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ABSTRACT: We report a highly regio-, diastereo- and
enantioselective vicinal dihalogenation of allyl amides. E-
and Z-alkenes with both aryl and alkyl substituents were
compatible with this chemistry. This is the result of
exquisite catalyst controlled regioselectivity enabling use of
electronically unbiased substrates. The reaction employs
commercially available catalysts and halenium sources
along with cheap inorganic halide salts to affect this
transformation. A preliminary effort to extend this
chemistry to heterodihalogenation is also presented.

nantioselective alkene halogenation is a powerful trans-

formation for rapidly increasing the molecular complexity of
readily available and/or easily accessed motifs. With the advent of
numerous methodologies for asymmetric halofunctionalization
of alkenes, the challenging asymmetric vicinal dihalogenation
reaction of alkenes has come into focus. Most well-established
asymmetric halofunctionalizations reported have achieved
enantioselective C—X (X = Cl, Br, I or F) bond formation
along with concomitant formation of a C—O, C—N or evena C—
C bond formation depending on the nucleophile employed in
intercepting the putative intermediate. In contrast, halide
nucleophiles that could lead to dihalogenated products have
not been employed with the same levels of success. A timely and
informative review of olefin dihalogenation by Denmark and co-
workers provides a historical account of the field.” Nonetheless, a
few landmark achievements in this regard merit mention.
Snyder’s group reported an enantioselective total synthesis of
(—)-napyradiomycin Al that featured an asymmetric dichlorina-
tion of an advanced precursor using chlorine gas and an excess of a
chiral 1,1’-biphenanthryl promoter.3 The same group also
reported the asymmetric dichlorination of unfunctionalized
olefins with a chiral sulfide reagent.* The Nicolaou group
reported an asymmetric dichlorination of cinnamyl alcohols using
(DHQD),PHAL/ArICl, reagent system.” Denmark’s group
reported the nonenantioselective syn-stereospecific dichlorina-
tion of alkenes.’ Burns and co-workers demonstrated the
dibromination of cinnamyl alcohols using a chiral diol and
dibromomalonate (as bromenium source) and a bromotitanium
triisopropoxide (as bromide source).” The highly regio- and
enantioselctive vicinal asymmetric chlorobromination and
dichlorination of aliphatic allyl alcohols using N-bromosuccini-
mide/tert-butylhypochlorite reagent system was also reported by
the same group.”
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From a mechanistic perspective, this transformation represents
a unique challenge. First, facile olefin-to-olefin halenium transfer
can rapidly erode the stereochemical fidelity of the putative chiral
haliranium intermediate (Figure 1a).” Second, a poor regiose-
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Figure 1. (a) Mechanistic challenges for asymmetric dihalogenation. (b)
Summary of catalytic asymmetric intermolecular halohydrin, haloether-

ification and haloesterification.

lectivity in the halide opening of the putative chiral haliranium ion
intermediate can erode the enantioselectivity of the trans-
formation; the two “constitutional isomers” resulting from the
regioselectivity of the transformation are in fact the two
enantiomers of the product (Figure 1a). Hence, in addition to
exquisite face selectivity in alkene halogenation, excellent control
of regioselectivity is also imperative. It is perhaps not surprising
that many substrates that have succumbed to highly enantiose-
lective dihalogenations are electronically biased: employing styryl
systems leads to an inherent bias for the halide opening at the
benzylic position. The development of catalyst-controlled
regioselectivity as opposed to a substrate controlled process
holds promise in significantly improving the scope of the
transformation. It merits mention the second generation system
reported by Burns et al.** for dihalogenation of allyl alcohols
represents the first example of a catalyst-controlled regioselection
whereby a covalently tethered Ti-halide is postulated to impart
high levels of regioselectivity for halide opening of the putative
intermediate. The absence of the alcohol motif in other classes of
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substrates demands alternate means of achieving the required
regioselectivity.*

Our group has reported a highly enantioselective intermo-
lecular haloetherifcation and haloesterification reaction of
unsaturated amides (Figure 1b).'° One of the key features of
the transformation was the excellent catalyst-controlled regiose-
lectivity that renders a wide variety of alkyl-substituted alkenes as
compatible substrates for the chemistry. We realized the potential
to extend this chemistry to the enantioselective dihalogenation of
related substrates by discovering an appropriate halide salt to
intercept the same putative intermediate.

