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At last count, nearly 5000 halogenated natural products have been
discovered. In approximately half of these compounds, the carbon
atom to which the halogen is bound is sp’-hybridized; therefore, there
are an enormous number of natural products for which stereocon-
trolled halogenation must be a critical component of any synthesis
strategy. In this Review, we critically discuss the methods and strategies
used for stereoselective introduction of halogen atoms in the context of
natural product synthesis. Using the successes of the past, we also
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attempt to identify gaps in our synthesis technology that would aid the
synthesis of halogenated natural products, as well as existing methods
that have not yet seen application in complex molecule synthesis. The
chemistry described herein demonstrates yet again how natural prod-

ucts continue to provide the inspiration for critical advances in

chemical synthesis.

1. Introduction
1.1. Background and Scope of the Review

With over 4700 halogenated natural products at last
count! (approximately half with C(sp*)~halogen bonds),?!
with the increasing importance of halogens in drug discov-
ery,® and with the great potential of halogen-bearing
stereogenic centers in asymmetric synthesis,* the develop-
ment of methods for the stereocontrolled introduction of
carbon-halogen bonds is a vibrant area of research. From
long-known stereospecific anti-deoxyhalogenations of chiral
secondary alcohols to modern methods for asymmetric alkene
halogenation, a vast array of methods and tactics for the
stereoselective synthesis of halogenated molecules has been
amassed. In this Review, we do not aim for a comprehensive
treatment of methods for stereocontrolled halogenation;
rather, we have chosen to focus largely on the strategies and
methods utilized in the stereocontrolled synthesis of halo-
genated natural products, with a few digressions that we feel
are justified for pedagogical reasons, or because some
particularly new and promising advances have not yet seen
application in natural product synthesis. To keep the Review
to a reasonable scope, the following very interesting topics
will not be discussed: 1) the stereocontrolled synthesis of
halogenated alkenes, and 2) the stereoconrolled introduction
of (poly)halomethyl groups. Still, it is our hope that this
Review will provide a broad overview of the state-of-the-art
in the field of stereocontrolled halogenation, and that the
information accumulated and critically reviewed herein will
be of significant utility to chemists working on halogenation
methods, natural product synthesis, drug discovery, and more.

There is an incredible breadth of structural types among
halogenated natural products. Often, unusual synthesis strat-
egies have been adopted in order to deal with complex
structural targets that are further complicated by the presence
of the halogens; in other words, strategies that might be
perfectly amenable to a non-halogenated congener would
find the presence of halogens to be a liability to key
transformations. As a result, strategies that are “halopho-

Angew. Chem. Int. Ed. 2016, 55, 4396 — 4434

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

bic”—in that the halogens are installed
in reliable late-stage transformations
(for example, alcohol deoxyhalogena-
tion)—differ largely from strategies
that are “halophilic” and embrace the
halogens as opportunities to orchestrate key bond construc-
tions. Indeed, in certain instances, the presence of the halogen
can provide occasions to innovate.

Stereochemical control is critical in addressing the
efficient and selective synthesis of halogenated natural
products wherein the halogens define an element of stereo-
genicity. To effect stereocontrolled halogenation, chemists
have relied on stereospecific reactions for absolute stereo-
control (Sy2 displacements, for example) and relative stereo-
control (alkene halogenation and halofunctionalization),
stereoselective reactions under substrate control, and stereo-
selective reactions under reagent and catalyst control, among
others. In this Review, we try to organize our discussion
according to the underlying mechanism of halogenation,
which unfortunately does not readily permit a logical pro-
gression with respect to the mechanisms of stereocontrol.

We applaud all of those who have made the incredible
advances discussed below. Of course, we must apologize at the
outset to any workers in this area whose work we did not
discuss, either because of space limitations (this Review is not
meant to be comprehensive) or because of oversight on our
part. We are also compelled to apologize for not including
citations to all of the incredible isolation and structural
elucidation work that provided the incredible structures that
inspired the synthetic chemistry that we discuss at length.
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1.2. Halogenation in Natural Product Biosynthesis

The known mechanisms of biosynthetic halogenation
have been extensively reviewed elsewhere;"! however, it is
helpful to contextualize the purely chemical strategies for
stereocontrolled halogenation that are the focus of this
Review with a brief overview of nature’s approaches to
halogenation. In cases where possible, the advances discussed
in the body of this Review will be related to the ideas
described in this section.

Most known instances of biosynthetic halogenation con-
cern the chemistry of the halenium cation or its equivalent,
generated by oxidation of halide anion via a handful of
different enzymatic processes. The most important classes of
enzymes that accomplish these transformations are the
haloperoxidases,”! which generate CI* and Br* equivalents,
likely as metal-coordinated O—X ligands, with heme iron and
vanadium as the key metals. Necessarily, these halogenation
reactions operate on electron-rich (nucleophilic) substrates
that react with the generated electrophile in the same manner
as chemists are accustomed to seeing in chemical synthesis:
electrophilic aromatic substitution (halogenation), haloether-
ification and its close relatives, and halenium-induced m-
cyclizations. Three examples of natural products thought to
arise via the action of haloperoxidases are shown in Figure 1.

Cl_Ci
HO..., OH

OAc

1: caldariomycin 2: B-snyderol 3: laurencin

Figure 1. Representative natural products that arise from biosynthetic
electrophilic halogenation by haloperoxidase enzymes.

Additionally, some natural products appear to be the products
of alkene halogenation or interhalogenation. Owing to the
high relative abundance of chloride and the reasonable
prevalence of bromide coupled with its ease of oxidation,
most natural products thought to arise from haloperoxidase-
based biosyntheses contain either chlorine or bromine
residues (or both). The poor abundance of iodide results in
a relative dearth of naturally occurring organoiodides from
haloperoxidases (the mammalian thyroid hormones are
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interesting exceptions) and the extremely difficult oxidation
of fluoride prevents their incorporation in this way.

A second general mechanism for biosynthetic halogen-
ation involves radical C—H functionalization manifolds.
Those reactions of this type that have been well characterized
are typically catalyzed by a-ketoglutarate-dependent non-
heme iron enzymes that operate similarly to the structurally
related monooxygenase enzymes but with an active site that
has evolved to bind a halide; a rebound mechanism accounts
for halogenation in face of possible hydroxylation.! There
has been significant work in this area of late because of the
remarkable transformations that these enzymes perform,
including the selective monochlorination of threonine by the
enzyme SyrB2 (see 4, Figure 2) and the highly selective di- or

Ph
O OH P
H w, N OMe
A _Cl =
HOJ\/\/ J:
i o CCly
NH, N7 s
4: 4-chlorothreonine =
(unnatural amino acid
from syringomycins) 5: barbamide 6: hapalindole A

Figure 2. Representative products produced by a-ketoglutarate-depen-
dent non-heme iron halogenases.

trichlorination of one of the diastereotopic methyl groups of
leucine by the combination of BarB1 and BarB2, which
provides precursors to natural products such as barbamide
(5). Very recently, the chlorine residues in members of the
hapalindole and fischerindole family of alkaloids (see 6) have
been shown to arise from late-stage chlorination by the a-
ketoglutarate-dependent non-heme iron enzyme WelO35,®!
which differs from SyrB2 and BarB2 in that the substrate is
not covalently bound in the form of an aminoacylated
peptidyl carrier protein. In other words, WelOS site-specifi-
cally and stereoselectively chlorinates soluble small molecule
precursors to the chlorinated alkaloids.

Interestingly, experimental observations suggest that the
chlorination events that form the chlorosulfolipids, such as
danicalipin A (7, Figure 3), are radical in nature.”'" It seems
likely that a small family of chlorinases installs these chlorides
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7: danicalipin A

Figure 3. Danicalipin A, a representative chlorosulfolipid.

one at a time to ultimately yield these very highly
halogenated and unusual natural products. The enzymatic
halogenation process is not at all understood.

Finally, there are some natural products understood to
arise from biosynthetic nucleophilic halogenation, but
they are rare in comparison with those that are made via
electrophilic and radical halogenation processes. Of
course, synthetic chemists have relied heavily on just
this type of reaction to introduce halogen atoms, but the
availability of a plethora of activating groups for alcohols
and of organic solvents, in which the halide nucleophile is
much less hindered by solvation, makes such reactions
quite practical.

It is noteworthy that practitioners of chemical syn-
thesis have made substantial use of each of these general
reaction types: electrophilic, radical, and nucleophilic
halogenations are pervasive in the literature. However,
while radical intermediates have been used to introduce
halogens in syntheses of halogenated natural products, no
examples of direct C—H halogenation—as the counter-
part to the enzymatic reactions discussed above—are yet
known. Of course, chemists have also developed numer-
ous halogenation reactions that do not have their counter-
part in biosynthesis.

It should be mentioned that in many cases, the identity of
the substrate of biological halogenation is not known with
certainty; therefore, when chemists engage in biogenetically-
inspired synthesis of halogenated natural products, it stands to
reason that the laboratory substrates will often differ from the
natural ones. In several cases in this review, when strong
circumstantial evidence or close analogy to well-understood
systems is available, we might use language reflecting
confidence in a biosynthetic mechanism that might not have
been rigorously validated experimentally. This approach is
taken for conciseness and clarity of the discussion of the
synthesis work.

2. Stereoselective Halogenation Methods and
Applications in Synthesis

2.1. Nucleophilic Displacement
2.1.1. Sy2 Displacement of Activated Alcohols

The S\2 displacement of activated alcohols with halide
ions has been utilized myriad times for the straightforward
installation of halogen-bearing stereocenters. As a result, the
discussion will be limited to one particular context that
demonstrates the potential hazards of relying upon such
a transformation in sterically hindered contexts. While
unencumbered secondary alcohols often undergo such de-
oxyhalogenation reactions with high efficiency, this approach
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suffers in more demanding situations because of possible
halide equilibration and elimination, and predicting the
reactivity of sterically encumbered substrates can be difficult.
During the syntheses of (+)-prepinnaterpene (8, Scheme 1)
and (+)-oppositol (9), Masamune and co-workers attempted

9: oppositol

1. MsClI Br
2. n-BuyNBr :

95°C, 20 h Q:z
OBn
11 (63'7) ! (107) 13 (20%)
OBn
14 15 (55‘7) 16 (35%)

Br
n-BuyNBr H
155°C, 18 h

18 (38%) 19 (14%) 20 (22%)

Scheme 1. Thermodynamically controlled halogenation via Sy2 halide equili-
bration.

the S\2 substitution of the neo-pentylic secondary alcohol 10,
activated as its mesylate, with tetra-n-butylammonium bro-
mide.'"!l They obtained a diastereomeric mixture favoring
equatorial bromide 11 (overall retention of configuration)
over desired axial bromide 12, which was characterized as
“labile”, possibly owing to facile elimination to generate
product 13, which was also observed. At a lower temperature
(80°C, reaction not shown), the axial bromide 12 was the
major product, suggesting that the more stable equatorial
bromide 11 was formed through double inversion. To obtain
the desired configuration under the halide equilibration
conditions, the bromide substituent was relocated from an
equatorial position to an axial position via epimerization of
the cis-fused bicyclic skeleton to a trans-hydrindane scaffold
via a few synthetic manipulations. The resulting axial bromide
14 was then converted to the more stable equatorial bromide
15 via substitution with tetra-n-butylammonium bromide. The
formation of a substantial amount of elimination product 16
further diminished the efficiency of this strategy. Because of
the preference for the more stable stereoisomer under these
thermodynamically controlled conditions, the configuration
of the reacting carbon center in the starting material is
inconsequential. Kim and co-workers generated analogous
equatorial bromide 18 following Masamune’s conditions
starting from equatorial mesylate 17.1”) Whereas Masamune
installed the bromide in a cis-hydrindane substrate to give the
undesired diastereomer as a major product, which had to be
inverted later in a trans-hydrindane substrate, Kim was able to
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obtain the desired bromide directly
in a trans-hydrindane substrate.
Incomplete double inversion and/
or the substantial formation of
elimination products diminished
the efficiency of these processes,
and serve as a cautionary tale in the
displacement of sterically con-
gested leaving groups.

2.1.2. Halogenative S\2' Displace- P

ments l// W "
H H Br

Halogen exchange reactions can
also take place in a net allylic
substitution fashion. In synthetic
studies toward (+4)-violacene (22,
Scheme 2), Williard and co-workers

alcohol.

22: (+)-violacene
expected but
not observed

23: (+)-epi-plocamene
(23%)

Scheme 2. Allylic halogen displacement during attempted syn-dichlori-
nation.

attempted syn-dichlorination of allylic bromide 21 with
phenyliodonium dichloride, which was known to effect syn-
dichlorination of a cholesterol derivative.'¥ However, the
unexpected loss of bromine and the migration of the double
bond resulted in the formation of a related natural product
(«£)-epi-plocamene (23) instead.!”) While the phenyliodonium
dichloride reagent can effect alkene dichlorination via polar
or radical mechanisms, depending upon the reaction condi-
tions and substrate, it is not clear how the net allylic
displacement occurred in this instance. The indirect introduc-
tion of the syn-dichloride of 22 via epoxide and chlorohydrin
intermediates also failed because of the difficulty associated
with the displacement of hindered tertiary alcohols.

The stereospecific anti-Sy2' displacement approach has
been most widely employed for the late stage installation of
bromoallenes from propargylic alcohol precursors. Although
methods are now available for the synthesis of chiral
secondary propargylic alcohols by enantioselective reduction
of the corresponding propargylic ketones or by asymmetric
acetylide additions to aldehydes, the stereoselective prepara-
tion of such precursors used to be a challenging problem. In
addition, competing S\2 displacement pathways in the
halogenation event have to be suppressed.”! Selective
bromoallene formation was first successfully accomplished
by Overman and co-workers in their synthesis of (+)-
kumausallene (27) (Scheme 3).") The propargylic alcohol
25 was synthesized with moderate diastereoselectivity by the
titanium tetrachloride-promoted addition of a titanium tri-
methylsilylacetylide reagent to the aldehyde 24 under Felkin—

www.angewandte.org
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TiCly
TMS —==—Ti(0i-Pr);

(51%
+ 10% epimer)

1. K,CO3, MeOH (92%)
2. TrisCl, DMAP

3. LiCuBr,, 60 °C

(73%, 2 steps, >15:1 dr)

1. HF+py (82%)
2. PhsP, CBry, (26%)

=

Bt (+ 9% elimination)

Scheme 3. The preparation of a bromoallene via Sy2’ displacement of an activated propargylic

Anbh stereocontrol. The major diastereomer was isolated and
activated as the corresponding sulfonate ester after removal
of the trimethylsilyl group. It was critical to employ a bulky
sulfonate group for the activation of the propargylic alcohol
to suppress the undesired Sy2 displacement pathway.
Whereas bromination of the mesylate of the terminal
alkyne derived from 25 with LiCuBr, provided the desired
bromoallene 26 (ca. 50 %) along with a substantial amount of
the propargylic bromide (ca. 25-30%), the use of the
corresponding trisylate attenuated the formation of propar-
gylic bromide (ca. 10-15%) and improved the yield of 26
(73%, >15:1 dr).

The stereoselective preparation of propargylic alcohol
substrates is not always straightforward. When Crimmins and
co-workers attempted the direct conversion of the aldehyde
28 to the propagylic alcohol 31 for the synthesis of (—)-
isolaurallene (33), the carbonyl addition of ethynylmagne-
sium bromide was unselective (Scheme 4).1'" Precedent
suggests that the use of a titanium acetylide reagent would
favor formation of the undesired diastereomer. Thus, the
requisite intermediate 31 was prepared in a diastereomerically
pure form via a longer sequence including Wittig olefination,
Sharpless asymmetric epoxidation, and elimination of
a chloroepoxide intermediate 30. Then, 31 was transformed
to the desired bromoallene 32 following Overman’s proce-
dure (8:1 dr, 9% S\2).

