Cyclic(Alkyl)(Amino)Carbene Ligands Enable Cu-Catalyzed Markovni-
kov Protoboration and Protosilylation of Terminal Alkynes: A Versa-
tile Portal to Functionalized Alkenes

Yang Gao,"* Sima Yazdani,*** Aaron Kendrick IV," Glen P. Junor,® Douglas B. Grotjahn,” Guy Bertrand,** Rodol-
phe Jazzar,"* Keary M. Engle"*

"Department of Chemistry, The Scripps Research Institute, 10550 North Torrey Pines Road, La Jolla, California 92037-1000, United
States

SUCSD-CNRS Joint Research Laboratory (IRL 3555), Department of Chemistry and Biochemistry, University of California, San Di-
ego, La Jolla, California 92093-0358, United States

* Department of Chemistry and Biochemistry, San Diego State University, 5500 Campanile Drive, San Diego, CA 92182-1030, United
States.

ABSTRACT: Regioselective hydrofunctionalization of alkynes represents a straightforward route to access alkenyl boronate and silane build-
ing blocks. In previously reported catalytic systems, high selectivity is achieved with a limited scope of substrates and/or reagents, with general
solutions lacking. Herein, we describe a selective copper-catalyzed Markovnikov hydrofunctionalization of terminal alkynes that is facilitated
by strongly donating cyclic (alkyl) (amino)carbene (CAAC) ligands. Using this method, both alkyl- and aryl-substituted alkynes are coupled
with a variety of boryl and silyl reagents with high a-selectivity. The reaction is scalable, and the products are versatile intermediates that can
participate in various downstream transformations. Preliminary mechanistic experiments shed light on the role of CAAC ligands in this process.

Scheme 1. Overview of carbene-ligated Cu-catalyzed a-selective
protoboration of terminal alkynes.
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However, this method requires the use of the expensive masked di-
boron reagent pinB-Bdan (dan = naphthalene-1,8-diaminato), and
the alkenyl-Bdan products normally require an extra unmasking
step before further transformation. Inspired by Yoshida’s boron-
controlled strategy, we reasoned that a more strongly electron-do-
nating ancillary ligand could potentially offset the Lewis acidity of
more commonly encountered boryl groups (e.g., Bpin) and provide
ameans of controlling regioselectivity in a manner that is independ-
ent of the electronic nature of both the alkyne substrate and the di-
boron reagent (Scheme 1B). Over the past several years,’ the Ber-
trand lab has developed a number of cyclic (alkyl) (amino)carbene
(CAACs) ligands,*”*® which show unique reactivity and selectivity
profiles in several transition-metal-catalyzed reactions." Given that
these ligands are known to be stronger o-donors than analogous
NHCs ligands, '' ' !> we hypothesized that the corresponding
LCu(BX:) species would undergo preferential Markovnikov-selec-
tive addition to terminal alkynes via a-TS. Herein we describe a
highly a-selective protoboration of terminal alkynes catalyzed by
CAAC-ligated Cu complexes (Scheme 1C). In addition to tolerating
a wide range of alkyl- and aryl-substituted alkynes, the protocol can
also be applied to install a variety of boron moieties. The generality
of this CAAC-controlled Markovnikov-selectivity is demonstrated
through the realization of an analogous protosilylation method with
pinB-SiMe,Ph, " whereas NHC ligands, such as SIMes and SIPr,
gave exclusive B-selectivity."*

