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New chiralN-chloroimidodicarbonates, which function as efficient chiral chlorinating agents, were designed
and synthesized. Among thes€;-symmetric (R,2S5R)-(—)-menthylN-chloroimidodicarbonatea
provided moderate to good enantioselectivity (up to 40%) for the chlorination of silyl enol ethers to
afford o-chloroketones only in the presence of a suitable Lewis acid such as Sm(OTf)

Introduction :
. . . o o "o o
Halogenated organic compounds are important chemical . J@\ )i )L
(¢) ’ 0~ N7 "0

intermediates for the synthesis of numerous functionalized I NTo \
organic compounds. In recent years, the asymmetric synthesis "~ R R
of halogenated compounds has been, therefore, an active area ;g g = gl ;gg ngl

of research. We are involved in the asymmetric 1,2-halofunc-
tionalization of alkenes and recently found that Lewis acids, in
particular, metal triflates, catalyze the reactions when o 0
halosuccinimides are used as halogen sourdéss led us to J@"“\OJ\NJLO
believe that a suitable chiral-haloimide might exert the R ‘
enantioselective halogenation of organic compounds. Synthesis .

) . o ) 1c:R=H
of some chiralN-haloamides and -imides is known from the 2¢c:R=Cl
literature; however, their utility for the asymmetric halogenation
of organic compounds has not been repoftedecently,
Yamamoto described the synthesis and application of a chiral
o,a-dichloromalonate as an efficient chlorinating agéRere,
we describe the design and synthesis of @wsymmetric chiral
N-chloroimidodicarbonate& (Figure 1) and their application
to the enantioselective chlorination of silyl enol ethers.

o o
\‘L'T‘

H

3

FIGURE 1. DesignedC,-symmetric imidodicarbonates and imide.

Results and Discussion

Prior to the synthesis of chiral imidodicarbonic acid esters
1, we attempted to synthesize the chi@atsymmetric imide3
(Figure 1). It was presumed that N-chlorinatgdn its syn-
dipole conformation may exert asymmetric induction. However,
acylation of the corresponding amide failed to yield the imide

* Corresponding author. Tel.:-91-3222-283340; fax:+91-3222-255303.
(1) (a) Hajra, S.; Bhowmick, M.; Karmakar, Aetrahedron Lett2005

46, 3073-3077. (b) Hajra, S.; Bhowmick, M.; Sinha, D. Org. Chem. 3 even by performing the reaction using different reagents and

2006 71, 9237-9240. conditions. Steric inhibition of bulky bicyclic units might prevent

) 4%)_ Duhamel, L.; Angibaud, G. P. Bynth. CommurL993 23, 2423~ the acylation reaction. This prompted us to design and synthesize
(3) Zhang, Y.; Shibatomi, K.: Yamamoto, H. Am. Chem. So@004 the imidodicarbonate$, where the presence of an additional

126, 15038-15039. oxygen atom functions as a spacer to reduce steric inhibition.
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SCHEME 1. Synthesis of Imidodicarbonates 1 andN-Chloroimidodicarbonates 2
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aReagents: (a) triphosgenestsN, CCl, quantitative; (b) aq Nl 0 °C, quantitative; (c) NaH, THF, 0 °C, 1 min; and (dY-BuOCI (5 equiv), 36-40

o

Three different imidodicarbonateka—c were synthesized
from easily available chiral alcohols R2S5R)-(—)-menthol
4a, (1S,2S3S5R)-(+)-isopinocampheokb, and (1S2R,59)-
(—)-myrtanol 4c (Scheme 1). Alcoholst on reaction with
triphosgene and pyridine in C{oluene gave alkyl chlorofor-
mate 5 in quantitative yieldd. Without further purification,
chloroformates was stirred with 50% aqueous ammonia solution
at 0 °C to afford the carbamaté in high yields. When the
sodium salt of carbamat® generated on reaction with NaH,
was treated with the corresponding chloroformatfllowed
by immediate quenching with saturated M solution, imi-
dodicarbonated4 were produced in 2060% vyield. It is to be
noted that when the reaction was continued ¥d0 min, it
exclusively yielded the imidotricarbonaf®e The competition
betweenl and 7 could not be controlled even by varying the
different ratios of sodium salts @& and5. N-Chloroimidodi-
carbonate®a—c were prepared by treatment with excésg-
butyl hypochlorite at 3640 °C. Formation ofN-chloroimi-
dodicarbonateg has been revealed by the disappearance of a
broad singlet of NH ofl in the TH NMR spectra.

