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Efficient construction of architecturally complex natural and unnatural products is the hallmark of

organic chemistry. Anion relay chemistry (ARC)—a multi-component coupling protocol—has the
potential to provide the chemist with a powerful synthetic tactic, enabling efficient, rapid
elaboration of structurally complex scaffolds in a single operation with precise stereochemical

control. The ARC tactic can be subdivided into two main classes, comprising the relay of negative
charge either through bonds or through space, the latter with aid of a transfer agent. This review
will present the current state of through-space anion relay, in conjunction with examples of natural
and unnatural product syntheses that illustrate the utility of this synthetic method.

Introduction

Nature elegantly constructs diverse structural motifs, often in
an iterative fashion with exquisite efficiency and stereo-
chemical control.! For more than a century, chemists have
attempted to replicate the ingenuity of Nature in the labora-
tory, albeit with modest success. Although numerous innova-
tive strategies have been devised for the construction of highly
functionalized compounds, most individual reactions yield
only modest structural augmentation.” In addition the multi-
step sequences mandate numerous purifications, thus adding
time, cost, and material loss at each stage. Anion relay
chemistry (ARC),? a multi-component union protocol,* stands
as a promising method to alleviate these shortcomings.

In the broadest sense, anion relay chemistry (ARC) can be
divided into two classes involving negative charge migration:
either “through-bonds” or “‘through-space” (Fig. 1). Through-
bond ARC encompasses transfer of a negative charge from one
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Fig. 1 Schematic of the hierarchy of anion relay chemistry.

locus to another through the bonding system of a molecule. A
common example of through-bond ARC is the widely imple-
mented conjugate addition reaction, where a nucleophile adds in
1,4-fashion, thus propagating the negative charge via the un-
saturated m-system to generate a new anion (cf. enolate). Con-
versely, through-space ARC exploits a “‘carrier” species that can
relay a negative charge employing o-bonded intermediates.
A specific example of this variant is the [1,2]-Brook
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rearrangement wherein an anion is relayed from an alkoxide to
the adjacent carbon atom via silyl group migration (vide infra).>*"
This review will focus on the evolution of through-space
anion relay chemistry employing silyl groups as the transfer
agent.

Further analysis reveals two fundamentally different types
of through-space anion migration, differentiated by the final
locus of the anion after relay. Type I ARC (eqn (1)) is defined
as a multi-component coupling reaction that involves addition
of an anion, derived from a bifunctional linchpin, to an
electrophile capable of generating an anionic species that, with
the aid of a transfer agent, relays the negative charge back to
the originating nucleophilic locus on the linchpin.

o
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Reaction with a second electrophile results in a tri-component
adduct. Type II ARC (eqn (2)) also comprises a multi-
component reaction that involves addition of an external
nucleophile to a bifunctional electrophilic linchpin to generate
an anionic species that, again with the aid of a transfer agent,
relays the negative charge albeit to a new (i.e., different) locus
on the linchpin.
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Reaction with a series of second electrophiles at the new distal
site also results in tri-component adducts. Of paramount
importance (vide infra), both the Type I and II ARC tactics
hold the potential for multiple “iterations” by employing a
series of bifunctional linchpins, a process not dissimilar to
living polymerization.® Effective implementation of the ARC
Type I and Type II tactics thus holds considerable promise for
diversity-oriented synthesis (DOS; vide infra).

The Brook rearrangement

As generally defined, the Brook rearrangement (Scheme 1) in-
volves the reversible migration of a silyl group from carbon to
oxygen. Initial work by Brook and co-workers focused on the
[1,2]-rearrangement, wherein a silyl group migrates intra-
molecularly via a hypervalent pentacoordinate ate species (i.e.,
sp> — O migration). Elegant studies by the Hoffman group
revealed that in some cases migration proceeds via retention
of configuration at silicon and inversion of configuration at

oH [1,2]-Brook Rearrangement OSiRg
P';,h%\sma Prf:h%\H
l NaOH Protonation T
O@ .
%\ o o\ o OSiR;
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Scheme 1 First example of the [1,2]-Brook rearrangement.

carbon.> " Later studies generalized the Brook rearrangement to
encompass [1,n]-silyl group migration to oxygen, with crossover
experiments carried out in our laboratory (vide infra) demonstrat-
ing that [1,4] and [1,5]-migrations proceed via complete intra-
molecular silyl group transfer.” Principal factors governing the
equilibrium between the oxy- and carbanion include: (1) the
strength of the oxygen—metal bond; (2) the anion stabilizing ability
of the carbon substituents; and (3) the polarity of the solvent.

Type I multi-component anion relay
chemistry—early work

In 1979 Matsuda and co-workers reported the first example of
a multi-component reaction involving through-space Type [
anion relay chemistry.® Their intent was the development of an
effective synthesis of trimethylsilyl acetonitrile (1). Impor-
tantly, they recognized that the lithio-derivative of 1 could
serve as a viable linchpin. Implementation of 1 in a three-
component union employing epoxides 2a and 2b successfully
produced 3 in 73% yield (Scheme 2A). Critical to the observed
sequential epoxide alkylations was the timing of the Brook
rearrangement controlled through the reaction temperature.
That is, raising the reaction temperature after introduction of
the initial epoxide (2a) triggered the Brook rearrangement.

