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ABSTRACT: A method for the regiodivergent arylbora-
tion of dienes is presented. These reactions allow for the
formation of a diverse range of synthetically versatile
products from simple precursors. Through mechanistic
studies, these reactions likely operate by initial addition of
a Cu—Bpin complex across the diene followed by Pd-
catalyzed cross coupling with an aryl halide or

pseudohalide.

D ifunctionalization of alkenes is an important class of
reactions because molecular complexity can be rapidly
generated from simple precursors.’ Variants that involve
conjugated dienes are particularly interesting as the potential
for controlled formation of multiple isomeric products becomes
possible. Known methods for conjugated diene difunctionaliza-
tion include (but are not limited to)” diamination,’
dihydroxylation,” diarylation(vinylation),” diboration,’ and
cycloadditions.”

An important emerging class of reactions includes carbobo-
ration of 7z-bonds.” These reactions have been shown to
function with alkyne, allene, or alkene derived substrate-
5.”"%Only recently has the carboboration of dienes (butadiene
and 2-substituted dienes) been reported.”*® A subclass of
carboboration reactions involves the arylboration of alkenyl
arenes by Pd/Cu-cooperative catalysis that was independently
reported by our lab'" and that of Semba and Nakao."”™"* Our
lab has recently reported a method for arylboration of isoprene
and its derivatives in which an additive effect of DMAP was
uncovered.”> Although this method did allow for control of
regioselectivity, translation to dienes of varying substitution
patterns was unsuccessful. Development of diene arylboration
reactions are challenging as based on the proposed mechanism,
formation of isomeric Cu—"® and Pd—7-allyl'” complexes can
be formed, which may lead to poorly selective reactions
(Scheme 1A). Herein, we describe a process for the regio
divergent arylboration of a variety of substituted dienes by Pd/
Cu-cooperative catalysis (Scheme 1B).

Our initial investigations began with arylboration of 1-
phenylbutadiene. Translation of the optimal reaction con-
ditions described for arylboration of styrenes (5 mol %
SIMesCuCl, 1 mol % Pd-XPhos G3,'® PhBr, (Bpin),, NaOt-
Bu, toluene, 22 °C)"' to that of 1-phenylbutadiene led to
formation of 2 in good yield and 6:1 regioselectivity.'” Standard
optimization of this initial result led to the conditions illustrated
in Table 1, entry 1. Key to identifying a set of conditions that
are highly selective for formation of 2 was the use of the
sterically more demanding IPrCuCl vs SIMesCuCl. Although
use of Pd-PAd,n-Bu gave rise to product in the highest yield
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Scheme 1. Arylboration of Dienes by/Cu-Catalysis
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and selectivity,” it was found that other sterically demanding
and electron-rich phosphines also allowed for highly
regioselective reaction to occur (Table 1, entries 3 and 4).
When PhBr was replaced with Phl or PhOTf the product was
generated in good yield and selectivity (Table 1, entries 6—8).
In the case of PhOTY, use of XPhos was required, as use of
PAd,n-Bu did not lead to product formation.”' Use of PhCl was
not tolerated as only recovered starting material was observed
(Table 1, entry 9).

The scope of the reaction was evaluated with respect to the
aryl bromide and diene component (Scheme 2). A variety of
aryl bromides underwent highly regioselective arylboration.
Notably, electron rich (products 5 and 6), electron deficient
(products 3, 4, 7), and sterically hindered aryl bromides
(products 6 and 7) all functioned well. With sterically
demanding aryl bromides it was found that use of Pd—Pt-Bu,
allowed for product formation in slightly higher yields and
regioselectivities.'” Various heterocyclic aryl bromides could
also be used with little effect on the reaction yield or selectivity
(products 8—11). 1-Phenylbutadiene could also be substituted
for other sterically and electronically modified 1,3-dienes with
no significant change in yield or selectivity (products 13—17).
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Table 1. Change from Standard Conditions

