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ABSTRACT: Herein we describe a highly chemo-, re-
gio-, and enantioselective bromochlorination reac-
tion of allylic alcohols, employing readily available
halogen sources and a simple Schiff base as the chiral
catalyst. The application of this interhalogenation
reaction to a variety of substrates, the rapid enanti-
oselective synthesis of a bromochlorinated natural
product, and preliminary extension of this chemistry
to dibromination and dichlorination are reported.

Alkene dihalogenation is a classic anti-
difunctionalization reaction of carbon-carbon dou-
ble bonds with few enantioselective variants." De-
spite impressive recent work in the stereoselective
synthesis of vicinal dichlorides and polychlorinated
natural products,”” no general methods exist for the
enantio- and regioselective addition of two halogen
atoms across non-conjugated olefins.*™® Additional-
ly, catalyst control over the regioselective addition of
two different halogens (heterodihalogenation or
interhalogenation) to an alkene is unprecedented
(Fig. 1A). This lack of a general enantioselective
method for alkene dihalogenation represents a sig-
nificant gap in regio- and stereoselective methodolo-
gy that remains unsolved, despite the prevalence of
chiral bioactive poly- and interhalogenated com-
pounds in nature™” and the widespread use of alkyl
halides as intermediates in organic synthesis.

Nearly 2,000 halogenated natural products that
contain either a chlorine- or a bromine-bearing ste-
reocenter have been identified from natural
sources.”” Many of these natural products demon-
strate potent and selective biological activities,”"”
which have remained underexplored at times explic-
itly due to a lack of isolable material.'*” The enzy-
matic machinery responsible for dihalogenation is
not yet known,” but many polyhalogenated second-
ary metabolites appear to arise from the selective
dibromination, dichlorination, or bromochlorination

of unsaturated terpenes (1-6, Fig. 1B).” The cytotox-
ic” secondary metabolite bromochloromyrcene (7),
for example, is proposed™®*° to derive biosynthetical-
ly from myrcene via electrophilic bromination and
Markovnikov delivery of chloride across one of three
double bonds (Fig. 1C). This would represent a re-
markable example of selectivity that has yet to be
achieved in the laboratory. To this end, we report the
development of a catalytic chemo-, regio-, and enan-
tioselective bromochlorination reaction of allylic al-
cohols. This method provides access to a wide range
of interhalogenated compounds that were previously
inaccessible, even in racemic form. Furthermore,
preliminary results suggest that this strategy will be
generalizable to enantioselective dichlorination and
dibromination.

FIGURE 1. Alkene bromochlorination is an
interhalogenation reaction used by nature with no
synthetic regio- and/or enantioselective equiva-
lent.
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Recently, we reported a titanium-based enantiose-
lective dibromination of allylic alcohols wherein high
enantioselectivity was obtained only for substrates in
which the regioselectivity of halide delivery was elec-
tronically biased (e.g. cinnamyl alcohols).” This limi-
tation in substrate scope is attributed to a unique
mechanistic challenge inherent to enantioselective
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alkene dihalogenation: each enantiomer of the cyclic
halonium intermediate can be opened by halide ion
to form two possible constitutional isomers.>®*
When the electrophilic and nucleophilic halogen
atoms are the same element, the two products of re-
gioisomeric opening are enantiomers. When the
electrophilic and nucleophilic halogen atoms are dif-
ferent, four distinct products can be formed. Inter-
ested in exploring this interplay between regioselec-
tivity and enantioselectivity and cognizant of the fact
that catalyst-controlled interhalogenation of carbon-
carbon double bonds did not exist, we directed our
efforts to designing a system capable of selective
bromochlorination of allylic alcohols. It was antici-
pated that the development of such chemistry would
enable access to a broad range of interhalogenated
natural product motifs while providing mechanistic
insight by allowing independent quantification of
enantioselectivity and regioselectivity.

Table 1 summarizes the optimization of this selec-
tive bromochlorination reaction. When allylic alco-
hol 8 was treated with pyridinium chloride and N-
bromosuccinimide (NBS), a convenient non-
disproportionating equivalent to bromine mono-
chloride,”* a constitutional isomer ratio (cr) of 1:4
was obtained for gA and 9B, favoring chloride addi-
tion to C3 (Table 1, entry 1). This is consistent with
the electronic preference for nucleophiles to add to
non-symmetric halonium intermediates in a Mar-
kovnikov fashion.** With chlorotitanium triiso-
propoxide and NBS, the inherent sense of regioselec-
tivity was maintained, albeit in a lower ratio (entry
2). Diol 10 exerted a small influence on selectivity
(entry 3), but further ligand investigations (11-13,
entries 4-6) identified tridentate Schiff base 13* as
being particularly promising. When 50 mol % 13 was
added to the reaction mixture, equal amounts of the
two constitutional isomers were formed, but signifi-
cant enantiomeric excess (ee) was observed only for
the isomer arising from delivery of chloride to C2
(entry 6). This difference in enantioselectivity be-
tween constitutional isomers could have been de-
convolved only through studying interhalogenation.
A crucial finding was that in nonpolar solvents, such
as hexanes, the regioselectivity of this Schiff base-
catalyzed bromochlorination favors anti-
Markovnikov halide addition to C2, with a concomi-
tant improvement in enantioselectivity (entry 7).
Optimal selectivities were observed at lower temper-
atures (—20 °C), conditions that allow for a reduction
in catalyst loading (entries 8 and 9). Here, nearly
exclusive formation of anti-Markovnikov product gA
was observed, demonstrating that this system is ca-
pable of overriding inherent substrate bias. Such ex-