a-Halogenated carbonyl compounds, in particuachloro/
bromo compounds, are versatile intermediates in organic

TABLE 1. Screening of Lewis Acids for Enatioselective
Chlorination of 8a with 2

OSiMe; o}
CH,CI,/THF, -78 °C
8a 9a
entry  chlorinating agent ML ee of9a(%)?  yield (%)
1 2a none né 92
2 2b none ne 90
3 2c none ne 93
4 2a CuClh ne 84
5 2a TiCly ne 78
6 2a MgBr, ne 75
7 2a La(OTf)s ne 88
8 2a Y(OTf)s ne 86
9 2a Mg(OTf), ne 81
10 2a Sc(OTfg ne 84
11 2a Cu(OTfy ne 80
12 2a Yb(OTf)3 18 87
13 2a Sm(OTfy 22 88
14 2b Sm(OTfy 4 84
15 2c Sm(OTfy ne 87

apetermined by HPLC analysi8.Isolated yields®ne: No ee.

synthesis. Few methods for the enantioselective synthesis of

a-halogenated carbonyl compounds are known in the litera-
ture35° Lectka reported a catalytic and enantioselective

synthesis ofx-haloester via tandem halogenation/esterification

of acyl halides. In recent years, many research groups have
made important contributions to organocatalytic and enantiose-
lective a-halogenation of aldehydesind ketone$.Jgrgensen

(4) Ferguson, A. C.; Adlington, R. M.; Martyres, D. H.; Rutledge, P. J.;
Cowley, A.; Baldwin, J. ETetrahedron2003 59, 8233-8243.

(5) (@) Wack, H.; Taggi, A. E.; Hafez, A. M.; Drury, W. J., llI; Lectka,
T.J. Am. Chem. So00], 123 1531-1532. (b) France, S.; Wack, H.;
Taggi, A. E.; Hafez, A. M.; Wagerle, T. R.; Shah, M. H.; Dusich, C. L.;
Lectka, T.J. Am. Chem. SoQ004 126, 4245-4255. (c) Hafez, A. M.;
Taggi, A. E.; Wack, H.; Esterbrook, J.; Lectka,Jrg. Lett.2001, 3, 2049~
2051.

(6) (a) Brochu, M. P.; Brown, S. P.; MacMillan, D. W. @. Am. Chem.
S0c.2004 126, 4108-4109. (b) Halland, N.; Braunton, A.; Bachmann, S.;
Marigo, M.; Jgrgensen, K. Al. Am. Chem. So@004 126, 4790-4791.

(c) Halland, N.; Lie, M. A.; Kjeersgaad, A.; Marigo, M.; Schigtt, B.;
Jagrgensen, K. AChem—Eur. J.2005 11, 7083-7090.

(7) (a) Marigo, M.; Bachmann, S.; Halland, N.; Braunton, A.; Jgrgensen,
K. A. Angew. Chem., Int. EQRR004 43, 5507-5510. (b) Bertelsen, S.;
Halland, N.; Bachmann, S.; Marigo, M.; Braunton, A.; Jgrgensen, K. A.
Chem. CommurR005 4821-4823. (c) Shibata, N.; Kohno, J.; Takai, K.;
Ishimaru, T.; Nakamura, S.; Toru, T.; KanemasaA8gew. Chem., Int.
Ed. 2005 44, 4204-4207. (d) Marigo, M.; Jargensen, K. AChem.
Commun2006 2001-2011.

(8) Bernardi, L.; Jgrgensen, K. &Zhem. CommurR005 1324-1326.