5 mol % IPrCuCl

1 mol % Pd-PAd,n-Bu G3 Ph

S S /\/K/ Bpin
Pn 1.5 equiv PhBr, 1.5 equiv (Bpin), PR

1 1.5 equiv NaOt-Amyl 2
toluene, 45 °C, 12 h

yield (1,2):
entry change from standard conditions (%) (1,4)"
1 no change 93 23:1
2 IMes instead of IPr 68 7:1
3 XPhos instead of PAd,n-Bu 85 11:1
4 Pt-Bu; instead of PAd,n-Bu 67 22:1
S PCyjs instead of PAd,n-Bu 18 35:1
6 Phl instead of PhBr 94 20:1
7 PhOT( instead of PhBr <2 ND
8 PhOT(f and XPhos instead of PhBr and 88 14:1
PAd,n-Bu
9 PhCI instead of PhBr <2 ND

()

NHz CyzP

Q0 -

RNs—NR R =Mes: IMes

Pq-OMs  iPr Y R=26iPiCeHy: IPr
ligand cucl

Pd-ligand G3 XPhos ipr

“Yield of 1,2-product and (1,2):(1,4) determined by GC analysis with
a calibrated internal standard. ND = Not determined.

Scheme 2. Reaction with Various Substituted Dienes and
ArBr”

5 mol % IPrCuCl

2
R 1 mol % Pd-PAd,n-Bu G3 R Ar
Bpin
R‘J\/\ 1.5 equiv ArBr, 1.5 equiv (Bpin), GO
R® 1.5 equiv NaOt-Amyl R3
toluene, 45 °C, 12 h
Ar=Ph(2) 82% yield, >20:1 (1,2:1,4)

=Ph (2) 83% yield, >20:1 (1,2:1,4)P

= 4-CIC¢H, (3) 75% yield, >20:1(1,2:1,4)

= 2-CICgH, (4) 76% yield, 11:1 (1,2:1,4)
Ar =4-OTBSCgH, (5)  71% yield, >20:1 (1,2:1,4)

= 2-MeCgH, (6) 74% yield, 11:1 (1,2:1,4)°

o
Ph/\)\/ pin

=2-CO,MeCgH, (7)  68% yield, >20:1 (1,2:1,4)°

(>20:1 E:2) = 2-thienyl (8) 61% yield, >20:1 (1,2:1,4)9
= 3-thienyl (9) 64% yield, 15:1 (1,2:1,4)°
= 3-furyl (10) 58% yield >20:1 (1,2:1,4)¢
=6-NBn-indole (11)  80% yield, >20:1 (1,2:1,4)

Me
Z “Me Ph  Ph CO,Me
Bpin )\/K/B in Bpi
PR Pl PR P P pin
12 13 Me 14
70% yield 79% yield 65% yield
14:1 (1,2:1,4) >20:1 (1,2:1,4) >20:1 (1,2:1,4)
>20:1 E:Z 13:1 EZ
Ph R'= 4-FCgH, (15) 77% yield, >20:1 (1,2:1,4)°
/\)\/B . = 4-OMeCqH, (16)  77%yield, 18:1 (1,2:1,4)°
n
R P =2-MeCgH, (17)  79% yield, >20:1 (1,2:1,4)°
(>20:1 E:2) =CgHy2 (18) 75% yield, >20:1 (1,2:1,4)"

“Yield of isolated product that represents the average of two or more
experiments. All reactions were carried out on a 0.5 mmol scale unless
noted otherwise. "Reaction run on a S mmol scale. “Pt-Bu; was used
instead of PAd,n-Bu. “Contains ~6% of a product derived from
protonation of the allyl Cu intermediate. See the SI for details. “The
starting diene was a mixture of alkene isomers (2:1—1:5:1 E:Z).7Yield
determined by NMR analysis with an internal standard. The reaction
generated ~20% of a rearranged product, see the SI for details.