RESULTS AND DISCUSSION

1. Reaction Optimization. To initiate our study, we first selected 5-
phenyl-1-pentyne (1a) as the model substrate, Bopin, as the boron
coupling partner, MeOH as the proton source, NaO #Bu as the base,
and THF as the solvent and carried out the reaction at room temper-
ature. As summarized in Table 1, a select number of CAAC-ligated
Cu complexes were examined for their ability to promote formation
of 2a. To our delight, “CAAC;-ligated Cu complex (L1CuCl) pro-
motes the transformation with 92% a-selectivity. Replacement of the
ethyl groups on the oi-carbon of L1 with either an electron-withdraw-
ing group (Lz) or a more sterically bulky group (Ls) did not lead to
further improvement. “CAACs ligand (Ls), a much stronger elec-
tron-donor than L, gave the highest a:p ratio (94:6). Along these
lines, BICAAC ligands, ”BiCAAC (Ls) and "“BiCAAC (Ls), which

are also strong electron-donors,

Table 1. Optimization of reaction conditions®

LCuCl (2.0 mol%) Boi
NaOt-Bu (4.0 mol%) pin

Z P
Z + pinB-Bpin ———— >
NN P P MeOH (1.2 equiv) Ph\/\/§ + Ph o~ .Bpin
1a 1.1 equiv THF, r.t, 12h 2 2 P
Me
Me Me Me Me Me
\/3<Et \/3<Me N
Dipp~N . Et Dipp~N 7 Ph Dipp™
comparison
EICAACs PMeCAACs A9CAACS " it anNHC
Ly L, L;
98% yield 86% yield 96% yield VD
(o:p = 92:8) (o:p = 75:25) (ozp = 33:66) 1 Dipp™ N/ Dipp |
we S Me Me Me Me ; siPr
\@B N Pho | b
- _N s H N
Dipp”™ " TEt Dipp”™ 7 Dipp”™ 7 ; 98% yield
Me Me L (P =22:78)
EICAAC, FPIBICAAC PhERICAAC Tt
Ly Ls Le
99% vyield 96% yield 99% vyield
(o:p = 94:6) (o:p = 86:14) (o:p = 93:7)

“Yields of products (a+B) and regioselectivity (+2%) were determined by 'H NMR
(600 MHz) using CH,Br, as the internal standard.

furnished the desired product 2a with high, although slightly atten-
uated a-selectivity of 86% and 93%, respectively. For comparison, an
NHC variant, namely SIPr-ligated Cu complex L;CuCl, only deliv-

ered 22% of the a-isomer 2a under the identical reaction conditions.

2. Substrate Scope. We then evaluated the scope with respect to al-
kyl-substituted alkynes using L4CuCl as the precatalyst (Table 2).
Alkynes containing different primary alkyl chains readily underwent
efficient Markovnikov-selective protoboration (2a and 2c). A wide
range of functional groups, including halide (2b), cyano (2d), car-
boxyl (2e) and hydroxyl (2j) groups, were tolerated, with products
isolated in excellent yields and high regioselectivity. Substrates con-
taining different methylene spacer lengths (2= 1-4) between the

Table 2. Scope of a-selective protoboration of terminal alkyl-sub-
stituted alkynes

L4CuCl (4.0 mol%)

NaOt-Bu (8.0 mol%)

MeOH (1.2 equiv) A|ky|/§
THF, rt, 12h 2

Bpin
Alkyl—— + pinB—Bpin
1 1.1 equiv

alkyl-substituted alkyne scope?®?

Bpin Bpin Bpin Bpin Bpin
Ph e~ NC
oA cl n-hexyl& N N HO,C
2a 2b 2c 2d 2e°
91%, 94:6 81%, 96:4 92%, 97:3 87%, 98:2 60%, 94:6
Bpin Bpin Bpin Bpin Bpin
C
YA HO
BocN BocN
2f 2g 2h 2i 2j
63%, 89:11 97%, >98:2 89%, >98:2 96%, >98:2 93%, 98:2
Bpin Bpin Bpin Bpin Bpin
pho AN PO N oA PO PN AN
2k 21 m 2n 20
84%, 96:4 80%, 96:4 74%, 97:3 82%, 98:2 94%, 96:4
limitations
Bpin Boe /\/EQ1 H Bpin BnO\?O Bpin Iipm
PhthN N Boc Boc\”/\A tBuT N
2p 2q 2r 259 2te
81%, 94:6 85%, 97:3 94%, >98:2 96%, 98:2 (32%), 56:44

diboron reagent scope®’