ternal regiocontrol over halogenation provides access
to compounds for which separation or resolution of
isomers would otherwise be non-trivial.

TABLE 1. Development of an enantio- and regioselec-
tive bromochlorination of allylic alcohols.

NBS
Cl Br
2 CITi(Oi-P H H
HoV\t""/e i(0/-Pr)g » Ho\/z-\a(\/ph . HO\/'\(\/Ph
Ph conditions B Mo o Me
8 9A 9B
entry conditions yield 9A + 9B (%) 9A: 9B (cr) ee 9A, ee 9B (%)

Pyr-HCI instead of CITi(Oi-Pr) . _
1 CHCly, 1. s 8 1:4
2 CH,Cly, r.t. 85 1:2 -
3 50 mol % 10, CH,Cly, rt. 88 1:2 6,8
4 50 mol % 11, CH,Cl,, r.t. 73 1:2 12,6
5 50 mol % 12, CH,Cly, rt. 89 1:1 17,0
6 50 mol % 13, CH,Cly, rt. 67 1:1 63,6
7 50 mol % 13, hexanes, r.t. 70 8:1 94, 52
8 50 mol % 13, hexanes, —20 ‘C 80 >20:1 98, —
9 10 mol % 13, hexanes, —20 °C 88 >20:1 94, —
Me Me
tBu
Br A A CO,i-Pr o
oo <Oj><OH Ho—g_ oH oH
. OH NG
r 0k M o Noen fs)k/ NS +Bu
Ar” CAr v Bn Ph
N-bromosuccinimide o
(NBS) 10: Ar=2-Np 1 12 (S,R)-13

Reactions were conducted on 0.1 mmol scale; consti-
tutional isomers assigned based on observation of “C-
NMR chlorine isotopic shifts; absolute configuration of
9A assigned by X-ray crystallography; absolute config-
uration of 9B not determined.

Under the optimized conditions, five prevalent di-
halogenated terpenoid motifs could be produced on
preparative scale in high yields and with high levels
of selectivity (Table 2, entries 1-5). Substrates with
multiple olefins are halogenated with high chemose-
lectivity at the less nucleophilic allylic alcohol alkene
(entries 6-9, and 13). Ester (entry 9), ketone (entry
10), and silyl ether (entries 8 and 16) functionalities
are also well tolerated. 1,1-Disubstituted (entries 1, 11,
13, and 14), trisubstituted (entries 2-10, and 12), and
cis-disubstituted alkene (entries 15 and 16) substrates
are bromochlorinated selectively under these condi-
tions. trans-Disubstituted alkenes react with poor
regioselectivity, and significant enantio- and regiose-
lectivity have not yet been observed for alkenes lack-
ing allylic hydroxyl functionality. Absolute configura-
tion was assigned for several products or derivatives
(entries 1, 3, 6, and 10) by X-ray crystallography. A
proposed intermediate for this reaction is shown at
the top of Table 2 that invokes a ligand- and sub-
strate-bound titanium complex (14) wherein the hal-
ide is delivered to the nearest olefinic carbon.
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TABLE 2. Substrate scope.

R NBS O ' R! CI
HO\)\(HZ CITi(Oi-Pr)5 I} A\ a2 HO S ome
10-30 mol % (S,R)-13 .Br %
R3 hexanes, —20 °C N R® Br R3
14
entry substrate product yield (%) ee (%) cr mol %13

cl, .
HO \/&/\ 88 89 >20:1 20
Ph

N HOWPh 60 92 >20:1 10

Me
Br
5 HO\/O HO\JO 86 9 6:1 20
¢l
N Me a X Me
6 MO Me  HOA Me 69 9%  6:1 20
Me Me™ Br
HO. Mo o Ve
7 : 73 97 14:1 20
N Me HO N Me
Me Br' Me
Br
8 Ho/\(\/\"/\oP Ho/\e\/\"/\op 64 78 >20:1 10
Me <
TBDPS =P ¢ Me
Br
OAc OAc
9 HOM‘); HO ™ A4 75 w2 2001 20
Me Cl' Me Me
Br
Me Me
10a HOTYINTYY HOM 56 91 >20:1 30
Me fo) Cl Me o)

