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Abstract

Boronic esters react with 2-lithiated indoles to form boronate intermediates. The boronate reacts
with allylic acetates in the presence of (BINAP)Pd catalysts to allylate C3 concurrent with alkyl
migration from B to C2 of the indole. Overall, the process is a three-component coupling that joins
an allylic acetate, and indole and an organo-B(pin) species to provide substituted indoles and
indolines with high enantio-, regio-, and dia-stereo-selectivity.

Graphical Abstract

Multicomponent coupling reactions facilitate the synthesis of complex molecules through
the formation of multiple bonds in a single operation. Enantioselective variants are even
more valuable, especially when multiple stereocenters are generated.12 Within the field of
multicomponent couplings, boron reagents have proven particularly useful, possibly because
the open coordination site on boron can favor pre-assembly of reactants. Examples include
1) enantioselective addition of vinyl boronic esters to imines formed in situ (Petasis-type
reaction),3 2) di-allylation with diboranes to effect conjunctive coupling of multiple
aldehydes, and 3) iterative homologation using optically active boronic esters.56

We have been interested in developing asymmetric multicomponent coupling reactions to
form nitrogen heterocycles. We’ and Aggarwal’s group® independently reported a three-
component dearomative addition to pyridines involving 1,2-metallate rearrangements.® We
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hypothesized that this reactivity pattern could be extended to provide chiral non-racemic
indoles and indolines by building on pioneering studies from Ishikura and coworkers.10
They coupled lithiated indoles (1) with trialkylboranes (2) and allylic acetates (3) in the
presence of a palladium catalyst (Scheme 1a).11 We reasoned that outer sphere addition of
an indole boronate (6) to a Pd'!(r-allyl) complex could activate the indole for 1,2-metallate
rearrangement to yield the boronic ester 7. Oxidation could provide the indole 8 while
replacement of the boronic ester could yield the indoline 9. The process could be rendered
stereo selective with appropriate ligands on palladium to differentiate the faces of the indole
nucleophile and the termini of the r-allyl electrophile.12

Enantioselective 1,2-boronate rearrangements are rare. (Py-Box)Yb(OTf)3 catalyzes an
asymmetric Matteson homologation with (Pin)BCHCI,.13 Of more relevance to work
described here, Morken and co-workers recently described an enantioselective coupling of
vinyl boronic esters, alkyl/aryl lithium reagents and aryl triflates.1# In this coupling, an
ArPd(I) intermediate coordinates to the olefin moiety of a vinyl boronate species and
thereby promotes facially selective 1,2-migration (Scheme 1c).

The asymmetric three-component coupling involving indoles would provide valuable
heterocyclic products and could generate up to three new, contiguous stereocenters, 1516
Indoles and indolines are prized substructures in drug discovery and natural products
research.1” A Reaxys search revealed over 6500 naturally occurring indoles, and 143
indoline natural products. Likewise, a DrugBank search revealed 270 indoles in preclinical
development and 69 approved drugs.1® Prior work has documented enantioselective
functionalization of indoles through allylation and 1,4-conjugate addition;16:17 likewise,
chiral non-racemic indolines have been synthesized via asymmetric reduction!® and kinetic
resolutions.2? Most existing methods introduce substituents only at C2 or C3, or they require
substrates that are pre-functionalized at one or both of those positions. Herein, we report
what is, to the best of our knowledge, the first enantioselective three component coupling
that gives rise to indoles and indolines featuring concurrent C-C bond formation at both C2
and C3. This enantioselective version of Ishikura’s reaction extends the reactivity profile
substantially. It provides access to both indoles and indolines in optically active form. We
expand the coupling from trialkyl boranes to boronic esters, which allows for the
introduction of aryl and vinyl groups. Moreover, the use of boronic esters facilitates isolation
and protodeborylation of the intermediate tertiary boronic ester (7), and it allows us to
access boronate 6 from either lithiated indoles or from indole boronic esters. Finally, in
contrast to prior asymmetric 1,2-boronate rearrangements, the present work constructs up to
three contiguous stereocenters.

We initially focused on the formation of optically active tertiary boronates 7 (Scheme 2a).
Under optimized conditions, A-methyl indole was lithiated at C2 and combined with
PhB(pin) (4a). The resulting boronate was exposed to catalytic ((S)-BINAP)PdCI, and
diphenyl propenyl acetate (6a).21 Boronic ester 7a was isolated in 85% yield and 4:1 dr, with
the major diastereomer displaying 98:2 er. The minor diastereomer was epimeric at both C2
and C3 of the indoline.22 The other two possible diastereomers were not observed. The
mixture of diastereomers was oxidized to indole 8a, which was isolated in 96:4 er,
demonstrating that both diastereomers had the same configuration at the allylic stereocenter
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(see below). For cyclic allylic acetates, ((S)-Hg-BINAP)PdCI, proved optimal, and boronic
ester 7b was isolated with high dr and er (94:6, 95:5, respectively). Again, oxidation of the
mixture of diastereomers proceeded without erosion of optical purity. Alternative catalysts,
solvents and allylic electrophiles were less effective.22