Me Me
O e )
% MeWMe \
Me
HN. g NH 0.g-0 0450 0.0
PR NN G NN NG NN N
2aad" 2ab9 2ac/ 2ad
90%, 97:3 70%, 94:6 94%, 97:3 93%, 97:3
BMIDA
PhM
2af™
B(OEt), 74% (2 steps), 98:2
Ph
BFK
from B,(OHy4) PhM
2aed’ 2aq
98:2 9

85% (2 steps), 98:2

“Ratios of a:p (+2%) were determined via 'H NMR (600 MHz) of the crude reaction
mixture. Percentages represent isolated yields of the a-borylated products. “Condi-
tions: 1 (0.10 mmol), Bopin, (0.11 mmol), LsCuCl (0.004 mmol), NaO#Bu (0.008
mmol), MeOH (0.12 mmol) and THF (0.50 mL), r.t. NaO #Bu (1.1 equiv); the prod-
uct was esterfied before isolation. ©98% ee obtained from 1s 0of 99% ee. Percentage rep-
resents 'H NMR (600 MHz) yields of the a-borylated isomer using CH,Br: as the in-
ternal standard. ‘Conditions: 1a (0.10 mmol), diboron reagent (0.11 mmol), LsCuCl
(0.004 mmol), NaO £Bu (0.008 mmol), MeOH (0.12 mmol) and THF (0.50 mL), r.t..
¢L;CuCl (2.0 mol%) and NaO #Bu (4.0 mol%). “pinB-Bdan (1.1 equiv). ‘Bonep, (1.1
equiv). /B(dmpd). (1.1 equiv). “Bis[(-)pinanediolato]diboron (1.1 equiv). LiCuCl
(2.0 mol%), NaO#Bu (0.3 equiv), B,(OH)4 (1.2 equiv), EtOH (0.25 mL) and THF
(025 mL), rt, 6 h. ™Conditions: methyliminodiacetic acid (3.0 equiv), tolu-
ene/DMSO, 105 °C. “Conditions: KHF, aqueous solution (6.0 equiv), MeOH, 0 °C
tor.t..



C=Cbond and a heteroatom group, such as ethers (2k-2n) or pro-
tected amino groups (20-2r), all underwent protoboration in 94—
98% a-selectivity and 74-94% yield. The reactions of alkynes bear-
ing secondary alkyl groups at the a-position (2g-2i) gave especially
high Markovnikov selectivity. However, increasing steric hindrance
further with a tertiary alkyl group is deleterious, as seen with the re-
activity of the #butyl acetylene under the optimal conditions (2t).
Alkynes with functional groups like pendant piperidine, azetidine,
and glycine, commonly found in medicinally relevant molecules
were all competent reactants (2g, 2h and 2s).

The generality of this reaction was further evaluated by explor-
ing a range of diboron reagents. pinB-Bdan was subjected to the re-
action conditions, affording product 2aa in 64% yield and 97% a-se-
lectivity. When Li1CuCl was used, the yield of 2aa was improved to
90% with the same a:p ratio observed. A range of diboron esters per-
formed well, allowing the highly regioselective synthesis of a-alkenyl
boronates (2ab-2ad). The reaction using Bunep: also required
LiCuCl as the catalyst to obtain a good yield. It is worth noting that
B,(OH)s was a competent partner, furnishing 2ae with 98:2 a:f ratio
under slightly modified reaction conditions, in which EtOH was
added as co-solvent to dissolve B,(OH)a."* Subsequent conversion
of the B(OEt), group into BMIDA and BF:K groups furnished 2af
(74% yield) and 2ag (85% yield), respectively, over two steps.

We next sought to develop a method for Markovnikov-selective
protoboration of terminal aryl-substituted alkynes. After a brief
screening of CAAC and BiCAAC ligands, "*BiCAAC (Le) was
found to give the highest a:( ratio (94:6) with phenylacetylene (1u)
as substrate (see SI for additional data). The effect of aromatic sub-
stituents on LeCu-catalyzed protoboration was examined and fur-
ther compared with that of (SIPr)Cu-catalyzed reactions (Table 3).
To our delight, LéCuCl consistently gave the branched compounds

Table 3. Scope of a-selective protoboration of terminal aryl-substi-

tuted alkynes.”