When only the undesired diastereomer of propargylic
alcohol can be obtained with high stereoselectively, the
desired diastereomer can be accessed through the inversion
of the alcohol-bearing stereocenter via the Mitsunobu
reaction (Scheme 5). Whereas Pagenkopf and co-workers
could prepare the undesired anti-diastereomer of propargylic
alcohol 34 by the substrate-controlled addition of an alky-
nyltitanium reagent to the aldehyde, attempts to produce the
desired syn-diastereomer was unsuccessful even under
reagent-controlled, asymmetric alkynylation conditions.""
Eventually, the syn-configuration was generated via the
Mitsunobu reaction of 34. Through these synthetic studies,
the structure of (—)-aplysiallene was revised as 36. Alter-
natively and more efficiently, a direct installation of sulfonate
with inversion of configuration was demonstrated by Kim and

Angew. Chem. Int. Ed. 2016, 55, 4396 — 4434
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1. PhyP=CHCO,E the well—precedenteq challenges in substrate-
2. DIBAL controlled alkynylation of aldehydes. Boukou-
valas and co-workers employed enantioselec-
tive alkynylations® to produce both diaste-
reomers (42 and 44, Scheme 6) of the prop-
= mgBr 1. SAE (94%) argylic alcohol precursor with high stereose-
unselective 2. PhgP, NCS (84%) lectivity under reagent control. ™! After con-
verting 42 and 44 to their corresponding
i bromoallene epimers 43 and 45 following
LDA (87%) Overman’s protocol, the relative and absolute
eSO N0 Yy \\ configurations of (—)-panacene were unam-
e - biguously assigned as 45.
;' I{gf;r(gs%) 2.1.3. Nucleophilic Halogenolysis of Strained
. 2 .
(67%, 8:1 dr, 9% Sn2) Rings
H . .
1. PPTS, MeOH Halogen-bearing stereogenic centers can
2. CBrg, OctsP a \ be introduced in a highly stereoselective
(58%, 2 steps) g, O H N—sr manner via Sy2 opening of epoxides with
Et H halide ions.”” However, in this case, regiose-
33: (-)-isolaurallene lectivity needs to be addressed because an
Scheme 4. Difficulty in stereoselective formation of propargylic alcohol epoxide has two reactive, electrophilic carbon
(SAE = Sharpless asymmetric epoxidation).
H
By o LR
<at
40:R=CN
41 R = CHO ~ DIBAL
1. TMS—==—2znOTf 1. TMS—==—2nOTf
(+)-NME (11:1 dr) (=)-NME (11:1 dr)
: 2. TBAF 2. TBAF
PhsP, DIAD (69%) i 1. L-selectride (97%) \ (42% 3 steps) Y (55%, 3 steps)
p-nitrobenzoic acid K + 2. TBAF (85%) OH OH
H H :
; Et i
H 0
y OPNB NS
H O
X
Et N ™S O H O H
B X770 H 42 44
H o35 1. TrisCl, DMAP (84%) 1. TrisCl, DMAP (84%)
2. LiCuBr, 2. LiCuBr,
1. K,CO3 (92%) 1. TrisOH, DIAD (66%, ca. 7% Sy2) (65%, ca. 7% Sn2)
2. TrisCl (78%) i PhsP (56%)
3. LiCuBr, (60%) i 2. LiBr, CuBr (73%) Et H
1 e Br
H N
H 03N H
'%l_.«H O H
Et Br 43: proposed structure 45: (-)-panacene
B X-X0 H of panacene revised structure
H
B
36: (-)-aplysiallene 39: (+)-microcladallene rB Scheme 6. Stereodivergent synthesis via a reagent-controlled alkynyla-
revised structure tion.
Scheme 5. Correction of propargylic alcohol configuration via the
Mitsunobu reaction.
centers. Two major strategies exist for regiocontrol with
co-workers for the synthesis of microcladallene B (39).'”)  sterically undifferentiated 1,2-disubstituted epoxides:
After the diastereoselective reduction of a ynone intermedi- 1) inductive deactivation of one terminus by the proximity
ate 37 under Felkin—Anh control, the invertive trisylation was ~ of electron-withdrawing groups, and 2) activation of one
accomplished under the Mitsunobu conditions.” Kim and co- ~ terminus of the epoxide, for example with vinyl epoxides.
workers also revised the structure of (+)-itomanallene A While direction of the halide nucleophile to one terminus of
through total synthesis employing the Sy2" approach.! the epoxide cannot be ruled out in all cases, regiocontrol in
The versatility of the Sy2’ approach was greatly improved  the vast majority of ring-opening epoxide halogenolyses can
by the application of chiral alkynylating reagents to overcome  be accounted for by electronic effects.
Angew. Chem. Int. Ed. 2016, 55, 4396 — 4434 © 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org 4401
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By modifying Sharpless’s conditions for nucleophilic ring
openings of 2,3-epoxyalcohols/™ Murai and co-workers
developed general solutions for the site-selective openings
of 3,4- or 23-epoxy alcohols and derivatives with halide
nucleophiles.”™ Whereas a combination of a diethylammo-
nium halide salt and titanium tetraisopropoxide is effective
for the distal selective ring openings of unprotected epoxy
alcohol substrates, diethylaluminum halide has been the
reagent of choice for the openings of protected epoxy alcohol
substrates. These conditions were employed as key steps for
the synthesis of halogenated tetrahydropyran natural prod-
ucts, (—)-dactylyne (50) and (—)-isodactylyne (51)
(Scheme 7). The 3,4-cis-epoxy alcohol intermediate 46

Et;NH,Br
OH o) 0Bz Br (:)Bz

0 Ti(Oi-Pr), -
(78%

46 OMPM g2-8 selectivity) ©H  OH OMPM

Br ¢ OMs ELA(CI o
B S
(90-100%
OPiv OTBS OH OMPM complete OPiv OTBS OMPM
49 selectivity) 48

B A N g N or g ) A /\///
Et £t 3

50: (—)-dactylyne 51: (-)-isodactylyne

Scheme 7. Stereoselective halogenations via regioselective epoxide
halogenolyses en route to dactylyne and isodactylyne.

was treated with diethylammonium bromide in the presence
of titanium tetraisopropoxide to give the bromohydrin 47
with high site-selectivity. At a later stage, a 2,3-trans-epoxy
mesylate 48, which was prepared via Sharpless asymmetric
epoxidation, was converted to the chlorohydrin 49 with
perfect regioselectivity upon treatment with diethylaluminum
chloride. The electron withdrawing mesylate group provides
a substantial electronic bias via the selective deactivation of
the proximal epoxide carbon center. Similar methods employ-
ing halotitanium triisopropoxide have also been developed by
Raifeld and co-workers”” and were recently employed by
Carreira and co-workers on epoxyalcohol 52 en route to the
synthesis of the reported structure of mytilipin C (54)
(Scheme 8).1%*!

The site-selective epoxide opening strategy was employed
by Overman and co-workers for the syntheses of (—)-
laurenyne  (57)® and  (+)-isolaurepinnacin  (60)P"
(Scheme 9). In both cases, the cis-epoxides 55 and 58 were
prepared via Sharpless asymmetric epoxidation. Then, the
corresponding halohydrins 56 and 59 were produced using
Sharpless’s and Murai’s conditions, respectively. Although the
absolute stereochemical outcome of halohydrin formation
relies on enantioselective epoxidation methods, regiocon-
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X X

(o}

" 70 o CITiOi-Pr); 07 o ¢l oH
i > i :
M (40%) :
oBn CI CI Cl Ho oBn CI CI' CI OH
52 53
n-Cq5H34
0”0 ¢ 0S0,CI OH CI OH OH cl

cl ¢l ¢ c ccrocl OH

54: mytilipin C

Scheme 8. Application of site-selective epoxide opening to the syn-
thesis of the chlorosulfolipid mytilipin C.

(o] H (o]
AL A
OH : Et 0SO,Ph
58

Et;NHCI l (92%

Ti(Oi-Pr) | 3:1 regioselectivity) |

ELAICI

cl : OH

™S : i Et
\"/\/\E/\OH ‘ YK/
OH Br

0SO,Ph

57: (-)-laurenyne 60: (+)-isolaurepinnacin

Scheme 9. Applications of regioselective and stereospecific epoxide
ring-opening to halogenated natural product synthesis.

trolled halogenolysis is critical to efficiency of the overall
strategy.

Unfortunately, a complementary method does not yet
exist for the opening of epoxy alcohols with alternative
regioselectivity. During the synthesis of the reported structure
of mytilipin C (54, Scheme 8) by Carreira and co-workers, the
desired chlorohydrin 63 (Scheme 10) could not be directly
accessed from the secondary epoxy alcohol 61 via Murai’s
method, which would give the undesired constitutional
isomer.™ Thus, 63 was prepared via a longer sequence
involving temporary oxidation of 61 to the corresponding
epoxy ketone 62, the subsequent opening of the activated a-
terminus with zirconium tetrachloride, and the immediate
reduction of the unstable ketone.

Vinyl epoxide halogenolysis is predictably regiocontrol-
led, with the allylic terminus activated for ring-opening.
Examples from recent chlorosulfolipid syntheses demonstrate
both the reliable regiocontrol and the potential complications
when working with polychlorinated substrates. First reported
by the Carreira group in their synthesis of mytilipin A,
unexpected anchimeric assistance of one of the distal
chlorides in 64 (Scheme 11) led to the undesired C5-config-
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Cl Cl
61

DMP¢(95%)
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Scheme 10. Access to opposite regioselectivity of epoxide chlorinolysis
via an intermediate keto-epoxide.

uration in 66 by overall halogenolysis with retention of
configuration, and ultimately the formation of a stereoisomer
of the natural product.”!! Seizing on this unusual reactivity,
this group changed the configuration of their starting epoxide
(see 68); the net stereoretentive epoxide chlorinolysis
afforded the desired C5 configuration in 65 and permitted
completion of the synthesis of target 69. This reactivity was
also seen by the Vanderwal group with epoxide 70 en route to
danicalipin A (7, Figure 3); the undesired reactivity was
prevented with the use of an excess of soluble chloride and
a change of Lewis acid.’? Carreira and co-workers recently
performed a careful mechanistic study, implicating the likely
intermediacy of the four-membered ring cyclic chloronium
ion (67) rather than the five-membered ring isomer.”!
Openings of other types of reactive three-membered rings
have also been utilized for the stereoselective introduction of
halogen atoms. Fukuyama and co-workers installed the

TMSCI
EtOAc 5
¢ c (§_otes
65: inversion at C5 (4%)
TMSCI
CH,Cl, Cl OH
EtOAc 5
¢ c (§_omes
6
66: inversion at C5 (0%)
TMSCI
Cl OH CHQC|2 Cl
EtOAc
CeHi3 Cl «—— CeHy3"16
¢ c otBs (6:1d.r. cl
7 38% of 71)
71: retention at C13 70

Reviews

chloride-bearing stereocenter of (—)-hapalindole G (76) via
opening of activated cyclopropane intermediate 74, which
was prepared from diazomalonate 73 through copper(II)
bis(salicylidene-fert-butylamine)-catalyzed  intramolecular
cyclopropanation (Scheme 12).5* Upon heating in the pres-
ence of lithium chloride and camphorsulfonic acid, 74 under-
went chlorinative ring opening followed by decarboxylation
to give the hindered, neo-pentylic chloride 75 in a site-
selective and stereospecific manner.

Cu(ll) catalyst
(60%)

76: (—)-hapalindole G 75

Scheme 12. Stereoselective chlorination via site-selective opening of
a cyclopropane intermediate.

During the synthesis of (+)-virantmycin (80) by Raphael
and co-workers, a stereoretentive chlorination of a secondary
alcohol 77 delivered 78 upon treatment with thionyl chloride
(Scheme 13).! This unexpected result was rationalized by
the involvement of an aziridine intermediate and the follow-
ing in situ opening with chloride ion, which would result
in double inversion. This hypothesis was confirmed by
Shirahama and co-workers through the preparation of the

cl OH cl OTMS
ca ca (| _oms +CITNF
6 H
66: retention at C5 (39%) 67
Ccl  0SO,Cl
o Cl
5
cl ¢ c
69: mytilipin A
BF3OEt2
Et,NCI Cl  OH
CH,CI
cl #»CGHH Y
OTBS (48% of 72 from cl oTBS
2:1ZE

alkene mixture) 72: inversion at C13

Scheme 11. Unexpected anchimeric assistance by distal chloride residues in vinyl epoxide chlorinolyses en route to chlorosulfolipid natural

products.
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(89%)
Me0,C

1. NaOH, MeOH

2. Et4NCI, TFA (81%, 2 steps)

-

MeO,C HO,C

80: virantmycin

Scheme 13. Stereoretentive chlorination via an aziridine intermediate.
Although Raphael and co-workers made (£)-virantmycin and Shira-
hama and co-workers made unnatural (4)-virantmycin, the natural
configuration is shown.

S0,t-Bu ¢
% CeCly 7H,0 j)\/\
Y~ TOH
\r\/\OR (74-80% i
10:1 regioselectivity) ~S0,t-Bu
81:R=H 83

—\_<\:'"+ NH,

MeO 0S0;
84: chlorodysinosin A

Scheme 14. Stereocontrolled chlorination via regioselective opening of
an activated aziridine.

putative aziridine intermediate 79 under Mitsunobu condi-
tions.”® Subsequent ester hydrolysis and chlorinative opening
of the aziridine ring with tetraethylammonium chloride
and trifluoroacetic acid afforded the unnatural enantio-
mer (+)-virantmycin (80).

Hanessian and co-workers investigated site-selective
openings of aziridines for the synthesis of chlorodysino-
sin A (84, Scheme 14), which contains an unprecedented
(25,3R)-3-chloroleucine residue.”” Under the optimized
conditions, both N-tert-butylsulfonyl aziridines 81 and 82
underwent highly regioselective ring opening in the
presence of an excess amount of cerium(III) chloride
heptahydrate to deliver (25,3R)-N-tert-butylsulfonyl-3-
chloroleucinol (83); deprotection of the fert-butyldime-
thylsilyl group of 82 occurred under the reaction
conditions. Although it might be expected that the
electronic bias provided by the hydroxy/silyloxy groups
might be enough to encourage high levels of regiocon-
trol, experiments with smaller sulfonamide protecting/
activating groups led these workers to attribute the high
regioselectivity to the steric encumbrance between tert-
butylsulfonyl and isopropyl groups. For example, when
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the smaller trifluoromethylsulfonyl group was employed,
a 1:1 mixture of constitutional isomers was obtained.

A three-membered oxonium species has been proposed as
an in situ generated, highly reactive intermediate that can
determine the stereoselectivity of the subsequent halogen-
ative opening. In synthetic studies toward (+)-laurencial (90)
by Iwata and co-workers, two epimeric tertiary alcohols 85
and 88 were accessed (Scheme 15).*¥ Both compounds were
treated with thionyl chloride in the presence of a catalytic
amount of zinc chloride in dioxane.’! These conditions are
known to favor retention of configuration, and axial chloride
86 was obtained from the axial alcohol 85. However, the
equatorial alcohol 88 also afforded 86 as the major product
along with the expected equatorial chloride 89 with ca. 2:1
selectivity. This observed stereoconvergence was rationalized
by the intermediacy of a three-membered oxonium species
formed via participation of the neighboring ether oxygen.
Thus, the invertive pathway was dominant in the case of 88.
The epimeric chlorides 86 and 89 were converted to (+)-3-
epilaurencial (87) and (+)-laurencial (90), respectively.

Chlorinolysis need not be restricted to three-membered
ring substrates. A key step in the synthesis of (—)-N-
methylwelwitindolinone B isothiocyanate (93, Scheme 16)
by Garg and co-workers involved ether chlorinolysis in
a particularly complex setting.*”! Installation of the neo-
pentylic secondary alkyl chloride was accomplished by ring-
opening of the ether bridge in the bridged oxabicyclic
substructure of 91. Not surprisingly, chloride introduction
via S\2 displacement of related activated alcohols was
unsuccessful; such a proposition was shown to be extremely
challenging by Rawal and co-workers.”!! The successful
regioselective chlorinative ring-opening provided exclusively
the desired constitutional isomer of product 92. The Lewis-
acidic conditions shown were previously reported by Shea and
co-workers in their synthetic studies toward the synthesis of
93.21 Among a variety of Brgnsted and Lewis acids, boron
trichloride was uniquely effective for these systems.[*!

Cl

H (o}

85 86 (87%) 87: ()-3-epilaurencial

via

86 (57%)
+

Cl

o

90: (z)-laurencial

89 (26%)

Scheme 15. Stereoconvergent chlorination via a three-membered oxonium
species.
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(=)-N-methylwelwitindolinone B
isothiocyanate

Scheme 16. Preparation of hindered secondary chloride via opening of
a bicyclic ether.