(9) (@) Hintermann, L.; Togni, AHelv. Chim. Acta200Q 83, 2425~
2435. (b) lbrahim, H.; Kleinbeck, F.; Togni, Adelv. Chim. Acta2004
87, 605-640.
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FIGURE 2. Plausible rotamers dfl-chloroimidodicarbonate2.

and Bernardi and Togni et af. independently described the
catalytic and enantioselectivehalogenation of carbonyl com-
pounds using NCS and Arlghs chlorinating agents, respec-
tively. Chiral o,a-dichloromalonates have efficiently been used
by Yamamoto et al. for the enantioselective chlorination of silyl
enol ethers to affordi-chloroketones.Herein, we describe the
utility of the new chiral chlorinating agen®for the enantio-
selective chlorination of silyl enol ethers to providechlo-
roketones.

All three N-chloroimidodicarbonate®reacted very well with
enol etherBa even at—78 °C and affordedu-chlorotetralone
9ain high yields, and no enantioselectivity (ee) was observed
(Table 1, entries £3). It seems that a number rotamers2of
might be acting as chlorinating agents (Figure 2) and that led
overall to no asymmetric induction. So, the complexatior of
with a suitable Lewis acid could restrict it to the sgipole
conformatior? (Figure 2) and might exert asymmetric induction,

J. Org. ChemVol. 72, No. 13, 2007 4873
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TABLE 2. Sm(OTf); Mediated Asymmetric Chlorination of Silyl Enol Ether 8 with 2a

yield®
entry substrate SiR3 product % ee” (%)
oSi o)
cl
1 O‘ 8a SiMe; * 22 88
oSi 0
al
2 O‘ 8b SiMe,Bu’ * 4° 85
3 )Oj/ 8¢ SiMes 0 10 87
P (Z:E3:1) Ph)j\(
Cl
4 osi 8d SiMe,Bu’ o 40 89
Ph)\/ ph)Kr/
cl
5 Osi 8e SiMe,Bu’ o] 32 91
PhM Ph)l\r/\/
cl
osi o)
NS *
6 8f SiMe,Bu' o 32 89
cl cl
oSi 0
N *
7 8g SiMe,Bu’ & 20 81
MeO MeO

apDetermined by HPLC analysi8Isolated yields after column chromatograpRpposite enantiomer.

as was speculated earlier. A variety of Lewis acids was,
therefore, screened for the chlorination8afwith 2 (Table 1).
Among these, Sm(OTfwas found to be a suitable Lewis acid
and2aas an efficient chlorinating agent to induce the chirality.

face selectivity. Unlike cyclicE-enol ethers, acycliZ-enol
ethers showed different effects. TMS enol etBeshowed 10%
ee (Table 2, entry 3), but TBDMS enol ett&d provided 40%
ee (Table 2, entry 4). Other TBDMS enol ethers of acyclic

Better enantioselectivity was only observed in homogeneous ketones also showed moderate enantioselectivity (Table 2,

reaction conditions (i.e., when the reaction was carried out in
CHCIo/THF (3:1)). It is worth mentioning that in 100% GH

Cl; (partial solubility of the Lewis acid), no ee was found, and
only in THF did chlorinating ager undergo fast decomposi-
tion. So, when a solution ¢fa (1.0 equiv) and Sm(OT$)(1.1
equiv)® in CH,CIy/THF (3:1) at —78 °C was treated with
trimethylsilyl enol ether of tetralon8a (1.0 equiv), within 10
min, it gavea-chlorotetralonea with 22% ee (Table 1, entry
13), whereas chlorinating agerzb and 2c showed 4 and 0%
ee, respectively (Table 1, entries 14 and 15).

To generalize the previous findings, chlorination of other silyl
enol ethers was studied usi@@ as a chiral chlorinating agent
in the presence of Sm(OTEffTable 2). It is to be noted that the
silyl group has an important role in asymmetric induction.
Sm(OTf) assisted chlorination of trimethylsilyl (TMS) enol
ether8a afforded 22% ee witl2a (Table 2, entry 1) and under
the same reaction conditiortert-butyldimethylsilyl (TBDMS)
enol ether8b provided the reverse but low enantioselectivity
(Table 2, entry 2). This is might be due to the bulkiness of the
silyl group in the cyclicE-enol ether that led to the competitive

(10) 0.1 equiv of excess Sm(O¥fivas used, only to avoid the presence
of unchelated rotamers.