LeCuCl (4.0 mol%)

Bpin
NaOt-Bu (8.0 mol%
/// + pinB—Bpin %
Ar . MeOH (1.2 equiv) Ar o
1 1.1 equiv THF, rt, 12 h 2
Bpin Bpin Bpin Bpin Bpin
F/©A MeO/©A MeO;C/©A Me/©A
2u 2v 2w 2x
91%, 94:6 94%, 96:4 78%, 86:14 63%, 85:15 85%, 87:13
[SIPr] 78%, 88:12°  [SIPr] 53%, 87:13®  [SIPr] -, 62:38?  [SIPr] 61%, 92:8°  [SIPr] 41%, 75:25°
Bpin Bpin Bpin Bpin Bpin
Cl F;C MeO Me
Me,N
2z 2za 2zb 2zc 2zd
68%, 74:26 81%, 94:6 86%, 92:87 80%, 89:11¢ 87%, 90:10

[SIPr] 15%, 23:77°  [SIPr] 59%, 89:11°  [SIPr] 52%, 89:11°  [SIPr] 67%, 79:21°  [SIPr] 44%, 74:26°

Me Bpin Br Bpin Bpin Bpin Bpin
ars ()
N
2ze 2zf 2zg 2zh 2zi
90%, 91:9 89%, 94:67 75%, 87:13 (78%), 91:9° (51%), 81:19°
[SIPr] 51%, 70:30°  [SIPr] 73%, 91:9°  [SIPr] 36%, 79:21° [SIPr] -, 78:220 [SIPr] -, 90:10P

“Conditions: 1 (0.10 mmol), Bpin, (0.11 mmol), LeCuCl (0.00S mmol), NaO#Bu
(0.010 mmol), MeOH (0.12 mmol) and THF (0.50 mL), r.t.. Ratios of a:p (+2%)
were determined via 'H NMR (600 MHz) of the crude reaction mixtures. Percentages
represent isolated yields of the a-borylated products. ‘Reported results from Ref 4a.
“Results using reaction conditions from Ref. 4a; percentages represent "H NMR yields
of the a-borylated products. KO #Bu (10 mol%) and toluene (0.50 mL). ‘Percentages
represent 'H NMR (600 MHz) yields of the a-borylated products using CH,Br; as the
internal standard. The isolated yield was not obtained due to complication during the

isolation.

as the major products with high yields, whereas variable regioselec-
tivity and yields were observed in (SIPr)Cu-catalyzed reactions.
This difference in performance is most evident in the case of p-
NMe:-phenylacetylene as substrate, where 74:26 a:p ratio and 68%
yield were observed in the L¢Cu-catalyzed reaction, while the NHC-
ligaged L7CuCl catalyst led to only 23:77 a:p ratio and 15% yield
(2z). Reactions with aryl alkynes that bear an 0-Me or o-Br per-
formed well with 91-94% a-selectivity observed (2ze-2zf). 2-
Ethynyl-naphthalene and 3-ethynyl-thiophene underwent efficient
a-selective protoboration (2zg-2zh), while reaction of 2-ethnylpyr-
idine gave a slightly lower a-selectivity of 81% (2zi).

3. Product Transformations. Upon scaling up the reaction using 1a
(4.0 mmol) as the substrate, two representative protoboration reac-
tions proceeded smoothly, furnishing 2a in 81% yield and 2afin 60%
yield over two steps. The Bpin group of 2a is readily converted to a
variety of functional groups, enabling access to other valuable a-sub-
stituted alkenes, including a-halogenated alkenes (3aa-3ab) and a-
arylated alkenes (3ac). Moreover, the resulting alkene is amenable
to a variety of diversifications. We were able to synthesize a 1,3-bis-
(boryl)alkane 3ad via a boronic ester induced bis-1,2-migration
pathway, following Studer’s procedure.'® In addition, Fe-catalyzed
HAT olefin cross-coupling reaction between 2a and N,N-dime-
thylacrylamide gave 3ae in useful yield, under Baran’s conditions
with slight modifications. " Finally, with mCPBA as an oxidant,
epoxidation of 2af giving 3af was achieved in 89% yield."®

Scheme 2. Scale up and diversification.

