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ABSTRACT: We report the first example of a boryl-Heck
reaction using an electrophilic boron reagent. This
palladium-catalyzed process allows for the conversion of
terminal alkenes to trans-alkenyl boronic esters using
commercially available catecholchloroborane (catBCl). In
situ transesterification allows for rapid access to a variety of
boronic esters, amides, and other alkenyl boron adducts.
O rganoboron compounds are among the most versatile
reagents in synthetic chemistry." Alkenyl boronic esters in
particular have gained great interest in recent years, as they
participate in a variety of transformations, including Suzuki
cross-couplings' and Petasis reactions.” These reagents can also
be used to forge C—O, C—N, C—F, C—Br, and C-I bonds.?
Traditionally, these intermediates are synthesized via hydro-
boration,” which re%uires access to the appropriate alkynes, or
Miyaura borylation,” which requires prefunctionalized alkenes.
Both of these classes of starting materials are significantly more
expensive and less commercially abundant than the correspond-
ing alkenes, making methods for direct borylation of alkenes
attractive for both economical and efficiency reasons.

Alkene cross-metathesis provides one route to convert
terminal alkenes into alkenyl boronic esters (Scheme 1).>*%7

Scheme 1. Borylation of Monosubstituted Terminal Alkenes
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However, this method requires the preformed vinyl or 1-
propenyl boronic esters, which require several steps to prepare
from BCl; or B(OMe), and are thus relatively expensive to buy
or time-consuming to make.”

A variety of rhodium- and palladium-catalyzed methods for
direct borylation of terminal alkenes have also been explored
using B,Pin,, HBPin, or related reagents.” These methods are
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typically limited in scope (particularly with respect to linear a-
olefins)* and frequently suffer from competitive overboryla-
S04 or alkene reduction/hydroboration.***™ As such,
excess or sacrificial alkenes as hydrogen acceptors are often
required.*”™" Many of these problems stem from the use of
highly reduced boron reagents. In addition, although some are
commercially available, diboranes require several synthetic steps
to access and thus are relatively expensive.”’

An alternative approach involves the palladium-catalyzed
borylation of alkenes using chloroborane reagents via a Heck-
like reaction (Figure 1). Such a boryl-Heck process would be
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Figure 1. Boryl-Heck reaction.

advantageous, as the use of a more highly oxidized reagent
would eliminate problematic reduction byproducts. In addition,
the chloroboranes are prepared directly from BCl; and diols.

Tanaka has established that oxidative addition of palladium to
B—Cl bonds, and subsequent migratory insertion into
unsaturated C—C bonds (alkynes) is feasible." Suginome has
elegantly utilized these steps in multicomponent cascade
cyclizations of chloroaminoboranes that lead to complex
borane-containing products'' and in one case has shown a
bimolecular cascade involving alkynes.12 However, to date, a
complete boryl-Heck reaction that converts an alkene to an
unsaturated boronic ester using an electrophilic borane has not
been demonstrated."?

In fact, Marder has previously suggested a boryl-Heck
reaction."* However, his preliminary studies showed that
catecholchloroborane (catBCl) and Et;N (a common base in
Heck reactions) form highly stable amine-borane adduct 1 (eq
1), which presumably prevents oxidative addition. He also
showed that phosphines can both coordinate and decompose
catBCl. Marder’s results, along with Suginome’s use of less
electrophilic aminoboranes, illustrate the inherent difficulty of
developing a boryl-Heck reaction to deliver a simple alkenyl
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boronic ester. Such a reaction requires both Lewis acidic
chloroboronic esters and a base to turn over the catalytic cycle.
We have developed a palladium-catalyzed direct silylation of
alkenes using electrophilic silanes (silyl-Heck reactions)."> This
work inspired us to reinvestigate the analogous boryl trans-
formation. Herein, we report the successful palladium-catalyzed
borylation of alkenes using readily available catBCl as an
electrophilic boron source. This transformation converts a wide
range of terminal monosubstituted alkenes into terminal trans-
alkenyl boronic esters with excellent regio- and stereoselectivity.
The labile catechol group of the initial products allows facile
transesterification to a variety of boronic acid derivatives. This
reaction avoids problematic reduction and overborylation
products, utilizes an inexpensive boron source, and, most
importantly, demonstrates for the first time that electrophilic
borylating agents are compatible with a Heck-like catalytic cycle.
CatBCl is an attractive reagent, as it is commercially available
and readily synthesized from BCl; and catechol (both are
abundant and inexpensive on-scale).'®'” Using this reagent, we
initially explored borylation of 1-decene using conditions similar
to our silyl-Heck protocol (20 mol % CysP, 10 mol %
[(COD)PA(CH,SiMe,),], Et;N, PhCF;, 80 °C)."** We did not
observe the desired borane, but only the amine-borane adduct 1
previously reported by Marder (Table 1, entry 1)."*