Br
cl,
" HO\JLM@ HO \/Z 59 90 >20:1 20

Cl
HO\)J\/ . .
13 Z HOV&/ 74 88 >20:1 10

Cl
HO ¢
A HO _A AP
15 oh ; 92 91 >20:1 20
Br
cl
HOx HO
16 \/\L ~N"otes 70 91 >20:1 10
oTBS Br
cl
c
176 HO\)J\/\ \/zﬁ 61 20 - 30
HO A
Ph o
N Me Br o Me
18° HO Me HO A Me 74 92 - 20
Me Me” Br
. HO M o ~Me N
19¢ H 78 95 -
N Me HO N Me
Me Br' Me

Conditions unless otherwise noted: = 1 mmol scale,
1.05 equiv NBS, 110 equiv CITi(Oi-Pr);, 10-30 mol %
(S,R)-13, hexanes, —20 °C, 4-12 hours; constitutional
isomers assigned based on observation of “C-NMR
chlorine isotopic shifts; reported isolated yields are for
the sum of constitutional isomers; a. solvent = 3:1 hex-
anes/CCl,; b. 1.05 equiv tert-butyl hypochlorite used in
place of NBS; c. 1.10 equiv BrTi(Oi-Pr), used in place of
CITi(Oi-Pr),.
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Using tert-butyl hypochlorite and chlorotitanium
triisopropoxide (entry 17) or NBS and bromotitanium
triisopropoxide (entries 18 and 19), enriched dichlo-
rides or dibromides are produced that map directly
onto known dihalogenated natural product motifs (3
and 4, Figure 1).

Scheme 1. Applications of selective bromochlo-
rination.
NBS, CITi(O/-Pr)g

® L,

/
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- >600 mg prepared

b. DMP, NaHCO3
« previously: 9 steps, racemic

Br Br
Me — cI, ¢. PhaP=CH, Me ¢
\ AF - \ A (0]
L5 (60%) Me
(+)-7: bromochloromyrcene 22 H

Reagents and conditions: a. NBS (105 equiv),
CITi(Oi-Pr); (110 equiv), 10 mol % (R,S)-13, hexanes, -
20 °C; b. Dess-Martin periodinane (DMP) (1.5 equiv),
NaHCO; (10.0 equiv), CH,ClL, r.t; c. methyltri-
phenylphosphonium bromide (1.8 equiv), sodium hex-
amethyldisilazide (NaHMDS) (1.4 equiv), toluene, —78
°Cto o °C, 60% over two steps.

Substantial catalyst influence has also been ob-
served with enantioenriched (S)-perillyl alcohol (15,
Scheme 1, top). When 15 was subjected to bromo-
chlorination conditions employing (S,R)-13, bromo-
chloride 16 was formed as the major product. When
enantiomeric (R,S)-13 was used, constitutional iso-
mer 17 was produced almost exclusively. The unusual
preference for chloride delivery to the distal olefinic
carbon in the former case (16) is rationalized as a
combination of catalyst facial control of alkene halo-
genation with the requirement for trans-diaxial de-
livery of halogens to a conformationally restricted
cyclohexene.” Both isomeric bromochlorocyclohex-
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ane motifs in 16 and 17 can be found within several
natural products including obtusol” (18) and prein-
tricatol®® (19).

The utility of the bromochloroalcohol motif is il-
lustrated by a short chemo-, regio-, and enantiose-
lective synthesis of (+)-bromochloromyrcene (7).
Selective bromochlorination of known alcohol 20 on
multigram scale provided 21, which was readily con-
verted into (+)-(7) in two steps via aldehyde 22
(Scheme 1, bottom). This natural product was pre-
pared previously in racemic form in g steps.”® An op-
tical rotation taken at the same concentration (c =
147 mg/mL) as the original isolation® suggests that
natural bromochloromyrcene is produced in only ca.
35% ee, raising an intriguing question about the level
of enantiocontrol in its biosynthesis. The present
methodology should facilitate future investigations
into the degree of enantiopurity of similar natural
products.

External enantio- and regiocontrol in alkene
interhalogenation has been demonstrated. The de-
veloped method is practical and scalable given the
trivial cost of reagents and the ease of preparation of
the chiral ligand. Multiple organohalogen building
blocks can now be readily accessed in isomerically
enriched form. We anticipate that this chemistry will
enable enantioselective syntheses of a wide variety of
polyhalogenated natural products. Such investiga-
tions are ongoing and will be reported in due course.
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