Related multi-component relay tactics, employing 2-tri-
methylsilyl-1,3-dithiane (4) as a progenitor of anionic linch-
pins, were disclosed independently in 1994 by the Tietze and
Schaumann groups (Scheme 2B and 2C).°*” In the first
example, reactions of one equivalent of 4 with 2.2 equivalents
of enantiopure epoxide (—)-2a (R = Ph or Me) efficiently
furnished homocoupled 1,5-diols (—)-5 and (+)-6 in 65 and
89% yield, respectively. Timing of the Brook rearrangement
however proved elusive. As a result only C, symmetric (i.e.,
homocoupled) products were possible. This limitation restricts
the utility of the Tietze reaction in multi-component sequences
to symmetrical systems (vide infra). Schaumann elegantly
implemented a dual-functionalized epoxide coupling partner
(7) that, upon nucleophilic addition by linchpin 4, promoted
silicon migration and concomitant ring closure to provide
cyclopentanol 8 in good yield.
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Eo
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4
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y_ @<
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Scheme 2 (A) First example of Type I ARC by Matsuda. (B) Initial

work exploiting the TMS-dithiane linchpin by Tietze. (C) Cyclo-
pentane formation exploiting the TMS-dithiane linchpin by Schaumann.
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Brook rearrangement control exploiting solvent and
additives

Building on the observations of both Matsuda and Tietze,
Oshima and co-workers demonstrated that the timing of the
Brook rearrangement could be controlled by the use of
solvents and additives.'® For example, reaction of 9 with
various epoxides (e.g., 10), followed by addition of methyl
iodide in HMPA cleanly furnished adducts 11-13 in good
yield (Scheme 3). Here the use of the polar additive HMPA

X X a)(l)>\,THF TBSO X x
L'XTBS 10 R
: b) Mel, HMPA R CH,
11, R=H, X=C| (80%)
12, R=Me, X=Cl (68%)
13, R=Me, X=Br (60%)

9

Scheme 3 First example of controlling the timing of the Brook
rearrangement by Oshima.

Table 1 Application of 1,3-bis(triphenylsilyl)-1-propene in ARC
a) n-Buli, i
PhuSie o BHOTHE (1) ¥ octiophle,
) Product
1q SPhs I>\R
Entry Electrophile Product (yield %)
1 H-C6H13CHO OH
PhaSi__2 O,
OSiPhg
H
15, R=H; (39%)
2 CH;l PhSi__~ CH,
V\[(OSiPhS
H
16, R=H; (40%)
3 PhCHO OH
PhySi. 2 on
0SiPh,
GCHy
17, R=CHg; (52%)
4 PhCHO OH
PhySix_2 oy
0SiPh,
CH,OCH,
18, R=CH,0CH;; (50%)
5 PhCHO OH
PhySi_2 o
OSiPh,
Ph
19, R=Ph; (52%)
6 PhCHO OH

PhySi.__~

OSiPhy

m{_%_
£

o

3

20, R=Bu; (35%)

served to “trigger” the Brook rearrangement after the initial
alkylation.

Later the Oshima group attempted to expand their method
to an allyl linchpin, Ph3SiCH,CH=—CH,."! At issue however
was the regioselective reactivity of the allyl anion after HMPA
addition to trigger the Brook rearrangement. To address this
issue, they devised 1,3-bis(triphenylsilyl)-1-propene (14;
Table 1). Lithiation in this case results in a symmetrical anion.
Reaction of a series of electrophiles with 14 proceeded exclu-
sively in a regiodefined manner to provide a series of three-
component adducts (15-20) in modest yield. Essential for
success was the use of the mixed solvent Et,O-THF (2 : 1)
to control the precise timing of the Brook rearrangement. In
THF alone, control of the rearrangement was not possible. A
drawback of their method proved to be the modest efficiency,
observed even when employing highly electrophilic species
(i.e., Mel, PhCHO). Presumably, steric encumbrance of the
triphenylsilyl groups surrounding the Brook-derived internal
allylic anion is responsible.

Recognizing the potential utility of the multi-component
union process in complex molecule synthesis, we sought to
expand the versatility of the original Tietze observation with
2-trialkylsilyl-1,3-dithianes (Scheme 4).!> To this end, we
disclosed in 1997 the multi-component linchpin union of silyl
dithianes with two different epoxides, employing a solvent
mediated Brook rearrangement (Type I ARC). From the
strategic sense, location of the resultant silyl protecting group
can be orchestrated by the order of electrophile addition. This
method was subsequently extended to use a variety of reactive
second electrophiles including aldehydes, alkyl and allylic
halides, and aziridines to furnish adducts 22-25 (vide infra).

a) tBuLi, THF
b) Et;0,
<K 0, <\
TBS)/ ¢) E*, HMPA, Et,0 E Ry
21 22-25

H

OH <s\s oTBS <S\s
A A R

1
22, E = Epoxide 24, E=R-X

NHP<S\3 0oTBS <S\s 9
A R
Rz/k)v W

23, E = Aziridine

nQ

;

Ry

I

Ry

ks

25, E = Aldehyde

Scheme 4 Implementation of the 2-silyl-1,3-dithiane by Smith ez al.

Type I ARC in natural product synthesis

Historically, the application of new methods in natural pro-
duct total synthesis has been the standard by which the scope
and benefit of new tactics are measured.'* We envisioned that
the early reports on anion relay chemistry, if harnessed
effectively in a multi-component fashion, might permit rapid
construction of structurally diverse scaffolds in a highly con-
cise fashion, en route to complex natural and unnatural

This journal is © The Royal Society of Chemistry 2008
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products. Three prominent examples from our laboratory and
one from the Hale group are presented to illustrate the utility
of the Type I multi-component ARC tactic in complex
molecule synthesis.

