalyst geneated in situ by mixing of Cu ACHTUNGTRENNUNG(OTf)2 (10 mol%) with ligand
1 (18 mol%) in CH2Cl2 (0.75 mL), or ZnACHTUNGTRENNUNG(OTf)2 (10 mol%) with ligand 1 (22 mol%) in DCE (0.75 mL), respectively.
HFIP (1.0 equiv.) was used as additive in CuACHTUNGTRENNUNG(OTf)2-mediated reactions. Ad= 1-adamantyl.

[b] Yield of the isolated product.
[c] Determined by chiral HPLC.
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Cu ACHTUNGTRENNUNG(OTf)2- and Zn ACHTUNGTRENNUNG(OTf)2-mediated reaction demon-
strated an enantioselectivity level parallel to each
other, but always with the opposite sense of chiral in-
duction (columns 4 vs. 6 in Table 2). In addition, the
match or mismatch of the chiralities on the spiro
backbone (axial) and oxazolinyl (central) moieties of
1 was found to have a considerable impact on the
asymmetric induction of the catalysis. The reactions
with (S,R,S)-1 generally afforded the product 3a with
ee values higher than those obtained using their corre-
sponding (S,S,S)-counterparts (entries 1 vs. 2, 3 vs. 4, 5
vs. 6, 9 vs. 10, 11 vs. 12, and 13 vs. 14, respectively), in-
dicating that (S,R,S) should be the matched pair for
both Cu ACHTUNGTRENNUNG(OTf)2- and Zn ACHTUNGTRENNUNG(OTf)2-catalyzed reactions. Fi-
nally, the substituents on the oxazolinyl moieties of
the (S,R,S)-1 were also found to have a significant
effect on the enantioselectivity. For instance, the reac-
tions involving phenyl-substituted ligand (S,R,S)-1a
afforded 3a with high ee values (entry 1), whereas
sterically more bulky 1-naphthyl-, 2-naphthyl-, cis-1,2-

indanyl, or tert-butyl-substituted ligands (S,R,S)-1f–h
and (S,R,S)-1d only led to poor enantioselectivities
(entries 7, 11, 13, and 15). In these cases the sterically
encumbering oxazolyl substituents might hinder or in-
hibit the substrate coordination and hence prevent its
activation, presumably as a result of steric congestion
caused by their proximity to the catalytic metal
center. Overall, (S,R,S)-1a was found to be optimal in
terms of enantioselectivity for both Cu ACHTUNGTRENNUNG(OTf)2- and
Zn ACHTUNGTRENNUNG(OTf)2-catalyzed chlorination of 2a, providing (�)-
or (+)-antipodes of 3a, respectively, both in high ee
values (entry 1).

Therefore, the enantioselective chlorination with
NCS was extended to a variety of cyclic b-keto ester
substrates 2a–m, using Cu ACHTUNGTRENNUNG(OTf)2/ ACHTUNGTRENNUNG(S,R,S)-1a or
Zn ACHTUNGTRENNUNG(OTf)2/ACHTUNGTRENNUNG(S,R,S)-1a as the catalyst under their re-
spective optimized reaction conditions. As shown in
Table 3, most of the reactions were completed in 5–
10 min under mild conditions, to afford the chlorinat-
ed products in good to excellent yields (82 to >99%).

Table 3. ACHTUNGTRENNUNG(S,R,S)-1a complex of Cu ACHTUNGTRENNUNG(OTf)2- or ZnACHTUNGTRENNUNG(OTf)2-catalyzed asymmetric chlorination of b-oxo esters 2a–m.[a]

Entry Product 3 [Cu(II)/1a] 3 [Zn(II)/1a]
Yield [%][b] ee [%][c] Yield [%][b] ee [%][c]

1 >99 90 (�) 99[f] 94[f] (+)

2 >99[d] 90[d](�) >99[f] 83[f] (+)

3 >99 74 (�) >99 28 (+)

4 82 64 (�) –[g] –[g]

5 99 63 (�) –[g] –[g]

6 89 81 (�) >99 90 (+)

7 98 81 (�) >99 89 (+)
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A general trend with respect to the enantioselectivity
is clearly discernible for both Cu(II)- and Zn(II)-cata-
lyzed chlorination of 2-carboxylate indanones 2a–e,
i.e. , the sterically bulkier ester substituents (1-ada-
mantyl or t-Bu) generally impart higher enantioselec-
tivity in the chlorinated products 3a–e (entries 1 and 2
vs. 3-5). Remarkably, Cu ACHTUNGTRENNUNG(OTf)2/ACHTUNGTRENNUNG(S,R,S)-1a and
Zn ACHTUNGTRENNUNG(OTf)2/ACHTUNGTRENNUNG(S,R,S)-1a were found to afford the oppo-
site enantiomers in the chlorination of of adamantyl
b-keto esters 2a and 2f–l, with good to high ee values
(63–96%) being attained in the chlorinated products
(entries 1 and 6–12). Excellent results have also been
obtained for the chlorination of cyclopentanone deriv-
ative 2m (entry 13). In the case of tert-butyl 2-methyl-
3-oxo-3-phenylpropanoate, a more challenging acyclic
b-keto ester, the chlorination product was obtained in
good yields after a prolonged time (12 h), but with

only modest ee values (see the Supporting Informa-
tion). These results suggested that the SPANbox
(S,R,S)-1a complexes of Cu ACHTUNGTRENNUNG(OTf)2 and Zn ACHTUNGTRENNUNG(OTf)2 can
show complementary results to each other in the
chlorination reactions,[20] presumably as a result of
a change in the coordination geometry in the copper
and zinc catalysts.[21]