2.2. Stereoselective Alkene Halogenation

There are a relatively small number of natural products
containing vicinal dihalide arrangements. The two most
visible families of natural products that contain vicinal
dihalides are the chlorosulfolipids (see 7, 54, and 69 above,
and malhamensilipin A, 94, Figure 4) and the polyhalogenat-

Cl  0S0;Cl cl

CgHq7 H N
cil ¢ ¢l 0S0;
94: malhamensilipin A

cl CI,"‘ Br
Br Cl
95: halomon
Cl Cl
cl
CIN N FA K
Br
[¢]]

96: a polyhalogenated

monoterpenoid from Plocamium red algae 98: dichlorolissoclimide

Figure 4. Representative natural products bearing vicinal dihalide
motifs.

ed monoterpenoids from red algae (see 22 above, and 95 and
96). Vicinal dichlorides in cyclic contexts can also be found in
the clionastatins and dichlorolissoclimide and congeners (see
97 and 98, respectively). Largely owing to great recent
interest in acyclic polyhalogenated compounds as targets for
chemical synthesis, there have been many recent methodo-
logical and strategic advances in the stereocontrolled intro-
duction of vicinal dihalides.
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2.2.1. Diastereoselective Dichlorination

The chlorosulfolipids are a family of polychlorinated
lipids that bear sulfate esters in the midst of their chlorine-rich
regions (see malhamensilipin A, 94). Inspired by its potential
value to syntheses of these targets, Vanderwal and co-workers
developed a diastereoselective dichlorination of chiral secon-
dary Z-allylic alcohol derivatives (Scheme 17).*! A wide

Et;NCl3
TCAO R, CH,Cl,, —90 °C TCAO ClI
Ry Z Ry R,
Cl
TCAO Cl OMe TCAO Cl TCAO Cl
OTBS n-Bu
OMe Ph Y 'n-Bu
cl cl cl cl
29 100 101
(78% yield (70% yield (76% yield

10:1 dr crude,
11:1 dr isolated)

8.3:1 dr crude,
>20:1 dr isolated)

8.6:1 dr crude,
11:1 dr isolated)

Scheme 17. syn,syn-Selective dichlorination of chiral secondary Z-allylic
trichloroacetates (TCA =trichloroacetyl).

variety of substituent groups on the alcohol were examined to
modulate the steric and electronic environment and provide
high diastereoselectivity. While the reaction was relatively
insensitive to steric bulk, electron-deficient substituents such
as trifluoro- and trichloroacetates were beneficial for high
diastereoselectivity and clean reactivity without the unwanted
participation of the carbonyl group, which was a problem for
less electron-deficient acyl groups. Under the optimized
conditions, the syn,syn-hydroxydichloride stereotriad, which
is commonly found in chlorosulfolipids, was obtained with
high diastereoselectivities by the anti-dichlorination of
a range of structurally diverse Z-allylic trichloroacetates
with Mioskowski’s reagent (tetraethylammonium trichlor-
ide). The trichloroacetyl group could be cleanly removed
without interference of the chloride residues such as epoxide
formation from the resulting chlorohydrins. This reaction was
applied to an anti-chlorohydrin substrate, generating product
101 with four contiguous stereogenic centers found in
mytilipin A (69). The mechanisms of these reactions with
the trichloride reagent are poorly understood and likely to be
complex. As a result, anything more than pure speculation on
the mechanism of stereocontrol, which likely does involve
A, ;-strain minimization, cannot be made without further
investigations.

The “left-hand” stereotriad of malhamensilipin A (94) has
the syn,anti-configuration, which could not be accessed from
a chiral Z-allylic alcohol derivative via Vanderwal’s diaste-
reoselective dichlorination method. Because of the attrac-
tiveness of syn-diol precursors, which could be prepared
enantioselectively via Sharpless asymmetric dihydroxylation,
a range of derivatives was evaluated for diastereoselective
dichlorination."! Unexpectedly, highly anti-selective dichlori-
nation was achieved with a-nosylate 102 (Scheme 18);
fortuitously, the sulfonate group in the product 103 was
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Scheme 18. Diastereoselective dichlorination of Z-allylic alcohol with
a remote nosyl ester.
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tive installation of the “left-hand” anti-dichloride moiety
which required diastereoselective dichlorination of a secon-
dary E-allylic alcohol and derivatives (110/111, Scheme 21).1")
For this study, the Marké-Maguire reagent system was
employed to generate an uncharacterized active dichlorinat-
ing reagent, possibly benzyltriethylammonium trichloride."
While stereocontrolled dichlorination of secondary Z-allylic

exactly that required for a subsequent Et4NCl3 . ¢l OH cl
epoxide formation. Although remark- CH,Clp, 78 °C oTES
able for its influence on the stereo- (93%, 10:1 dr) CI L
chemical outcome, the role of the 107
remote nosyl group remains unclear.
This stl}dy led to the enan.tl.os.electlve Et,NCI o oH ¢l o o
synthesis of (+)-malhamensilipin A. CH,Cl,, ~78 0 0 °C i oTBS
Diastereoselective dichlorination of 7%, 81d) oMY S
Z-allylic alcohol derivative 104 was 108 ¢ 10‘;
employed for the synthesis of reported
structure of mytilipin C (54) by Carreira  Scheme 20. syn,syn-Selective dichlorination of chiral secondary Z-allylic chlorides.
and  co-workers  (Scheme 19).2
oTBS OR Cl
; OTBDPS
oTBSCl X A
: cl c
110 (R = TCA)
1048 ' Soac 111 (R=H)
KMnQ4, TMSCI
Et,NCl3 , 4
CH,Cly, —78 "Cl (71%, 5:1 dr) BnEt;NCI
oTBS ¢l oTBSCI ¢l ORrR Cl ¢ OrR <l
0 OTBDPS OTBDPS
6
OBn al N ¢t c < ° c ¢ c
105 OAc 112: R=TCA (9%) 113: R = TCA (45% + 14% elimination)

Scheme 19. syn-Selective dichlorination of a chiral secondary
Z-allylic tert-butyldimethylsilyl ether.

Whereas poor diastereoselectivities (ca. 2:1 dr) were
observed in Vanderwal’s studies of simple Z-allylic fert-
butyldimethylsilyl ethers,* the dichlorination of complex
substrate 104 under analogous conditions afforded the
desired syn,syn-105 in good diastereoselectivity.

Highly diastereoselective dichlorination of chiral secon-
dary Z-allylic chlorides has been used in several instances for
the synthesis of the chlorosulfolipids after first being
described by Carreira and co-workers for the synthesis of
(£)-mytilipin A (69).FY The dichlorination of Z-allylic chlo-
ride 106 with Mioskowski’s reagent proceeded in high
diastereoselectivity (Scheme 20). The utility of this trans-
formation was further demonstrated by Vanderwal and co-
workers for the enantioselective syntheses of (—)-mytilipin A
(69)*! and (4-)-malhamensilipin A (94). In the latter
synthesis, Z-allylic chloride 108 was dichlorinated selectively
to give 109. Recently, this method was employed with a more
complex substrate during the synthesis of the reported
structure of mytilipin C (59).”*!

At a late stage of their synthesis of (4)-mytilipin A (69),
Yoshimitsu and co-workers investigated the diastereoselec-
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114: R =H (38%) 115: R =H (10% + 26% syn-dichlorination)

Scheme 21. Moderately diastereoselective dichlorination of a chiral
secondary E-allylic alcohol and a derivative.

alcohol derivatives might be explained via minimization of
A, ;-strain, it is not straightforward to rationalize the observed
diastereoselectivity of dichlorination of secondary E-allylic
alcohol derivatives because of less severe allylic strain.
Whereas the dichlorination of trichloroacetate derivative
110 afforded predominantly the undesired diastereomer 113
along with elimination products, the unprotected secondary
E-allylic alcohol substrate 110 provided the desired diaste-
reomer 114 with moderate selectivity. It is difficult to
rationalize the reversal of stereoselectivity between sub-
strates 110 and 111. The authors suggest that the formation of
a substantial amount of 115, the product of a syn-dichlorina-
tion reaction, from allylic alcohol 111 might be explained by
anchimeric assistance of a distal chloride under these
conditions.

Substrate (protecting group)-dependent diastereoselec-
tivity reversal in alkene dichlorination was also observed by
Vanderwal and co-workers in their synthetic studies toward
the tricyclic core of the clionastatin B (97, Figure 4).1*
Whereas the pseudodiaxial dichloride 117 (Scheme 22) was
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Scheme 22. Alcohol protecting group dependent reversal of dichlorina-
tion diastereoselectivity.

obtained as the major product from 116 via the expected
diaxial addition pathway, dichlorination of the corresponding
free alcohol 118 favored the desired pseudodiequatorial
diastereomer 119 for reasons that are currently unclear.
Spectroscopic data were inconsistent with a change in ground
state conformation between the protected and the unpro-
tected substrates.

Diastereoselective dichlorination of trisubstituted allylic
alcohol derivatives was also reported by Vanderwal and co-
workers for the enantioselective syntheses of acyclic, poly-
halogenated monoterpenoids from red algae of the genus
Plocamium (Scheme 23).” With a general and divergent
strategy, several natural products and unnatural analogs were
synthesized efficiently from glyceraldehyde acetonide (120).
One of the major challenges was the stereoselective con-
struction of the vicinal secondary and tertiary dichlorides

N

121 122

(52% yield | TEAA/pyr, then Et4NCl3
>10:1 dr) then NH,OH/MeOH

Yo o Y as

(66% yield
6:1dr)

Cl Cl
123 124
Cl Cl Cl Cl
Sl s, Cl
X /7 Z N XN F NF
8
Y Cl Y Cl
125: X=Y =H 128: X=Cl,Y=H
126: X=Cl,Y=H 129: X=H, Y =Cl
127: X=H,Y=Cl

Scheme 23. Diastereoselective dichlorination of trisubstituted E- and
Z-allylic alcohol derivatives for the synthesis of polyhalogenated mono-
terpenoids.
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which are also each allylic. Because both syn- and anti-
dichlorides are present in this family of natural products, the
diastereoselective dichlorination was conducted with both E-
and Z-alkene substrates 121 and 122. Although the direct
dichlorination of the free alcohol was highly diastereoselec-
tive, the competing oxidation of the allylic alcohol to the
corresponding unsaturated aldehyde was problematic. This
side reaction was successfully avoided by the temporary
protection of the alcohol as a trifluoroacetate. The subsequent
in situ dichlorination and deacylation cleanly afforded the
desired dichlorides 123 (anti) and 124 (syn) with high
diastereoselectivities. Although the observed selectivities
could be rationalized by the A, ; strain minimization model,
further studies are needed to formulate a more detailed
mechanistic picture. Short syntheses of a number of natural
products, including 125-129, were facilitated by these diaste-
reoselective alkene halogenation reactions.

Halomon (95) is one of many polyhalogenated mono-
terpenoids from red algae that bear remote halogen-bearing
stereogenic centers. Emulating its proposed biosynthesis,
Hirama and co-workers completed a three-stage synthesis
of (4)-halomon from myrcene (130).°" After double bromo-
chlorination of myrcene to give a 1:1 mixture of racemic 131
(Scheme 24) and its diastereomer, selective dehydrobromi-

BuysNBrCl; (2.4 equiv)
)\/\/U\/ e
X Z (27%, 1:1 dr)

130: myrcene 131

DBU, DMF¢(86%)
Buy4NBrCl, (5.3 equiv)

cl O./ B CH.Cl,-55°C,5d
I 8 ) " (25% of 95, 8% ) )
r 7 r
95 halomon of C3 diastereomer) 132

Scheme 24. Moderate remote stereoinduction in the synthesis of
halomon.

nation gave 132. Selective bromochlorination of the non-
chlorinated alkene provided (+)-halomon (95) and its diaste-
reomer in about a 3:1 ratio. Even this moderate degree of
diastereoselectivity is surprising; however, the reaction was
relatively inefficient and it was not clear what became of the
mass balance of this reaction that clearly proceeds via
unstable intermediates. This synthesis, while incredibly
direct, underscores the need for new methods for stereocon-
trolled alkene halogenation.

In a fascinating synthesis from Shea and co-workers,
bicyclic alkene 133, with its bridgehead alkene having arisen
from a Type II intramolecular Diels—Alder reaction, is
dichlorinated under the conditions shown to afford cis-
dichloride 134 en route to 136, an unnamed cyclic mono-
terpenoid from a Plocamium red alga (Scheme 25).%% This
reaction is critical to the synthesis because it delivers the 1,3-
cis-relationship of the two ring halogens, and is interesting
because of the 1,2-cis-selectivity in the introduction of the two
chlorides. Subsequent steps including lactone reduction with
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Scheme 25. An unusual stereocontrolled syn-dichlorination.

s
bodhe

concomitant elimination of the silyl chloride to afford the
exocyclic alkene in 135 and installation of the vinyl chloride
ultimately deliver the natural product. All of the examples
shown up to this point have made use of conditions that are
expected to proceed via stereospecific anti-addition to the
alkenes, unless anchimeric assistance is operative. While the
authors do not comment on the stereochemical outcome, it is
known that some reagents—including phenyliodonium
dichloride and sulfuryl chloride—can effect alkene halogen-
ation via radical mechanisms under certain circumstances.
Such a pathway might reasonably account for the interesting
but ultimately inconsequential syn-dichlorination observed in
this synthesis.

2.2.2. Stereospecific Deoxydichlorination

Although some progress has been made toward enantio-
selective dichlorination of alkenes (see below), a truly general
solution has remained elusive. Therefore, chiral 1,2-dichloride
moieties have been constructed indirectly via stereospecific
deoxydichlorination of epoxides. Yoshimitsu and co-workers
investigated the generality of this nucleophilic, Appel-type
multiple chlorination process to access enantioenriched
polychlorinated hydrocarbon motifs from chiral internal
epoxides (Scheme 26).%! Although various combinations of
an organophosphine and a chlorinating reagent had been
employed prior to this study, the substrate scope was limited

NCS, PPh, o
Catly PhMe, 90°C_ .\ 3 . ONZ
TBDPSO ¢l OTBDPS CsHy OTBOPS
137 138 (76%) 139(17%)
NCS, PPh, o
TBDPSO PhMe, 90 °C C3Hy

— Ty CiH; Z

,.N; N, L

OTBDPS
Cl  OTBDPS

141 (88%) 142 (9%)
OBn NCS, PPh, OBn CI Cl
o) PhMe, 90 °C H
_ >
(42%) H
OTBDPS ¢l Cl OTBDPS
143 144

Scheme 26. Stereospecific deoxydichlorination of chiral epoxides.
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to terminal epoxides and cyclic meso-epoxides. After survey-
ing various known reagent combinations, the PPhy/NCS
system was found to be optimal in terms of both reactivity
and selectivity.**) Under these conditions, syn- or anti-
dichlorides 138 and 141 could be prepared from trans- or
cis-epoxides 137 and 140, respectively, along with alkenyl
chloride side products, which were formed via E2 elimination
of the reactive phosphonium intermediate, especially in
sterically hindered environments. Side product formation
was significant for aromatic and alkenyl epoxides. The
application of a reactive Ph,PCI/NCS system suppressed
side product formation to some degree. Notably, even
diepoxides such as 143 could be transformed into the
corresponding tetrachlorides (144) under optimized condi-
tions. A catalytic variant has been reported.’*! When
combined with the Sharpless asymmetric epoxidation of
allylic alcohols, this method provides enantioenriched poly-
chlorides via a sequence that requires protection of the
alcohol to avoid deoxychlorination of that group.
Yoshimitsu and co-workers applied the epoxidation—
deoxydichlorination (double chloride displacement) strategy
to epoxides 145 and 147 in the enantioselective total syntheses
of (4)-mytilipin A (69)*”" and (4)-danicalipin A (7).,
respectively (Scheme 27). In both cases, the desired syn- or

e} [o)
& OTBDPS o
OPiv 6 CsH/13_\— OPiv
145 147

NCS, PPh, NCS, PPhs
PhMe, 90 °C l(85%) PhMe, 90 °cl (86%)
Cl Cl

OTBDPS
A CeHqi” Y TOPiv

OPiv CI Cl
146 148

Scheme 27. Application of the deoxydichlorination method to the
preparation of enantioenriched syn- and anti-1,2-dichloride intermedi-
ates for the syntheses of chlorosulfolipids.

anti-1,2-dichlorides were obtained in high yields as single
diastereomers.

The epoxide deoxydichlorination strategy found its utility
again at a later stage of their mytilipin A synthesis when the
chlorination of secondary homoallylic alcohol 149 was
surprisingly problematic owing to competing elimination
(Scheme 28).1 A two-step sequence involving epoxide for-
mation from the chlorohydrin followed by deoxydichlorina-
tion was more efficient for the production of trichloride 151
than the direct alcohol deoxychlorination, thus demonstrating
the synthetic utility of this method.

The frequently encountered vicinal bromochloride motif
in halogenated natural products suggests a biosynthetic
interhalogenation sequence that is likely initiated by bromo-
nium ion formation followed by opening with a chloride
ion.®l Although a method for enantioselective bromochlori-
nation of allylic alcohols has recently been invented (see
below), a general enantioselective bromochlorination of
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Scheme 28. Two-step chlorination via deoxydichlorination of an epox-
ide intermediate.

unfunctionalized alkenes remains unknown. However, bro-
monium species can be stereoselectively generated from
oxygenated precursors. In the synthesis
of (£)-halomon (95) by Mioskowski
and co-workers,”! treatment of bromo-
hydrin 152 with Viehe’s salt (153)
provided the rearranged 1,2-bromo-
chloride of (+)-halomon (95) directly
as a mixture of two diastereomers along
with allylic bromide side product 154
(Scheme 29). The intermediacy of
a bromonium species generated via
neighboring group participation of the
bromine was proposed. The net process
was not stereoselective simply because
the starting material was not generated
diastereoselectively; however, the com-
plete 1,2-shift of the bromine in the
presence of a chlorinating reagent was
observed for the first time, and there is
every reason to believe that this reac-
tion would be stereospecific, permitting
an enantio- or diastereomerically
enriched bromohydrin intermediate to
be converted to the corresponding
vicinal bromochloride with effective
transfer of stereochemical information.
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Scheme 29. Generation of a bromonium intermediate from a bromo-
hydrin for the synthesis of 1,2-bromochloride.