Our studies commenced with identifying conditions that could
transform 4a to Sa. Pilot studies indicated the best enantiose-
lectivities were seen when MeCN or CF,CH,OH (TFE) was used
as the solvent. It should be noted that competing intermolecular
processes such as interception of the intermediate by the solvent
leads to side products 6a (from TFE incorporation) or 8a (the
Ritter product when CH;CN is employed).'" Also, the
intramolecular halocyclization path yields the oxazoline 7a as a
side product. Our initial screening of reactions conditions had to
not only deliver the desired dihalogenated products in acceptable
yields and enantioselectivity but also avoid the production of side
products 6a—8a.

Numerous chloride sources were evaluated for this test reaction
in the presence of 2.0 equiv of DCDMH, 10 mol % of
(DHQD),PHAL and acetonitrile (MeCN) as a solvent. Initially,
soluble quaternary ammonium chloride salts were evaluated.
Disappointingly, a mixture of products with a marginal preference
for desired product Sa as a racemate were produced (5a:7a =
55:4S, 50:50 er, Table 1, entry 1). Use of NaCl predominantly
produced the Ritter product 8a (Table 1, entry 2). Encouragingly,
LiCl fared much better despite its sparing solubility in organic
solvents. Reactions run at ambient temperature with 15 equiv of
LiCl gave significant amounts of the chlorocyclized byproduct 7a
(S5a:7a = 79:21, Table 1, entry 3). Lowering the temperature to

Table 1. Summary of Optimization Studies for Dichlorination

H (DHQD),PHAL ol
N_ _Ar 10 mol% H
hEhg DCDMH (2.0 equiv) CaHv\‘/bN\n/A’
CH; O XCl, Temp cl o}
Ar= 4-NO,Ph Solvent (0.02 M) 5a
e o A o
r
CH; N\n/Ar oo 03H7\‘/'\/N\H/Ar
OTFE O cl N O+_NH 0o
6a 7a j/ 8a
entry solvent Temp XCl(equiv) Yield® 5a:6a:7a:8a° er(5a)
1  MeCN 23 TEAC(15) 82  55:0:45:0 50:50
2 MeCN 23 NaCl (15) 70 0:0:13:87 nd
3 MeCN 23 LiCI (15) 78 79:0:21:0 80:20
4 MeCN -30 LiCl (15) 84 95:0:5:0 92:8
5 TFE 23 LiCI (15) 82  45:56:0:0 97:3
6 TFE -30 LiCl (50) 86  86:14:0:0 98:2
7 TFE -30 LiCcl(100) 95 95:5:0:0 98:2
8 TFE 23 LiCl (100) 90 95:5:0:0 92:8
9 TFE 23 TEAC(100) 84  66:34:0:0 93:7
10 TFE 23  NaCI(100) 82  0:89:11:0 nd
11 TFE 23  CsCI(100) 87  55:44:3:0 95:5
12° TFE 23 Cl, (gas) 83  16:43:41:0 50:50

“Combined yield, determined by NMR. “Determined by chiral HPLC.
“Cl, gas was generated in situ and bubbled into the reaction; DCDMH
= dichlorodimethyl hydantoin; TFE = 2,2,2-trifluoroethanol; TEAC =
tetraethylammonium chloride.
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—30 °C gave the dichlorinated product exclusively (5a:7a = 95:5
and 92:8 er, entry 4); although encouraging, this result gave
significantly lower enantioselectivity for other substrates (Table
S1).