Spongistatins

The spongistatins (26a/b) comprise a family of extraordinarily
potent, architecturally complex, tumor cell growth inhibitory
natural products (Scheme 5).'* The scarcity of these sponge
metabolites, in conjunction with both their antitumor proper-
ties and intriguing architecture, led us'® and others'® to under-
take their total synthesis. Recognizing the high level of
symmetry in the carbon backbones of both the AB- and

(+)-Spongistatin 1, X=CI (26a)
(+)-Spongistatin 2, X=H (26b)

a) +-Buli, ELO
BYELO  orEs

« 3 __,\0
Napow
)S,S (15eq) 28

TESZ, ¢) HMPA/THF
(10ed) oL & -
- OPMB
(1.0eq} Li2g :

N

NapO TESQ TESO 'S

S - OH OH PMBO

(+)-30
(58%)
AB Spiroketal Precursor

a) t-Bulli, Et,O
b) Et,O OTBS

2 o
BnOM

85 (1.0eq 31

TBS ¢) HMPAVEL,O
OTBS

21
(1.0 eq) O,
(1.3 eq) (-)-32

4\

S's OH OTBS

TBSO TBSQ

BnO.

(+)-33
(69%)
CD Spiroketal Precursor

Scheme 5 Construction of the (+)-AB and (+)-CD spiroketal
precursors through 2-silyl-1,3-dithiane linchpin in Type I ARC.

CD-spiroketals, we reasoned that the Type I multi-component
tactic held considerable promise for their construction.'®

Two examples will illustrate. Treatment of 27 with 7-BuLi
followed by addition of epoxide (—)-28 produced the inter-
mediate alkoxide. Solvent mediated [1,4]-Brook rearrangement
employing HMPA as a trigger, followed by addition of epoxide
29 furnished the linear AB-spiroketal precursor (+)-30 in good
yield. Similarly, performing the multi-component tactic with
dithiane 21 employing respectively epoxides (—)-31 and (—)-32
provided the CD-spiroketal precursor (+)-33 in a 69% yield.
Notably, both multi-component reactions have been carried out
on a 10 g scale, en route towards a now complete gram-scale
synthesis of spongistatin 1 (26a).'>

Mycoticin

Having achieved success employing the Type 1 multi-
component ARC tactic for the construction of the spongista-
tins, we embarked on an ARC project to elaborate the
Schreiber advanced intermediate (+ )-38 employed in the total
synthesis of mycoticin (Scheme 6).!7 Recognizing the pseudo-
C, symmetry of the polyol backbone, we devised a five-
component coupling tactic to yield the carbon skeleton of this
key intermediate [e.g. (+)-37] in a single step!'®

(+)-Mycoticin A R=H (34a)
(+)-Mycoticin B R=Me (34b)

@s a) +BuLi, EL,0 <¥s 0® c} HMPA/THF,
-
0Bn| © 0
T8S b) E10, TBSM/ i >~
(2.5 eq) l>\/OBn ()96
2 (2.3 eq) ()-35 (1.0 eq)

&, o W&

TBSO 'S*s OH OH 's*g OTBS
BnO._ -~ A OBn ——=

(+)-37
(59%)

Ky D% %
(+)-38

Scheme 6 Five-component coupling via Type I ARC toward the
Schreiber intermediate of (+)-mycotocin.

Starting with 2.5 equivalents of lithiated 21, addition of 2.3
equivalents of (—)-35, followed by a solvent mediated Brook
rearrangement and addition of the second electrophile (—)-36,
led to the five-component adduct (+)-37 in a 59% yield
(cf- 88% yield/C—-C bond construction). The latter was then
carried forward to the advanced Schreiber intermediate in
seven steps. Pleasingly, the Type I multi-component ARC
tactic provided access to (+)-38 in eight steps, five fewer than
the Schreiber ez al. route.'”
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Bryostatin

In 2000, Hale and co-workers in their bryostatin paper sought
to exploit the efficiency of the Type I multi-component ARC
tactic in the synthesis of ring B (Scheme 7).'” The bryostatins
comprise a family of potent antitumor macrolides, which hold
considerable promise in cancer therapy.”® Not surprisingly,
based on the unique structures and biological activity of these
natural products, numerous synthetic investigations have been
disclosed,?' including total syntheses by Evans er al.*'
Yamamura ez al.?' and Masamune ef al.2'¢ Recognizing the
inherent symmetry of the bryostatin subunit, Hale developed a
strategy exploiting the precedent established by Tietze to
provide a C, symmetric multi-component adduct that would
readily give access to the B-ring.

o

MO

Bryostatin 1 (39)

<\ a) tBuLi, THF, HMPA  TBSO <s\s oTBS

CO,Me

S’s
b)o,
TBS OPMB 2
21 (-)-40 OPMB OPMB
(2.0 equiv) (87%)
¢) TBSCI
™ B OH
— TBDPSO o]
—_—
2 ~opwe

Scheme 7 Synthesis of the B-ring of bryostatin utilizing Type I ARC.

The Hale sequence entailed lithiation of TBS-dithiane,
followed by treatment with two equivalents of PMB-glycidol
ether (—)-40 and subsequent alkoxide capture with TBSCI to
furnish the four-component product 41 in 87% yield, which
was then advanced to the bryostatin B-ring intermediate 42.