MgBr2~OEt2

(45%) }

1. SOCl,, DMPU
OMOM | 5" Hcl, MeOH
¢ (80-85%, 2 steps)

158

dimerization

160: (+)-intricateraol

Scheme 30. Stereospecific stepwise deoxybromochlorination of an enantioenriched epoxide for

the synthesis of (+)-intricatetraol.

This approach was applied to the
enantioselective synthesis of a C, sym-
metric oxasqualenoid, (4)-intricatetraol (160) by Morimoto
and co-workers (Scheme 30)."¥ The vicinal bromochloride
moiety was constructed via stereospecific transformations of
a stereoisomerically pure epoxide 155. Epoxide opening with
dilithium tetrabromonickelate afforded the secondary bro-
mide 156 with inversion of configuration at the less hindered
carbon atom. The isomeric bromohydrin 157 was also
prepared by treatment of 155 with magnesium bromide
diethyl etherate. These bromohydrins were transformed into
the fully functionalized fragment 158 via a sequence of
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chlorination and deprotection. The ratio of 158 and the
dehydrated side product 159 was identical in both cases,
strongly suggesting that the chlorinations proceed via
a common bromonium intermediate, and indicating that this
variant of the Mioskowski protocol was stereospecific.
Virtually all enantioselective syntheses described above
rely on asymmetric alkene oxidation processes, mainly
Sharpless asymmetric epoxidation and dihydroxylation,
which speaks to the far-reaching impact of these reactions.
However, some promising progress has been made for

www.angewandte.org

An dte

Chemie

4409


http://www.angewandte.org

GDCh
~—

4410

enantioselective dihalogenation of alkenes, which will
be discussed in the following section.

2.2.3. Enantioselective Alkene Halogenation

The catalytic enantioselective addition of two
halogen atoms to an alkene in a single operation is
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oH o BH; THF (4 equiv)

OH O Cl

inherently challenging. Such a catalytic system will
require effective control of both alkene facial selec-
tivity of the initial halonium ion formation (or its
functional equivalent, such as a m complex of the
alkene to a molecular halogen or interhalogen mole-
cule) and regioselectivity of the subsequent halide
attack, while navigating the possible reversibility of the
initial reactive intermediate formation (Figure 5).

162 (4 equiv)
O‘ A then, Cl,, =78 °C
I~ (93% yield  yom
oMo ° 93.5:6.5 er) oMo
o

161

I I OH

l ] OH
162 164: (—)-napyradiomycin A1

Reversibility in halonium ion formation inevitably
permits the possible interchange of the two enantio-
meric halonium ion intermediates, and opposite regio-
chemistry of ring opening provides enantiomeric
products in the case of dihalogenation. Of course,
a selective interhalogenation is even more complicated,
because regioisomeric products can also be formed.

. _
) y X X
R' Ry facial selectivity | R, /°\ .Ra
_ Xy —————— RZAR3 or R1.,,.( }.oRA
R R® reversibility ‘\_) R2 (X; “R®
X +
regioselectivityl
rR' R X X Rapg3
L{ or  N—
X R R'R2 X
enantiomers

Figure 5. Challenges in enantioselective dihalogenation of alkenes.

There have been only limited examples of enantioselec-
tive dihalogenation of alkenes. Henry and co-workers dem-
onstrated the possibility of enantioselective dibromination via
transition metal catalysis that has not seen application in
natural product synthesis;*" this method was based on their
previous discovery of a related asymmetric hydroxychlorina-
tion of alkenes.™ A catalytic enantioselective dichlorination
of allylic alcohols was reported by Nicolaou and co-workers
using chiral Lewis base catalysis.'l Although apparently
motivated by the chlorosulfolipids, this method has not yet
been used in natural product synthesis, likely owing to the
modest performance with relevant substrates. In its present
form, it is reasonably selective only with cinnamyl alcohol
substrates; optimization of the results with aliphatic allylic
alcohols would permit direct application to chlorosulfolipid
synthesis.

An isolated example of highly enantioselective dichlori-
nation of an alkene was reported by Snyder and co-workers
for the synthesis of napyradiomycin A1 (164) (Scheme 31).1
The cyclic alkene substrate 161 was premixed with 4 equiv of
chiral ligand 162 and 4 equiv of borane to form a chiral
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Scheme 31. Enantioselective dichlorination of an alkene using a superstoichio-
metric chiral controller.

complex prior to dichlorination with elemental chlorine to
afford 163 in enantioenriched form. This type of complex-
ation was originally investigated for enantioselective Diels—
Alder reactions.[”™ Under these conditions, the enantioselec-
tivity was remarkable, and this example stood as an important
achievement in enantioselective halogenation, in spite of the
superstoichiometric quantities of reagents needed. Stereo-
control was substantially diminished in the presence of less
than 2 equiv of 162, thus supporting the authors’ proposed
transition structure that involves two ligands and results in the
shielding of one face of the reactive alkene and also prevents
the chlorination of the aromatic ring.

Burns and co-workers recently developed a catalytic
enantioselective dibromination of E-cinnamyl alcohols with
chiral Lewis acid catalysis.*¥ This initial impressive result was
followed by that group’s report of a new catalytic system
involving N-bromosuccinimide, chlorotitanium triisopropox-
ide, and a chiral tridentate Schiff base catalyst 165 for
enantioselective bromochlorination of allylic alcohols
(Scheme 32).°1 Remarkably, the regioselectivity of this
interhalogenation was also controlled by the catalyst, which
could almost completely override the intrinsic electronic
preference of Markovnikov addition. It was proposed that the
chloride is transferred from the titanium metal to the
proximal reactive carbon via an organized titanium complex.
The coordination of the hydroxy group to the titanium metal
center allows for the selective bromochlorination of the
neighboring alkene. These conditions were generally appli-
cable to a wide range of structurally diverse allylic alcohols.
The utility of this method was demonstrated by a short
enantioselective synthesis of (+)-bromochloromyrcene (168),
which had previously been synthesized as a racemate in nine
steps.’® The potential of analogous catalytic systems for the
enantioselective  dichlorination  (fert-butyl hypochlorite
instead of N-bromosuccinimide) and dibromination (bromo-
titanium triisopropoxide instead of chlorotitanium triisoprop-
oxide) was also shown. Because of its breadth of scope with
respect to the different halogens that can be installed and the
ready availability of the reagents, catalyst and allylic alcohol
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2.3. Stereoselective
Halocyclization
2.3.1. Diastereoselective

Halocyclization

Halofunctionalization
of an alkene with a pendant
heteroatom nucleophile is
a useful way to construct
halogenated heterocycles.
Moreover, this reactivity is

h (S,R)-165

Scheme 32. Catalytic enantioselective bromochlorination of allylic alcohols.

substrates, this method and its variants are sure to see much
future application in complex molecule synthesis.

2.2.4. Looking Forward: New Approaches

As a general rule, alkene halogenation processes are
stereospecific anti-additions, as a result of the invertive
halonium ring-opening event (or the analogous trans-addition
to an alkene-halogen m complex). Two different exceptions,
at least with respect to overall outcome, were noted above:
1) a net syn-addition when anchimeric assistance is operative,
and 2) a net stereoselective (not stereospecific) syn-addition
when a radical mechanism is likely operative. The ramifica-
tion of the dependence upon anti-addition processes is that
synthetic chemists did not have access to the complementary
approach of syn-stereospecific additions; in the context of
stereocontrolled synthesis of polyhalogenated molecules, the
flexibility in synthesis design might be doubled with access to
this type of reactivity.

In response to this gap in synthesis technology, and likely
as a stepping stone to a mechanistically distinct enantiose-
lective alkene halogenation protocol, Denmark and co-work-
ers recently unveiled a selenium(IV)-catalyzed stereospecific
syn-dichlorination of alkenes (Scheme 33).%! This reaction,
which starts from diphenyl diselenide as the precatalyst and
presumably proceeds via anti-chloroselenenylation and inver-
tive chlorodeselenenylation (both steps that were known in
isolation from previous work), shows broad scope in 1,2-
disubstituted alkene syn-dichlorination, tolerating a broad
range of functionality. Although it has not yet seen use in
natural product synthesis, this new reactivity could easily be
built into new approaches to the chlorosulfolipids that are
complementary to those already completed.

Angew. Chem. Int. Ed. 2016, 55, 4396 — 4434

" \ e
,Br
)
2. Ph3P CH, CIB'
)\/\/L (60%,2steps) ~ Y&
u

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

common in the biosynthe-

sis of natural products,
especially among the terpe-
noids and acetogenins,
wherein  haloperoxidase
enzymes are generally
accepted to produce the
vicinal haloether motif.
PhSeSePh (5 mol%)
BnEt;NCI (3 equiv) H cl
+ = i *,
N R? [PYFIIBF47] (1.3 equiv) . AR
" 2,6-diMepyr N-oxide (1 equiv) ci L"R”
R TMSCI (2 equiv), MeCN, rt
mono- or 1,2-disubstituted (E or Z) alkenes
Cl cl Cl
“ /k(\/\/wz"'e ¢
cl TBDPSO
169 170 171

(77%, 99:1 dr) (70%, 99:1 dr

from E-alkene)

(67%, 99:1 dr
from Z-alkene)

Scheme 33. Selenium(IV)-catalyzed syn-dichlorination of alkenes
(IPYF]"[BF,]” = N-fluoropyridinium tetrafluoroborate).

Among various electrophilic reagents, the most widely
employed is 2,4,4,6-tetrabromo-2,5-cyclohexadienone
(TBCO), which was first described by Kato and co-workers
for the bromocycloetherification of dehydrolinalool.””) In
spite of issues of stereoselectivity and regioselectivity, the
bromocycloetherification approach was employed at the last
step of the synthesis of complex natural products such as
tetracyclic triterpenoid polyethers, (+)-thyrsiferol (172) and
(4)-venustatriol (173) by Shirahama and co-workers
(Scheme 34).% However, the competing formation of a dia-
stereomeric mixture of the tetrahydrofuran side products
diminished the efficiency of this process.

Corey and co-workers also constructed the bromoether
subunit of (+)-venustatriol (173) via a similar strategy with
TBCO."”! The poor stereo- and regioselectivities were again
problematic; cyclization of 174 yielded, in addition to the
desired pyran 175, a small amount of the C3-epimer 176 and
a mixture of the isomeric tetrahydrofurans 177 as major side
products (Scheme 35). To increase throughput of the desired
bromotetrahydropyran 175, the undesired isomers were
converted back to the reactant 174 upon treatment with
zinc and acetic acid.
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Scheme 34. Late stage bromocycloetherification for the syntheses of

(+)-thyrsiferol and (+4)-venustatriol.

AcOH
(94%)

175 (26%)
+

176: C3-epimer (5%)

177 (61%)

Scheme 35. Improved efficiency of bromocycloetherification by recy-

cling the undesired isomers.

To avoid a low-yielding last step, Forsyth
and co-workers aimed to employ bromocy-
cloetherification at an earlier stage of the
syntheses of thyrsiferyl 23-acetate and its
derivatives.”" Initial attempts with (S)-lina-
lool (178) provided an inseparable mixture
of tetrahydrofurans 179 and tetrahydropyr-
ans 180 in poor selectivities (Scheme 36).
The small steric difference between the
methyl and the vinyl substituents is respon-
sible for the low diastereoselectivity.
Although the diastereoselectivity could be
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improved by introducing a bulkier substituent (not shown),
the proportion of constitutional isomers (tetrahydrofurans)
formed also increased. Because of the low efficiency of the
direct bromocycloetherification, an indirect multi-step alter-
native was developed by employing mercury(II)-mediated
cyclization (intramolecular oxymercuration). Upon sequen-
tial treatment of the racemic cyanohydrin 181 with mercuric
trifluoroacetate and a saturated aqueous solution of potas-
sium bromide and sodium bicarbonate, the desired organo-
mercuric tetrahydropyran 182 was obtained as the sole
product. Subsequent bromodemercuration with Br, under
photochemical conditions afforded racemic 183 with inver-
sion of configuration. Unfortunately, at that time, it was
difficult to prepare the enantioenriched (S)-cyanohydrin,
which would have facilitated the enantioselective syntheses of
the natural product targets.

When two alkene carbons are electronically equivalent,
the formation of tetrahydropyrans is often disfavored because
of 1,3-diaxial-like repulsions in the transition state. With such
substrates, Martin and co-workers were able to selectively
access halogenated tetrahydrofuran scaffolds for the synthesis
of trans-(+)-deacetylkumausyne (189) (Scheme 37)."" How-
ever, acyclic precursor 184 with the correct configurations at
the oxygen-bearing carbon stereocenters suffered poor facial
selectivity upon treatment with TBCO in dichloromethane
despite the exclusive formation of tetrahydrofuran isomers.
On the other hand, the desired syn-tetrahydrofuran could be
obtained with epimeric precursor 187 with the inverted
configuration at the silyloxy-bearing carbon, which provided
188 in 5:1 dr. The configuration of the secondary alcohol was
later inverted via an additional sequence of oxidation and
reduction en route to the natural product.

It is possible to affect the cyclization regioselectivity by
altering the electronic nature of the substrates. In particular,
tetrahydropyran formation can be favored by having an
electron-withdrawing group between the alkene and the
alcohol. This type of electronically controlled bromocycloe-
therification (tetrahydropyran formation) was generally
applicable as a key step to the syntheses of several aplysia-
pyranoids by Jung and co-workers.””! In most instances, the
relative stereochemistry of the bromotetrahydropyran prod-
uct could be rationalized in a straightforward way by
considering the most stable chair-like transition structure.
For the enantioselective synthesis of an anti,anti-dihalo ether

TBCO

MeNO,, 0 °C B o
)\/\/(/ 2’ W\ " A[j/\
\ i
Br

178: (S)-linalool

179 180
(17%, 1.6:1 dr) (62%, 1.6:1 dr)

1. Hg(TFA), MeCN Bry, pyr

2. KBr, NaHCO3, H,0 J[oj/cu 300 nm light
(79%) B Brtig™ (79%)
182

Scheme 36. More selective, indirect bromocycloetherification via mercury(ll)-mediated cycli-
zation (intramolecular oxymercuration).
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_ OH X\ OTHP _ OH “X_OTHP  repulsion. The modest directing role of the chlorine
B 184 BT 187 substituent was supported by the control experiment
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2. HCI. MeOH 1:1 dr) 2. HCIl. MeOH 5:1.dr) mixture of tetrahydropyran and tetrahydrofuran iso-
mers under similar conditions. From the two rever-
OTBDPS OTBDPS . . .
B sibly generated bromonium ions, the more stable
T i z o . W OH structure with fewer 1,3-diaxial interactions led to the
¢ A ¢ i desired all-equatorial tetrahydropyran 193 along with
Br Br .
185 188 the tetrahydrofuran isomer 192. Only trace amounts
+ 7 steps l (48%) of the other isomers 194 and 195 from the less stable
bromonium species were observed. The desired
OTBDPS

WWFXV\/

189: trans- (+) deacetylkumausyne

Scheme 37. Regiocontrol in favor of tetrahydrofuran formation.

of aplysiapyranoid D (196), the cyclization precursor 191 was
prepared by the titanium-mediated, regioselective chlorina-
tive opening of a chiral 23-epoxy alcohol 190, which
was prepared via Sharpless asymmetric epoxidation
(Scheme 38).%1 Upon treatment of 191 with TBCO, the
electronegative chlorine substituent facilitates Markovnikov
addition by inductively destabilizing the partial positive

&9

190

1. NH,CI
Ti(Oi-Pr), (84%)
2. TBSCI (83%)

H Lotes
OH =
% H “"OH
oTBS
cl
191
TBCO (76%
CH,Cly, reflux | 1:2 192:193) H
\J
Br,
o oTBS
Br (o]
OTBS
cl H
cl
192 194
+ +
Br. _LOTBS
Br ° H?@v
| o)
OTBS
cl &
193 195
l3 steps
o}
Br
T\ ci

cl
196: aplysiapyranoid D

Scheme 38. Improved regio- and stereoselectivity of bromocycloether-
ification with a chlorine substituent in the enantioselective synthesis of
aplysiapyranoid D.
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isomer 193 was isolated in pure form after desilylation,
then transformed to aplysiapyranoid D (196) in two
more steps.