To evaluate the scope of the reaction, we directly oxidized the crude boronic ester to the
allylated indole 8 (Scheme 2b). A series of aryl boronic esters coupled successfully,
highlighting the compatibility with a nitrile (8c), ester (8d), methoxy (8e) and halide (8f).
Both electron rich and electron deficient aryl boronic esters coupled with around 95:5 er.
Likewise, both alkyl (8g-8j) and vinyl boronic esters (8q) participated successfully. Other
diaryl (8k—8m) and dialkyl (8n, 80) allylic acetates provided similar enantioselectivities.
Several cyclic allylic acetates were also evaluated. Five, six and seven membered rings were
introduced in the coupling, with the highest enantioselectivity being observed with the
cyclohexenyl acetate (8b, 8u) and 2-methyl cyclopentenyl acetate (8s). Using optically
active boronic esters, we accessed all four diastereomers 8v—8y with high enantio- and
diastereoselectivity by independently altering the chirality of the reagent and catalyst
(Scheme 2¢).23 In these cases, oxidation of the tertiary boronic ester with H,0, proceeded
slowly, perhaps due to steric hindrance. However, the corresponding BF3 salt smoothly
oxidized under aerobic conditions. Finally, we were able to introduce substitution on the
indole ring and demonstrate reversed polarity as shown in Scheme 2d. Specifically,
substituted indole boronic esters? were complexed with phenyl lithium to form the
analogous boronate as obtained previously. Reaction with allylic acetates yielded the
allylated indoles 8a, 8z—8bb with uniformly high enantioselectivities.

To synthesize optically active indolines, the boronic esters were deborylated using
BusNF-3H,0 (Scheme 3).2° X-ray crystallography confirmed that the deborylation occurred
stereospecifically with retention of stereochemistry to yield the indolines 9a-9g with three
contiguous stereocenters in high optical purity. Diastereoselectivities were generally >10:1
with cyclic allylic acetates and around 4:1 with acyclic allylic acetates. The
diasteroeselectivity in this reaction is established in the addition to the Pd(r-allyl) species
rather than in the protodeborylation step,26 and we only observe two of the four possible
diastereomers. TH nuclear Overhauser effect experiments revealed that the minor
diastereomer retains the trans relationship between the C2 and C3 substituents on the
indoline ring. It arises from addition to the opposite face of the indole compared to the major
diastereomer. Indolines with variously substituted aryl rings could be prepared with this
method. However, alkyl-substituted boronic esters yielded the indole or recovered starting
materials under these conditions.

Several observations provide support for the mechanism outlined in Scheme 1b above. First,
reaction with the cis-disubstituted allylic acetate 6k provided the cis-substituted product 8cc,
consistent with an outer sphere attack on a Pd(m-allyl) species (eq 1).27 Second, the relative
stereochemistry of the boronates 7 and indolines 9 are consistent with a trans addition across
the indole. We cannot distinguish between a concerted allylation/boronate rearrangement
and a stepwise process, but the absence of any cis-substituted products suggests a concerted
addition. Finally, diastereoselectivity in the reaction reflects the catalyst’s ability to
distinguish the faces of the indole. In an extension of this concept, we found that
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unsubstituted allyl acetate provided indoline 9j with >20:1 diastereoselectivity and a
promising 72% ee. This is an unusual case of an asymmetric allylation in which chirality is
introduced only on the nucleophile.

1. t-BuLi, 0 °C - rt;
m PhB(pin), -78 °C - rt;
N 5 mol% ((S)-BINAP)PdCI,
Me MeOOC OAc
Bcc: 83% vyield
(x)-6k >20:1 dr

2. H,0,/NaOH Ry

0]

(

1. t-BuLi, 0 9C - rt; i

m PhB(pin), -78 °C - rt;
N 5 mol% ((S)-BINAP)PACI, N

Me e Me
AcO” 9j: 75% yield

2. Bu/NF-3H,0/THF, 55 °C  >20:1 dr, 86:14 er

@

1,2-Boronate rearrangements have been known since early reports on the oxidation of alkyl
boranes with peroxides,2 and they have been useful for C-C bond formation since Zweifel
and Matteson described the olefination and homologations that bear their names.2° More
recent studies have extended this reactivity to asymmetric synthesis.>8:15 Here, we describe
an enantioselective 1,2-boronate rearrangement in the context of a three component coupling
to provide indoles and indolines. Future research may extend the modes of indole activation
beyond r-allyl chemistry, harness the tertiary boronic ester for C-C bond formation, and
extend the reactivity beyond the indole nucleus.
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Refer to Web version on PubMed Central for supplementary material.
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a. Ishikura's indole allylation.10
Pd(PPhs)Cl, / R?

Alk)~B (2
m“ ( )3()_
N

c. Asymmetric coupling of aryl triflates with vinyl boronates (Morken'9)

ArOTf
¥ Pd(OAc), (cat.) p. @ Ar B(OR)
+ by p 2
MandyPhos (cat) | +(_ “pd~ ,~ :
> 3 —
7 B(OR): " TpF 60 oC " R R
+ /N Ar
e RO OR
Scheme 1.