Conclusions

SPANbox complexes of Cu ACHTUNGTRENNUNG(OTf)2 and Zn ACHTUNGTRENNUNG(OTf)2 were
found to be highly efficient catalysts for enantioselec-
tive chlorination of cyclic b-keto esters using the com-
mercially available NCS as the cheap chlorinating
agent, affording the chlorinated products in good to
excellent yields (82 to >99%) with high enantioselec-

Table 3. (Continued)

Entry Product 3 [Cu(II)/1a] 3 [Zn(II)/1a]
Yield [%][b] ee [%][c] Yield [%][b] ee [%][c]

8 98 92 (�) >99 96 (+)

9 97 84 (�) 99 95 (+)

10 84 63 (�) >99f) 90[f] (+)

11 99 82 (�) >99 92 (+)

12 98[e] 75[e] (�) >99[f] 81[f] (+)

13[h] 85 97 (�) 80 92 (+)

[a] Unless otherwise specified, all reactions were performed for 5 min with 2a–l (0.1 mmol) using NCS (1.2 equiv.) as the
chlorinating agent, in the presence of the catalyst geneated in situ by mixing of CuACHTUNGTRENNUNG(OTf)2 (10 mol%) with ligand
1 (18 mol%) in CH2Cl2 (0.75 mL), or Zn ACHTUNGTRENNUNG(OTf)2 (10 mol%) with ligand 1 (22 mol%) in DCE (0.75 mL), respectively. The
reactions with Cu ACHTUNGTRENNUNG(OTf)2 were carried out at room temperature in the presence of HFIP (1.0 equiv.) as the additive,
whereas the reactions involving ZnACHTUNGTRENNUNG(OTf)2 were performed at 60 8C.

[b] Yield of the isolated product.
[c] Determined by chiral HPLC.
[d] CuACHTUNGTRENNUNG(OTf)2 (5 mol%) and (S,R,S)-1a (9 mol%).
[e] Reaction time: 10 min.
[f] ZnACHTUNGTRENNUNG(OTf)2 (5 mol%) and (S,R,S)-1a (11 mol%).
[g] Not examined.
[h] Reaction time: 30 min.
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tivity (up to 97% ee) in 5–30 min under mild condi-
tions. Intriguingly, Cu(II)- and Zn(II)-catalyzed reac-
tions with a single SPANbox ligand produce the
chlorinated products with opposite enantioselection in
good to high enantiopurity, indicating that both anti-
podes of the chlorinated b-keto ester enantiomers can
be readily accessed by simply switching the zinc(II)
and copper(II) salts in the present system. These fea-
tures suggest that the method can potentially be ex-
tended to asymmetric reactions involving the use of
other nucleophiles.

Experimental Section

General Procedure for Cu ACHTUNGTRENNUNG(OTf)2/SPANbox-Catalyzed
Enantioselective Chlorination of b-Keto Esters

To an anhydrous dichloromethane solution (0.75 mL) of
copper(II) triflate (3.6 mg, 0.01 mmol) and the SPANbox
ligand 1a (11.2 mg, 0.018 mmol) in a 5-mL Schlenk tube was
added b-keto ester 2 (0.1 mmol), and the resulting mixture
was stirred under argon at room temperature for 0.5 h.
HFIP (11 mL, 0.1 mmol) was injected into the tube, and the
mixture was stirred further for 10 min at room temperature
before the chlorinating agent NCS (15.9 mg, 0.12 mmol) was
added. After completion of the reaction as indicated by
TLC analysis (5–10 min), the solvent was evaporated under
vacuum and the residue was purified by column chromatog-
raphy on silica gel with petroleum ether/ethyl acetate (20:1)
as the eluent. The ee value of the a-chloro-b-keto ester 3
was determined by chiral HPLC.

General Procedure for Zn ACHTUNGTRENNUNG(OTf)2/SPANbox-Catalyzed
Enantioselective Chlorination of b-Keto Esters

Zinc(II) triflate (1.8 mg, 0.005 mmol) and the SPANbox
ligand 1a (6.8 mg, 0.011 mmol) were dissolved in anhydrous
1,2-dichloroethane (0.37 mL) in a 5-mL Schlenk tube, and
the solution was stirred at 60 8C under argon for 1 h. The b-
keto ester 2 (0.1 mmol) was added, and the resulting mix-
ture was stirred further at 60 8C for 0.5 h before the chlori-
nating agent NCS (15.9 mg, 0.12 mmol) was added. The re-
action mixture was stirred at this temperature for a short
period (ca. 5 min) until TLC indicated the completion of the
reaction. The solvent was evaporated under vacuum and the
residue was purified by column chromatography on silica
gel with petroleum ether/ethyl acetate (20:1) as the eluent.
The ee value of the a-chloro-b-keto ester 3 was determined
by chiral HPLC.
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