It should be noted that in some of these examples (15—17), the
starting dienes were used as mixtures of E- and Z-isomers, yet
the product was always generated as a single alkene isomer
(>20:1 E:Z). An alkyl-substituted diene could also be employed
and arylboration product 18 was formed in good yield and
selectivity. However, in this case the formation of a 1,1-
arylboration product was also generated in ~20% yield."
Finally, the reactions could be run on a 5§ mmol scale with little
change in yield or selectivity.

In the case of 1,3-susbtituted diene 19 the product of a 1,4-
arylboration (20) was exclusively formed (Scheme 3A). In this

Scheme 3. Arylboration of Substituted Dienes

A) Substrate Controlled 1,4-Arylboration
5 mol % IPrCuCl
Me A, Ph Ve

/\)\ 1 mol % Pd-PAd,n-Bu G3 )\)\/
> = Bpin
PR 1.5 equiv PhBr, Ph

19 1.5 equiv (Bpin), 20

1.5 equiv NaOt-Amyl 75% yield
toluene, 45 °C, 12 h >20:1 (1,4:1,2)
271EZ
B) Stereoselective Arylboration
1) 5 mol % IPrCuCl
OTBS 1 mol % Pd-PdAd,n-Bu G3 Ar OTBS
Ph” N 1.5 equiv 3-OMeCsH,Br,  Ph” X
21 1.5 equiv (Bpin), OH

1.5 equiv NaOt-Amyl
toluene, 45 °C, 12 h
2) H,0,, NaOH
THF,0°Ctort,4h

(1,2, 22): 40% NMR yield,
>20:1 E:Z, >20:1 dr (shown)
(1,4, 23): 32% NMR yield,
>20:1 E:Z, dr ND (not shown)

reaction, a mixture of alkene isomers was also observed.
Arylboration product 20 is likely generated because formation
of the corresponding 1,2-arylboration product would require
formation of a quaternary carbon. Thus, a strategy is provided
such that regioselectivity can be controlled by design of
substrate.

For reaction involving 1,4-subtituted diene 21, the
diastereoselectivty of the process could be explored (Scheme
3B). Under standard reaction conditions, a mixture of 1,2- and
1,4-arylboration products (22 and 23, respectively) were
formed with the former being slightly preferred. The (1,2)-
arylboration product 22 could be easily purified after oxidation
of the Bpin unit to an alcohol." Furthermore, 1,2-arylboration
product 22 was generated in >20:1 dr with the anti-addition
isomer being major.

Cyclic diene 24 was also investigated under the optimized
conditions and provided 27 in 68% yield as a single regio- and
diastereomer (not shown).'” Furthermore, enantioselective
reactions could be carried out with chiral catalyst 25 (Scheme
4).M19*23 In each case, the products (26—28) were generated
with high levels and enantioselectivity and diastereoselectivity.
The absolute stereochemistry of 27 was established by X-ray
crystallography. Attempts to use this chiral catalyst with the
acyclic dienes presented in Schemes 2 and 3 resulted in
formation of racemic products.

The products generated by these reactions represent useful
intermediates for chemical synthesis (Scheme S). Application of
C—C* and C—0> cross-coupling reactions with 4 led to
synthesis of 29 and 30, respectively. Zweifel-type olefination
with 13 led to formation of diene 31, whereas oxidation of 14
allowed for synthesis of 32.°°

The mechanism of the 1,2-arylboration process was also
studied (Scheme 6A). Treatment of 1-phenylbutadiene through
in situ prepared IPrCuBpin led to the rapid formation of Cu-
complex 33 as determined by 'H NMR analysis. It is important
to note that this complex is formed exclusively as the Z-alkene

DOI: 10.1021/jacs.7b05477
J. Am. Chem. Soc. XXXX, XXX, XXX—XXX


http://dx.doi.org/10.1021/jacs.7b05477

Journal of the American Chemical Society

Communication

Scheme 4. Enantioselective Arylboration of a Cyclic Diene”