For the antisyn-dihalo ether characteristic of
aplysiapyranoid A (198), a transition structure with
an axial bromide substituent needs to be favored
(Scheme 39).2*! To overcome the inherent preference

s
“ Br
?l\ OH favored for %o
R =CH,OTBS H

1
.B_.I/ OH Br* B,ﬁ'\.ﬁﬁ

H
Br
B,}ﬁg]/
+
R

e
R favored for
R = CH=CHCI
TBCO Br,
S/ OH MeNO,, it g Jfe0 ¥ Jv
T 2 days ] Br o) o
H —_— + + Br
A H / |
H
Cl cl Cl Cl
197 198: 199 (18%) 200 (30%)
aplysiapyranoid A
(40%)

Scheme 39. Diastereocontrol of bromocycloetherification by altering
the size of substituents for the enantioselective synthesis of aplysia-
pyranoid A.

exerted by the bromine-bearing (homoallylic) stereocenter,
the dominant diastereocontrol must arise from the alcohol-
bearing (bishomoallylic) stereocenter, which requires a sub-
stituent that is smaller than the methyl group, such as an
alkene. Thus, the bromocycloetherification of 197 with TBCO
gave aplysiapyranoid A (198) as the major product along with
two other isomers, demonstrating that the size of the
substituents could predictably control the diastereoselectivity.
Again, the presence of a halogen is necessary for the
preferential formation of tetrahydropyrans because the
quantity of tetrahydrofuran isomers increases without the
bromine substituent. A related natural product, aplysiapyr-
anoid C (202) could also be synthesized in a similar way
(Scheme 40).0%]

The bromocycloetherification strategy can also be applied
to the diastereoselective synthesis of brominated oxepanes.
Morimoto and co-workers employed a highly diastereoselec-
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a c 206: laurediol 207: deacetyllaurencin

201 202: aplysiapyranoid C

Scheme 4o. Enantioselective synthesis of aplysiapyranoid C via diaste-
reoselective bromocycloetherification.

tive 7-endo-trig bromocycloetherification initiated with N-
bromosuccinimide in the highly polar, non-nucleophilic
solvent 1,1,1,3,3,3-hexafluoro-2-propanol for the enantiose-
lective syntheses of the bromotriterpene polyethers, (+)-auri-
lol (205) and (4)-enshuol (not shown) (Scheme 41).I"*!

203

NBS, 4A MS

o o1
HFI, 0 °C, 10 min l(sm, >10:1 d)

204

205: (+)-aurilol

Scheme 41. Diastereoselective synthesis of brominated oxepanes via 7-
endo-trig bromocycloetherification.

Reports of the direct construction of 8-membered rings
via 8-endo bromocycloetherification are rare.’* This process
was inefficient even using a crude preparation of bromoper-
oxidase enzyme(s) from Laurencia, which is thought to be
responsible for such bond constructions in nature; however,
that datum does not necessarily indicate that such trans-
formations are poorly effective in the organism
(Scheme 42).[!

Snyder and co-workers developed a clever alternative
solution for the synthesis of 8- and 9-membered Laurencia-
type bromoethers through a ring-expanding bromocyclo-
etherification strategy that takes advantage of a more favor-
able 5-membered ring-forming cyclization.” This idea was
formulated on the basis of their observation of a pinacol-type
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Scheme 42. Enzymatic 8-endo bromocycloetherification.

rearrangement of an in situ generated bicyclic oxonium
species to give tetrahydrofuranyl ketone (see 208—209,
Scheme 43).7%! Prior to Snyder’s work, the idea of ring
expansion through oxonium formation (tandem bromonium-
induced transannular oxonium ion formation-fragmentation)
had been proposed for the formation of the 12-membered
ring of obtusallenes and demonstrated with model substrates
by Braddock and co-workers (not shown).["”]

s [Et,SBr]*
o/ OH 1ShCIsBI]-
/ __ —_— Hew)
7-Bu (BDSB)

......

n-Pent
20

OH Br., A
Ao
A N LR Q
Et reu 0
9

208 Et

Scheme 43. Pinacol-type rearrangement of an in situ generated bicyclic
oxonium species (BDSB =bromodiethylsulfonium bromopentachloro-
antimonate).

Snyder and co-workers developed a readily prepared,
stable, and highly reactive brominating reagent, bromodi-
ethylsulfonium bromopentachloroantimonate (BDSB), that
generates non-Lewis basic byproducts for efficient bromo-
cyclizations.® The antimonate counterion sequesters the
bromide as shown by X-ray crystallographic analysis. BDSB
induces regio- and stereoselective transformations of tetra-
hydrofurans and tetrahydropyrans possessing pendant alkene
side chains via the transient formation of bicyclic oxonium
intermediates and subsequent opening at the ring junction to
give 8- and 9-membered cyclic bromoethers that resemble the
cores of the Laurencia C15 acetogenins (Scheme 44). Notably,
6-endo bromocyclization was not observed in the cases of the
substrates with a homoallylic side-chain such as 212 and 214.
Moreover, the products were obtained as single diastereo-
mers. Although both faces of the pendant alkene are
accessible to produce two diastereomeric bromonium species,
only one (less hindered) oxonium intermediate was appa-
rently selectively transformed into the product, presumably
owing to facile bromonium transfer between alkenes and
reversible oxonium formation (Figure 6).”) To avoid steric
hindrance, the exo-orientation of the bromo side chain of the
oxonium intermediate is preferred. In this chemistry, as in
many other bromocyclizations (see below), BDSB proved
superior to other commonly used bromonium sources. Via
analogous processes, 9-exo and 9-endo products were also
obtained.

This diastereoselective ring-expanding bromocycloether-
ification strategy was applied to the formal synthesis of the
lauroxocane family natural products.®™ By strategically
positioning a pendant alkene and an internal nucleophilic
trap around the tetrahydrofuran core, eight-membered rings
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Scheme 44. Ring-expanding bromocycloetherification via a bicyclic oxo-
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Figure 6. Proposed model for diastereoselection.

with a diverse array of functionality could be produced
diastereoselectively upon treatment with BDSB. An elabo-
rated 8-endo bromoether 217 was prepared for the synthesis
of laurefucin (219) via ring-expanding bromocycloetherifica-
tion of 216 (Scheme 45). The bromonium ion formation was
chemoselective even in the presence of excess reagent. Thus,
the internal alkene reacts selectively over the terminal alkene,
which is critical for the success of this strategy. The mild
reaction conditions allowed the effective formation of the
oxocane moiety as a single diastereomer without interference
from the mesylate group. Upon treatment of 217 with
diisobutylaluminium hydride, the carbonate was reduced to
the alkoxide, which displaced the mesylate in situ to form the
bridging tetrahydrofuran in 218. The conversion of 218 to (+)-
laurefucin (219) had been previously accomplished in addi-
tional two steps by Kim and co-workers.®!

By altering the position of the nucleophilic trap, different
scaffolds such as 8-exo bromoether 221 could be produced,
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Scheme 45. Formal synthesis of (+)-laurefucin via a diastereoselective
ring-expanding bromocycloetherification.

again as a single diastereomer (Scheme 46). Unfortunately,
attempts to convert the carbonate and its diol derivatives to
the alkene, which can be found in several natural products,
were unsuccessful. The installation of the desired alkene
could be achieved via clever inclusion of an alkylsilane trap in
tetrahydrofuran 222 to give the known synthetic oxocane
intermediate 223, which had been previously prepared by
Kim and co-workers for the synthesis of (+)-E- and Z-
pinnatifidenyne (224).05

BocO

BDSB
—_—

220
TBS B
BDSB
—»
(61%)
222
a wCl
3 steps ... _CHO
/\,r"/ H o d
Et

Br

224 ( E- or Z-pinnatifidenyne 223 (+25% of diastereomer )

Scheme 46. Formal syntheses of (+)-E- and Z-pinnatifidenyne via
a diastereoselective ring-expanding bromocycloetherification.

The intermediacy of a bicyclic oxonium species via the
unexpected participation of an ether oxygen during bromo-
cyclization of an oxocene intermediate has also been
observed, resulting in the formation of bromotetrahydrofur-
ans. Murai and co-workers performed an enzymatic bromo-
cycloetherification of (+)-Z-prelaureatin (225) by bromoper-
oxidase (BPO) or lactoperoxidase (LPO) in the presence of
sodium bromide and hydrogen peroxide to give (+)-Z-

www.angewandte.org

dte

Chemie

4415


http://www.angewandte.org

4416

225: (+)-Z-prelaureatin 226: (+)-Z-laureatin

(0.05%)

:-x-> and/or
TBCO :
or OTBDPS
NBS :
OTBDPS
wmQH
L
OTBDPS

Scheme 47. Bromonium-induced ring-contraction via a bicyclic
oxonium intermediate.

laureatin (226) and (+)-Z-isolaureatin (227) in low
yields along with other products (Scheme 47).
However, when similar bromocycloetherifications of
analogous substrate 228 were attempted with TBCO
or N-bromosuccinimide for the chemical synthesis of
226/227 by Suzuki and co-workers, a rearranged
bromotetrahydrofuran with a pendant ketone (231)
was obtained instead of the expected bicyclic bro-
moethers 229 and/or 230. Presumably, this outcome
arises from a sequence of transannular bromocycliza-
tion of the ether oxygen followed by pinacol-type
rearrangement of the resulting oxonium ion.¥

The selective participation of an ether oxygen over
a hydroxy group was also observed by Howell and co-
workers in synthetic studies toward Z-laureatin
(226).%1 Beginning from oxetane 232, 8-exo-bromo-
cycloetherification was attempted to construct bicyclic
core 233 (Scheme 48). However, upon treatment of
232 with N-bromosuccinimide, unexpected bromocyc-
lization of the ether oxygen triggered a rearrangement
to give a bromotetrahydrofuran containing a pendant
epoxide (234) as a single diastereomer, instead of 233.
This type of epoxyfuranyl scaffold can also be found in
a related natural product, laureoxolane (236).15
Another brominative rearrangement was observed
while attempting a derivatization of 234. Instead of the
Sx2 bromination of the secondary alcohol on the tetrahydro-
furan ring, the activated alcohol was displaced by the epoxide
to form an oxonium species, which was opened by bromide
ion to give a trans-fused bicycle 235, which has a fused bis-
tetrahydrofuran motif that is structurally related to kumau-
sallene (27) and aplysiallene (36).

This type of epoxide ether participation can be deliber-
ately orchestrated into highly productive cascade reactions.
The reaction of an epoxide with an electrophile-activated
alkene has been used for the preparation of bicyclic structures
via the initial formation of a bromonium®™” or phenylsele-
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nium®! species. Jamison and co-workers uti-
lized a bromonium-initiated epoxide-opening
cascade to construct the tricyclic subunit for
the enantioselective synthesis of ent-dioxepan-
dehydrothyrsiferol ~ (239)  (Scheme 49).[%)
Highly regioselective Markovnikov openings
directed by the methyl substituents were
promoted in hexafluoro-2-propanol, a highly
polar, non-nucleophilic solvent, which can
stabilize partial positive charge. Upon treat-
ment of triepoxide 237 with N-bromosuccini-
mide, the cascade of completely regiocontrol-
led and stereospecific epoxide openings
afforded 238 in high efficiency (90% yield
per epoxide). However, the product was
obtained as a 1:1 mixture of diastereomers
because of the unselective initial bromonium
ion formation.

230 OTBDPS

231 OTBDPS

l(51%)
H 1. TBAF (73%) Br
H o H 2. CBry, OctsP Ho. . 9 OBn
, BN NI
~o
H* R ‘OTBDPS
234
l(%%)

OBn

235 236: laureoxolane

Scheme 48. Brominative rearrangements by the participation of ether oxygens
over hydroxy groups.

Halocyclization can sometimes lead to subsequent rear-
rangement, especially when strained intermediates are
involved. Romo and co-workers developed a stereoselective
tandem chlorination/ring contraction strategy for the syn-
thesis of densely functionalized spirocyclic chlorocyclopen-
tanes related to the core of the oroidin alkaloids, palau’amine
(242) and axinellamines A and B (243 and 244)
(Scheme 50)."! The formation of a C=O bond presumably
facilitates the halonium-induced rearrangement-cyclization
sequence. Upon treatment of allylic alcohol substrate 240
with N-chlorosuccinimide, chlorination took place on the
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237
NBS l (72%

HFIP, 4AMS L 1:1 dr) 245 246

(gram scale
DMP, TF'A‘l81%, one pot)

|
MeO,C  CO,Me
248: Palau'chlor

247

Scheme 51. Stereoselective chloroguanidylation for the preparation of
a key chlorospirocycle intermediate for the syntheses of axinellamine A
and B.

239: ent-di dehydrothyrsiferol . C g . . L.
ent-loxepancenycramyrstiero the clean and high yielding chloroguanidylation cyclization of

Scheme 49. Synthesis of ent-dioxepandehydrothyrsiferol via bromo- allylic guanidine 245. The vicinal stereogenic centers were
nium-initiated epoxide-opening cascade. efficiently created by employing a combination of tert-butyl
hypochlorite and trifluoromethanesulfonamide to provide the
desired chlorospirocycle 246 on gram scale and as a single
convex face. The subsequent epoxide opening by the neigh-  diastereomer. This product was directly transformed into 247
boring electron lone pair was followed by a ring contraction  via subsequent oxidation and deprotection. This highly
via a suprafacial 1,2-alkyl migration to provide the spirocyclic  efficient and scalable route led to the racemic synthesis of
hydantoin 241. axinellamine A and B (243 and 244). During the course of this
A more direct halocyclization strategy was employed by  study, it was proposed that the active chlorinating agent was
Baran and co-workers for the racemic synthesis of spirocycle  an N-chloroguanidine species. On the basis of this hypothesis,
247, which is a common synthetic intermediate for a variety of  a series of chloroguanidines was developed as a new class of
pyrrole-imidazole marine alkaloids (Scheme 51).’! During practical and reactive chlorinating reagents. A representative
optimization studies, they found that residual trifluorome- compound is chlorobis(methoxycarbonyl)guanidine (248,
thanesulfonamide from the previous step was beneficial for ~ CBMG, Palau’chlor).”'*!

NCS

—
(75%) Bn\N

HN ii
HO CI
R = 4,5-dibromopyrrole-2-carbonyl

242: palau'amine 243: axinellamine A (OH, H = B)
244: axinellamine B (OH, H = o)

NHR

Scheme 50. Construction of densely functionalized spirocyclic chlorocyclopentanes via tandem chloroepoxidation and ring contraction.
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2.3.2. Halogenative Semi-Pinacol Rearrangements

In the correct setting, skeletal rearrangements can be
induced by the transient formation of halonium intermedi-
ates. Semi-pinacol rearrangements instigated in this way have
been used multiple times in the context of natural product
synthesis;®”l however, there appears to be only a single
example in which the activating halogen atom is retained in
the structure of the natural product target. Wood and co-
workers completed a synthesis of welwitindolinone A isoni-
trile (251, Scheme 52) wherein a chlorinative semi-pinacol

NaOCl
CeCly7H,0
MeCN, H,0

(78%)

o
TIPSO

Scheme 52. Chlorinative semi-pinacol rearrangement for the generation of the

vicinal quaternary/secondary chloride stereogenic centers.

rearrangement of tertiary allylic alcohol 249 furnished the a-
chloro quaternary stereogenic center in 250, one of several
challenging motifs present in this structurally unusual
natural product.”” The stereospecific transfer of the
migrating group anti to the transient chloronium ion
necessitated that the chloronium ion was formed on the
a-face of the cyclohexene or, in the case that chloro-

nium ion formation is reversible, that migration occurs
preferentially in the a-chloronium
Although the underlying mechanism of stereochemical
control was not discussed by the authors, the reaction
itself was high yielding and perfectly stereoselective,
with the outcome consistent with chloronium forma-
tion/reaction from the face opposite to the bulky silyl
ether.
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dock and co-workers."” Whereas E-enyne 252 underwent
intramolecular 1,4-bromocycloetherification to give bromoal-
lene 253 as a major product, diastereomeric bromoallene 255
was obtained from Z-enyne 254, demonstrating that these
reactions preferentially proceed via syn-addition pathways
(Scheme 53).

In the cases of more complex substrates, the diastereose-
lectivity can be attenuated by the influence of preexisting
stereocenters. Murai and co-workers first investigated the 1,4-
bromocycloetherification of (4)-E- and Z-prelaureatins (256
and 225, Scheme 54).1%1 Tn both cases, the bromocyclizations
with TBCO were poorly selective, providing a mix-
ture of (4)-laurallene (257) and its diasterecomer 258
that is epimeric at the bromine-bearing allene
carbon. The same endgame was employed by
Crimmins and co-workers.”” Low diastereoselectiv-
ity was also observed when Evans and co-workers
conducted 1,4-bromocycloetherification of a cis-2,5-
disubstituted tetrahydrofuran with an enyne side
chain (259) for the enantioselective synthesis of (—)-
kumausallene (27)."" Bromocyclization of 259 with
freshly prepared TBCO afforded bromoallene 260 as
a 2.5:1 mixture of diastereomers favoring the
unnatural epimer, which could be recycled through
reductive fragmentation with samarium(IT) iodide.