@\/\/L : @\/\/BQH

3aa, X = Br, 93% yield / 2a,81%(0.88 g)
3ab, X = Cl, 78% yield A [d]

b1/
'/ standard o

'," conditions
Me 1a ) NMe,
(4 mmol scale) Mé Bpin
-
O standard 3ae, 50% yield
conditions

2af, 60% (0.72 g)

Bpin

3ad, 65% vyield

3ac, 81% yield

3af, 89% yield
Conditions: [a] CuXa, MeOH/H.0, 90 °C. [b] 10% Pd(PPh;)4, Cs:COs3, p-iodotolu-
ene, THF, 65 °C. [c] n-BuLi, Et,O, 0 °C to r.t,, then ICH,Bpin, MeCN, r.t. [d] 5%
Fe(acac)s, Na;HPO,, Ph(i-PrO)SiH,, N, N-dimethylacrylamide, EtOH, 65 °C. [e]
mCPBA, DCM, 0 °C to r.t. under air.

4. Protosilylation. To further explore the CAAC/BiCAAC-
controlled regioselectivity in Cu-catalyzed hydrofunctionalization
chemistry, we turned our attention to protosilylation of terminal al-
kynes.!” Though the NHC-ligated copper complex, (SIMes)CuCl,
has been demonstrated to catalyze such a reaction, exclusive anti-
Markovnikov-selectivity was observed across a broad collection of
terminal alkynes (Scheme 3)."* On the other hand, Markovnikov-se-
lective Cu-catalyzed protosilylation of aliphatic alkynes was reported
by Loh, using JohnPhos as the ligand.”* Although highly enabling in
its own right, Loh’s method has notable drawbacks, including mod-
est performance with alkynes bearing heteroatom groups at the pro-
pargylic or homopropargylic position and significantly decreased re-
gioselectivity with phenylacetylene as substrate.



Scheme 3. Selected examples of Cu-catalyzed protosilylation of
terminal alkynes

A. (SIMes)Cu-catalyzed B-selective protosilylation

cat. (SIMes)CuCl
cat. NaOt-Bu,
MeOH, THF, 22 °C

R——== + pinB—SiMe,Ph ——— > R/\,SiMezPh
o B [Hoveyda, 2013] B
R = alkyl, Ar
B. (Johnphos)Cu-catalyzed a-selective protosilylation
cat. CuCl, cat. NaOt-Bu
cat. JohnPhos ligand SiMe,Ph
. ) . MeOH, THF, 0 °C
R—== + pinB—SiMe,Ph R
o B [Loh, 2011] @

 low reactivity with heteroatom groups at propargyl or homopropargyl position
* low regioselectivity with Ph-acetylene

In our initial experiments we attempted to adapt the reaction
conditions for protoboration to protosilylation by enlisting pinB—
SiMe,Ph as the nucleophilic silyl source. Different CAACs and Bi-
CAAC:s ligands were examined, and Ls was found to give the highest
a:f ratio (97:3), providing product 4a in 55% yield (see SI for addi-
tional data). After brief optimization, we identified conditions for a-
selective protosilylation of terminal alkynes (Table 4). Heteroatom
groups like ether or a protected amine group on the propargylic or
homopropargylic position had little effect on reactivity, with prod-
ucts (4b-4c) obtained in excellent yields (86-93%) and high a-se-
lectivity (91-95%). We then tested the scope of aryl-substituted al-
kynes. The L4CuCl-catalyzed protosilylation of phenylacetylene de-
livered the branched product 4d with 91% a-selectivity. Reactions of
p-, m- and o-tolylacetylene proceed with excellent yield (75-93%)
and high a-selectivity (89-95%) (4f, 4i and 4k). In contrast to what
we observed in our study of protoboration, electron-deficient aryl
groups have a negative impact on the selectivity for formation of the

