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Stereodefined carbon-halogen bonds are ubiquitous in nature
with several natural products exhibiting this motif.'!. While
the biogenetic origins of this unique chiral functionality has
been a subject of several investigations in the past,” attempts
by organic chemists to forge the carbon-halogen bond
stereoselectively have largely been unsuccessful. This prob-
lem has come into focus only recently. Several elegant reports
of asymmetric halogenations of alkenes and alkynes followed
by an intramolecular attack of a pendant nucleophile have
appeared in the literature in the last decade. Kang et al.
reported a cobalt-salen catalyzed iodoetherification reac-
tion.’ An asymmetric fluorocyclization of allyl silanes
mediated by a cinchona alkaloid dimer was reported by
Gouverneur and co-workers.®™ Tang and co-workers dis-
closed an asymmetric bromolactonization of enynes catalyzed
by a cinchona alkaloid derived urea; other bromolactoniza-
tions have also appeared following the disclosure of their
report.”! More recently, Veitch and Jacobsen reported an
asymmetric iodolactonization reaction mediated by chiral
thiourea catalysts.® Polyene cyclizations induced by chiral
halonium ions have also been realized as reported by the
research groups of Ishihara and Snyder.**~! However, given
the fledgling nature of this research area, one may find it easy
to highlight the many drawbacks and limitations even in the
present state of the art—for example, the relatively large
catalyst loadings (superstoichiometric quantities in some
cases) to achieve meaningful levels of enantioselectivity or
the lack of a robust catalytic system that can catalyze a
number of diverse reactions rather than one specific reaction.
Moreover, efficient asymmetric chlorocyclizations have
remained underdeveloped. This situation is attributable, at
least in part, to the highly reactive nature of chloronium ions,
which are known to exist in equilibrium with the correspond-
ing carbocation rather than exclusively as cyclic chloronium
ions,”** thus making the development of chlorocyclizations a
formidable challenge.

Our research group has recently reported the catalytic
asymmetric chlorolactonization of alkenoic acids.”) Herein,
we disclose the efficient halocyclization of unsaturated
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amides to furnish chiral heterocycles. Furthermore, these
heterocycles have been transformed into useful chiral build-
ing blocks such as amino alcohols.

Chiral heterocycles such as oxazolines and dihydrooxa-
zines are commonly encountered motifs in natural pro-
ducts,®™ molecules of pharmaceutical interest® and in
several chiral ligands.’) Their syntheses, however, usually
employ stoichiometric quantities of chiral amino alcohols.
With only one precedented method to access these molecules
in a catalytic asymmetric fashion,’! we were intrigued by the
possibility of one-step access to these versatile chiral hetero-
cycles by a catalytic asymmetric halocyclization of easily
accessed unsaturated amides.

We chose the conversion of benzamide 1 into oxazoline 2
as our initial test reaction. Among the several ligands
screened for the test reaction, (DHQD),PHAL emerged as
the best candidate, thus affording the desired oxazoline 2 in
57% ee (Table 1, entry 1) with DCDMH as the terminal
chlorine source.””’ Reactions with other chlorenium sources

Table 1: Halocyclization of unsaturated amides mediated by
(DHQD),PHAL.?!

0 :

kH X*(1.1 equiv) j’\h ; CI\N)LN,CI 5

N._Ph (DHQD),PHAL (cat. l :

Ph 'S ( )2 (cat) o R \ :

o Solvent, Temp., 8 h X } / R © !

1 2a X = Cl "Ph  DCDMH,R=CH, !

2b X = Br {_DCDPH,R=Ph

TCCA (DHQD),PHAL

Entry X" source Solvent, T[°C] Cat. [mol %] ee [%]
1 DCDMH CHCl,, —20 10 57
2 TCCA CHCl,, —20 10 18
34 NCS MeCN/CCl,, RT 10 67
4 ChloramineT-3H,0 CHCl;, —20 10 430
5t NBS MeCN/CCl,, —20 10 28
6l DBDMH MeCN/CCl,, =20 10 5
7 DCDPH CHCl,, —40 10 63
g DCDPH MeCN/CCl, —40 10 80
9 DCDPH CF,CH,0OH, —40 10 90
10 DCDPH CF,CH,OH, —30 2 90