Table 1. Identification of an Effective Base

10 mol % [(COD)Pd(CH,SiMej),]
20 mol % CysP

Me W 1.5 equiv catBCl - IsA(llr(:gri + Me WBcat
2 5 equiv base 3 4
PhCF3, 80 °C, 24 h
entry base 2 (%) 3 (%) 4 (%)" E/Z of 4
1 Et,N 100 0 0 -
2 none 3 97 0 -
3 K,CO, 4 9% 0 -
4 pyridine 91 9 0 -
S 2,6-lutidine 70 30 0 -
6 Pr,NEt 52 33 15 ~90:10
7 Cy,NMe 65 9 26 ~90:10

“Yield determined by NMR.

We hypothesized that formation of amine-borane adducts
could be disrupted by the use of a different class of base or by a
larger amine that might form a less stable adduct. Without base
or with inorganic bases such as potassium carbonate, nearly full
isomerization of the starting material to internal alkene isomers
3 was observed (entries 2 and 3). Weaker organic bases, such as
pyridine or 2,6-lutidine, suppressed isomerization but did not
lead to 4 (entries 4 and 5). In contrast, with the larger
trialkylamine Hiinig’s base, 15% of trans-alkenyl boronic ester 4
was observed (entry 6). With N,N-dicyclohexylmethylamine
(Cy,NMe) even more of 4 (26%) was formed along with less
starting material isomerization (entry 7). Importantly, in both
entries 6 and 7, 4 was the only organoboron product; no internal
alkenyl- or allyl-boronic esters were detected. In both cases, 4
was formed with high E/Z selectivity (~90:10).

To optimize the reaction further, we turned our attention to
the nature of the catalyst. In the absence of palladium and ligand,
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no product was observed (Table 2, entry 1). Using Cy;P as
ligand, a broad range of palladium precatalysts provided similar
yields of 4."® Pd,dba; was selected for further study (entry 2).
Interestingly, Pd,dba; without added phosphine yielded a
significant quantity of 4 (65%, entry 3). Numerous other
phosphines were examined;'® however, most were inferior to
entry 3. For example, both Ph;P and SPhos provided poor
results (entries 4 and S). In contrast, the use of ‘BuPPh, led to
less alkene isomerization, albeit in similar yield as entry 3 (entry
6). We next examined phosphine L1, a ligand designed in our
group for silyl-Heck reactions."*'” Somewhat unexpectedly,
this ligand provided a notable increase in the production of 4
(82%, entry 7), even with only 5 mol % Pd (entry 8), and has
proven to be the most effective to date.”” Even with L1, alkene
isomerization of the starting material continued to erode the
yield. To suppress this, we investigated the use of additives. The
addition of 1.5 equiv of LiOTf fully suppressed starting material
isomerization.”" With no competing isomerization, an increase
in temperature was permissible, and a quantitative yield was
achieved (entry 9). To further simplify the method, a single
component catalyst (L1),PdCl, was developed.'® Using this air
and moisture stable complex, quantitative yield of 4 was
observed as a 88:12 mixture of E/Z alkenyl boronate isomers
with only 2.5 mol % catalyst. Further studies also revealed that
the single component catalyst provided more consistent results
on preparative scale (Tables 3 and 4).