Indolizidine alkaloids

We next turned to the indolizidines alkaloids, a class of
neotropic frog toxins isolated by Daly er al.>* Construction
of the indolizidine backbone was envisioned to occur via a
Type I multi-component ARC union of lithiated TBS-dithiane
with two electrophiles, an epoxide and an aziridine
(Scheme 8).%* Reaction of dithiane 21 with epoxide (+)-43,
followed by addition of the electrophilic aziridine (—)-44
proceeded without incident to provide (—)-45 in 56% yield.
With (—)-45 in hand, (—)-indolizidine 223AB was then con-
structed in four steps.

a) +Bull, EL,O
b) Et,0 OTBS

MQLB“ s

S's (1.0eq)
OTBS
TBS ¢) HMPA/Et,O NHTs ¢
: TBSO
21 TeN 2
(1.2eq) |> P ~~ ()45
(56%)

(1.3 eq) ()44

(-)-Indolizidine 223AB
(46)

a) £BuLl, E,0
b)ELO  OBPS

o (-;-47 :
S'g (1.0eq

TBS c) THF, DME

o H
21 TsNy, O
(1.2eq m </0 (53%)

o)
(1.3eq) | (+)-48

—_—

R —

w
Alkaloid (-)-205B
(€]

Scheme 8 Synthesis of the indolizidine natural products utilizing
Type I ARC.

Encouraged by these results, we next took on the synthesis
of the architecturally more challenging frog alkaloid (—)-205B,
envisioning a similar strategy for construction of the tricyclic
core (Scheme 8). After establishing viable syntheses of 21,
(—)-47, and (+)-48, the Type I ARC protocol furnished
(+)-49 in 53% yield, which in turn was converted to (—)-205B.

An inherent advantage of the multi-component ARC Type I
tactic, as illustrated above, comprises the diversity of the tri-
component scaffolds that can be elaborated readily in a single
operation (i.e., one purification), with precise stereochemical
control from a range of enantiopure electrophiles including
epoxides and aziridines as well as alkyl and allyl halides,
aldehydes and ketones, many of which are commercially
available. These products then stand as valuable intermediates
for further elaboration to architecturally complex natural and
unnatural products.

Multi-component reactions involving Type II anion
relay chemistry

The first use of Type II anion relay chemistry in a multi-
component reaction was reported by Moser and co-workers in
2000 employing the o-trimethylsilyl benzaldehyde chromium
tricarbonyl complex 51 (Table 2).>* Central to the success of
the Moser reaction was the electron stabilizing effect of the
tricarbonyl chromium complex on the aryl anion that results
upon the [1,4]-Brook rearrangement (i.e., O — sp> anion
migration). Addition of alkyl lithiums and lithium enolates

This journal is © The Royal Society of Chemistry 2008
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Table 2 Application of the silyl-benzaldehyde chromium tricarbonyl
complex in ARC

1) H(COMe)s, H,SO,
CHO  2) Cr(CO)g, Bu,O

3) n-BuLi, TMSCI, THF CHO

4) HCI, THF ™S
- =

5) a) L-valinol, Et,O Gr(CO)a

b) Seperation

51
6) HCI, THF (24%, © steps)

CHO 1) a) Nucleophile

b) Electrophile
™S ——————— = Product

CHCO), 2) hv, air
Entry Nucleophile Electrophile Product (yield %)
1 MeLi B HiG M
X
52
(55%)
2 MeLi PhCHO
(65%)
3 MelLi PhSSPh HaC 1
~oTMs
SPh
54
(79%)
4 MeLi BrF,CCF,Br HaG H
dOTMS
~, CFBr
(63%)
5 OLi — OTMS
Me0” S
56 0o
(70%)
6 oLi — oTMs
Meo)\o NS
0

derived from esters to the aldehydic carbonyl in 51 served to
initiate the process. Brook rearrangement, capture of the
resulting aryl anion with a variety of carbon and heteroatom
electrophiles, and facile removal of the chromium tricarbonyl
moiety via air oxidation leads, in good to excellent yield (i.e.,
55-79%), to a series of diverse tri-component adducts. Parti-
cularly noteworthy is the effective internal capture of the
Brook-derived aryl anion, employing an ester enolate to
initiate the process.”® This innovative sequence constitutes a
formal [3 + 2] annulation.

The Moser tactic unfortunately has not been widely adopted
by the synthetic community, presumably due to two limita-
tions. First, construction of the chromium tricarbonyl alde-
hyde complex, which serves as the linchpin, requires five steps

and is not highly efficient.® The second comprises low
atom efficiency, in conjunction with use of chromium, an
environmental hazard.

2-Bromo-allyltrimethylsilane: an effective linchpin for the Type
IT multi-component tactic

In 2004, we reported what we now recognize as a Type II
multi-component ARC reaction sequence, employing com-
mercially available 2-bromo-trimethylallylsilane (58).%” In this
case, the reaction is initiated by halogen—-metal exchange with
n-butyl lithium (Table 3). Addition of a series of aldehydes as
the first electrophile, followed by a solvent mediated Brook
rearrangement (O — sp> anion migration) employing HMPA,
and capture with diverse reactive second electrophiles, includ-
ing alkyl, allyl and benzyl halides, as well as non-enolizable
aldehydes, ketones, and heteroatom electrophiles (PhSSPh),

Table 3 Application of 2-bromo-allyltrimethylsilane in ARC

TMS  a) t+BuLi, THF
b) Aldehyde
Product
c) Electrophile, HMPA

58 d} Acidic Workup
Entry Aldehyde Electrophile Product (yield %)
1 PhCHO Ph._Br OH
)W(\/Ph
Ph
59
(60%)
2 PhCHO PhSSPh OH
Ph)\[(\sph
60
(63%)
3 PhCHO CHO OH
)ﬁm/Ar
Ph
OH
61
cl (64%)
4 PhCHO PhCOMe

OH
Ph
Ph
Me OH
62

(63%)

5 PhCHO OH
[ j Ph
e}
63

o
(31%)

6 Ph(CHz)zCHO Ph Br

~ OH
Ph
Ph(Hzc)z)ﬁr\/
64

(60%)

OH
Ph
Ph<H20>2)W
Me OH
)

7 Ph(CH,),CHO  PhCOMe

65
(57%
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furnished tricomponent adducts 59—65 in good yield. Interest-
ingly, methyl iodide, when employed as the second electro-
phile, was more prone to react at oxygen than carbon to
furnish the methyl ether.