[a] All reactions were run on a 0.04 mmol scale. Complete conversion
was observed for all reactions within 8 h. [b] See Supporting Information
for the determination of absolute configuration. [c] Determined by HPLC
on a chiral stationary phase. [d] Solvent ratio was 1:1. [e] Conversion was
less than 20% as judged by NMR analysis of the crude product.
DBDMH = N,N-dibromo-5,5-dimethylhydantoin, NBS = N-bromo-
succinimide, NCS = N-chlorosuccinimide.
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were marred with poor enantioselectivities and/or poor
conversions. For example, TCCA gave the desired oxazoline
with full conversion of the starting material into product
albeit in only 18 % ee (Table 1, entry 2). Employing NCS or
Chloramine-T-3 H,O resulted in very sluggish reactions (less
than 20% conversion after 8 h). Running the reaction at
elevated temperatures with NCS in a MeCN/CCl, solvent
system gave the desired product in 67 % ee (Table 1, entry 3),
while Chloramine-T-3H,0 gave the desired product in a
modest 43 % ee (Table 1, entry 4). Resorting to DCDPH!'" ag
the terminal chlorine source led to a more promising 63 % ee
(Table 1, entry 7) in CHCl; and 80% ee in a MeCN/CCl,
solvent system. Analogous bromocyclizations were poorly
selective. NBS returned the corresponding product in 28 % ee
(Table 1, entry5), while the significantly more reactive
DBDMH led to only 5% ee (Table 1, entry 6).

An exhaustive solvent-screening process revealed that
trifluoroethanol (TFE) is the optimal solvent for the chloro-
cyclization, thus giving the desired product in 90% ee
(Table 1, entry 9). The effect of catalyst loading, concentra-
tion, and temperature was then studied. It was observed that
the stereoselectivity of this reaction was not diminished even
at a catalyst loading of 2 mol % (90 % ee; Table 1, entry 10). It
also emerged that a concentration of 0.04 M and a temperature
of —30°C was optimal.

All further attempts at tweaking the reaction parameters
to increase stereoselectivity (order of addition, slow addition,
catalyst aging, etc.) were infructuous. Nonetheless, the aryl
group at C2, which ultimately is revealed as the acid-labile
functionality of the oxazoline product, could be viewed as a
sacrificial entity (see Scheme 2). As such, optimization of the
reaction through alteration of the aryl group at C2 could
provide the opportunity for electronic and steric fine-tuning.
The results of optimization studies for the aryl substituent at
C2 are summarized in Scheme 1.

The precise nature of the substrate—catalyst interaction is
still under investigation, however, we believe that para sub-
stituents on the C2 aryl ring provide a steric (rather than
electronic) bias for better catalyst-substrate interaction.
Substituents at the para position of the aryl ring at C2
increased the ee value regardless of their electron-donating/-
withdrawing properties. For example, when the C2 substituent
was an unsubstituted phenyl ring, the product 4a was formed
in 90% ee. However, the 4-NO,C,H, and the 4-OMeC¢H,
substituted products, 4b and 4¢, were both formed in a
slightly enhanced 93 % ee. Likewise, comparison of 4d and 4i
is also indicative of the crucial role of the para substituent of
the aryl ring. The 3,5-dinitrophenyl substituent (86 % ee) is
clearly inferior to the 3,5-dinitro-4-methylphenyl substituent
(98 % ee), thus indicating that the methyl group at the para
position is essential for good stereoselectivity in the latter
case. The 4-BrC¢H, substituted product 4g was also formed
with an excellent 98 % ee. The significantly more bulky /Bu
group gave the corresponding product 4h with a lower
ee value (88%). Heterocyclic rings such as 2-pyridyl (4e,
79 % ee) and 3-pyridyl (4f, 92% ee) were also well tolerated
as the C2 substituent in this reaction. The sterically demand-
ing 2,4,6-triethylphenyl substituent significantly diminished
the stereoselectivity of the reaction to give the product 4j in
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H (DHQD),PHAL (2 mol%) o
PhJIVN\ﬁ/Ar DCDPH (1.1 equiv) o N
o TFE,-30°C.2h o |/
3a-j .
Ph 4a-j

OCH,

??P??EN

Cl l—‘ Cl i—‘ Cl i—‘ CI\\ CI\\
Ph Ph
4a 4b 4c 4d 4e
96% yield 97% yield 90% yield 83% yield 79% yield
90% ee 93% ee 93% ee 86% ee 79% ee
%\l ~N 0" N
. \—/ N )—/ N \—/ . \—/ CI\\
Ph
4f 49 4h 4i 4j
84% yield 93% vyield 93% yield 95% vyield 85% yield
92% ee 98% ee 88% ee 98% ee 55% ee

Scheme 1. Modulation of the substrate-catalyst interaction by variation
of amide end functionality. Yields refer to the product isolated after
column chromatography; the ee values were determined by HPLC
analysis.

only a 55% ee. It merits mention that the yields for all these
reactions were excellent (79-97 %) with no significant quan-
tities of side products. The 4-BrCsH, substituent was ulti-
mately chosen as the optimal aryl group at C2 for further
studies.']

