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Abstract

Catalytic enantioselective allylic substitution (EAS) reactions, which involve the use of alkyl- or
aryl-substituted vinylaluminum reagents and afford 1,4-dienes containing a quaternary carbon
stereogenic center at their C-3 site, are disclosed. The C—C bond forming transformations are
promoted by 0.5-2.5 mol % of sulfonate bearing chiral bidentate N-heterocyclic carbene (NHC)
complexes, furnishing the desired products efficiently (66-97% yield of isolated products) and in
high site- (>98% Sn2') and enantioselectivity [up to 99:1 enantiomer ratio (er)]. To the best of our
knowledge, the present report puts forward the first cases of allylic substitution reactions that
result in the generation of all-carbon quaternary stereogenic centers through the addition of a vinyl
unit. The aryl- and vinyl-substituted vinylaluminum reagents, which cannot be prepared in high
efficiency through direct reaction with diisobutylaluminum hydride, are accessed through a
recently introduced Ni-catalyzed reaction of the corresponding terminal alkynes with the same
inexpensive metal-hydride agent. Sequential Ni-catalyzed hydrometallations and Cu-catalyzed C-
C bond forming reactions allow for efficient and selective synthesis of a range of enantiomerically
enriched EAS products, which cannot cannot be accessed by previously disclosed strategies (due
to inefficient vinylmetal synthesis or low reactivity and/or selectivity with Si-substituted
derivatives). The utility of the protocols developed is demonstrated through a concise
enantioselective synthesis of natural product bakuchiol.

Introduction

A significant challenge in chemical synthesis concerns the development of efficient catalytic
enantioselective reactions that furnish all-carbon quaternary stereogenic centers.! One
general strategy for promoting such processes concerns additions of C-based nucleophiles to
electrophilic carbon sites. The corresponding transformations with vinylmetal reagents
represent an attractive option: the products, bearing a quaternary carbon stereogenic center
at the allylic position, can be functionalized and/or utilized in synthesis of natural products.
Nonetheless, catalytic enantioselective protocols delivering quaternary carbon stereogenic
centers by additions of a vinylmetal are scarce.2=3 There has been only one method
developed in which an alkene-based electrophile is utilized in conjunction with a
vinylboronic acid;* related catalytic enantioselective allylic substitution (EAS) reactions that
generate quaternary carbons®:6:7 and involve addition of a vinyl group® have not yet been
introduced (eq 1). Herein, we report the first examples of catalytic EAS processes with
alkyl- or aryl-substituted vinylaluminums, affording 1,4-dienes that contain a quaternary
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carbon stereogenic center at their C-3 site. Transformations are promoted by 0.5-2.5 mol %
of chiral bidentate N-heterocyclic carbene (NHC) complexes, furnishing the desired
products efficiently and in high site- (>98% Sy2') and enantioselectivity [up to 99:1
enantiomer ratio (er)]. Whereas alkyl-substituted vinylaluminums are obtained through
reaction of the corresponding alkynes with diisobutylaluminum hydride (dibal-H),82 the
aryl- or vinyl-substituted vinylmetal variants are accessed through a recently introduced Ni-
catalyzed hydroalumination.?:10 The sequential Ni- and Cu-catalyzed processes allow for
efficient and selective synthesis of a range of enantiomerically enriched EAS products,
which cannot be accessed by previously disclosed strategies (due to inefficient vinylmetal
synthesis or low reactivity and/or selectivity with Si-substituted derivatives).

Me R, Me

chiral Cu-based catalyst
G)\/\OPO(OEt)2 > G>\/

R-M

G = alkyl, aryl, carboxyl, silyl; R = alkyl:
See ref 6a-c and 7 (Cu-free: refs 6e and 6f)
G =silyl; R = aryl:

See ref 6¢

G = alkyl, aryl, carboxyl, silyl; R = vinyl:
This study

(1)