The scope was next examined (Table 3). To facilitate
isolation, pinacol (3 equiv) was added at the end of each
reaction, resulting in rapid, quantitative conversion of the
products to more easily isolated pinacol boronic esters. Under
these conditions, the product from 1-decene (5) was isolated in
93% yield with an E/Z ratio of 89:11. Other aliphatic alkenes
were converted to alkenyl boronic esters with good yields and
E/Z selectivities (6,7). Using 3 equiv of catBCl, 1,7-octadiene
was diborylated in 83% yield (8). A variety of functional groups
were well tolerated, including silyl-protected alcohols (9), ethers
(10), alkyl chlorides (11), silanes (12), and alkyl pinacol
boronic esters (13). Although enolizable carbonyls interfered
with the reaction (14, 15, presumably due to competitive
formation of boron enolates), nonenolizable carbonyls (16, 17)
did not. When allylbenzene was used as substrate, boronate 18
was observed as a mixture of alkene isomers. This is the only
case where an allyl boronic ester was observed, which we
attribute to the stability of a conjugated aromatic group.'®

Substituted styrenes were also investigated (Table 4). Since
starting material isomerization is not possible, LiOTf is not
required. However, an examination of other additives showed
that S mol % Lil accelerated the reactions, allowed for lower
reaction temperature (70 °C), and led to improved yields.”” In
the case of styrenyl substrates (except for 29), only E-alkenyl
boronates were observed. 4-tert-Butylstyrene was converted to
19 in 92% yield. Sterically hindered (20), electron-rich (21, 22),
and electron-poor substrates (23, 24) all gave good to excellent
yields. Aryl fluorides (25) and chlorides (26) were well
tolerated. Heterocyclic alkenes, such as indoles (27) and
dioxolanes (28), were also excellent substrates. Significantly,
a-methylstyrene was also borylated in good yield and with
excellent E/Z selectivity (29).°“® This product cannot be
synthesized via hydroboration, and it demonstrates that
increased substitution on the alkene may be accessible in future
work.*?

Different boronic esters provide different reactivity in a variety
of transformations." This boryl-Heck reaction is readily adapted
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Table 2. Optimization of Alkenyl Boronic Ester Formation

Bu Bu
precatalyst, ligand
Me (y~F 1.5 equiv catBCI Akene MU Npear @\ /@
6 - Isomers 6 B p o)
5 equiv Cy,NMe ~90:10 E/Z u | u
2 PhCF3, 80 °C, 24 h 3 4 L1 Bu
entry precatalyst (mol %) ligand (mol %) additive 2 (%) 3 (%) 4 (%)"
1 none none none 100 0 0
2 Pd,dba; (5 mol %) Cy;P (20 mol %) none 53 15 32
3 Pd,dba, (5 mol %) none none 0 3s 65
4 Pd,dba; (5 mol %) Ph;P (20 mol %) none 65 10 2§
S Pd,dba, (S mol %) SPhos (10 mol %) none 0 56 44
6 Pd,dba, (5 mol %) ‘BuPPh, (20 mol %) none 19 19 62
7 Pd,dba; (S mol %) L1 (20 mol %) none 2 16 82
8 Pd,dba; (2.5 mol %) L1 (10 mol %) none 0 18 82
9° Pd,dba, (2.5 mol %) L1 (10 mol %) LiOTF 0 0 >99
10" (L1),PdCl, (2.5 mol %) none LiOTf 0 0 >99
“Yield determined by NMR. ?90 °C. 1.5 equiv.
Table 3. Scope of Linear @-Olefin Substrates” Table S. Synthesis of Alternative Boronic Derivatives”
1.5 equiv catBCl, 2.5 mol % (L1),PdClI, boryl-Heck?
ANF > AN AN —— X B(YR)2
R 15 equiv LIOTf, Cy,NMe, PhCF;  * Bpin AT T ren RYA), AN
90 °C, 24 h, then pinacol
e Me Ph
X Bpin Bpi
7 B AMe ~ B B P
5 93% (E/Z 89:11)P 6 89% (E/Z 88:12) 7 84% (E/Z 96:4) /©/\/ O Ve
B "BUO.s LB Bu 30 75% By 3180% fgy 3281%
n u in
ping AR gpin TIPso N B O
9 :10)¢ 9 : 10 92% (E/Z 87:13
8 83% (E/Z 90:10) 9 90% (E/Z 90:10) o ( ) HN SUBFK
X Bpin PhMe,Si X Bpin pinB X Bpin B- ‘ /@N
cl /\H;\/ P 2 \HS/\/ p 'Hs/\/ H By
11 86% (E/Z 88:12)° 12 89% (E/Z 89:11) 13 72% (E/Z 89:11) Bu 3385% 34 71%°
(0] [¢]
RJJ\M\Bpin MeO WBpin PivO H:\,Bpin “Isolated yields, 3 mmol scale. b1s equiv catBCl, 2.5 mol %