Although at the time not completely cognizant of the full
significance of this transformation, vis-a-vis through-space
anion relay chemistry as defined in this review, a series of
structurally diverse allylic alcohols were readily prepared. The
principal drawback of this process however proved to be the
basicity of the resultant allylic anion, generated upon Brook
rearrangement. Thus, while aryl aldehydes served as effective
second electrophiles, use of readily enolizable aldehydes,
ketones, and a,B-unsaturated ketones (i.e., Michael acceptors)
proved less efficient, presumably due to deprotonation via the
basic allyl anion.

Rational design of bifunctional linchpins for the
ARC Type II multi-component tactic:
epoxy-methylene-TBS-dithiane

Convinced that the multi-component ARC Type II tactic, if
generally applicable, would also hold great promise to enhance
synthetic strategies directed toward complex natural and un-
natural products, as well as diversity-oriented syntheses (DOS)
leading to biologically relevant libraries, we initiated a re-
search program in late 2004 to design a series of Type II ARC
bifunctional linchpins.?

We began with the Moser precedent, in conjunction with
our success with 2-bromo-allyltrimethylsilane, recognizing
that a central design feature of any viable bifunctional linchpin
would entail appropriate placement of the electrophilic center,
the progenitor of the transfer agent, relative to the position of
the anion stabilizing group (ASG), such that through-space
anion migration would be both feasible and effective. We
further reasoned that it should be possible to combine, in a
single linchpin, the nucleophilicity of anions such as silyl
dithianes with the reactivity of epoxides, as observed in our
trialkylsilyl dithianes (Type II ARC), paying particular atten-
tion, of course, to the distance requirement for silyl transfer.
With these considerations in mind, a linchpin composed of an
epoxide and a trialkylsilyl dithiane separated by a methylene
unit appeared to be a viable candidate [c¢f. (+)-66; Table 4];
pleasingly (+)-66 could be readily prepared on the gram-scale
(73% yield) via lithiation of TBS-dithiane, followed by
reaction with enantiopure epichlorohydrin.

The ARC Type II multi-component process proceeded as
anticipated. For example, reaction of (+)-66 with a variety of
alkyl and phenyl trialkylsilyl dithiane anions as initiating
nucleophiles, followed by Brook rearrangement (O — sp’
anion migration) and capture of the resultant anion with a
series of primary epoxides, as well as reactive alkyl, allyl and
benzyl halides, furnished tri-component adducts 67-71 in
good to excellent yields.® Particularly interesting was use of
epichlorohydrin as the second electrophile to furnish 68
(Table 4; Entry 2), possessing a new electrophilic epoxide
site for potential further diversification with a variety of
nucleophiles.

Table 4 Application of epoxy-silyl dithiane in ARC

a) +-BuLi, Et,O
A 4
‘e
188 TBS
(+)-66
(73%)

Nucleophie a)  (+)-66, b) Electrophile, Product
THF/EL,O (1:3) HMPA
Entry  Nucleophile Electrophile  Product (yield %)
1 <\ ENGEN <\
BN S's  OTBSS S
Ph)<Li Ph ' X

(+)-67
(81%)

2 o <\
Cl
b (+)-68
(69%)
3 o,

4

S\s  0TBSS”s”” OH

4,
\Hxl_i MOB“
s N (+)-69
(60%)

NN’

S)s  0TBSS 57 OH

0, Q,
\)\MS)( Li \)\Moen
)70
(529%)

Br\/\ <\

TBSO S

RS |
(92%)

Having achieved success with sp> — O silyl group migration
with both the ARC Type I (ie., trialkylsilyl dithiane)'
and ARC Type II (ie., epoxy-methylene-TBS-dithiane)®
protocols, we next explored the feasibility of higher order
Brook rearrangements, namely [1,5] and [1,6] sp® — O silyl
group migrations, to expand both the scope of the
ARC process and the diversity of substitution patterns of the
multi-component adducts produced (Scheme 9). To
this end, reaction of a series of 1,5-hydroxy trialkylsilyl
dithianes (72, 73, 76, and 77) with lithium bases (c¢f. n-BuLi,
-BuLi, or LHMDS; 1.1 eq.) at room temperature proceeded,
albeit with slow migration of the silyl group, to furnish the
corresponding silyl ethers. Yields were modest (ca. 30-40%).
However, upon use of either NaHMDS or KHMDS at 0 °C
dramatic increases in both the rate and yield occurred. Simi-
larly, [1,6]-migrations occurred, but subsequent crossover ex-
periments demonstrated that while the [1,5]-Brook
rearrangement proceeds completely via intramolecular silyl
group transfer, presumably involving a cyclic ate complex,
significant (ca. 30%) intermolecular transfer occurs in the
[1,6]-rearrangement manifold.”
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[1,5]-Silyl Migration

OH TMS OTMS H
Bu)\Qz)\n a) KHMDS, By “ R
72 THF 74
MS b) H,0 OTBS H

H R
2 o H o R
75 (95%) 5

No Crossover Product

[1,6]-Silyl Migration

OH TMS
7 R a)NaHMDS, OTMS TBS
76 THF
—_—»
OH TBS H R
b) H,O 78
H R (24%)
773 Crossover Product

Scheme 9 Crossover experiments to demonstrate the maximum
distance of the intramolecular Brook rearrangement.

o-TMS-methyl-acrolein and epoxy-methylene-acetonitrile

Continuing with the development of novel linchpins, we next
introduced 80 and 81 (Table 5), and demonstrated their use in
the Type II ARC multi-component process.”® Importantly,