Solvent-dependent  diastereoselectivity ~ was
observed in the enyne 1,4-bromoetherication of 261 in the
synthesis of (4)-panacene (45) by Canesi and co-workers

syn- >\ anti-
addition Br addition /
— NBS | (6:1dr) 253 : NBS E\_//
\ syn- —
A i anti- H addition OH
252 i addition s (7:1dr) 254
e » \ P R—— Z-enyne
(o) 13
\\----Br

255

Scheme 53. The syn-addition pathway in intramolecular 1,4-bromoetherification

of achiral enynes.

2.3.3. Diastereoselective 1,4-Bromocy-
cloetherification of Enynes

1,4-Halocyclization has found ap-
plication in halogenated natural prod-
uct synthesis for the installation of
bromoallene moieties via intramolec-
ular 1,4-bromocycloetherification of
enynes. In contrast to the Sy2’' bromi-
nation of propargylic sulfonates, this

approach enables the stereoselective  g,q OH

simultaneous assembly of a cyclic =
. o -~

ether with an appended bromoallene,

which is a common motif among 259

marine acetogenin natural products.
The stereochemical course of this
process has been elucidated by Brad-  enynes.
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H
TBCO A\
+ .
g -
Bros
Et Et
257: (+)-laurallene 258
(23% from 256 (19% from 256
12% from 225) 19% from 225)
Et
H
BnO 0 H
TBCO H
T T =
(86% 0% N S \
2.5:1dr, H r H .
) Br H \\—Br
260 27: (-)-kumausallene

Scheme 54. Attenuated diastereoselectivity of 1,4-bromocycloetherification of complex chiral
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Scheme 55. Solvent-dependent diastereoselectivity of enyne bromo-
etherification and a complementary approach via anti-mercurocycliza-
tion.

(Scheme 55).7) However, this reaction could only be driven
to the highly selective formation of unnatural epipanacene
(262) via anti-addition using non-polar solvents. The use of N-
bromosuccinimide resulted in the bromination of the aro-
matic ring. To obtain the desired stereoisomer by taking
advantage of inherent stereochemical preferences, bromine
was installed on the terminal alkyne (263) prior to the
cyclization. The following one-pot sequence of diastereose-
lective oxymercuration with mercury(II) acetate and stereo-
retentive demercuration with 1,2-ethanedithiol afforded pan-
acene with the desired configuration of 45.

Tang and co-workers evaluated the effect of Lewis basic
additives (catalysts) on the diastereoselectivity of 1,4-bromo-
cycloetherification of enynes with the goal of favoring syn-
addition en route to another synthesis of (—)-kumausallene
(27) (Scheme 56).%1 On the basis of their previous reports on

.\\—-Br

27: (-)-kumausallene

266

Scheme 56. Lewis-base-catalyzed syn-1,4-bromocycloetherification.

the complementary syn-addition in the related 1,4-bromolac-
tonization of conjugated enynes,”” in which the degree of syn-
selectivity was dependent on the structure of catalyst, it was
postulated that catalysts might be able to alter the stereo-
chemical course of the 1,4-bromocycloetherification of con-
jugated enynes. Whereas a complex mixture was obtained
from the reactions of 264 with N-bromosuccinimide or freshly
prepared TBCO under Evans’s conditions, the bromocyclo-
etherification was promoted by Lewis basic additives such as
N,N-dimethylformamide (DMF) or hexamethylphosphor-
amide. However, the desired bromoallene 265 was not
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produced as the major product. The structure of the C5 side
chain had a significant influence on the stereoselecitvity of the
bromocycloetherification of the C2 side chain. When the 1,4-
bromocycloetherification was carried out with the aliphatic
secondary bromide in place (see 266, the proposed precursor
in biosynthesis), (—)-kumausallene (27) was cleanly produced
via syn-addition using N-bromosuccinimide and DMF. A
complex mixture was obtained without inclusion of DMF.

2.3.4. Enantioselective Halocyclization

The success of enantioselective halofunctionalizations of
alkenes requires not only the selective generation of an
enantioenriched halonium intermediate but also the preven-
tion of the well-known competing racemization pathway via
halonium transfer between alkene substrates, which has been
identified as the major challenge by Brown and co-workers!'*”!
and further investigated by Denmark and co-workers.""!
Moreover, the more pronounced carbocationic character in
the case of chloronium species often leads to undesired side
reactions, such as elimination to form alkenes and skeletal
rearrangements. Despite these challenges, many creative
solutions for enantioselective halocyclizations—wherein the
presence of a tethered nucleophile improves the chances for
capture of the fleeting intermediates—have been developed
during the past decade and they have been recently reviewed
a number of times by several authors.!'"”

Although these methods have not been used for the direct
incorporation of halogen-bearing chiral centers for natural
product synthesis, useful synthetic intermediates can be
accessed by an enantioselective halocyclization and the
substitution of the resulting halide. For example, Yeung and
co-workers employed their 1,3-diol desymmetrization via
catalytic enantioselective bromoetherification with N-bromo-
succinimide and chiral sulfide Lewis base catalyst 268
to generate enantioenriched tetrahydrofuran 269
(Scheme 57).1%1 The brominated form of catalyst 268 can be
considered as a chiral variant of Snyder’s BDSB. The
protonation of succinimide by methanesulfonic acid is

268 (5 mol %)
NBS MsOH
{91%
81:19 er)
269
0 0o

o\/b o, O

/@/ g7 s \©\

-Bu t-Bu
[0}

Et
v e v ey
\@O —/ \=n z

o

270 Z = OH: posaconazole (Noxafil®)

N\
N
_ 271 Z= H: Sch 51048

Scheme 57. Desymmetrizing enantioselective bromoetherification with
a chiral cyclic sulfide catalyst.
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proposed to facilitate the formation of the active brominating
species and the turnover of the catalyst.'™ The corresponding
iodide of the bromotetrahydrofuran product 269 is a known
precursor to the antifungal drugs posaconazole (270, Noxafil)
and Sch 51048 (271).

2.4. Stereospecific Halonium-induced Polyene Cyclization
2.4.1. Difficulties Associated with Halonium-based Polyene
Cyclizations

Polyene cyclizations are appreciated as particularly effi-
cient tools for the rapid construction of many polycyclic
natural products, predominantly in the realm of terpenoids.
This area has been reviewed!""”! and we will focus only the
specifics of halonium-ion-induced cyclizations and their
closely relevant analogues.

Bromonium-initiated polyene cyclizations appear to be
widespread in the biosynthetic pathways of brominated
marine natural products.® However, attempts to mimic
such reactivity by chemical synthesis have proven challenging.
Brominative polyene cyclizations with common electrophilic
brominating reagents such as bromine, N-bromosuccinimide,
or TBCO often suffer from low efficiency, most often because
of unwanted side reactions via intermolecular participation of
an external Lewis base, including the counterion from the
electrophilic brominating reagent. In particular, owing to slow
cation m-cyclization, electron-poor alkene substrates suffer
from competing eliminations of proton or additions of
nucleophile, each of which produces side products that are
often difficult to separate from the desired products. The
addition of a protic acid is often necessary to facilitate the
second cyclization by regeneration of the cationic intermedi-
ate via protonation of eliminated compounds. For example,
van Tamelen and co-workers showed that treatment of
methyl farnesoate (272) with N-bromosuccinimide in aqueous
tetrahydrofuran afforded the corresponding bromohydrin 273
as the major product along with only a small quantity of the
desired cyclization product 274 (Scheme 58).['%! The addition

EKKA THF/HZO HW\/ .

272 (E = CO,Me) 273 (major product) 274 (trace)
TBCO
CH2C|2
+
w HO Br Br
OH
275: nerolidol 276: a-snyderol 2: B-snyderol
(2%) (2%)

Scheme 58. Competing side reactions of bromonium-initiated polyene cycliza-

tion.

of an external nucleophile, water in this case, was faster than
the cyclization with a poorly nucleophilic pendant alkene.
Even in the absence of competing nucleophiles, the basic
counterion of the brominating reagent promoted elimination
from cationic intermediates prior to the desired cyclization.
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Following their initial report on TBCO as a brominative
cyclization reagent,!'””! Kato and co-workers attempted a bio-
mimetic synthesis of a- and f-snyderols (276 and 2) via the
bromonium-induced cyclization of nerolidol (275).1%! The
yields of the natural products were low, and it is unclear to
what extent the cyclizations were diastereoselective with
respect to the tertiary alcohol stereogenic center. Much of the
mass balance of the reaction consisted of bromoetherification
products of the central alkene (not shown), demonstrating
that brominative carbocyclizations are generally unable to
compete with heterocyclizations.

The problematic bromide counterion has been seques-
tered by precipitation as its silver salt or by complexation with
a Lewis acid with limited success. Hoye and co-workers
investigated the brominative polyene cyclization of geranyl
derivatives with bromine in combination with a Lewis acid
(not shown).!'”) Under these conditions, proton-mediated
cyclization remained a significant competing side reaction.
The polyene cyclization of homogeranic acid (277) with
bromine and silver tetrafluoroborate afforded the desired
trans-fused bicyclic bromolactone 278 along with a mixture of
the trans- and cis-fused norbromolactones 279 (Scheme 59).
The almost exclusive formation of the less stable trans-isomer
strongly supports a concerted cyclization mechanism. The
bromocyclization is accompanied by the generation of acid,

MACOZH

277

Bl'z, AgBF4
MeNOZ

278 (11%)

279 (24%)

Scheme 59. Proton-mediated cyclization as a side reaction.

which is responsible for the competing acid-promoted
cyclization to from 279. Although this side reaction
could be suppressed in the presence of an excess of
bromine, the yield was only marginally improved
(3 equiv of Br,, 15% yield), because these conditions
led to the formation of other side products.

As an alternative strategy, a multi-step sequence
involving mercury(II)-mediated electrophilic poly-
cyclization was developed by Hoye and Kurth
(Scheme 60)."% The subsequent stereospecific bro-
modemercuration of the bicyclic intermediate can be
effected with either retention or inversion of config-
uration. The combination of these two well-known
processes results in a net bromocyclization. Thus,
homogeranic acid (277) was treated sequentially with
mercury(II) trifluoroacetate followed by a saturated aqueous
potassium bromide solution to produce an organomercuric
bromide 280, which could be readily bromodemercurated in
a solution of molecular bromine in pyridine to give a mixture
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: . Bry, LiBr, py,
2 Kir 21(78%: 2 steps) 2 Kir 2l4. pigaL (12% 1. Hg(TFA),
TBCOlw:m 285:286) 2 KBr 00,0
- B2, ’ 2

OH

8 + C8epimer
Br o (22%)
280 282 (22%)
BI'2, LiBr (26—427)
By, O, l ’ l
z

Br 0

283: 3B-bromo-8-
epicaparrapi oxide

Scheme 6Go. Indirect multi-step sequence involving mercury(l1)-medi-
ated polyene cyclization.

of epimeric bromides (not shown). The f-bromo epimer 278
was selectively obtained upon addition of lithium bromide
and oxygen to suppress the radical pathway, which is
responsible for the generation of the other epimer. The a-
bromo epimer of 278 was obtained selectively via radical
chain reactions under photochemical conditions (not shown),
which permits bromodemercuration with inversion of config-
uration resulting from preferential axial attack. This indirect
bromocyclization strategy (with stereoretentive bromode-
mercuration) was employed for the synthesis of 3-bromo-8-
epicaparrapi oxide (283). Unfortunately, the direct conver-
sion of nerolidol (275) to 283 was unsuccessful, probably
because of the ionization of allylic alcohol.

The direct brominative polyene cyclization approach was
marginally successful in the synthesis of aplysistatin (289) by
Prestwich and co-workers (Scheme 61). Upon treatment of
284 with TBCO, the desired product 285 was obtained as
a minor component of a 19:81 diastereomeric mixture in poor
yield.'""™ On the other hand, the groups of Hoye!"'” and of
White!"¥ both employed the mercury(II)-mediated indirect
approach for the synthesis of 289. The direct cyclization of 287
with TBCO was again not effective. Following Hoye’s multi-
step procedure,''”’ White and co-workers converted 287 to
the net bromocyclization products in a low but improved
yield. The major diastereomer 288 had the desired config-
uration and was readily converted to 289. A similar mercury-
(IT)-based approach was also employed for the synthesis of
palisadin A by Tanaka and co-workers.!'¥

The multi-step approach was applied to extended polyene
systems during the synthesis of isoaplysin-20 acetate (291) by
Nishizawa and co-workers (Scheme 62).'"") Remarkably, the
polyene cyclization of a tetraene substrate, E,E,E-geranyl-
geranyl acetate (290), proceeded via the all chair conforma-
tion even in the presence of four consecutive 1,3-diaxial
interactions to give isoaplysin-20 acetate (291). Although the
mercury(II)-mediated indirect method allowed the syntheses
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Scheme 61. Direct and indirect brominative polyene cyclization
approaches for the synthesis of aplysistatin.

1. Hg(OTf),*PhNMe;,
2. aq. KBr

3. Bry, LiBr, py, O, oM

OAc

st e

Scheme 62. Mercury(ll)-mediated brominative cyclization of a tetraene
substrate.

(10%, 3 steps) Br

291: isoaplysin-20 acetate

of several brominated polycyclic natural products, many
drawbacks including generally low yields, the lengthy
sequence, and the use of highly toxic mercury reagents
diminishes the practicality.

2.4.2. Direct Halonium-induced Polyene Cyclization

To this point, the problems associated with bromonium-
induced polyene cyclization were addressed by presenting
inefficient and unsuccessful examples. In addition, mercury-
(IT)-promoted reactions were shown as an overall more
effective, if not as desirable, alternative strategy. From here,
efficient direct halonium-induced polyene cyclizations will be
illustrated.

The major side reactions in halonium-induced polyene
cyclizations are caused by the accompanying Lewis basic
counterion. Thus, Faulkner employed combinations of bro-
mine with Lewis acids to produce bromonium ions without
the generation of Lewis basic counterions (Scheme 63).5% In
the presence of bromine and silver tetrafluoroborate, the
polyene cyclization of geranyl acetate (292) proceeded in
20% vyield. The formation of an alcohol (293) under
anhydrous conditions was rationalized by the hydrolysis of
a cyclic oxonium intermediate. The stereochemistry was
consistent with a concerted cyclization mechanism. Similarly,
geranyl acetone (294) was cyclized to bicyclic ether 295, which

www.angewandte.org

dte

Chemie

4421


http://www.angewandte.org

4422

o\,

292: geranyl acetate

Br,, AgBF 4
MeNO, l(”%)

=\

294: geranylacetone

Br,, AgBF 4
MeNO, | (20%)

5,3&3&

295

0

296: 10-bromo-a-chamigrene

Scheme 63. Sequestering a Lewis basic counterion by the use of silver
tetrafluoroborate.

was converted in a few straightforward bioinspired steps to
10-bromo-a-chamigrene (296). In contrast to Hoye’s example
(Scheme 59), acid is not generated under these conditions.
As was seen in the synthesis of halomon (95, Scheme 29)
and intricatetraol (160, Scheme 30), a bromonium ion can be
transiently formed stereoselectively from a bromohydrin,
providing an alternative to the direct reaction of an alkene
with a halenium source that is often inefficient. Murai and co-
workers employed such a reaction in the synthesis of (+)-
aplysin-20 (not shown).!'"®! The use of this indirect method in
combination with asymmetric alkene oxidation methods
allows the formation of enantioenriched bromonium inter-
mediates. Couladouros and co-workers prepared an enan-
tioenriched epoxide 297, which was converted to the bromo-
hydrin 298 via the subsequent regio- and stereospecific
opening with lithium bromide under mildly acidic conditions
(Scheme 64)."71 Activation of the hydroxy group with tin

| o LiBr, PPTS
—_—
0 Ot-Bu (85%)

299: palisadin A 300: palisadin B

Scheme 64. Generation of an enantioenriched bromonium intermediate from a bromo-

hydrin.

tetrachloride triggered stereospecific polyene cyclization to
give the brominated bicyclic lactone 278, which served as
a synthetic precursor to several natural products including
palisadins A (299) and B (300), and aplysistatin (289). This
approach was further examined by Braddock and co-work-
ers.!®l

The success of direct halonium-induced cyclizations
depends critically upon the use of highly reactive halogenat-
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ing reagents that generate only non-Lewis-basic byproducts.
Snyder’s highly electrophilic reagent, BDSB, fits the criteria
and efficiently promotes the bromonium-induced polyene
cyclizations of a wide range of electronically diverse sub-
strates; the reactivity of this family of reagents is an important
advance in this area.” In general, BDSB-promoted reactions
are faster and cleaner than cyclizations performed under
other conditions. Surprisingly, electron-poor substrates such
as geranyl cyanide (301) and trifluoroacetate (303) were
effectively cyclized under these conditions (Scheme 65).75!

