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Abstract: Arenes with [B-stereogenic centers are important
substructures in pharmaceuticals and natural products. Their
synthesis traditionally involves two separate and individually
challenging steps: enantioselective synthesis of a chiral main-group
organometallic complex and subsequent cross-coupling with an aryl
electrophile. We describe the development of asymmetric anti-
Markovnikov hydroarylation of 1,1-disubstituted olefins by dual
palladium and copper hydride catalysis as a convenient and
significantly more general alternative. This reaction is an efficient
one-step process that addresses several limitations of the stepwise
approaches. The use of cesium benzoate as a base and a com
phosphine ligand for both the Cu- and Pd-catalyzed proce
were important discoveries that allowed these challenging olefin

stereogenic centers. Finally, the effect of the leg
substitution on reaction yield and enantioselecti
investigated.

Introduction

Arenes with B-stereogenic cente,
biologically active drugs and natur.
straightforward and convergent strateg
involves the cross-coupling of
organometallics with aryl halideg® These B-chiral
are typically made in one of t . First, an alkyl
be metallated by a sfongl etal or by lithium-
tallation (e.g., to

second approach is the as

disubstituted olefins, WhICh relatively available starting

materials  (Fi 34 ver, the stereoselective
functionalization lefins has been a major
challenges, and o ctive methods for the
hydroboration of 1,1- bstituted olefins have been reported.*

s accomplished the only highly
ydroboration of 1,1-disubstituted
he further transformation of an
isolated B-chl product by Suzuki-Miyaura
coupling with bromobenzene.™ Thus, there have been no
general methods reported for the anti-Markovnikov asymmetric

ngtably, Yun

1,1-disubsituted olefins with subsequent
ulting organometallic intermediate.

a single-step, dual-catalytic approach
ydrometallation and cross-coupling
into one process mig ide expanded access to arenes with
B-stereogenic centers. Such a process would improve on Yun’s
jmportant rt in several ways (Figure 1C).° Besides
erationaﬁ:iency, one clear potential advantage is that, by
nsmetal g directly from the metal involved in
ometallation (Cu) to the catalyst involved in cross-coupling
the need to prepare, isolate and purify an organoboron
ediate can be avoided. Further, since transmetallation
hed alkyl pinacol boronates is often slow®®” or
reaction conditions including the use of a strong
ing the intermediacy of an aryl boronate ester
might also provide a method with improved functional-group
compatibility.
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Figure 1. A) Representative bioactive molecules or natural product-
containing B-stereogenic arene motifs. B) Traditional stepwise strategy to
access f-stereogenic arenes. C) Our one-step transformation process to
access B-stereogenic arenes.

Recently, hydroarylation processes that involve the reaction
of olefins with metal hydride catalysts have attracted attention
from the synthetic chemistry community due to the mild
reaction conditions, high functional group tolerance, and broad
substrate scope.® In 2014, we reported an enantioselective
anti-Markovnikov hydroamination of 1,1-disubstituted alkenes
catalyzed by CuH, which enabled the preparation of B-chiral
amines.'® In this process, the stereocenter was set through an
asymmetric hydrocupration of the alkene, a process which
generated a chiral alkylcopper intermediate. We considered
whether the same type of intermediate could also participate in
Pd-catalyzed cross-coupling. If successful, the net reaction
would be CuH/Pd-dual catalyzed asymmetric hydroarylation of
1,1-disubstituted alkenes, a transformation which has yet to be
realized in a single-step fashion.

The proposed dual catalytic cycle is depicted in Figure 2. A
CuH catalyst | is the starting point for the mechanism and could
be generated in situ from an appropriate Cu salt, chiral ligand,
and silane. The enantioselective hydrocupration of 1,1-
disubstituted alkene Il would be expected to proceed through
the transition state Il with anti-Markovnikov regioselectivity,
forming a Cu(l) alkyl intermediate IV with the desired -
stereogenic center.*>'® At the same time, in the Pd catalytic
cycle, the oxidative addition of ligated Pd(0) complex V to an
aryl bromide would form the arylpalladium species VII. Th
transmetallation of the Cu(l) alkyl intermediate IV with t
palladium species VII would generate the p-chiral palladj
alkyl complex VIII and L*CuBr (X). Reductive elimination from
VIIIl would furnish enantioenriched B-chiral arene IXgwhile

cycle. Meanwhile, in the presence of base and
reactive CuH catalyst | could be regenerated from X
substitution/o-bond metathesis sequence." In
successful cross-coupling reaction, the rates of t
processes would need to be carefully m
particularly important in order to prevent undesire
such as the direct reduction of the aryl bromide (
depicted by the red arrow in Figure 2."