Further experimentation revealed employing trifluoroethanol
(CF,CH,OH, TFE) as the reaction solvent gave reproducibly
exquisite enantioselectivity (>97:3 er) for the desired product
(Table 1, entry ), albeit at the expense of product yield (ca. 40%)
due to formation of 6a. Formation of byproduct 6a could be
greatly mitigated by increasing the stoichiometry of LiCl from 15
to 100 equiv (>20:1 5a:6a, Table 1, entry 7). This result was
surprising given the low solubility of LiCl in TFE (ca.20 mg/mL),
i.e, only ~24 equiv of the 100 equiv added is actually solvated.
Intrigued by the effect of solid LiCl, we studied the role of the
counterion under optimized conditions with various chloride salts
that have a wide range of solubilities in TFE. The fully soluble
tetraethylammonium chloride produced a mixture of products
with marginal preference for desired product Sa in high
enantioselectivity (93:7 er, Table 1, entry 9). Treating compound
4a with sparingly soluble NaCl in TFE (0.03 M solubility)
returned predominantly the TFE incorporated product 6a (Table
1, entry 10). These results are in complete contrast with LiCl
(entry 8), which delivers the desired product in high chemo- and
enantioselectivity. CsCl, exhibiting similar solubility as LiCl in
TFE (0.53 M for CsClvs 0.47 M for LiCl), also fails to deliver the
product in high selectivity, yielding a nearly 1:1 ratio of 5a:6a.
From these results, it is evident although solubility of the chloride
source might be an important factor that dictates product
distribution, the counterion is equally important. Additionally,
the presence of undissolved LiCl is also essential for good
selectivity. Finally, we ruled out the possibility that in situ
generated Cl, gas might be the active chlorenium and chloride
source; in this instance, very low selectivity was observed for the
desired product (Table 1, entry 12). Numerous control
experiments suggest these reactions likely occur at the solid—
liquid interface. These experiments are discussed later in the
paper.

Mapping the generality of the dichlorination reaction,
numerous cis-substituted allyl amides were examined under
optimized condition (0.02 M substrate concentration in TFE, 100
equiv of LiCl and 2.0 equiv of DCDMH at —30 °C).
Dichlorination of Z-aliphatic amides exhibit high diastereose-
lectivity (Table 2 see Sa to 5f, >99:1 dr). The identity of the
benzamide motif had little influence on the enantioselectivity of
this reaction; products 5a and Sb were both formed in >99:1 er
(Table 2, entries 1 and 2). The other Z-alkyl substituted olefins
afforded dichlorinated products in complete diastereo- and
enantioselectivity (see 5c, 5d). The benzyloxy substituted alkene
4e gave lower enantioselectivity (89:11 er). Aryl-substituted Z-
olefins gave corresponding products in high enantioselectivity
and regioselectivity (>97:3 er and >99:1 rr, Table 2 entries 7—9).
The diastereoselectivities and yields for these entries are varied
(1.7:1 to >20:1 dr and 35% to 88% yield); as expected, reduced
diastereoselectivity was seen with increasing benzylic cation
stabilization. The poor yield for substrate 4g is attributed to
formation of TFE incorporated product 6g and the six-member
ring cyclized product,'” whereas the moderate yield for
compound 4h is due to formation of TFE incorporated product
6h. Nonetheless, the trifluoromethyl substituted olefin 4i
afforded the dichlorinated product with exquisite yield and
stereoselectivity (88% yield, >99:1 dr, >99:1 er, Table 2, entry 9).
The trans aliphatic substituted olefins showed high level of
diastereoselectivity (>99:1 dr, see Sj to S5l). Changing 4-
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Table 2. Substrate Scope for Asymmetric Dichlorination

Rs (DHQD),PHAL ol Ry
H 10 mol% H
Ry WN7(©/ 2.0 equiv DCDMH RZY'\/N\VQ/
R o 100 equiv LiCl, Ry CI o)
4a-4l TFE 0.02 M, -30 °C 5a-51
Ry, Ry =H, Alk, Ar
R =NO,, Br
entry R, R, Rs prod  %yield*/dr e
1° H CsH, NO, 5a 91/>99:1 >99:1
2 H CsH, Br 5b  75/>99:1 >99:1
3 H CoHs NO, 5¢  85/>99:1 >99:1
4 H CsHi NO, 5d  90/>99:1 >99:1
5 H BnOCH, NO, 5e  79/>99:1 89:11
6 H  TBDPSOC:H, NO, 5f 82/>99:1 >99:1
7' H pMe-Ph NO, 59  3591.7:1 97:3°
8% H Ph NO, 5h 62°/11:1 >99:1
99 H PCFs-Ph NO, 5i 88°>99:1 >99:1
10 CqH; H NO, 5 76/>99:1 93:7
11 CqH; H Br 5k 82/>99:1 92:8
12 BnOCH, H NO, 51 85>99:1 89:11
13%9 Ph H NO,  5m 63%53:1 90:10
14%9 Me Me NO, 5n 73%na 92:8
15" H CsH; NO, ent5a 94/>99:1 98:2
16" CqH, H NO, ent5j 80/>99:1 96:4