Table 5 Application of silyl-enal 80 and epoxy-nitrile 81 in ARC

1) n-BuLi, TMEDA,
OH ) ™S

TMSCI CI)
H( 2) 0.5 M HyS0, H‘)
B
3) MnO,, Et,0
79 80
(36%, 3 steps)

1) t-BuLi, -78 °C
™S THF, allyl bromide ™S
k 2) m-CPBA o
CN > CN
81
(64%, 2:1 dr,
2 steps)

a) 80, THF b) Electrophile,
or THF, HMPA
81, Et,0 ¢) Acidic Work-up

Nucleophile Product

Entry Nucleophile Linchpin Electrophile Product (yield %)

1 o~ 80 B OH

PhCHO OH

3 | 80
H%\/K

both linchpins were readily available. Construction of 80
began with the commercially available allylic alcohol (79).
Bis-silyation with n-BuLi, followed by selective hydrolysis of
the silyl ether and allylic oxidation (MnO,) furnished 80 in a
36% yield for the three steps. Linchpin 81 entailed union of
the anion derived from TMS-acetonitrile with allyl bromide,
followed by m-CPBA epoxidation to furnish 81 in good yield,
albeit with modest diastereoselectivity (64%; 2 : 1 dr).”
Both linchpins participated effectively in the Type II
multi-component ARC process. Of particular significance

Table 6 Application of ortho-TMS-benzaldehyde in ARC

OFEt 1) a) n-BuLi, Et,O (o]

b) TMSCI |
OEt 2) TFA, CHCl,
—_——
Br T™MS

86
(68%, 2 steps)

. a) 86, THF ¢) Electrophile,
Nucleophile Product
b) Cul, HMF(’A:T)HF d) TBAF, THF
1:1
Entry Nucleophile Electrophile Product (yield %)
1 \/\/Li ol /Y OH
Bu
87
(64%)
2 NP Bu;SnCl OH
L
SnBu,
88
(65%)
N OH

4 PhLi PhSSPh OH
Ph
SPh
90
(69%)
5 A0 g \F OH
=
X
91
(68%)
6 P A B N\F oM
X
X
92
(66%)
7 o~ BrF oH
Bu
=
93

(56%)

“ Vinyl bromide, 3 mol% Pd(PPhs),, THF.
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was the use of cuprates and lithium alkyne anions to initiate
the reaction sequence.

Ortho-TMS-benzaldehyde

Inspired by the Moser aryl linchpin, albeit recognizing both
the limitations on availability and the requirement for
chromium intermediates, we sought to develop a more
user-friendly linchpin (Table 6). Ultimately, we devised
0-TMS-benzaldehyde (86), readily prepared from the commer-
cially available diethyl acetal of 2-bromobenzaldehyde.>® The
two-step synthesis entailed halogen—-metal exchange with
n-butyl lithium, silylation with TMSCI, and in the same step
hydrolysis of the acetal to furnish 86 in 68% yield.

With linchpin 86 available on the gram-scale, we turned to
the Type II multi-component ARC protocol. Recognizing that
the lack of an anion stabilizing group (c¢f. the tricarbonyl
chromium moiety in the Moser linchpin) might limit silyl
group migration, we called upon the Takeda precedent that
employed Cul in HMPA to promote the [1.4]-silyl group
migration and stabilize the resultant anion after deprotonation
of o-trimethylsilyl phenol.?! With this scenario in mind, treat-
ment of linchpin 86 in THF at —78 °C with a nucleophile
(Table 6), followed in turn by cannula-addition of a solution
of Cul (1.2 eq.) in a mixture of THF and HMPA (1 : 1),
introduction of a series of electrophiles, including allyl halides,
tri-n-butylstanyl chloride or diphenyl disulfide in THF, and
work-up involving removal of the TMS group with TBAF,
furnished multi-component adducts 87-93 in good to
excellent yield. Of particular significance, a multi-component
palladium-mediated cross coupling reaction sequence was
achieved employing n-BuLi, linchpin 86 and vinyl bromide,
in the presence of 3 mol% Pd(PPhs), (Table 6; Entry 7).>* To
our knowledge this comprises the first example of a
Pd-mediated Type II multi-component ARC process. Studies
to extend this intriguing observation are underway in our
laboratory.

2-Trimethyl-3-bromothiophene

Concurrent with our development of the o-TMS-benzaldehyde
linchpin, Xian and co-workers introduced an innovative series
of thiophene linchpins (94-96; Table 7), readily prepared by
silylation of 3-bromothiophine with LHMDS and the requi-
site trialkylchlorosilane, for the construction of diverse
2,3-disubstituted thiophenes of interest to the pharmaceutical
industry.?* Their protocol entailed halogen—metal exchange of
94-96 with 7-BuLi, followed by addition of a series of alkyl
and aryl aldehydes in THF, employing DMPU to trigger the
[1,4]-Brook rearrangement. Subsequent addition of a range of
second electrophiles, including alkyl aldehydes, ketones and
methyl iodide, led in good yield to adducts 97-102. In this case
the anion stabilizing group, a prerequisite for the success of the
ARC process, comprises the thiophene ring, well-known to
stabilize an anion at the 2-position. Xian and co-workers note
that related heteroaromatic linchpins also hold considerable
promise for diversity-oriented synthesis of focused libraries of
biomedical relevance.