We have designed methods for enantioselective formation of tertiary C—C bonds through
additions of vinylaluminums to allylic phosphates, catalyzed by chiral bidentate NHC-Cu
complexes.®8 The requisite alkyl-substituted vinylmetals were accessed by
hydroalumination of terminal alkynes with dibal-H.88 We later addressed the problem of
inefficiency in preparing aryl-substituted vinylaluminums through hydrometallations of the
derived silyl-containing aryl alkynes;8° desilylation with a protic acid subsequent to Cu-
catalyzed alkylation delivers the desired enantiomerically enriched 1,4-diene. However, the
more sterically demanding Si-containing aryl-substituted vinylaluminums cannot be utilized
effectively in synthesis of the more congested quaternary carbon centers. An alternative
approach for efficient preparation of aryl-substituted vinylaluminums, as will be described
below, had to be introduced. From inception, we considered Cu-catalyzed EAS reactions of
aryl-substituted vinylmetals to be a key component of the our investigations; the present
studies were partly driven by the question as to whether a concise synthesis of
enantiomerically enriched bakuchiol and related natural products might be devised by the
use of the targeted class of reactions (Scheme 1).11

Results and Discussion

1. NHC-Cu-Catalyzed Enantioselective Allylic Substitution (EAS) Reactions with
Vinylaluminum Reagents Derived from Alkyl-Substituted Alkynes

We first established the feasibility of the proposed catalytic transformations. We focused our
attention on alkyl-substituted vinylaluminums, since such entities can be easily accessed
through site-selective hydroalumination with dibal-H. Initial screening pointed to Cu
complexes derived from sulfonate-containing bidentate Ag carbenes 1a-c12 (Scheme 2) as
optimal (see below for further discussion).

A considerable range of allylic phosphates undergo facile EAS reactions in the presence of
0.5-2.5 mol % 1a®2 with n-hexyl-substituted vinylaluminum 2 to furnish the desired 3,3-
disubstituted 1,4-dienes in 90:10-98:2 er and 77-97% yield (Table 1). Aryl-substituted
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allylic phosphates (entries 1-7) bearing electron donating (entry 5) and withdrawing
substituents (entries 2-4 and 7), as well as those that carry an alkyl group (entries 8-9) serve
as effective substrates. Reactions with aryl-substituted allylic phosphates are sufficiently
selective to be performed at —15 °C-22 °C and are complete in three hours. Transformations
that involve alkyl-substituted substrates (entries 8-9, Table 1) must be performed at —50 °C
for maximum enantioselectivityl# and might require longer reaction times (6-24 h vs. 10
min-3 h), unless higher catalyst loading is used (e.g., 2 mol %, —50 °C, 6 h, entry 8, Table
1). The Cu-catalyzed process can be used to access 1,4-dienes containing a carboxylic ester
or silyl-substituted quaternary carbon stereogenic center at the C3 position (entries 10-11).

As illustrated through Cu-catalyzed synthesis of 1,4-dienes 3—-6 (Scheme 3), a variety of
vinylaluminum reagents, including one that contains a sterically demanding tert-butyl
substituent (3), a halide (4) or heteroatom units (5-6),1° can be used. Such transformations
proceed with similarly high efficiency and stereoselectivity (single olefin isomer and 91:9-
96:4 er) as observed in processes that involve alkyl-substituted alkynes (Table 1).

2. NHC—Cu-Catalyzed Enantioselective Allylic Substitution (EAS) Reactions with
Vinylaluminum Reagents Derived from Vinyl or Aryl-Substituted Alkynes

i. Inefficient synthesis of vinylaluminum reagents—In contrast to NHC—Cu-
catalyzed reactions that involve alkyl-substituted vinylaluminum reagents, when the
vinylmetal is derived from hydrometallation of an enyne or an aryl alkyne (e.g., 7 and 8,
Scheme 4), although high er values are obtained, product mixtures are contaminated with
alkynyl addition products (up to 45%).18 Presumably, during hydroalumination, the
vinylmetal serves as an efficient base to deprotonate the starting alkyne, affording
alkynylaluminum and the corresponding protonated alkene. The above complication is
exacerbated by reaction of the alkynylaluminum, which appears to be somewhat more
efficient relative to addition of the vinylmetal reagent. Control experiments indicate that
whereas 25% alkyne deprotonation occurs in hydroalumination of phenylacetylene, 45%
alkynyl addition product! is generated along with 1,4-diene 8 (1.5 equiv hydroalumination
product mixture used; see Scheme 4).