Me Me
16 82% (E/Z 87:13)

F Bpin
18 72%

“Isolated yields, 3 mmol scale. bAverage yield over two runs. “3 equiv
catBCL

14 R = Me, 0%

15 R = OEt, 0% 17 91% (E/Z 88:12)

Table 4. Scope of Styrenyl Substrates”

1.5 equiv catBCl, 2.5 mol % (L1),PdCl,

A > X Brin

5 mol % Lil, Cy,NMe, PhCF3
70 °C, 24 h, then pinacol

/@/\/Bpin : /\\ _Bpin : A Bpin
Bu Me Me MeO

19 92%° 20 98%” 21 97%P

/@/\/BpinMeO - Bpin /@/\/Bpin
MeoN Et0,C

22 97%" 23 84% 24 86%

Ts
N
e

X Bpin X Bpin |
o O -
F cl P

2578% 26 94% M 27 70%®
o) X Bpin ©)\/Bpin
<() 28 76% 29 71% (E/Z 94:6)

“Isolated yields, 3 mmol scale. bAverage yield over two runs.
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(L1),PdCl,, S mol % Lil, Cy,NMe, PhCF;, 70 °C, 24 h. °(RYH), =
aqueous KHF,.

to produce diverse boronate derivatives by simply changing the
nucleophile added after the reaction, delivering various boronic
esters (Table 5,30—32), amides (33), and trifluoroborates (34).

On-going studies are aimed at elucidating the mechanism. At
present we favor the Heck-like pathway outlined in Figure 1.
Preliminary studies have revealed two key observations. First,
while there is an interaction between catBCl and Cy,NMe
(NMR), it appears to be reversible.'"® Second, selective
formation of E-alkenyl boronates appears to be thermody-
namic.>* The observed E/Z ratio is similar to that of earlier
rhodium-catalyzed processes® and closely reflects the calculated
thermodynamic ratio of all possible allyl and alkenyl isomers."®
Experimental evidence for thermodynamic control was gained
by spiking isomerically pure (E)-hexenylborane 3$ into the
boryl-Heck reaction of 4-phenylbutene (eq 2). Boronate 6 was

©/\/\ X Bpin
+ 68812E/Z (2

1.5 equiv catBCl
2.5 mol % (L1),PdCl,

1.5 equiv LiOTf +
Me _~_XBcat C?IZNMe Me _~_-X Bpin
35>99:1 £/Z PhCF3, 90°C, 24 h 36 93:7 £/Z

formed with the expected E/Z selectivity, however 36 was found
with only a 93:7 E/Z ratio. This isomerization is not due to
transesterification; erosion of alkene geometry is not seen

DOI: 10.1021/jacs.6b02914
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without catalyst."® Future studies will be aimed at elucidating the
kinetic product.

In conclusion, we have demonstrated the first example of a
boryl-Heck reaction using an electrophilic boron reagent. This
transformation converts terminal alkenes to alkenyl boronic
esters and their derivatives in high yield and with good
functional group tolerance. The reaction is compatible with both
linear a-olefin and styrenyl substrates and provides products
with excellent E/Z ratios. This work demonstrates that
identification of a bulky amine base, in combination with
appropriate catalyst and additives, overcomes the previously
observed incompatibility of chloroboranes with conditions that
enable f-hydride elimination. By harnessing a Heck mechanism,
this method enables use of an inexpensive, readily available
borylating reagent and avoids formation of byproducts, two
significant advantages over existing methods to deliver these
valuable versatile synthetic intermediates.
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