(11) Since it showed modest enantioselectivity, no further attempt was
made to determine the absolute stereochemistry of ctiailoroketones
9.
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entries 5-7).

We also investigated the asymmetric chlorinatio@dtising
chiral nonC,-symmetric N-chloroimidodicarbonatella and
N-acylcarbamated1b and 11c (Scheme 2). Under the same
reaction conditions (i.e., in the presence of Sm(@Tilaand
11b showed enantioselectivity of 16 and 10%, respectively,
whereasl1cdid not provide any induction even in the presence
of a strong Lewis acid such as TiZISnCl, or EBAIL. Thus,
the asymmetric chlorination of silyl enol ethers using chiral
N-chloroimidodicarbonate in the presence of a Lewis acid
might be attributed to the chelated transition state (Schem&3).

Conclusion

In conclusion, we have designed and synthesized new chiral
N-chloroimidodicarbonates, which function as efficient chiral
chlorinating agents. Among thes€;-symmetric (R,2S5R)-
(—)-menthylN-chloroimidodicarbonat@a provided moderate
to good enantioselectivity (up to 40%) for the chlorination of
silyl enol ethers to affordi-chloroketones only in the presence
of suitable Lewis acid such as Sm(OF fJhe nature of the silyl

(12) From the TS, the absolute srereochemistry of cyclahloroketone
9a (from 8a) and acyclic a-chloroketones9¢9d and 9e—g might be
predicted as S and R, respectively.
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SCHEME 2. Asymmetric Chlorination of 8d using Chiral Non-C,-Symmetric Chlorinating Agents 11

(‘j\ 0o o k (5\ 0o o @ o o
LA LAA LG A
AN R A AL R

|
R

10a:R=H 10b: R=H 10c:R=H
11a:R=Cl 11b: R=ClI 11c: R=Cl
0SiMe,Bu!
X Sm(OTf)3, 11 -
CH,CL/THF, -78 °C c
8d 9d
chlorinating agent ee yield”
(%)
11a 16 85%
11b 10 82%
11c 00 76%

@ |solated yields after column chromatography.

SCHEME 3. Proposed TS

Sm(OT);

NN

H o; ;o H
oG g
of
Si-face Q
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groups plays an important role in the enantioselectivity of the

reaction. Asymmetric induction was also observed for @an-
symmetric chiral chlorinating agents such a& g55R)-(—)-
menthylN-chloroimidodicarbonate andRI2S 5R)-(—)-menthyl-

N-acetylN-chlorocarbamate. Further application of this chemistry

is underway in our laboratory.

Experimental Procedures

was used directly for the next step without further purification.
[a]p?® —74.43 € 1.0, CHCly); IR (KBr, cm™%): 690, 833, 945,
1145, 1170, 1458, 1776 (CO), 29584 NMR (400 MHz, CDC}):
0 0.80 (d,J = 7.0 Hz, 3H), 0.92 (dJ = 7.0 Hz, 3H), 0.93 (dJ =
6.5 Hz, 3H), 0.85-1.30 (m, 3H), 1.36-1.60 (m, 2H), 1.66-1.80
(m, 2H), 1.86-2.05 (m, 1H), 2.052.25 (m, 1H), 4.73 (dtJ =
4.5, 11.0 Hz, 1H)}*C NMR (100 MHz, CDC}): 6 16.2, 20.5,
21.8, 23.3, 26.2, 31.4, 33.7, 40.1, 46.8, 83.9, 149.9.
(1R,2S,5R)-2-Isopropyl-5-methyl-cyclohexylcarbamate (6a)A
solution of chloroformatéa (1.5 g, 6.86 mmol) in THF (15 mL)
was cooled in an ice bath. 50% aqueous ammonia solution (15 mL)
was dropwise added with vigorous stirring. The reaction mixture
was stirred at rt overnight to remove the excess ammonia. The
organic layer was separated, and the aqueous layer was extracted
with ethyl acetate (2x 20 mL). Combined organic layers were
washed with water (15 mL) and brine (15 mL), dried over
anhydrous Nz50,, and evaporated to afford the title carbamate in
quantitative yield (1.34 g), which may be directly used for the next
step without any purification. Recrystallization from ethanol/water
gave puresa as a white solid. mp 155157 °C; [a]p?® —75.16 €
1.0, CHCL); IR (KBr, cm™1): 569, 787, 1049, 1340, 1408, 1612,