ii. The first approach: Hydroalumination of silyl-substituted alkynes—Our first
attempt to bypass the inefficiency of the aforementioned hydroaluminations led us to
examine the formerly reported catalytic EAS reactions with silyl-substituted vinylaluminum;
8b the outcome of these investigations is shown in Scheme 5. In a Cu-catalyzed process with
allylic phosphate 10, applicable to enantioselective synthesis of bakuchiol (Scheme 1), use
of trisubstituted vinylaluminum 9, generated from reaction of the corresponding
trimethylsilylethynyl-4-anisole with dibal-H, gives rise to substantial amounts of i-Bu
addition product and furnishes 1,4-diene 11 with low enantioselectivity (52.5:47.5-61:39
er). Stabilization of electron density at the vinylic carbon by the silyl substituent likely
retards the rate of vinyl transfer, resulting in the formation of 17-45% of 12 in the product
mixture.

iii. The second approach: Efficient Ni-catalyzed hydroalumination of vinyl- or
aryl-substituted terminal alkynes—In the course of searching for an effective solution
to the problem of efficient vinylaluminum synthesis with minimal alkynylaluminum
contamination, we discovered that in the presence of 3.0 mol % of commercially available
Ni(PPh3)-Cl,, reaction of dibal-H with enynes or aryl-substituted alkynes proceeds
efficiently (within 2-12 hours at 4-22 °C) to afford the desired vinylaluminum with high
selectivity [85% to >98% terminal:internal (5:a) vinylaluminum] and with <5% alkyne
deprotonation. Thus, as depicted in Scheme 6, 1,4-diene 7 can be obtained in 89% yield
when the Ni-catalyzed hydroalumination is utilized in conjunction with the NHC-Cu-
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catalyzed process (vs. 66% yield with uncatalyzed hydroalumination in Scheme 4); the
amount of alkynyl addition side product is reduced to 5% (vs 29%). Formation of the
desired 1,4-diene (7) in 99:1 er indicates that the presence of the Ni salt in the reaction
mixture does not have an adverse effect on the EAS process; this contention is further
substantiated by reactions of aryl alkynes, described below.

As the data in Table 2 illustrate, an assortment of aryl-substituted alkynes is readily and
selectively converted to the derived S-vinylaluminums, which are then used in situ for
highly efficient as well as site- and enantioselective EAS reactions (78-92% yield of pure
product, >98% Sy2’, 87:13-98:2 er). In stark contrast to the process involving uncatalyzed
hydroalumination (45% alkynyl addition; Scheme 3), the transformation illustrated in entry
5 of Table 2 does not afford any products derived from alkynylaluminum addition (<2% by
400 MHz H NMR analysis of the unpurified mixture). Only in cases where the aryl unit of
the alkyne bears an electron-withdrawing p-CF3 substituent is >10% of the a-vinylaluminum
adduct observed; otherwise, the desired S-substituted 1,4-diene products are obtained in
>92% selectivity. It is worthy of note that the presence of the Ni catalyst enhances the rate
of hydroalumination such that higher conversion is attained for the overall process
(vinylaluminum formation/EAS). As an example, only 72% conversion is achieved in
formation of 8 under the conditions shown in Scheme 4, largely due to lower amounts of
available vinylaluminum reagent, whereas complete consumption of the allylic phosphate is
observed in reaction in entry 5 of Table 2. In cases where the alkyne substrate contains a
sterically demanding o-substituted aryl group (entries 2 and 11, Table 2), ~10% of the
alkynyl addition product is formed, likely as a result of diminution in the rate of
hydroalumination.

The utility of the sequential g-selective Ni-catalyzed terminal alkyne hydroalumination/
NHC-Cu-catalyzed EAS is highlighted in the synthesis of enantiomerically enriched
bakuchiol shown in Scheme 7. The three-vessel process, involving geraniol and a readily
available terminal alkyne as starting materials, proceeds in 72% overall yield. The route
depicted in Scheme 7 is substantially more concise than the most efficient of the previously
reportleldb approaches, the shortest of which requires ten steps and delivers the target in 49%
yield.

3. Mechanistic Considerations and the Significance of Various Structural Features of
Bidentate Sulfonate-Containing NHC—Cu Complexes

The efficiency and high site- and enantioselectivities in the catalytic EAS reactions
described above arise from unique catalytic abilities of sulfonate-based bidentate NHC-Cu
complexes 1a—c;18 as shown in Scheme 8, phenoxy-bridged or monodentate NHC—Cu
variants are ineffective catalysts. The above findings can be explained through mode of
reaction I (Scheme 8). The syn relationship between the phenyl backbone of the NHC and
the sulfonate, which is in contrast to the anti stereochemistry in the phenoxy-bridged
systems, has been substantiated by X-ray structures and rationalized in a previous report
regarding the corresponding Zn and Al complexes.®f The above stereochemical attribute
allows the vinyl unit to be positioned properly for Sy2' addition to the coordinated alkene,1®
while the equatorially positioned sulfonate oxygen facilitates addition by Lewis acid
activation of the allylic phosphate.
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1.5 equiv

enerated in situ
@ ) n-hex

n-hexv/\Al(i-Bu)z Me, =/
NO,

4~"~/
Z 1.0 mol % 1a
Me OPO(OEY), ——————————>
2.0 mol % CuCly*2H,0, NO.