Compared to our previous work on CuH/Pd dual catalygis,
the challenges of rate-matching and; preventing undesi
reduction were expected to be partj rly prominent in
current context. Although we hay,
catalyst process for the enantioselecti
styrenes or terminal terminal alkenes
hydrocupration of 1,1-disubstituged alkenes is m
comparison'. Thus, we ex that, under
developed conditions, the re

, we report the discovery of
ifferent silane, ligand for Pd,
e these obstacles and
ikov enantioselective
enes (Figure 1C), thus
es with B-stereogenic

base, Pd so
accomplish
hydroarylation of
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igation by examining of the hydroarylation
ethyl-2-methylenebutoxy)silane as a
alkene. As expected, following
res optimized for terminal alkenes,
the desired coupling p t was produced in low yield (Table 1,
entry 1, 13% yield, 95:5 er).®* A significant quantity of anisole
as obse? resulting from the reduction of 4-bromoanisole.
9

his was sistent with our hypothesis that the rate of

uction ht greatly exceed the rate of hydrocupration or
smetallation under previous conditions.Replacement of
2SiH with the more reactive silane Me(OMe)2SiH (DMMS)
use of several other commonly employed weak bases
iOMe, KOACc) failed to improve the outcome (entries
r, employing CsOAc as the base significantly
he vyield and gave product with high
enantioselectivity (50% yield, 95:5 er). We hypothesize that this
effect might be due to the improved solubility of the salt, as well
as the low coordinating ability of the cesium cation, which might

r regeneration of LCuH might promote the formation of a
er steady-state quantity of the alkylcopper nucleophile. In
rn, this should allow for more of the productive cross-coupling
eaction to occur rather than competing reduction of the
arylpalladium(ll) species. The use of CsOBz, an even more
soluble Cs carboxylate, provided a slight further improvement in
yield (entry 6, 59%). The u-dimer shown in Table 1 was more
effective than [Pd(cinnamyl)Cl], and Pd(OAc), as the Pd source
(entries 6-8). Evaluation of a variety of phosphine ligands for
Pd indicated that using DTBM-SEGPHOS (L1) as the ligand for
both the Pd- and Cu-catalyzed transformations, gave the best
yield (entry 11, 81% yield). We found that CuOAc is a better
copper source than the Cu(ll) salt Cu(OAc), (entry 12). Finally,
the addition of PPh; was not beneficial for this transformation
(entry 13)."°
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Table 1. Optimization of the Pd/CuH-catalyzed enantioselective
hydroarylation

Me.__Me Pd source (2 mol% Pd) Me._Me
L (4 mol%), CuOAc (8 mol%
LOTBS (4 mol%) (8 mol%) , ~OH
, (R)-L1 (8.8 mol%)
1a (1.0 equiv)
+ Base (4 equiv), DMMS (2 equiv)
THF, 0.5 M, 45 °C, 16 h,

MeO Br A
(12 oquv) then TBAF, 45 °C,10 h OMe

entry base Pd source L % yield® er?
1b NaOTMS [Pd(cinnamyl)Cl], L3 13 95:5
2 NaOPh [Pd(cinnamyl)Cl], L3 2 ND
3 LiOMe [Pd(cinnamyl)Cl], L3 19 95:5
4 KOAc [Pd(cinnamyl)Cl], L3 0 ND
5 CsOAc [Pd(cinnamyl)Cl], L3 50 95:5
6 CsOBz [Pd(cinnamyl)Cl], L3 59 95:5
7 CsOBz Pd(OAc), L3 38 95:5
8 CsOBz u-dimer L3 61 95:5
9 CsOBz p-dimer L2 63 95:5
10 CsOBz p-dimer L4 63 95:5
11 CsOBz u-dimer L1 81

12¢ CsOBz u-dimer L1 71

139 CsOBz u-dimer L1 52

; (J
1) ® .
NH, i

|
SO |t
MsO
o s

u-dimer

PAr,

Ar = 3,5-(t-Bu),-4-MeOCgH, R'= OMe, R = Cy
(R)-DTBM-SEGPHOS [(R)-L1]  R'= OMe, R = t-Bu, t-B

%Yields determined by 'H NMR of the crude reaction mixtur
mesitylene as an internal standard; enantioselectivity of the purified pro

was determined by HPLC analysis on commercially available chiral stationary
hases (see Supporting Information for details); ND = not determiged;

MePh,SiH used as the silane; “Cu(OAc), used as the Cu source.’8 m
PPh; was used
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Table 2. Scope of the aryl bromides®

Me Me CuOAc (8 mol%), (R)

u-dimer (2 mol% Pd), (R)-
OTBS DMMS (2 equiv), CsOBz (4 €;
(1a) THF, 45°C, 0.5 M, 16
+

ArBr (2) then 1.5 e
1.20 equiv

Cl

o

39 70% yield, 95:5 er

Me
N~ | Y Me
)\\N “OH

@
3i 51% yield, 95:5 er 3j 76% yield, 95:5 er

“All yields represent the average of isolated yields from two runs performed
with 1.0 mmol of alkene; enantioselectivity determined by chiral SFC.