All reactions were conducted with oven-dried glassware under 1684(CO), 2952, 3261, 344%1 NMR (200 MHz, CDC}): 6 0.79
an atmosphere of argon (Ar). Commercial grade reagents were usedd, J = 6.9 Hz, 3H), 0.89 (dJ = 6.5 Hz, 6H), 0.85-1.14 (m, 3H),

without further purification. Solvents were dried and distilled

1.15-1.52 (m, 2H), 1.66-1.70 (m, 2H), 1.852.10 (m, 2H), 4.53

following usual protocols. Flash chromatography was carried out (dt, J = 4.3, 10.8 Hz, 1H), 4.61 (br s, 2H)C NMR (50 MHz,

using silica gel (236400 mesh). TLC was performed on aluminum-
backed plates coated with silica gel 60 with gsfndicator.

IH NMR spectra were measured at 200 and 400 MHz ‘&ad
NMR spectra were measured at 50 and 100 MHz using Bl

CsDs as solventstH NMR chemical shifts were expressed in parts

per million (0) downfield to CHC} (6 = 7.26);13C NMR chemical
shifts were expressed in parts per milliay) (elative to the central
CDCl; resonanced = 77.0) and GDs resonanced = 128.0).
Coupling constants iftH NMR were expressed in hertz.
(1R,2S,5R)-2-1sopropyl-5-methyl-cyclohexane-1-chlorofor-
mate or (1R,2S,5R)-(—)-Menthyl-chloroformate (5a).* A suspen-

CDCly): 6 16.4,20.7, 22.0, 23.5, 26.2, 31.3, 34.3, 41.3,47.3, 74.9,
157.1; Anal. Calcd for gH»1NO,: C, 66.29; H, 10.62; N, 7.03.
Found: C, 66.10; H, 10.75; N, 6.95.
(1R,2S,5R)-2-1sopropyl-5-methyl-cyclohexylimidodicarbon-
ate or (1R,2S,5R)-(—)-Menthyl-imidodicarbonate (1a). To a
stirred suspension of NaH (0.12 g, 60% in oil, 3.01 mmol) in dry
THF (15 mL) under argon was dropwise added a solution of
carbamtesa (0.50 g, 2.51 mmol) in dry THF (15 mL) atT. The
reaction mixture was allowed to come to room temperature (25
°C) and was stirred for 2 h. The reaction mixture was again cooled
at 0°C. Then, a solution of chloroformat& (0.60 g, 2.76 mmol)

sion of triphosgene (2.34 g, 7.88 mmol) in pyridine (1.80 mL, 22.11 in dry THF (15 mL) was added rapidly at® and immediately
mmol) and carbon tetrachloride (90 mL) was added to a stirred quenched with an aqueous saturated,8ksolution (15 mL). The
solution of (1S,2S3S5R)-(—)-menthol4a (3.0 g, 19.23 mmol) in reaction mixture was extracted with diethyl ether %415 mL).
carbon tetrachloride (90 mL). The resulting solution was stirred at The combined organic layers were washed with brine (30 mL),
55—-60 °C for 6 h. The reaction mixture was cooled to ambient dried over anhydrous N&QO;, and concentrated to give the crude
temperature, and dichloromethane (150 mL) was added. The la Flash chromatography over a silica gel column (diethyl ether/
solution was washed with water (2 75 mL) and brine (50 mL), petroleum ether= 10:90) yielded 0.58 g (60%) as a white solid.
dried over anhydrous N8O, and evaporated to afford the titte mp 64-70 °C; [a]p%® —89.02 € 0.4, CHCl,); IR (KBr, cm™):
compound as a colorless oil in quantitative yield (4.15 g). This 1093, 1176, 1495, 1713 (CO), 1795 (CO), 29%4;NMR (200
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MHz, CDCL): 6 0.78 (d,J = 7.0 Hz, 6H), 0.89 (dJ) = 7.0 Hz,
6H), 0.90 (d,J = 6.5 Hz, 6H), 0.851.20 (m, 6H), 1.26-1.55 (m,
4H), 1.55-1.75 (m, 4H), 1.752.0 (m, 2H), 2.6-2.20 (m, 2H),
4.66 (dt,J = 4.4, 10.8 Hz, 2H), 6.92 (br s 1H}3C NMR (50
MHz, CDChk): ¢ 16.3 (2C), 20.7 (2C), 21.9 (2C), 23.3 (2C), 26.1
(2C), 31.3 (2C), 34.0 (2C), 40.8 (2C), 47.0 (2C), 76.3 (2C), 150.6
(2C). Anal. Calcd for GH3gNO, + 0.25 HO: C, 68.45; H, 10.31;
N, 3.63. Found: C, 68.60; N, 10.37; N, 3.68.
Di-(1R,2S,5R)-2-Isopropyl-5-methyl-cyclohexylN-chloroimi-
dodicarbonate or Di-(1R,2S,5R)-(—)-menthyl-N-chloroimidodi-
carbonate (2a).tert-Butyl hypochlorite was added in excess (5
equiv) to the imidodicarbonatéa under argon atmosphere. The
resulting reaction mixture was stirred at-3@0 °C for 30 min.