Table 7 Application of 2-bromo-3-silyl-thiophene in ARC

s a)LHMDS S

Q b) RCI Q/R
Br Br
94, R=TMS, (96%)
95, R=TES, (95%)
96, R=TBS, (95%)
a) t-Buli, c) Electrophile,
. THF/DMPU THF/DMPU
Thiophene Product
b) RCHO d} TBAF, THF
Entry  Thiophene RCHO Electrophile  Product (yield %)
1 94 i-PrCHO  PhCHO s i-Pr
\_/ Ton
OH
Ph 97
(74%)
2 94 i-PrCHO  i-PrCHO s i-Pr
\ /o
OH
i-Pr 98
(60%)
3 95 i-PrCHO  Mel s i-Pr
\_// ‘Tow
CH399
(65%)
4 95 EtCHO i-PrCHO s i-Pr
WA
OH
i-Pr 100
(57%)
S 96 i-PrCHO  (Ph),CO s P
\ /[ o
Ph- OH
Ph 101
(80%)
6 96 PhCHO EtCHO s Ph
\ / OH
OH
Et 102

(50%)

Iterative use of bifunctional linchpins in the ARC
Type II tactic

To demonstrate further the power of the ARC tactic, we next
explored the iterative use of several linchpins (Scheme 10). Two
examples are presented. The first entails use of linchpins (—)-66
and 80. Metalation of dithiane 103 with Schlosser base®*
followed by cannula introduction of linchpin 66 and then
linchpin 80, and termination of the ARC sequence with allyl
bromide, provided 104 in 46% yield. In a similar fashion,
deprotonation of (+)-105, followed by sequential treatment
with (+)-66 and 80 and termination with allyl bromide furn-
ished four-component adduct 106 in 44% yield. Although the
overall yields for these “one-flask™ reaction sequences is only
modest (ca. 46 and 44%, respectively), the four-component
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1) (a) n-BuLi, KOt-Bu, THF
b) (-)-66, THF
&s %c))t(;c)o THF &Ss OTBSSSA
b

%

103
(104: 46%, ~71 %yield/bond formed)

<\ 1} (@) n-BuLi, KOt-Bu, THF

(b) (+)-66, THF
o S {c) 80, THF
{d) B~ THF

4. 44

o ¥

OMe oTMS
(106: R=TBS, 44%, ~70% yield/bond formed}

Scheme 10 Type II ARC four-component couplings.

process results in creation of three new C—C bonds with an
average yield per bond of ca. 70%, thus highlighting the ability
of the ARC tactic to rapidly construct highly functionalized,
advanced intermediates in a single operation.

Type II anion relay chemistry in natural product and
diversity-oriented synthesis

Given the efficiency of the ARC Type II multi-component
process employing linchpins (—)-66, 80, 81, and 86 in con-
junction with the iterative use of these linchpins, we are
confident that this protocol will find extensive use in the
diversity-oriented synthesis (DOS) of a wide variety of
“natural product-like” chemical entities (vide infra).>

We have recently validated the power of the Type II multi-
component ARC tactic both in complex molecule synthesis
and in diversity oriented synthesis. Two synthetic and one
DOS example from our laboratory will be presented.

A gorgonian sesquiterpene

To illustrate the Type II ARC tactic in complex molecule synthesis,
we first took on a modest challenge, the construction of a
gorgonian sesquiterpene (—)-111 (Scheme 11), that possesses

1) a) n-BuLi¥KOt+-Bu, THF
b) THF O| ™S

80 OH
= X —_— ~d X
/w/\ c) THF Z
107 Br N 109
108 (38% over 2 steps)
2) 0.5M H,S0,
OH
3) Dess-Martin Periodinane, H
NaHCOj3, CH,Cl, A X

-

4) (R)-CBS-reagent, BHs, THF (-}110
(73% over 2 steps)

QAc

/\I/\/-\”/\/Y

5) AcCl, Pyridine,
CH,Cl, (92%)

—_——
Gorgonian Sesquiterpene (-)-111
(5 steps, 23% overall yield)
Scheme 11 Total synthesis of a gorgonian sesquiterpene.

moderate cytotoxicity against a variety of human cancer cell lines
[IC50 values (mg/mL): 5.0 for A-549 (human lung carcinoma), 5.0
for HT-29 (human colon carcinoma), and 5.0 for MEL-28
(human melanoma)].>> At the time the absolute configuration of
(—)-111 had not been defined. Particularly attractive was the
possibility of assembling the complete carbon skeleton of the
sesquiterpene in a single Type II multi-component ARC reaction.*
We began with commercially available 3-methyl-1,4-pentadiene
(107). Metalation exploiting the Schlosser base,*® followed by
iterative addition of linchpin 80 and prenyl bromide (108) and in
turn in situ hydrolysis of the resultant TMS-silyl ether with 0.5 M
sulfuric acid provided the desired tri-component ARC adduct 109
in 38% overall yield. Although the yield was only modest, we had
in fact achieved our goal of constructing the complete gorgonian
backbone in a single reaction! Oxidation of the resultant racemic
alcohol, followed by enantioselective reduction exploiting the
Corey (R)-CBS reagent®’ and acylation furnished (—)-111, iden-
tical in all respects, including chiroptic properties. The absolute
configuration of the intermediate alcohol arising from the Corey
reduction, assigned initially on the basis of precedent, was con-
firmed by application of the modified Moser ester method. The
overall synthesis, encompassing a longest linear sequence of five
steps, with an overall yield of 23%, confirmed both the structural
assignment and established the absolute configuration.