“Isolated yield on a 0.1 mmol scale. bEnantioselectmgf determined by
chiral HPLC. “Performed on 1 g scale with 1% cat. “Mass balance is
TFE incorporated products. “The minor diastereomer shows 91:9 er.
/Mass balance is cyclized and TFE incorporated products. Substrate
concentration was 0.2 M. "Reactions were performed with quasi-
enantiomeric (DHQ),PHAL catalyst.

bromobenzamide to 4-nitrobenzamide gave identical results
(~92:8 er, ~80% vyield, see Sj, Sk). The benzyloxy protected
substrate 41 formed dichlorinated product in 85% yield and 89:11
er (Table 2, entry 12). Compound 4m with aryl substituent on the
alkene gave moderate yield (due to competing productlon of 6m
and the corresponding six-member ring cyclized product'”) and
moderate enantioselectivity for product Sm (63% yield, 90:10 er,
Table 2, entry 13). Trisubstituted alkene 4n was also compatible
with this chemistry and returned the desired product in 73% yield
and 92:8 er. It warrants emphasis for trisubstituted and aryl-
substituted olefins, a higher substrate concentration (0.20 M) is
required for mitigating formation of TFE incorporated byproduct
(see SI, Table S2 for concentration studies). The quasi-
enantiomeric catalyst, (DHQ),PHAL, transformed two sub-
strates (4a, 4j) to the corresponding enantiomeric products in
comparable yield and selectivity (Table 2, entries 15 and 16).
This chemistry also delivers vicinal dibrominated and
chlorobrominated products with high stereoselectivity. Treating
4ain TFE (0.2 M) with 100 equiv of LiCl as chloride source and
2.0 equiv of NBS as bromenium source gave 9a in 97% yield and
>99:1 er (Table 3, entry 1). Using LiBr with NBS gave the
dibrominated product 9a’ in 90% yield and 83:17 er (Table 3,
entry 2). The Z-aromatic olefin 4g returned chlorobrominated
product 9g in 96% yield with high stereoselectivity (>99:1 er and
>99:1 dr, see entry 3, Table 3). Chlorobromination of E-amides 4j
and 4m formed desired products 9j and 9m in high
diastereoselectivity and good enantioselectivity. Yield for
aromatic substrate 4m suffers due to the formation of the
corresponding six-member ring cyclized product'” (58% yield,
see entry S, Table 3). Noteworthy, chlorobrominated products
shed light on the regiochemical course of the reaction. This
information is not easily obtained from either the dichlorination
or dibromination reactions, because the nucleophile and
elecrophile are not distinguished in the final products of the
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Table 3. Regio- and Enantioselective Hetero—Dihalogenation

NO: (pHQ@D),PHAL
R H 10 mol%
1%/ NBS (2 0 equiv) \(k/
o} R

Rz T LX (100 equiv) (100 equiv)  F1 X
TFE 0.2 M, -30 °C

4a, 4q, 4j, 4m 9a, 9a', 9g, 9j, 9m
entry R, R. LiX X prod  %yield*/dr e’
1 H CsHy LiCl Cl 9a 97/>99:1 >99:1
2 H CsH; LiBr Br 9a' 90/>99:1 83:17
3 H 4-CFsPh  LiCl Cl 9g 96/>99:1 >99:1
4  GCsH, H LiCl Cl 9j 85/>99:1 92:8
5 Ph H LiCl Cl 9m 58/>99:1 89:11

“Isolated yield. “Determined by chiral HPLC.

latter two transformations. The catalyst’s exquisite control in the
dihalogenation reaction was demonstrated via chlorobromination
of 4b in presence and absence of (DHQD),PHAL (Table S7).
The fact these reactions required up to 100 equiv of LiCl for
optimal results was counterintuitive, given the sparing solubility
of LiCl in organic solvents. Additionally, a significant amount of
the added LiCl remained undissolved during the reaction and
could be recovered at the end. To determine whether suspended
LiCl plays a role in this reaction and if indeed the reaction is
occurring on a solid—liquid interface, two sets of control
experiments were executed. In the first set, a saturated solution
of LiCl in TFE (0.47 M concentration) was prepared and
employed in dichlorination reactions with different substrate
concentrations (Table 4, entries 1—4). Two key observations