Hajra et al.

and extracted with DCM (% 7 mL), and evaporation of the solvent

under reduced pressure gave the chlorinated product along with

imidodicarbonate. This mixture was directly used for HPLC

analysis. Flash chromatography over a silica gel (2800 mesh)

column using ethyl acetate/petroleum ether as an eluent yilded 0.015

g (89%) of the purex-chlorinated produc®d/9d.
2-Chloro-1-phenyl-propan-1-one (9¢/9d)Light yellow oil, IR

(KBr, cm™1): 652, 687, 954, 1200, 1253, 1449, 1597, 1693 (CO),

2984;H NMR (200 MHz, CDC}): 6 1.75 (d,J = 6.6 Hz, 3H),

5.26 (9,J = 6.7 Hz, 1H), 7.46-7.65 (m, 3H), 8.02 (ddJ = 2.1,

7.0 Hz, 2H);13C NMR (50 MHz, CDC}): ¢ 19.6, 52.7, 128.6 (2C),

128.8 (2C), 133.6, 133.9, 193.4. Enantiomeric excess was deter-

mined to be 10% ee from TMS enol eth@c and 40% ee from

Excess hypochlorite was removed under reduced pressure (using &BDMS enol ethei8d by HPLC analysis with a Chiracel OD-H

liquid nitrogen trap) to afford thé\-chloroimidodicarbonat@a,
which was directly used for chlorination. Gummy liquid, IR (KBr,
cmY): 753, 947, 1095, 1222, 1457, 1734 (CO), 1759 (CO), 2871,
2957;'H NMR (200 MHz, CDC}): o6 0.79 (d,J = 6.7 Hz, 6H),
0.92 (d,J = 6.4 Hz, 12H), 0.851.35 (m, 6H), 1.351.80 (m,
8H), 1.80-2.25 (m, 4H), 4.72 (dtJ = 3.7, 10.8 Hz, 2H)}C NMR

(50 MHz, GDg): ¢ 16.3 (2C), 20.9 (2C), 22.0 (2C), 23.4 (2C),
26.3 (2C), 31.4 (2C), 34.2 (2C), 40.8 (2C), 47.3 (2C), 80.0 (20),
151.3 (2C).

Chlorination of Silyl Enol Ether 8d with 2a. To a solution of
N-chloroimidodicarbonat®a (0.041 g, 0.1 mmol) in DCM/THF
(2:1, 4 mL) was added Sm(OEf}0.066 g, 0.11 mmol) at78°C
under argon atmosphere. The reaction mixture was stirrecrat
°C for 15 min, and a solution of enol eth@d (0.025 g, 0.1 mmol)
in DCM (1 mL) was added dropwise. After 10 min, the reaction
was quenched with saturated aqueous Naki€&ution (5 mL)

4876 J. Org. Chem.Vol. 72, No. 13, 2007

column (4.6 mm @ax 150 mm), 0.5%-PrOH/hexanes (isocratic),
1 mL/min, 210 nm.
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