Spirastrellolide A

Having achieved success with the Type II multi-component ARC
tactic with a modest synthetic target, we turned to an architectu-
rally complex, highly potent (c¢f. IC50 of 1 nM) target, the

—

Spirastrellolide A, (+)-112

a) n-BuLifKOtBu, THF

(+)-113, R=TBS (77%) OMe

(1(1519})5, O, OBPS
16% yield) o O
R — mel B X C OMe
(-}114

Scheme 12 Synthesis of the BC-spiroketal of spirastrellolide A.
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spirastrellolides A and B, potent, selective inhibitors of protein
phosphatase PP2A (Scheme 12).% Not surprisingly, given the
intricate structure and exquisite biological properties, the spira-
strellolides have attracted considerable attention from the syn-
thetic community.*> We will focus here on the use of a Type II
multi component ARC tactic to assemble the BC-spiroketal
subunit.*’

To this end, deprotonation of dithiane (+)-105 with the
Schlosser base, followed in turn by addition of linchpin (—)-66
and benzyl glycidol ether (—)-35 furnished the tri-component
adduct 113 in 77% yield. Importantly, from the perspective of the
now complete southern hemisphere of spirastrellolide A (112),
similar yields were obtained when this reaction was carried out at
the 5 gram-scale, thus demonstrating that the ARC Type II
method is amenable to significant material advancement.*’

Diversity-oriented synthesis (DOS) exploiting Type II anion
relay chemistry

The introduction of diversity-oriented synthesis (DOS) during
the past decade has provided the biological and biomedical
communities with access to libraries of structurally diverse
compounds for high-throughput screening (HTS) campaigns
to define both lead structures for the development of biologi-
cally useful probe molecules and candidates for drug develop-
ment.> However, many of the libraries employed today, both
in academia and the pharmaceutical industry, do not incorpo-
rate compounds with the rich, three dimensional shape char-
acteristics of most natural products, in spite of the fact that
greater than 70% of the currently marketed drugs have their
origins in natural products.*! It is here that we believe multi-
component anion relay chemistry may hold the greatest
potential, especially employing the iterative manifold. The
ability to construct readily highly functionalized three dimen-
sional carbon scaffolds in an efficient manner, exploiting the
Type I and I ARC protocols, presents the chemist with great
potential to enhance both the large high-throughput screening
and smaller focused libraries. That is, by the rational design of
the individual nucleophiles, linchpins and electrophiles
(Scheme 13), hosting a wider variety of reactive functional
groups, such as well positioned carboxylic acids, hydroxyl or
amino groups, and/or olefins, capable of activation and
further elaboration (i.e., macrolactonization, macrolactamiza-
tion, RCM, etc.) should permit access to a diverse supply of
architecturally interesting “‘natural product-like” compounds.

One such program leading to a “proof of concept” reaction
sequence to develop a focused library of natural product-like
compounds, was recently completed in our laboratory employ-
ing the Type II multi-component ARC tactic (Scheme 14). The
reaction sequence took advantage of the iterative use of two
linchpins (—)-66 and 86. Deprotonation of methyl dithiane
(103), followed by sequential addition of linchpins (—)-66, 86
and allyl bromide furnished the four-component products
(—)-122a and (—)-122P in a combined yield of 59% for the
two steps (1.25 : 1) after removal of the trimethylsilyl group
with K,COs; in methanol. Esterification of 122a with
4-pentenoic acid, followed by ring closing metathesis (RCM),
employing the recently introduced Grubbs catalyst*’ then
provided the ten-membered lactone (—)-123 in 73% for the

R ? U/\ean/\R.

R 116
R'=Vinyl, OR,=——TMS
R T™S
T 5 R
117
115 R"=Vinyl, OR, CO,R,=——TMS
R=H, OMs, OR, Alkyl
ARC
R OTMS
R R
n
R
R n
118
R OH / \ R OH
OOV oD
R | R OH R N
& 119 R N R 121
. i o Enyne
Ring-Closing R . Metathesis
Metathesis (R'= ——TMs
(R,R"=Vinyl) R 120 o R"=Vinyl)

Macrolactonization
(R'=0OR, R"=CO;R)

Scheme 13 Proposed implementation of Type II ARC in diversity-
oriented synthesis.

1) a) +-Buli, KOt-Bu @
b) (-)-66, THF 3) )J\/\/
c) 86, Cul HO

DCC, DMAP, CH,Cl,
4) Grubb's catalyst,

CH,Cl, 55 °C
—_—
(73% over 2 steps)

d
& )BrM
3°s  2)K;COj3 MeOH
B e ot

)/ (59% over 2 steps)

((-)-1220(+)-1228;

1.25:1 dr)
<S\ OTBéS\s
5) NCS, AgNO4
6) 2% HCI, EtOH
e

(52% over 2 steps)

6 steps from 103
Overall yield: 13%

Scheme 14 ““Proof of concept” library of “natural product-like”
compounds utilizing Type II ARC.

two steps. Final removal of the dithiane with NIS/AgNO; and
the TBS group with 2% aq. HCI furnished 124, a “natural
product-like” macrolide available in six steps and 13% overall
yield. The epimeric macrolide was also available in 12% overall
yield via a similar end-game sequence. Currently we are redu-
cing this “proof of concept” reactive sequence to practise to
create a focused library of new ““natural product-like” chemical
entities (five points of diversity) for the NIH Roadmap
Program.43

Conclusions

Significant advances have been made over the past decade with
the Type I and II multi-component ARC tactics. Specifically,
the ability to harness the Brook rearrangement has proven
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critical to the new anion relay coupling reactions. A sampling
of the current state of the ARC protocol has been highlighted
in this review. However, even with these advances there
remains a great need to design, interrogate and exploit new
bifunctional linchpins for the developing of effective protocols
for multi-component anion relay chemistry. In today’s society,
with great emphasis placed on environmentally responsible
chemistry, the ability to unite multiple, structurally complex
starting materials in a highly efficient, iterative and stereo-
controlled manner employing only a single purification step
holds great potential as we move closer to goal of “green”
chemistry.
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