C-C Bond Formation via 1,2-Boronate Migration
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a. Reaction discovery.ab

y Ph t-BuLi, 0 °C - rt; t-BuLi, 0 °C - rt;
Ph,, Ph. /—=Ph ppB(pin), -78 oC - 1t; PhB(pin), -78 °C - rt;
H20; H, ((S)-BINAP)PdCI, ((S)-Hg-BINAP)PCI, H H,0,
N\ _p NaOH \B(pin) (5 mol%) A (5 mol%o)A .B(pin) NaOH O N ph
0°C -1t OAc c 0°C -1t

N N N ‘Ph N

N N e b Me @ Me Me
8a: 93% yield 7a: 85% yield, 82:18dr N Ph % 7b: 82% yield, 94:6 dr 8b: 88% yield

96:4 er 98:2 er (major) 6a

95:5 er (major) 93:7 er
b. One pot allylation and oxidation.b.¢

Ph Aryl Boronic Ester ph Alkyl Boronic Ester Diaryl Propenyl Acetates

R Yield (%) er R Yield (%) er R? R2 Yield (%) er

H (8a) ,82 973 Et (8g) 86 946 Br(8k) H 81 964

8a [gram scale]? 78 964 Bn (8h) 92 964 Br(8l) OCH; 79 96:4
N R 4-CN (8c) 76 946 N F‘CN(BI) 79 96:4 CHj; (8m) H 75 955
Ve 3-COMe (8d) 77 91:9 Me COBn (8)) 75 946

4-OMe (8e) 85 96:3

4-F (8f) 79 96:4

Cyclic Allyl Acetates

n R Yield (%) er .

R Dialkyl Propenyl Acetates

R Yield (%
ield (%) er 8 84% yield (8r) H 75 8515 Ph
A -(CHp)Ph (8n) 92  98:2 94:6 er (8s) Me 70 >99:1 N\
Ph  n-Bu'(80) 90 955 (8b) H 84 92:8 3 8u: 89% yield
N Ph (8) H 72 81:19 N 93:7 er
Me
c. Catalyst control + reagent control.a
. S boronate S boronate R boronate R boronate
1. t-BuLi, 0°C -rt; S catalyst R catalyst S catalyst R catalyst

(B~ g U

Ph
\, _ -78°C -t
N 6b, O \ Ph

Me  ((S)-Hg-BINAP)PACI, N N N =
(5 mol%) Me Ph Me Ph Me Ph
2. KHF; 8v: 72% yield 8w: 70% yield 8x: 65% yield 8y: 70% yield
CH30H, 80 °C 16:1 dr, >99:1 er 5:1dr, >99:1 er 4:1dr, >99:1 er 13:1 dr, >99:1 er 8v

1. PhLi, -78 °C - rt;

% mB(Pin) ((S)-BINAP)PACI, (5 mol%) O
F 6a, THF N

N
Me 2. H,0,/NaOH

e
8aa: 78% yield, 96:4 er 8bb: 74% yield, 98:2 er

8a: 76% yield, 96:4 dr 8z: 70% yield, 97:3 er

Scheme 2. Enantioselective Three Component Coupling to Synthesize Substituted Indoles
4 solated yields on a 0.2 mmol scale unless otherwise noted. Er determined by HPLC. Dr

determined by H NMR. 2£BuLi (1.1 equiv), A-methyl indole (1 equiv), RB(Pin) (1 equiv),
6 (1.2 equiv with acyclic, 2.0 equiv with cyclic substrates) in THF. “Crude boronic ester 7
was oxidized with H,0,/NaOH. Yield over 2 steps. #1.0 g N-methylindole. €Indole (1.0
equiv), PhLi (1.1 equiv), 6a (1.2 equiv) in THF.
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t-BuLi; RN SRR
RB(pin); L !
L*PdCl,
(5 mol%)
—_—

Me
9a: 76% vyield 9b: 70% yield 9c: 73% yield
4:1dr, 98:2 er 5:1dr, 99:1 ee 4.6:1dr, 98:2 er

H R Yield (%) dr  er
H (9d) 80 1611 955
O R CHy(9e) 79 1411 946

N

OMe (9f) 84 1411 955
F (99) 81 15:1 946

H | Me H
L~ Lo
N N
Me

Me
9h: 77% yield 9i: 73% yield
17:1 dr, 92:8 er 10:1 dr, 87:13 dr

Scheme 3. Protodeborylation to form Trans-substituted Indolines®

an-Methyl indole (1.0 equiv), #BuLi (1.1 equiv), RB(pin) (1.0 equiv), allyl acetate (1.2
equiv with acyclic, 2.0 equiv with cyclic substrates) in THF. L* = (5)-BINAP for
diphenylpropenyl acetate, (S)-Hg-BINAP for cyclic substrates. Isolated yields. Dr
determined by 1H NMR. Er determined by HPLC.
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