Ph 1) 5 mol % 25 Ph

2 mol % Pd-XPhos G3 N
S
1.5 equiv ArBr, 1.5 equiv (Bpin), Ph—Q,N
1.5 equiv NaOt-Amyl Y "Ar 3

?NMSS
24 toluene, 30 °C, 12 h H Ph

CuCl
2) NaOH, H,0, THF, 0 °Cto rt OH 25

Ph

2 27 c 28
71% yield 61% yield 62% yield
>20:1 (1,2:1,4) >20:1 (1,2:1,4) >20:1 (1,2:1,4)
8:1dr, 98:2 er 12:1 dr, 99:1 er 14:1 dr, 99:1 er

“Yield of isolated product that represents the average of two or more
experiments. All reactions carried out on a 0.3 mmol scale.

Scheme S. Functionalization of Products

2 mol % Pd(OAc), 1) Hy0,, NaOH, e}
4 mol % RuPhos THF,0°C, 4h
cl o 4 -
PhBr, NaOt-Bu 2) 2.0 mol % Pd(OAc),
Ph™ X toluene/H,0 (10:1) 2.5 mol % TrixiePhos N\
29  pp 80°C, 24 h Cs,CO3, toluene 30 Ph

66% yield 50°C,24h 60% yield
(2 steps)
i) Me THE !
2°C Ho0,
Ph MgBr 0.5 h H NaOH 0
13114
P X ii) I, MeOH i THFR0°C 0
-78°C,05h : an  PRT
31 Me i) NaOMe, MeOH ! Me 32
. 22°C,1h
95% yield 93% yield
Scheme 6. Mechanistic Investigations
A) Synthesis and Reactions of Cu-Complex 33
IPrCuOt-Bu
(Bpin), - AcOH

PP — Ph Bpin
1 pentane CulPr toluene d8
22°C,1h a3 25 9C
67% yield, >20:1 Z.E 20 min

2 mol %
Pd-PAd,n-Bu G3

Ph
o
Ph/\)z\/ pin

65% vyield, >20:1 (1,2:1,4)

Ph—/=4\— Bpin

34% yield, >20:1 Z:E

PhBr, toluene
45°C,6h

B) Putative Models for Transmetalation

= PdPhPR; Ph
Ph Bpin . .
— Bpin —» Bpin
CulPr P P PR
33 35
% F
H RsP Ph
aftH '3‘| _[.-“CulPr
Ph : Bpin| © f.\Pld..X"
pinB Ph 37

isomer and is the formal 1,4-addition product of the IPrCuBpin
across the diene. The formation of the Z-alkene may either be
the result of a formation of thermodynamically more stable
complex”” or a kinetically favored insertion to an s-cis-diene.”®
To provide evidence that this complex is generated under the
catalytic reaction conditions, it could be subjected to Pd—
PAd,n-Bu G3 and PhBr to yield the expected 1,2-arylboration
product 2 with high regioselectivity. In addition, the
intermediate could be quenched with AcOH to furnish
allylborane 34 as the Z-isomer."’

Many factors may control the regioselectivity of these
reactions. If transmetalation is the selectivity-determining step,
two likely possibilities present themselves for the reaction
between Cu-complex 33 and ArPdBrLn (Scheme 6B, 36 and
37).”” While at this time it is too early to confirm which
transmetalation pathway is major, early evidence points toward
model 36. The regioselectivity of the reaction is largely
independent of halide (PhBr, Phl) or pseudohalide (PhOTY)
employed (Table 1, entries 1, 6, 8). Especially evident is that
PhOTf undergoes reaction with high selectivity.”" It is unlikely
that the triflate ligand can bridge Cu and Pd as is likely
necessary for model 37.