In order to probe the substrate scope for this reaction, a
series of 1,1-disubstituted olefins were subjected to the
optimized reaction conditions (Table 2). The strongly elec-
tron-withdrawing NO, group at the meta position significantly
decreased the enantioselectivity of the reaction. The desired
product 6b was isolated in 75 % yield and a modest 68 % ee
(Table 2, entry 2). Interestingly, switching the NO, group with
the electron-donating OMe group at the meta position
restored the stereoselectivity of the reaction to give the
product 6¢ in 93% ee (Table 2, entry 3). Halogenated aryl
rings were well tolerated (6d—6 f; Table 2, entries 4-6).

We were delighted to discover that the same reaction
conditions could be extended to trans-disubstituted and
trisubstituted olefin substrates, which yielded the correspond-
ing dihydro-4-H-1,3-oxazines (Table 3). These reactions were
inherently more stereoselective and required no steric or
electronic fine-tuning of the C2 substituent. Almost all of the
substituted phenyl rings evaluated as the C2 substituent gave
99 % or better enantioselectivity when R' was a Ph ring (these
results are not shown in Table3; see the Supporting
Information for a short list). Having already determined
that the 4-BrC4H, was the optimal amide end functionality for
the 1,1-disubstituted olefin substrates, we retained the same
functionality for these substrates as well. Electron-deficient
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Table 2: Substrate scope: 1,1-disubstituted olefin substrates.®”

Br
Br (DHQD),PHAL (2 mol%)
JVH DCDPH (1.1 equiv)

R TFE, -30°C, 1h N
) 0" N

5af o/ N

~1 gaf
R
Entry R Product Yield [%]® ee [%]"

1 CeHs 6a 93 98
2 3-NO,CeH, 6b 75 68
3 3-OMeCgH, 6¢c 72 923
4 4-FCeH, 6d 65 87
5 4-BrCeH, 6e 89 84
6 4-CICH, 6f 94 87

[a] Yields of products isolated after column chromatography. [b] Deter-
mined by HPLC on a chiral stationary phase.

Table 3: Substrate scope: trans-disubstituted and trisubstituted olefin
substrates.*"!

R2 o (DHQD),PHAL (2 mol%) JAir
)\/\ L DCDPH (1.1 equiv) ,O N
R N A TFE,-30°C, 1-2h R
7a—n R" T 8a-n
Cl

Entry R' R Ar Prod. Yield [%]® ee [%]"

1 CeHs H  4BrCH, 8a 91 99

2 CeHs H  4-OMeCiH, 8b 93 (81) >99 (>99)
3 4-FCH, H  4BrCH, 8c 99 95

4 4-BrC¢H, H  4BrCH, 8d 85 93

5 4-CF,CH, H  4BrCH, 8e 94 95

6 4-OMeCH, H  4BrCH, 8f 84 20

7 4-MeCH, H 4-BrC,H, 8g 93 60

8 2-MeCH, H  4-BrCH, 8h 99 87

9 2-MeCH, H  4-OMeCH, 8i 64 91

10 CeHs CeHs 4-BrCgH,  8j 92 86

1 CeHs Me 4-BrCH, 8k 524 91

12 Q H 4-BrCH, 8l 771 >99

13 n-CsHy, H 4-BrCH, 8m 90 (77)4  >99 (>99)
14 CH,Cy H  4BrCH, 8n 809 88

[a] Yields of product isolated after column chromatography. Yields and
ee values in parentheses refer to reactions carried out on a 1g scale.
[b] Determined by HPLC on a chiral stationary phase. [c] Reaction was run
in 1-nitropropane in the presence of 300 wt% M.S. (4 A). [d] Substrate
was added over a period of 2 h. Cy =cyclohexyl.

aryl rings as R' presented no problems and resulted in
excellent stereoselectivities (products 8a-8e; Table 3,
entries 1-5). The absolute configuration of 8a was verified
by the X-ray crystal structure (see the Supporting Informa-
tion) and was inferred by analogy with other substrates.
Electron-rich R! substituents led to a significant erosion of the
stereoselectivity. For example, the 4-OMeC¢H, substituted
amide gave the corresponding product 8 f in only 20 % ee and
84% yield (Table 3, entry 6).'”1 The 4-MeC¢H, substituent
also led to only moderate levels of stereoinduction, thus
affording 8g in 60% ee (Table 3, entry 7). The 2-MeCsH,
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group was better tolerated and returned the corresponding
product 8h in excellent yield (99 %) and good enantioselec-
tivity (87 % ee; Table 3, entry 8). Interestingly, the product 8i
with the 2-MeC¢H, as the C6 substituent but with the 4-
OMeC¢H, as the C2 substituent was formed with a slightly
enhanced ee value (91 %; Table 3, entry 9). This result indi-
cates that the amide end functionality is an invaluable handle
for electronic and steric fine-tuning, thus allowing the
systematic optimization of the enantioselectivity for a given
substrate. Trisubstituted olefin substrates were also compat-
ible with this chemistry (8j and 8k; Table 3, entries 10 and
11).