Table 4. Scope of a-selective protosilylation of terminal alkynes®

L4CuCl (4.0 mol%)

KOfBu (8.0 mol%) $iMe,Ph
R——= + pinB—SiMe,Ph —————————>
MeOH (1.2 equiv) R™a
1 1.1 equiv toluene, r.t., 12 h 4
. o SiMe,Ph SiMe,Ph
SiMe,Ph
iMe,Ph
©\A/1e2 j O\A N/\/&
0
4a 4b 4ac 4d
93%, 98:2 93%, 91:9 86%, 95:5 92%, 91:9
[JohnPhos] 44%, 52:48"  [JohnPhos] 42%, 90:10°  [JohnPhos] 87%, 62:38°
. 4e,R' = p-OMe, 88%, 955 .
SiMe,Ph " PhMe,Si y
MEPN 4t Ri=pMe,  75%,89:11 2 SiMe,Ph
S 4g, R'= p-NMe,, 81%, 88:12 .
R 4h, R = p-CFs,  90%, 54:46 OO )
4i,R'=m-Me,  85%, 89:11 s
4j,R'=m-Cl,  85%,72:28 “ .
4K, R'=o0-Me,  93%, 955 am Jan
4R = 0Br, 67% 80-20 99%, 90:10 44%,91:9

“Conditions: 1 (0.10 mmol), pinB-SiMe;Ph (0.11 mmol), L4CuCl (0.004 mmol),
KO#Bu (0.008 mmol), MeOH (0.12 mmol) and toluene (0.50 mL), r.t. Ratios of a:
(+£2%) were determined via "H NMR (600 MHz) of the crude reaction mixtures. Per-
centages represent combined yields of the two regioisomers, which were inseparable
and isolated together. “Results using method in Ref. 19. ‘Reported results from Ref. 19.

a-silylated products. For instance, reactions of aryl alkynes bearing
P-CFs or m-Cl groups gave 54:46 and 72:28 a: ratios, respectively.
Electron-donating aryl substituents, such as p-OMe and p-NMe;, on
the other hand, gave rise to higher a-selectivity (4e and 4g).?! 2-
Ethynyl-naphthalene and 3-ethynyl-thiophene were also competent
partners (4m and 4n), though the latter gave only moderate yield.

S. Mechanistic Studies. As previously reported, site selectivity in
(NHC)Cu-catalyzed protoboration of terminal alkynes is governed
by the structure of the NHC ligand and the substrate.* To better un-
derstand the conspicuous catalytic differences observed with CAAC
ligands, a preliminary mechanistic study was performed.

Ligand effect. Contrasting with our initial hypothesis and as high-
lighted in Scheme 4A using Li, Ls, Ls and Ls, a trend rationalizing the
a-selectivity obtained across CAAC motifs from their respective o-
donating properties alone is not straightforward.”” Intrigued by the
reversed selectivity observed with the rigid and bulky adamantyl

Scheme 4. Highlighting the influence of steric and electronic parameters in the (CAAC)copper-catalyzed protoboration of alkynes
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CAAC; Ls (Table 1), we wondered if the steric and the electronic
environment of the CAAC ligands could have conflicting influences.
To deconvolute these effects, we first considered the CAAC; ligands
Li-Ls, bearing comparable electronic environments and noted the
a-selectivity to increase with decreasing steric hindrance (Scheme
4B).”*?* We next examined CAAC ligands Ls-Ls with comparable
steric environments, and in this case confirmed that increasing o-do-
nation of the CAAC ligands favor a-selectivity (Scheme 4C). Taken
together these observations clarify the higher a-selectivity obtained
with the more donating BiCAAC and CAACs ligands, which also
benefit from a flexible steric environment that is more amenable to
substrate modularity.®>*'** Note that these observations contrast
with previous reports using NHC ligands in which the avs. £selec-
tivity was rationalized through the respective electronic properties
of the ligands (Ze. Aselectivity for SIAd : HOMO = -5.34 eV; a-se-
lectivity for SIMes : HOMO = -5.70 eV).” While more studies will
be needed to clarify these competing effects, it is possible that steric
hindrance is also at play in this scenario.”®