2
hf, —15 °© 4 h
tht, ~15°C, 2 >98% conv, 70:30 er

(>98% conv, 2:98 er for E isomer)

Such features are absent in phenoxy-bridged or monodentate NHC—Cu complexes. High
enantioselectivity likely arises, since mode of addition 11 engenders unfavorable steric
interactions, as shown in Scheme 8; furthermore, examination of molecular models indicate
that the aforementioned Lewis acid activation involving the phosphate group (cf. I) cannot
be easily assisted by the sulfonate unit in I1. Consistent with the proposed model, when the
corresponding Z-trisubstituted allylic phosphates are used, the opposite product enantiomer
is generated predominantly but in low enantioselectivity, since reaction via |1 would lead to
unfavorable steric interactions shown in I1; the example in eq 2 is representative.

Conclusions

Among various types of C-based nucleophiles used in C-C bond forming reactions, products
arising from transformations with vinylmetal reagents are among the most versatile and
useful. Nonetheless, related catalytic enantioselective protocols20:21:22 _ particularly those
that furnish quaternary carbon stereogenic centers®4 — continue to be relatively uncommon.
In addition to the challenges associated with the design of effective chiral catalysts that
promote vinylmetal additions to a sterically congested electrophilic site, identification of a
class of vinylmetal reagents, which can be easily and efficiently accessed and are only
sufficiently nucleophilic to allow the catalytic process to predominate, has been a
longstanding complication. The present investigations put forth protocols that address both
of the aforementioned challenges: a Ni-catalyzed reaction involving readily available
alkynes and inexpensive dibal-H, generating vinylaluminums that are used in situ for
efficient and highly site- and enantioselective EAS reactions promoted by chiral NHC-Cu
complexes.

Together with previous disclosures regarding metal-catalyzed EAS as well as conjugate
additions involving alkyl- and aryl-substituted zinc and aluminum reagents,? and the more
recent examples delivering boron-substituted quaternary carbon stereogenic centers,23 the
present findings further underline the unique catalytic activity of sulfonate-based bidentate
chiral NHC-Cu complexes. Design of additional classes of NHC-based catalysts that exhibit
exceptional reactivity and deliver high selectivity, and development of additional catalytic
enantioselective protocols, including those that involve various vinyl units, are in progress
and will be disclosed in due course.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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bakuchiol 12-hydroxybakuchiol cyclobakuchiol C
site- and GQ R =SiR;
enantioselective or H?
NHC~-Cu-catalyzed
addition Me Me R

+ —
MeMAOPO(OEt) Al(i-Bu),

protodesilylation 2

bakuchiol required (if R = SiRg)
Scheme 1.

Proposed Synthesis of Bakuchiol through Site- and Enantioselective NHC—Cu-Catalyzed
Allylic Substitution with a Vinylmetal Reagent
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N

o—S l}\_/\NMes
=}

AgAg
\

Q J=NMes
Ve
Q\Sﬁl\)\

Ph Ph

Scheme 2.

Ph Ph
o—S NvNMes o—S NVN FPr.,
T =7 R T P
AQAg AQAg

\I ,
Py
0 I =NMes o 9 N/'g
i A7 i-P
Q})Sm \) Q%« \:)/ r
O Ph O Ph

1b 1c

Chiral Bidentate NHC-Ag(l) Complexes Used in This Study?

aMes = 2,4,6-Me3CgH3.
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Scheme 3.