Substrates with aliphatic olefin substituents gave poor
yields of isolated product when TFE was employed as the
solvent. Fortunately, the use of 1-nitropropane in the presence
of molecular sieves (4 A) alleviated this problem. The
cyclohexyl-substituted product 81 was isolated in 77 % yield
and near complete enantioselectivity (>99 % ee; Table 3,
entry 12). Likewise, the conformationally more flexible n-
pentyl substituent was also well tolerated and returned the
corresponding product 8m in excellent yield (90%) and ee
(>99 %; Table 3, entry 13). It is important to note that no
regioisomeric five-membered rings were detected under the
optimized reaction conditions for the aliphatic substrates.
Also, the absolute configuration of the products with aliphatic
substituents was the same as that for products with aryl
substituents (as verified by the X-ray crystal structure of
81031). In fact, the face selectivity for the formation of the
choloronium ion intermediate with (DHQD),PHAL is the
same for all the amide substrates examined thus far.
Substrates with Z olefins did not undergo halocyclization to
the desired products presumably as a result of the stereo-
electronic constraints that are well precedented in halolacto-
nization reactions of similar substrates.!]

We have also been able to demonstrate that this reaction
can lend itself to preparative scale synthesis by synthesizing
the dihydro-4-H-1,3-oxazines 8b and 8m on a gram scale
(Table 3, entries 2 and 13). Both 8b and 8 m were synthesized
in excellent enantioselectivities (> 99 % ee) by employing just
1 mol % of the catalyst.

While the products shown in Scheme 1, Table 2, and
Table 3 are of interest in their own right, they are adorned
with several functional handles which can be manipulated and
converted into useful synthetic building blocks. Compounds
6a and 8b were efficiently transformed into their correspond-
ing 1,2- and 1,3- chiral amino alcohols 9 and 10, respectively,
by a simple acid hydrolysis of the cyclic imidate functionality
(Scheme 2). These reactions proceed with complete stereo-
chemical fidelity.

In summary, we have developed a highly stereoselective
chlorocyclization of unsaturated amides to chiral heterocycles
mediated by catalytic amounts (1-2 mol %) of the commer-
cially available (DHQD),PHAL. The reaction is operation-
ally simple with no need to resort to strictly anhydrous or inert
reaction conditions. The reaction scope is fairly general with
regards to the substitution pattern of the olefin. Both aliphatic
and aromatic residues on the olefin are well tolerated. The
mechanistic underpinnings of this transformation are cur-
rently under investigation.
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Ph
)\ 15N HCI, 30 h . OH
N 105 °C, sealed tube
QN N NHGC
Cl 93% yield Ph
Ph 6a 9
98% ee 98% ee
4-OCH3Ph
oSN 1.5N HCI, 30 h OH
105 °C, sealed tube
8% viola > Ph)\;/\NHscl
Ph - b yie &
8b C 10
>99% ee >99% ee

Scheme 2. Transformation of dihydrooxazolines and dihydro-4H-1,3-
oxazines into aminoalcohols.

Experimental Section

DCDPH (35 mg, 0.11 mmol, 1.1 equiv) was suspended in trifluoroe-
thanol (2.2 mL) in a screw capped vial equiped with a stir bar. The
resulting suspension was cooled to —30°C with an immersion cooler.
(DHQD),PHAL (1.56 mg, 312 uL of a 5 mgmL™"' solution in TFE,
2 mol %) was then introduced into the reaction mixture. After stirring
vigorously for 10 min, the substrate (0.10 mmol, 1.0 equiv) was added
in a single portion. The vial was capped and the stirring was continued
at —30°C until the reaction was complete (as evident by TLC). The
reaction was quenched by the addition of 10 % aq.Na,SO; (3 mL) and
diluted with CH,Cl, (3 mL). The organics were seperated and the
aqueous layer was extracted with CH,Cl, (3 x3 mL). The combined
organic extracts were dried over Na,SO, and concentrated in the
presence of a small quantity of silica gel. Pure products were isolated
by column chromatography on silica gel using EtOAc/hexanes (1:19)
as the eluent.
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