With an effective process for the 1,2-arylboration of a variety
of dienes with aryl bromides, the development of a 1,4-
arylboration was targeted (Scheme 7). The knowledge gained

Scheme 7. Mechanistic Hypothesis for 1,4-Arylboration

2 3

L= — —
Ph—<_\—Bpin . Ph—(_\—Bpin . Ph—(_\—Bpin
cuL, PdPhPR; Ph
33 38 39

from the mechanistic studies outlined in Scheme 6 was crucial
in this regard. It was reasoned that by proper choice of ligand
bound to Cu and Pd, a transmetalation process might be
favored at the C(1)—Cu bond rather than at C3 to generate 38.
Furthermore, if the process can be tuned to achieve 14-
selectivity, the desired arylboration product (e.g,, 39) should be
the Z-alkene isomer.

Two guiding principles were used to aid in the identification
of a set of conditions that favor 1,4-arylboration. (1) Use of less
sterically demanding ligands might open the possibility for
direct transmetalation at the sterically encumbered C(1)—Cu
bond. (2) Use of a more electrophilic Pd-complex might prefer
to react at the C(1)—Cu bond rather than at the C(2)—C(3)
double bond. Largely on the basis of these principles, it was
identified that use of SIMesCuCl and PdJackiePhos G3*°
allowed for highly selective formation of 32 as the Z-isomer
(Scheme 8). The formation of the Z-isomer is likely due to a
rapid reductive elimination with the electron deficient
JackiePhos ligand prior to isomerization with Pd—z-allyl
complexes.

On the basis of the optimized conditions, the scope of the
1,4-arylboration reactions was briefly investigated (Scheme 8).
Several points are noteworthy. (1) Electron deficient aryl
bromides function well in the reaction; however, mixtures of
1,4- and 1,2-arylboration products are formed (product 41).
This may be due to a slower reductive elimination that may
allow for isomerization to a Pd-complex analogous 35 (Scheme
6B). (2) Use of electron rich aryl bromides as well as
heterocyclic aryl bromides resulted in low yield."” (3) Other
electronically modified dienes work well (products 44 and 45).
The regioselectivity of reactions with electron rich dienes was
low, perhaps due to a less selective transmetalation process.

In conclusion, a method for the regioselective arylboration of
dienes has been developed. This has been achieved by design of
substrate and by modification of reaction conditions.
Mechanistic studies have also been carried out to elucidate
the details of this process and allow for further reaction
development. Future efforts will be directed toward expanding
the scope of this process, development of enantioselective
variants, and application in synthesis.
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Scheme 8. 1,4-Arylboration”

1) 2.5 mol % SIMesCuCl
2 mol % Pd-JackiePhos G3 -

AN » Ph OH
PRTSN 1.5 equiv PhBr, 1.5 equiv (Bpin), Ph 40
1 1.5 equiv NaOt-Bu 70% yield
toluene, 30 °C, 12 h; >20:1 (1,4:1,2)
2) NaBOze4H,0, THF/H,0 22 °C 20:1 ZE
Ar! = 4-CICgH, (41)
76% yield, 4:1 (1,4:1,2)
20:1 Z.E
)
,_(=\_ o Ar=3-OMeCeH,(42) OMe
Ar 58% yield, 10:1 (1,4:1,2)
Ph 11:1 ZE MeO PAr,
Ar! = 4-OPivCgH, (43) F-Pr. Pr
72% yield, 3:1 (1,4:1,2) O
1311 ZE
A2 = 4-FCgH, (44) Pr
— 63% yield, >20:1 (1,4:1,2) Ar = 3,5-(CF3),CgHg:
ph_<_\_0H 141 ZE JackiePhos
Ar? Ar2 = 4-OMeCgH, (45)°
49% yield, 3:1 (1,4:1,2)
171 Z.E

“Yield determined by "H NMR analysis of the crude reaction mixture
after oxidation with an internal standard, represents the average of two
or more experiments. All reactions carried out on a 0.3 mmol scale.
bThe starting diene was a mixture of alkene isomers (2:1—1:5:1 E:Z).
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