Using the optimized olefin hydroarylation conditions, we
examined the scope of this reaction. As shown in Table 2, a
broad range of aryl bromides were effective coupling partners
in this protocol. Deprotection of the coupling products was
performed for ease of purification and determination of the
enantiomeric ratio. An advanced synthetic intermediate for the
synthesis of Aliskiren, which is used for the treatment for high
blood pressure,' could be prepared using this method in good
yield and high enantioselectivity (3a, 61% yield, 95:5 er).
Compared to a previous synthesis of this advanced
intermediate based on Evans’ auxiliary (7 steps, 38% overall
yield, 99% ee), our catalytic approach is a viable alternative.
Chemoselective coupling with bromochlorobenzenes provided
products containing aryl chlorides, which could serve as a
handle for further functionalization (3b, 3c). An electron-
deficient aryl bromide proved to be effective in this
transformation, and an ester was also tolerated (3d, 67% yield,
94:6 er). A variety of heterocycles, including a pyridine (3e), a
quinoline (3f), a thiophene (39g), a carbazole (3h), a pyrimidine
(3i), and an indazole (3j), were suitable heteroaryl bromide

This article is protected by copyright. All rights reserved.
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coupling partners. For 3-bromoquinoline (2f), the low yield was
due to incomplete conversion of alkene, which was recovered
in 50% vyield. Presumably, deactivation of the catalyst(s)
through coordination of the unhindered basic nitrogen present
in the quinoline is responsible.

To study the effects of olefin substitution on stereoselectivity
and vyield, a series of alkenes were coupled with 4-
bromoanisole following the optimized procedure. A free alcohol
(4a) was tolerated, but a significantly lower yield was obtained.
An increase in the difference in steric hindrance (5a, 1a, 6a, 7a
sequentially) between the two olefin substituents correlated
with an increase in enantioselectivity and with a slight decrease
in vyield. For example, alkene 5a afforded hydroarylation
product in 70:30 er, while substrate 7a provided the coupling
product with >99:1 er. A trityl-protected 2-methylprop-2-en-1-ol
was arylated with moderate enantioselectivity (9b). Substrate
10a, a vinylsilane, produced a highly enantioenriched
hydroarylation product (10b) containing a silicon-substituted
stereogenic center. Another sterically encumbered vinylsilane
(11a) bearing a nitrile group can also be compatible with these
Table 3. Scope of 1,1-disubstituted alkenes®

10.1002/anie.202004414
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conditions. Using an acetal-containing substrate (12a), the
hydroarylation product was formed with good enantioselectivity
(12b, 47%, 94:6 er).

Finally, to explore the pos
diastereoselectivity, we examined
enantiomers of L1 in reactions of each
alkenes (Table 3). Indeed, the olefj
limonene provided the

of catalyst-controlled
se of opposite

espectively. However,

(14b, 12.3:1) but
(S)-L1 (14c, 1:1.7).
rocupration is primarily
bias can still have a

diastereoselectivity 4
poor diastereosel
Thus, while facia
dictated by the
significant effect i

CuOAc (8 mol%), (R)-L1 (8.8 mol%)
u-dimer (2 mol% Pd), (R)-L1 (4.0 mol%) Rs

Rs
AN BrOOMe
R

DMMS (2 equiv), CsO

a (1.0 equiv) 1.2 equiv THF, 45 °C,
TBSO
J\ OTBS /L\
P Q\/Q
1a R=0TBS 6a Ry =Cy
4a R=0H 7a Ry =tBu
HO with (R)-L1
x HO._ HO
A H H Me
PN A R, :
ab° 67% oD
: A
Me r

78%P" (from 1a), 95:5 er
30% (from 4a), 95:5 er

£ DN
TrO
AN thMeSi/& PhMe,Si

2

5b® 75%, 70:30 er 7bb 66Y%

9a 10a

13b 46%, 12.3:1 dr 14b 36%, 12.3:1 dr

with (S)-L1

Me Me
TrO A AT

9b 64%, 85:15 er 10b 72

A
Ph,Mesi” 2" PR

99:1er 11b 42%,

OEt
er 12b 47%, 94:6 er

Me

13¢®52%, 11:1dr

14c°38%, 1.7:1 dr

AII yields represent the avegage of isO
workup with TBAF (1.5

from two runs performed with 1.0 mmol of alkene; enantioselectivity determined by chiral SFC or chiral GC.
pporting information Procedure B) °(S)-L1 was used instead of (R)-L1 for copper and palladium.
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Conclusion 6]

In summary, we described the CuH/Pd-catalyzed asymmetric
hydroarylation of 1,1-disubstituted alkenes with anti-Markovnikov
regioselectivity under mild conditions. Notably, this method is
single-step process and uses the same ligand, DTBM-
SEGPHOS, as the ligand for both the Pd- and Cu-catalyzed
processes. This protocol provides a convenient and efficient way
to access f-chiral arenes, which are found in many drugs and
natural products. A wide range of aryl bromides, including
several heterocycle-containing substrates, can be used with
good efficiency and enantioselectivity. Various 1,1-disubstituted
alkenes have also been examined. Efforts toward expanding the
scope of Cu/Pd dual catalysis toward other classes of alkenes
are currently underway in our laboratory.
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