Sterically hindered alkyne:
tBu
Me

PhMe,Si” 7

3
(0.5 mol % 1b; =15 °C, 12 h)
>98% yield (<2% alkynyl addn)
91:9er, >98% E

Heteroatom-containing alkyne:

FBUO oM, N

5
(0.5 mol % 1b; —15°C, 3 h)
91% yield (<2% alkynyl addn)
96:4 er, >98% E

Halogen-containing alkyne:

PhMe,Si”~ 7

4
(0.5 mol % 1b; =15 °C, 3 h)
91% yield (<2% alkynyl addn)
96:4 er, >98% E

Propargyl ether:
Ot-Bu

PhMe,Si

6
(0.5 mol % 1¢; —50 °C, 24 h)
82% yield (<2% alkynyl addn)
94.5:5.5 er, >98% Z
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Br
7 8
(0.5 mol % 1b; =15 °C, 12 h) (1.0 mol % 1a; —15 °C, 12 h)
>98% conv. (vinyl:alkynyl addn = 71:29) 72% conv. (vinyl:alkynyl addn = 55:45)
66% yield of pure vinyl addn product yield not determined (inseparable products)
97.5:2.5 er (vinyl addn product) 96.5:3.5 er (vinyl addn product)

% Me alkynyl addn product

O ~  generated along with 8
Br

Scheme 4.
NHC-Cu-Catalyzed EAS with Aryl Alkynes or Enynes Leads to Significant Amounts of
Alkynyl Addition Products
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= x

10 9
|

2.5 mol % NHC-Ag,
5.0 mol % CuCl,+2H,0,
thf, =15 °C, 24 h

12

with 1a: >98% conv, 11:12 = 83:17, 11 in 75% vield, 52.5:47 .5 er
with 1b: >98% conv, 11:12 = 67:33, 11 in 60% yield, 61:39 er
with 1¢: >98% conv, 11:12 = 55:45, 11 in 51% vield, 56.5:43.5 er

Scheme 5.

Use of a Si-Substituted Vinylaluminum Reagent Derived from an Aryl Alkyne in NHC-Cu-

Catalyzed EAS
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OE 3 mol % Ni(PPhg).Cl,

1.3 equiv dibal-H,
thf, 4 °C, 12 h
vinylAl:alkynylAl = 97:3

1.5 equiv @\/\
ZNAl(i-Bu),

Me 1.0 mol % 1c¢
N

OPO(OEt)2 2.0 mol % CuCl,*2H,0,
thf, =15 °C, 12 h

Br
>98% conv (vinyl:alkynyl addn = 95:5)
89% vyield, 99:1 er
Scheme 6.
Ni-Catalyzed Hydroalumination of an Enyne and In Situ Use in an NHC—-Cu-Catalyzed EAS
Reaction
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Me Me
Me0—< >—:‘
Me)\/\)\/\OH

13
1.5 equiv CIPO(OEt),, 3 mol % Ni(PPh3),Cl,,
20 mol % dmap, Et3N, 1.3 equiv. dibal-H,
CHyCly, 22°C, 12 h thf, 4°C, 12 h

Me Me Me0\©\/\
Me)\/\)\/\OPO(OEt)Z ZNAl(iBu),

10 14
>98% site selectivity;
<2% alkynylAl

1. 1.0 mol % 1c,
2.0 mol % CuCl,+2H,0,
thf, =15 °C, 6 h
2. MeMgl, 180 °C, 10 min

bakuchiol
72% overall yield, >98% Sy2',
>98% E, 91:9 er

Scheme 7.
Application of Sequential Ni-Catalyzed Alkyne Hydroalumination/NHC-Cu-Catalyzed EAS
to Enantioselective Synthesis of Bakuchiol
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1.5 equiv
(generated in situ)
Ph A~ Ph
e IN 1.0 mol % :Ii:CB u;g N Me

.0 mol % ~Ag &

Me” N-"oPO(OEY), —————————— S 7

2.0 mol % CuCl,+2H,0, with 1¢

thf, -15°C, 24 h
Ph ph >98% conv., 90:10 er

N

Ny—NMes
AgCl

16
5-10% conv, er not determined
(thf, =15 °C, 24 h)

28% conv, 71:29 er
(thf, =15 °C, 24 h)

(see Table 2, entry 10):

Ph Ph

>_\ i-Pr, >_\ i-Pr,
e e o

04 \ ﬁCu.\ O/ steric repulsion
@ 90 N bidentate Al chelation Me
Bu), Al % disfavored
(FBu) O‘“P o) due to
A H geometric constraints
BujA O OF!
I (FBu), \ II
OEt

Scheme 8.

Page 16

Proposed Mechanistic Model and Key Features of the Chiral Bidentate NHC-Cu Complex?
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