BDSB
J\/\ MeNo2
w\ T3

301

BDSB
MeNO,

ﬁj\\/\ oF (73%)

BDSB
MeN02
—_—
W\ (76%)
=
305

Scheme 65. BDSB-promoted, highly effective and chemoselective poly-
ene cyclizations.

Treatment of 301 with TBCO resulted in the exclusive
dibromination of the more electron rich alkene” and no
other reagents were able to promote the brominative
cyclization of 303. Moreover, BDSD is chemoselective
because it is compatible with electron-rich
aromatic compounds such as 305. The rela-
tive configurations of the products arise from
stereospecific cyclizations via highly organ-
ized, chair-like transition structures, as
expected. In most cases, the polycyclizations
proceeded well without the need of any extra
protic acid additive because protonated dia-
lkyl sulfide is generated in situ during the
course of the reaction. This acidic byproduct
can promote the later cyclizations when
needed, and is likely responsible for the
high yields. However, significant challenges
remain to render these polycyclizations cata-
lytic and enantioselective. Because the acidic
byproduct can also initiate the polyene cyclization to give
non-halogenated compounds, it is important to consume
most of the starting material at an early stage of the reaction,
which is a difficult proposition under catalytic conditions.
Under these effective brominating conditions, cis-decalin
frameworks can also be generated, which had never been
accomplished by brominative polyene cyclization (not
shown).["%
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BDSB
MeNO: 9
0,
KOAc (40%) KOAc
307 308
BDSB
MeNo2
=(\=
0,
Nosoc (56/) ,i§
309 310
OAc BDSB
MeNOz
+ 308
(26%)
311 312 (46%)
Ot Bu BDSB
MeNO:
& MeNOs_ o f( +310
tk Br (17%)
314 (45%)

HOI):CHO
OH

315: revised peyssonol A

Scheme 66. Presumed deviation from the all-chair conformation in the
transition structure leads to epimeric products.

From the BDSB-promoted polyene cyclizations of the
E,Z-farnesol-derived substrates 307 and 309, the substituent
at C9 was installed at an axial position, which can be
rationalized by a chair-like transition structure (Scheme 66).
On the other hand, the reactions of E,E-farnesol-derived
substrates 311 and 313 also afforded some of the bicyclic
products 308 and 310 with an axial C9 substituent along with
the expected products 312 and 314, even though a chair-like
transition structure predicts high preference for the latter
products with the equatorial orientation of the C9 substituent.
These results suggest a deviation from an all-chair conforma-
tion.""! These studies led to several total or formal syntheses
of mnatural products including
peyssonol A (315, revised struc-
ture), peyssonoic acid A, aplysin-

20, loliolide, K-76, and stemodin. 0

BDSB has also been applied
to bromonium-induced transan-
nular cyclization of a macrocyclic
intermediate (316) in work
toward the synthesis of bromo-
phycolides A and D (318) by
Krauss and co-workers
(Scheme 67).*!' Although three
very similar alkenes are present
in the substrate, the preferred
conformation of 316 allowed the
initiation of bromocyclization
only at the central alkene. Thus,

\
Aryl

320
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BDSB
(19%)

318: bromophycolides A and D

Scheme 67. BDSB-promoted transannular polyene cyclization in a syn-
thesis approach to the bromophycolides.

upon treatment with BDSB, the desired products 317 were
obtained as a mixture of alkene constitutional isomers in 19 %
yield. The cyclization was slow because of geometrical
constraints in the bromonium intermediate, allowing com-
peting deprotonation to take place to give allylic bromide side
products. BDSB was superior to other brominating reagents
because it does not generate any basic byproducts and the
reaction can be carried out at low temperature. Unfortu-
nately, bromohydrin formation—the last key step of the
synthesis—could not be achieved, presumably because only
one face of the alkene is exposed, and the other side cannot be
accessed after the formation of a bromonium species.

A highly reactive brominating species can also be
generated in situ from N-bromosuccinimide via Lewis base
activation."”! Chan, McErlean and co-workers employed
a 3,3'-substituted 1,1’-bi-2-naphthol-derived phosphoramidite
catalyst 320 for the synthesis of (4)-luzofuran (321)
(Scheme 68).1%1 These conditions are compatible with alco-
holic substrates such as 319, which are not tolerated by BDSB.
The 2.4,5-trichlorophenyltriazole substituent improves the
reagent’s stability toward oxidation and its catalytic activity,
which presumably involves intermediate 323. The authors

NBS
320 (10 mol %)
—_— >

Aryl =

Scheme 68. Generation of a highly reactive brominating species with a Lewis base catalyst.
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concluded from control experiments that the diastereoselec-
tivity of the reaction was primarily due to substrate control,
with little influence from the chiral catalyst. The importance
of the N-heterocyclic substituent in catalyst 320 was demon-
strated by the lack of reactivity with simpler phosphoramidite
324. Important prior studies by the Ishihara group using
phosphoramidite!’” and phosphite!'*! activators for halocyc-
lization have to date not been used in natural product
synthesis.

Effective conditions for chloronium- or iodonium-induced
polyene cyclizations are rare. Snyder and co-workers devel-
oped other halogenating reagents that are analogous to
BDSB."”*! The corresponding iodinating reagent, IDSI, exists
as a chlorine-linked dimer as shown by X-ray crystallographic
analysis (Scheme 69). Although IDSI is not as stable as

IDSI
@ MeNO, DBU, py
—_—
Ek\ (93%) (86%)
325
.
IIEt ?t

Et/s\l\ ,I/S\Et SbClg

Cl

IDSI

Scheme 69. |1DSI-promoted polyene cyclization.

BDSB, it affords similar rates, yields, and chemoselectivity as
BDSB. The iodinated polycyclic compounds such as 326 were
obtained as single diastereomers. In contrast to the conditions
developed by the Ishihara laboratory, these reactions did not
stall after the first cyclization and proceeded to the final
products without protic acid additives. Similarly to BDSB, the
generation of an acidic byproduct during the course of the
reaction is responsible for this advantage. These conditions
were also effective for the iodonium-induced polyene cycli-
zation of electron-deficient substrates. Although these iodi-
nated polycycles are not found in nature, they can be easily
transformed into a range of other functional groups. In
particular, a versatile alkene such as that in 327 was readily
prepared via elimination of hydrogen iodide with 1,8-
diazabicyclo[5.4.0Jundec-7-ene; such eliminations are less
facile from the more-stable bromides. A related process was
used to synthesize the natural product loliolide (not
shown).™ Of course, given the dearth of natural products
containing iodides, to date iodonium-induced polyene cycli-
zations have not yet been responsible for the stereocontrolled
incorporation of halogen-bearing stereogenic centers that are
retained in the natural product targets.

Unfortunately, the corresponding chlorinating reagent,
CDSC (chlorodiethylsulfonium hexachloroantimonate) is not
as effective as BDSB or IDSI. Chloronium-induced polyene
cyclization remains a challenge owing to the high reactivity of
these intermediates and the potential for multiple competing
pathways. Also, generally poor diastereoselectivities in these
chloronium-induced cyclizations demonstrate the substantial
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challenge associated with the pronounced carbocation char-
acter of the initial chlorinated species. Polycyclic chlorides
have been accessed via atom transfer radical cyclizations;
however, applications in the stereocontrolled synthesis of
halogenated natural products have not been reported.>*!

2.4.3. Enantioselective Halonium-induced Polyene Cyclization

As described in the previous sections, direct enantiose-
lective halonium-induced transformation is a challenging
process because of the potential for racemization of the
halonium intermediate. Owing to the very difficult nature of
this problem, we start with one important example that has
not yet been applied to natural product synthesis. Ishihara and
co-workers achieved a direct, enantioselective iodonium-
induced polyene cyclization with N-iodosuccinimide in the
presence of a chiral Lewis base promoter (Scheme 70).'% As

1. NIS (1.1 equiv)
329 (1.0 equiv)

PhMe, —40 °C
2. CISOzH
%\ i-PrNO,, =78 °C
328 330
(57% conversion
97.5:2.5 er)
t-BuLi
XCF,CFoX

SiPh;
X, v

P NH
g
o x
SiPhg
329 331: X =Br (85%)

332: X = CI (70%)

1. NIS (1.1 equiv)
329 (1. 0 equiv)
PhMe —-40 °C

2. CISOzH
i-PrNO,, —78 °C

e

334

(52% conversion
94:6 dr, 97.5:2.5 er)

Scheme 7o. Direct, enantioselective iodonium-induced polyene cycliza-
tion with N-iodosuccinimide and a chiral Lewis base promoter.

various Lewis basic phosphorus compounds were identified as
effective activators for N-bromosuccinimide and N-iodosuc-
cinimide, a 1,1'-bi-2-naphthol-derived chiral phosphoramidite
329 with 3,3'-triisopropylsilyl substituents was employed for
the enantioselective iodocyclization. Although a stoichiomet-
ric amount of 329 was necessary, and treatment of the crude
mixture with strong acid was needed to fully convert partially
cyclized intermediates, the desired iodinated polycyclic com-
pounds 330 and 334 were obtained with excellent enantiose-
lectivities. To accomplish efficient transfer of chiral informa-
tion, it was critical to use a non-polar solvent to favor the
formation of a tight ion pair involving the phosphonium salt.

Angew. Chem. Int. Ed. 2016, 55, 4396 — 4434


http://www.angewandte.org

GDCh
~~

Although analogous reactions with N-bromosuccinimide or
N-chlorosuccinimide were unsuccessful, the more naturally
abundant chlorinated and/or brominated polycyclic com-
pounds (331 and 332) could be accessed via a transhalogena-
tion sequence involving reductive lithiation and bromination
or chlorination with BrCF,CF,Br or CICF,CF,Cl, respec-
tively. Of course, with the ability to reductively deiodinate
products of type 330 and 334, this method provides an
excellent enantioselective approach to polycyclic terpenoids
that are devoid of heteroatom substitution in the A rings.

Alternatively, an indirect procedure can be devised by
taking advantage of chiral transition metal-mediated enan-
tioselective polyene cyclization and stereospecific halogen-
ative demetallation. Snyder and co-workers developed a two-
step enantioselective sequence of mercury(Il)-mediated
polyene cyclization using a chiral bisoxazoline ligand 335
followed by stereoretentive halodemercuration analogous to
Hoye’s procedure!''”! to afford the corresponding polycyclic
chloride 336, bromide 337, and iodide 326 (Scheme 71).01%"!
This strategy was applicable to a five-step enantioselective
total synthesis of 4-isocymobarbatol (340).

1. Hg(OTf),, 335
then aq. NaBr
2. Xy, LiX, Oy, py

n-Hex n-Hex

(o] O,

325 <:|I)ST
N N (90.5:9.5 er)
Ph

Ph 336: X = Cl (67%)
337: X = Br (66%)
326: X = | (72%)

335

1. Hg(OTH),, 335

OMOM
then aqg. NaBr
Ek\ 2. Bry, LiBr, O,, py
o (81% 755245er g,
OMOM 48%, 95:5 er
338 after recrystallization) . 339: R = MOM
HCIL 340 R = 1
(97%)

4-isocymobarbatol

Scheme 71. Two-step enantioselective synthesis of polycyclic halides
via asymmetric mercury(ll)-mediated polyene cyclization.

Snyder and co-workers attempted a direct, enantioselec-
tive halonium-induced polyene cyclization by employing
chiral derivatives of CDSC, BDSB, and IDSI as halogenating
reagents.”®! Unfortunately, no promising data were obtained
from their studies of polyene cyclization with C,-symmetric
chiral halosulfonium ions (not shown). Finally, Gagné and co-
workers have reported a fascinating asymmetric platinum-
catalyzed formal fluorocyclization (not shown) that, while not
directly relevant to natural product synthesis, might well be
a lead toward a new general strategy to access A-ring-
halogenated terpenoids.'”! Owing to the large number of
chlorinated and brominated polycarbocyclic terpenoid natu-
ral products, and because of the sheer intellectual challenge
posed, significant continued efforts to develop efficient
catalytic and enantioselective methods for halonium-induced
polyene cyclizations are anticipated.
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2.5. Enantioselective a-Halogenation of Carbonyl Compounds

Without question, carbonyl a-halogenation is one of the
most developed strategies to incorporate halogen-bearing
stereogenic centers into organic molecules with control over
absolute configuration. Auxiliary-based methods offered the
first means of stereocontrol in the a-halogenation of carbox-
ylic acid derivatives, as described by Evans and co-work-
ers.” Lectka and co-workers achieved the highly enantio-
selective preparation of a-chloro or bromoesters from acid
chlorides with a Lewis basic Cinchona alkaloid catalyst.'"
Methods for catalytic asymmetric a-halogenation of -
ketoesters and phosphonates involving chiral Lewis acids
are also well developed;™*!! however, the utility of these
compounds for natural product synthesis is not obvious:
natural products with halogen-bearing stereogenic centers
between electron-withdrawing groups are uncommon, and
the transformation of these compounds into higher-value-
added compounds with retention of the halogen and without
erosion of stereochemistry is not trivial. The enantioselective
chlorination of enoxysilanes with a chiral chlorinating reagent
also affords simple a-chloroketones.'*” Finally, over the past
decade, the revolution in organocatalyzed asymmetric o-
functionalization of aldehydes and ketones'"**! has provided
a number of useful protocols for access to highly enantioen-
riched a-haloaldehydes and a-haloketones.['**]

The versatility of a-haloaldehydes and ketones as syn-
thetic building blocks and precursors to heterocyclic com-
pounds has been recognized for a long time.'* Still, to this
day, the number of applications of asymmetric carbonyl o-
halogenation chemistry to the stereocontrolled synthesis of
halogenated natural products is incredibly small. Rather,
these products tend to be used as building blocks wherein the
halogen-bearing stereogenic center serves as a control ele-
ment for further stereocontrolled reactions, or stereospecific
displacement of the halide provides a solution to other
stereochemical problems, or both. However, the connection
between the stereogenicity of a-haloaldehydes and ketones
and natural products bearing halogenated stereogenic centers
is likely to be made more and more often now that simple
organocatalytic methods to make these motifs are so readily
available.

Umezawa, Matsuda, and co-workers made use of the
enantioselective aldehyde a-chlorination developed by the
Jgrgensen group for their stereocontrolled synthesis of the
chlorosulfolipid danicalipin A (7).**! In this catalyst-con-
trolled diastereoselective reaction, aldehyde 341 was treated
with N-chlorosuccinimide in the presence of catalyst 342 and
bromoacetic acid; the a-chloroaldehyde was produced as
a single diastereomer (Scheme 72). The rather sensitive
chloroaldehyde intermediate was directly converted to the
corresponding unsaturated ester 344 by a Wittig reaction in
the second stage of a one-pot process. From a strategic
perspective, application of catalyst-controlled stereoselective
chlorination permitted introduction of the Cl11 chloride
without having to rely on potentially difficult remote stereo-
control. This work appears to be the only example of the use
of asymmetric carbonyl a-halogenation in the stereocon-
trolled synthesis of halogenated natural products to date.””!
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Scheme 72. Organocatalytic asymmetric aldehyde a-chlorination in the
synthesis of (+)-danicalipin A.

The organocatalyzed asymmetric a-chlorinations devel-
oped by the MacMillan and the Jgrgensen groups™®*! were
extensively utilized by Britton and co-workers for enantiose-
lective syntheses of several natural products that do not
contain halogen atoms (Figure 7).'*! In these syntheses, all
of the stereocenters were constructed via asymmetric induc-

oH

02,

— — o -, Ph
nCeHy” N LXK PR oy
511 H 1-CoHy n-CgHyg r;|
345: posticlure Me

346: (+)-preussin

¢ Wl

H OH
348: (—)-swainsonine

347: laurefurenyne

Figure 7. Natural products made via the intermediacy of enantio-
enriched a-chloroaldehydes (indicated bonds were made by chloride
displacements).

tion from these single chlorine-bearing stereogenic centers;
diastereocontrolled nucleophilic additions to the a-haloalde-
hydes were the key steps in each case. Because it does not fit
with the topic of the review, we simply offer a small subset of
the natural products made by the Britton group using the
sequence of asymmetric aldehyde a-chlorination/diastereo-
controlled carbonyl addition/intramolecular chloride dis-
placement. The bonds that were made by displacement of
the chloride-bearing stereogenic center are indicated. This
group has clearly demonstrated the versatility of chloride-
bearing stereogenic centers as they play the roles both of
temporary chiral auxiliary and precursor to key C—O or C—N
bonds.