Table 4. Effect of LiCl Stoichiometry, Agitation, and
Concentration

Cl

H
(DHQD),PHAL CsHv\‘/'VN\n/“'NozF’h
H 10 mol% ) cl 0
~_N__4-NOPh DCDMH (2.0 equiv) 5a
CgH- 0o LiCl, 23 °C oy
TFE(0.02M)  CgH, N.__4-NO,Ph
4a \ﬂ/
OTFE (e]
6a
entry TFE(mL) conc.(4a) conc.(LiICl)  LiCI°(equiv) 5a:6a™”
1 0.5 0.20 0.47 2 5.8:1
2 0.5 0.08 0.47 5 6.6:1
3 2 0.02 0.47 20 6.4:1
4 7 0.006 0.47 67 6.2:1
conc RPM equiv of LiCl yield%*
5 0.02 0 15 95 1.0:1.0
6 0.02 100 15 88 3.5:1.0
7 0.02 300 15 90 3.5:1.0
8 0.02 0 100 90 1.5:11.0
9 0.02 300 100 95 >20:1
10 0.20 0 100 82 >20:1
11 0.20 300 100 87 >20:1

“Ratios and yields determined by NMR. “1% to 3% of cyclized
product 7a was seen by NMR. “0.40 M solution of LiCl in TFE was
prepared by saturating TFE with LiCl, filtering undissolved LiCl and
determining molarity of the dissolved salt from the difference in mass
of recovered LiCl

were made. First, all reactions gave similar product ratios
regardless of substrate concentration or substrate:LiCl ratio
(5.8—6.6:1 ratio of Sa:6a). Second, the ratio of Sa:6a was
significantly worse than that observed under optimized reaction
conditions that employed a large excess of LiCl (>20:1 Sa:6a), i.e.,
reactions in the presence of suspended/undissolved LiCl were
significantly more selective.

DOI: 10.1021/jacs.6b09203
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A second set of control experiments was performed to probe
mixing and mass-transfer effects. The stirring speed was altered,
first in the soluble regime (15 equiv of LiCl, 0.3 M in LiCl) and
then in the insoluble regime. The stirring speed had a remarkable
effect on product distribution. In the absence of stirring (0 rpm), a
significant amount of byproduct 6a was formed (5a:6a = 1:1,
Table 4, entry S). At 100 and 300 rpm, this ratio improved to 3.5:1
(entries 6 and 7, Table 4). In the insoluble regime (100 equiv of
LiCl, 0.02 M substrate concentration, entries 8—11, Table 4), this
effect was more pronounced. At 0 rpm, the ratio of Sa:6a was
1.5:1. Increasing the rate of stirring to 300 rpm gave the desired
product almost exclusively (95% yield, Sa:6a = >20:1, Table 4,
entry 9). With further increase in substrate concentration to 0.20
M, the effects of mass transfer become less pronounced (Sa:6a =
>20:1 at 0 rpm as well as at 300 rpm, see entries 10 and 11 in Table
4). The combination of results from Tables 1 and 4, highlighting
the requirement for a Li cation, and also the dependence on the
heterogeneous nature of the reaction, strongly suggests success in
greatly limiting the TFE incorporated side product 6 is due to the
reaction proceeding at the liquid—solid interface. We find a small
but reproducible effect on product ratios as a function of LiCl
particle size. Smaller mesh salt yields the highest selectivity for the
desired dichlorinated product by minimizing the TFE incorpo-
rated side product (see Table SS). Finally, dichlorination of 4a
was compared in the presence and absence of 12-crown-4 ether
(Table S6). Promoting the increased solubility of LiCl in the
presence of 12-C-4 leads to diminshed selectivity for the
dichlorinated product, suggesting that soluble LiCl is not effective
to circumvent the production of the TFE incorporated product.

We report an experimentally expedient dihalogenation
reaction catalyzed with (DHQD),PHAL, yielding products in
high yield and enantioselectivity. Exquisite catalyst controlled
regioselectivity has allowed for a broad substrate scope that
includes alkyl and aryl substituted allyl amides. The stereo-
chemistry of the double bond is of little consequence, as good
results are obtained with both E- and Z-olefins. Of particular
interest is the role of LiCl, the chloride source for the reaction.
Our screening demonstrated TFE as the optimal choice for
solvent, although its incorporation as the nucleophile in the
reaction was initially a problem. Use of excess LiCl drastically
reduces the TFE incorporated side product. Our preliminary
work suggests a role not only for the solid salt in solution but also
for the presence of Li salt, for the success of this transformation.
Mechanistic investigations are underway to elaborate on the
nature of interactions, presumably at the solid/liquid interface,
that lead to the observed effects.
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