A fascinating example of substrate-controlled ketone a-
bromination was reported by Stoltz and co-workers in their
synthesis of elatol (351).14 The final sequence in this
synthesis is noteworthy for the stereocontrolled introduction
of the unusual cis-bromohydrin by (di)bromination of 349 and
an unusual hydride reduction of 350 that also provides the
exocyclic alkene of the natural product (Scheme 73).
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Scheme 73. Generation of the unusual cis-bromohydrin of elatol by
ketone a-bromination/reduction.

2.6. Conversions of Alkenyl Halides to Halide-Bearing
Stereogenic Centers

Geometrically-defined haloalkenes can serve as versatile
starting materials for stereoselective formation of halogen-
bearing stereogenic centers via a variety of stereospecific
alkene functionalization reactions. The reaction types that
have been used in natural product synthesis include alkene
reductions, cycloadditions, and one example of a cyclization
onto a chlorinated enoxysilane. It is likely that significant
advances will continue to be made in this area.

2.6.1. Haloalkene Hydrogenations

Hydrogenation of haloalkenes is one simple and straight-
forward approach toward the installation of stereogenic
centers featuring secondary halides. During the synthesis of
(4+)-isolaureatin (227), Kim and co-workers employed di-
imide to reduce cyclic bromoalkene intermediate 354 to
install the secondary bromide on the bicyclic core
(Scheme 74).14 This strategy was particularly logical because
the bromine atom is located on the more sterically congested
concave face of the bridged bicyclic system. Bromination via
S\2 displacement of an activated hydroxy group or electro-

CBI'4
OCt3P

(<10%)

)/OBn

Scheme 74. Diastereocontrolled reduction of an alkenyl bromide to
introduce a bromide-bearing stereogenic center.
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philic alkene hydrobromination would require delivery of
bromine from the concave side. Whereas deoxybromination
of secondary alcohol 352 afforded the secondary bromide 353
in low yields with retention of configuration, desired bromide
355 was obtained via diimide reduction of alkenyl bromide
354 from the less hindered convex face.

The alkenyl halide hydrogenation approach was a key
strategic step in the synthesis of (—)-acutumine (357,
Scheme 75) by Herzon and co-workers."* The secondary
chloride was installed in the final step of the synthesis via

OMe
o) o
MeO OH
cl
MeO
N
N
356
H, (300 psi)
[Rh(nbd)(dppb)]BF, "2 PUC
(17%
at 30% conversion) (60%)
o) o
0 OMe O OMe
MeO <Cl MeO -H
OH OH
MeO NJ MeO NJ
/ /

357: (-)-acutumine 358: (—)-dechloroacutumine

Scheme 75. Homogeneous alkenyl chloride hydrogenation as the final
step in a synthesis of acutumine.

homogeneous hydrogenation of a chloroalkene precursor,
dehydroacutumine (356), using a rhodium catalyst under
a high pressure of hydrogen gas. The natural product was
obtained as a single diastereomer, likely owing to the
directing effect of the neighboring amino or hydroxy groups
through the coordination to the catalyst. However, the
hydrogenation had to be stopped at low conversion because
dechlorination of the product became problematic at higher
conversion. The use of various heterogeneous catalysts
resulted in the exclusive formation of overreduced product
dechloroacutumine (358). Recently, Herzon and co-workers
developed new conditions for hydrogenation of haloalkenes
(F, Cl, Br, I) with a cobalt catalyst and demonstrated that
problematic dehalogenation can be suppressed under these
conditions that operate via a hydrogen atom transfer mech-
anism.'*! This method is likely to become important for
substrate-controlled alkenyl halide reductions in natural
product synthesis.

2.6.2. Diels-Alder Cycloadditions of Halogenated Dienes or
Dienophiles

Halogen-bearing stereogenic centers in cyclic compounds
can also be constructed via the cycloaddition reactions of
alkenyl halides. Since the intramolecular Diels—Alder reac-
tion of a (-chlorodienophile was reported by Corey and co-
workers for the synthesis of gibberellic acid (which does not
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retain the chloride),"*! this approach has been utilized for the
synthesis of halogenated natural products. Williard and co-
workers first investigated the Diels—Alder reactions of {3-
halogenated dienophiles for the synthesis of cyclic polyhalo-
genated natural products from Plocamium red alga.'¥l For
example, the core of epi-plocamene (23) was formed stereo-
selectively via cycloaddition of butadiene (359) and Z-8-
chloromethacrolein (360) (Scheme 76). Unfortunately, this
method could not be generalized because cycloadditions of
substituted dienes proceeded with poor regio- and stereose-
lectivity to afford inseparable mixtures of products.

PhMe cl
z CHO 150 °C ..CHO |r
+ | —_— =,
x> (41%)
Cl “Cl ..
cl “cl
359 360 361 23: (+)-epi-plocamene

Scheme 76. Diels—Alder cycloaddition using a chlorinated dienophile
sets up a key stereochemical relationship in epi-plocamene.

The regiochemical problem associated with this approach
could be controlled by rendering the cycloaddition intra-
molecular using a temporary silane tether between diene and
dienophile. From unsymmetrically substituted acyclic silane
362, Shea and co-workers were able to synthesize a bridge-
head allylic silane 133 (Scheme 77), which was subsequently
dichlorinated and elaborated over three additional steps to
a Plocamium monoterpenoid (see Scheme 25).5

Q \
proton sponge, BHT .
—\Si/\o)k( PhMe, 180 °C —SI 00
—>
=z Br (74%)
_ Br
362 133

Scheme 77. Temporary tether strategy to control regiochemistry of 3
bromomethacryclic ester Diels—Alder cycloaddition.

The intramolecular Diels—Alder cycloaddition approach
was also employed for the installation of the chlorine-bearing
stereocenter of (+)-virantmycin (80) by Corey and co-work-
ers (Scheme 78).'! Treatment of 363 with base resulted in
the formation of an o-azaxylylene intermediate,*! which
underwent an intramolecular [4+2] cycloaddition to give 364,
thereby installing the correct relationship between the two
stereocenters in the natural product.

Several members of the hapalindole family bear secon-
dary chlorides with adjacent quaternary stereogenic centers,
a motif seen above in several of the welwitindolinone
alkaloids (see 93, Scheme 16, and 251, Scheme 52). Johnston
and co-workers synthesized hapalindoles K (368) and A (6)
via a Diels—Alder cycloaddition of two highly substituted
reaction partners, trisubstituted diene 365 and (-chloro-a-
methyl enone 366 (Scheme 79).'”" With the appropriate
choice of Lewis acid, this demanding cycloaddition proceeded
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80: ()-virantmycin 364

Scheme 78. Intramolecular cycloaddition to install the a-chloro tertiary
carbinolamine motif in virantmycin.

cIr
[ 366
otBs EtAICl,, PhMe
~78t0 20 °C
—_—
N (59%)

368: hapalindole K

6: hapalindole A

Scheme 79. Challenging cycloaddition to install a key vicinal stereo-
chemical arrangement in hapalindoles A and K.

in good yield to provide the endo-product (with respect to the
ketone function), although the important stereochemical
relationship that was forged was that between the chloride-
bearing and quaternary stereogenic centers, because the
silyloxy group was later replaced in the context of a substrate-
controlled Ritter reaction.

2.6.3. Other Cycloadditions or Cyclizations onto Haloalkenes

As seen in the previous section, halogen-bearing carbon
stereocenters can be created via C—C bond-forming reactions
of haloalkenes. A clever utilization of such reactivity was
reported by Carreira and co-workers for the construction of
one of the two contiguous tertiary chlorides in gomerone C
(372, Scheme 80).['¥1 The Conia—ene reaction of a chlorinated
enoxysilane 369 in the presence of Echavarren’s catalyst
(370)1*! allowed for the simultaneous formation of the
bridgehead tertiary chloride and the bicyclic scaffold. The
subsequent hydrochlorination of the resulting electron-poor,
exocyclic alkene required forcing reaction conditions with an
excess of tin tetrachloride.™ The addition of chloride from
the less hindered exo-face afforded the desired axial chloride
of the natural product. This two-step sequence is a clever
solution to the problem posed by the vicinal tertiary chloride
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370: Echavarren's catalyst 372: (+)-gomerone C

Scheme 8o. Synthesis of gomerone C via gold-catalyzed Conia—ene-like
cyclization of a chlorinated enoxysilane.

stereogenic centers that simultaneously addresses the bridg-
ing ring system.

The trans-chlorocyclopropane moiety of callipeltoside A
(379) has been synthesized by multiple research groups using
several different approaches. Stereoselective and stereospe-
cific cyclopropanations of E-chloroalkenes is a direct way to
generate the vicinal stereogenic centers (Scheme 81). Evans

EtpZn, TFA, CHyl Qo
(82%, >50:1dr) 0\)\4\
Cl

373 374
0 .«CONMe,
Bu—EB( 376
O™ SconMe,
Et,Zn, CHyl, R
HO A c \q\m
(97.5:2.5 er)
375 377: R = CH,OH
swem [ 378’ R = CHoO
(40% over 2 steps)

379: (-)-callipeltoside A

Scheme 81. Synthesis of the enantiomerically enriched chlorocyclopro-
panes for callipeltoside A.

and co-workers developed a highly diastereoselective cyclo-
propanation of D-mannitol-derived chiral FE-chloroalkene
373.°1 Although this chloroalkene was poorly reactive
under standard Simmons-Smith conditions, Shi’s highly
active reagent system with trifluoroacetic acid was success-
fully employed to give 374 as a single diastereomer in high
yield."*? The groups of Paterson!"™ and Panek!* applied the
enantioselective variant of the Simmons—Smith cyclopropa-
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nation developed by Charette and co-workers.'™ In the
presence of the (S,5)-dioxaborolane ligand 376, the trans-
chlorocyclopropylmethanol (377) was produced from chloro-
allylic alcohol (375) with high enantioselectivity.

A Claisen rearrangement of a chlorinated allylic ether was
used in the context of the halomon synthesis by Mioskowski
and co-workers; however, this reaction did not control the
formation of the new chlorine-bearing stereogenic center.>’!
Sigmatropic rearrangements involving chlorinated alkene
substrates appear to be promising but underdeveloped
strategies for the stereocontrolled synthesis of certain halo-
genated natural products.

2.6.4. Nucleophilic Haloallylation of Carbonyl Compounds

The use of allylmetal reagents terminally substituted with
halogens is a powerful method for the stereocontrolled
introduction of halogen-bearing stereogenic centers, yet it
has seen relatively little use in the synthesis of halogenated
natural products. The most compelling showcase of this
strategy is in the synthesis of the spirastrellolide family (see
spirastrellolide A methyl ester, 380, Scheme 82). In com-

380: spirastrellolide A methyl ester

f\m
MeO 382

9Ipc,B

—»
(51%, 96:4 er) |

381 383

Scheme 82. Asymmetric chloroallylboration en route to the spirastrello-
lides.

pleted syntheses by the groups of Paterson™ and of

Fiirstner,"™ the Oehlschlager chloroallylboration!"*—a var-
iant of the Brown asymmetric allylboration—is used to
efficiently introduce the C28 and C29 stereogenic centers,
including the key chloride. Simple aldehyde 381 was treated
with the chiral chloroallylborane 382 to afford building block
383 with near perfect diastereoselectivity and high enantio-
selectivity; the acetal was removed under workup condi-
tions."*%! That this reaction was able to support the synthesis
of such a complex target indicates its robustness. A related
bromoallylalumination reaction, wherein the bromide was
eventually converted to a chloride via an intermediate
epoxide, was utilized in chlorosulfolipid syntheses by Van-
derwal and co-workers."!
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2.7. Radical Processes
2.7.1. Radical Halodecarboxylation

Substrate-controlled, diastereoselective radical halogen-
ation can be a useful strategy, particularly with conforma-
tionally rigid cyclic substrates. For example, the chlorine atom
of callipeltoside A (379) was installed on the cyclopropane
ring in a highly diastereoselective manner by such a reaction.
Trost and co-workers developed a two-step, one-pot proce-
dure for Barton decarboxylation/chlorination (the Barton
version of a Hunsdiecker reaction)"™ for the highly stereo-
selective conversion of a chiral acyl chloride 384 to the
corresponding trans-cyclopropyl chloride 385
(Scheme 83).1 Presumably, the menthol auxiliary present
on the molecule—needed for the stereocontrolled formation
of the cyclopropane—plays little role in the stereochemical
outcome of chlorination, and the major bias likely arises from
preferential chlorine incorporation trans to the ester.

tl)Na

N S
Ej DMAP
n-BugNI, CCly
then AIBN (o}

(60% 33:1dr) oJl\q\cu

A~
385

*<w

Scheme 83. Stereocontrolled Hunsdiecker-type chlorination using
a Barton ester for the synthesis of the chlorocyclopropane of callipelto-
side A.

The Barton chlorodecarboxylation chemistry was just as
effective in a much more complex setting. In the course of the
enantioselective synthesis of the cyclopentane core of the
axinellamines (243 and 244) by Carreira and co-workers,['®!]
diastereoselective chlorination of densely functionalized
cyclopentane 386 was achieved using the Barton process to
give the sterically hindered secondary chloride 387
(Scheme 84). Interestingly, after formation of the Barton
ester in deoxygenated CCl,, spontaneous decarboxylation/
chlorination occurred without the need for any added
initiator.

OH
J

N S
I

DMAP, CCl,

OTBS
{ NHCbz

Scheme 84. Barton chlorodecarboxylation in studies toward the axinell-
amines.
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2.7.2. Radical Dehalogenation and Cyclization Processes of gem-
Dihalides

Other types of radical reactions such as dehalogenation
and cyclization are also effective for the stereoselective
synthesis of halogenated organic compounds. These steri-
cally-controlled approaches were strategically employed by
Lee and co-workers for the stereoselective installations of
secondary halides in dactomelynes (392 and 393)
(Scheme 85)['”! Because the axial chlorine substituent needs

Cl

f 13:1 dr)
388

Reviews

H o _ph BB P cl Y o _en
8 TMS),SiH :
¢l Y A» cl 04 — Y
MeO,C O (98% M MeO,C O
(o) | ()]
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utility and that would represent significant advances in basic
synthetic chemistry include, but are certainly not limited to:
1) general enantioselective alkene halogenation reactions,
2) asymmetric haloalkene reductions, 3) direct diastereose-
lective or enantioselective C-H halogenation, and 4) general
enantioselective halonium-induced cationic cyclizations.
Examples of reaction types that are known but so far have
not, to our knowledge, been used in the synthesis of
halogenated natural products include atom-transfer radical
cyclizations, radical C—H halogenation, and alkene hydro-
halogenation via radical pathways. Surely,
there will be many more stunning accom-
plishments in the synthesis of halogenated
natural products.

Note added in proof: During process-
ing of this Review article, several impor-

Burns and co-workers used their enantio-

u tant and relevant works were published: 1)

Br

co,Me o Ko
J/ BusSnH, AIBN O co,me
c W07 & - . &
M (75%) TBDPSO 07}
R (o] H

selective interhalogenation of allylic alco-
hols to make several natural products;!*
2) Denmark and co-workers reinvestigated
the asymmetric dibromination reaction of
Henry and found that the enantioselectiv-

¢ 390

ity of the process could not be repro-

. Ho duced;"! 3) Carreira and co-workers
/mcozme — reported a new stereocontrolled synthesis
TBDPSO 07} “Br of danicalipin A;'* and 4) Alexanian,
H Vanderwal, and co-workers utilized

391 392: (E)-dactomelyne an ?

393: (Z)-dactomelyne

Scheme 8s5. Syntheses of dactomelynes featuring radical dechlorination and cyclization steps.

to be located on the more congested side, radical dehaloge-
nantion of a gem-dichloride precursor such as 388 is perfectly
suited for the delivery of the hydrogen from the less hindered
side. While a range of tin hydride reagents promoted poorly
selective dechlorination to give a mixture of diasteromers, the
use of tris(trimethylsilyl)silane in combination with triethyl-
borane successfully provided the desired product 389 in high
yield and diastereoselectivity.'! The equatorial bromine
substituent was introduced via a radical cyclization in which
the steric interaction around the bromine is minimized. Thus,
desired bromopyran 391 was produced exclusively from 390
under tributyltin hydride-mediated radical cyclization con-
ditions.

3. Conclusions and New Directions

Clearly, nature has provided a wealth of fascinating and
complex halogenated compounds to inspire synthetic chem-
ists, who have risen to the occasion with many outstanding
accomplishments. Furthermore, nature’s methods for halo-
genation have motivated some great advances in synthesis.
Still, from our survey of methods and strategies that have
been used to introduce halogen-bearing stereogenic centers in
the context of natural product synthesis, it has become
apparent that there is room for many future accomplishments.
Reaction types that would both be of tremendous general
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a regio- and stereocontrolled radical C—H
chlorination reaction in a short semi-syn-
thesis of chlorolissoclimide.!”!
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