Alkyne effect. As noted previously, our results suggest that CAAC
ligands are more impervious to the nature of the reagents compared
to NHCs. To confirm this trend, a Hammett correlation study was
performed to quantify the electronic influence of the substrates in
the protoborylation of arylacetylenes catalyzed by copper complexes
of Ls ("*BiCAAC) and Ly (SIPr) (Scheme 5).% In either catalytic
system, high a-selectivity was observed in the presence of electron-
neutral or -deficient aryl groups (o> 0), while it dropped when elec-
tron-rich aryl groups were used. As a result, positive values for Ap(p

Mechanism. While the mechanism of the protoboration involving
copper-boryl intermediates has been thoroughly studied with NHC
ligands,* much less is known about the corresponding protosilyla-
tion reaction, and nothing is known yet about either of these reac-
tions with CAAC-based catalysts. It is generally accepted, however,
that both pathways proceed through the same catalytic sequence as
highlighted in Scheme 6A starting from LsCuCL* To further our un-
derstanding of (CAAC)Cu-catalyzed hydrofunctionalization of al-
kynes, stoichiometric reactions were performed. As shown in
Scheme 6B reaction of LsCuCl with one equivalent of KOPh af-
forded the corresponding copper—phenoxide A’, which underwent
anion metathesis with B,Pin; to generate the corresponding

Scheme S. Comparatively to SIPr, the “**BiCAAC copper cata-
lyst is more impervious to alkynes’ electronic properties.

LCuCl (4.0 mol%) Bpin
= NaOt-Bu (8.0 mol%) .
7~ + pinB—Bpin + X BPin
Ar/ P P MeOH (1.2 equiv) ATy Af/\ﬁ’

1 1.1 equiv THF, r.t., 12 h

2u-2zd 2u’-2zd’

7777777777777777777777777777777777 14

Me \Me

0.2
— pp) were obtained with both SIPr and ”#BiCAAC ligands. Though Sp
there does seem to be some influence as one moves from electron- -0.85 065 045 -0.25 -0.05 0.15 0.35
neutral to highly electron-donating, the significantly smaller Ap ob- 02
tained with BICAAC (Apsicasc= 0.43 vs. Apsie: = 1.2), together with
. 2 _ 2 _
a weaker log(a/pB) vs. o correlation (Rsicasc = 0.38 vs. Rsier = 0.90) o5 ] l0g(a/p)
supports the notion that with CAAC ligands there is no longer as
strong of a relationship between the variables of electronic character
and regioselectivity.
Scheme 6. Proposed mechanism (A) and mechanistic studies (B and C).
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copper-boryl Bgpin with a characteristic "B NMR signal at 43.5
ppm.*! In our hands the copper—boryl Bagin proved too reactive to be
handled; however, upon addition of alkyne 1a and MeOH (2 equiv),
the desired a-borylated product 2a was obtained with 99% selectiv-
ity. To confirm these results under pseudo-catalytic conditions,
complex A’ was reacted with a mixture of B,Pin,, 1a and MeOH, af-
fording the same selectivity.

Turning our attention to the protosilylation reaction, we found
that reaction of A with pinB-SiMe,Ph afforded the comparatively
more stable copper—silyl intermediate Bs, which could be character-
ized by NMR spectroscopy Scheme 6B.*> More interestingly, addi-
tion of alkyne 1a to this complexled to the formation of 99:1 mixture
of a- and p-silylorganocopper intermediates Csi and Cs/', respec-
tively. Subsequent protonolysis with MeOH afforded the corre-
sponding protosilylated products 4a and 4a’ in the same ratio. Note
that protonolysis with MeOD led to selective deuteration in the
same positions, supporting a similar mechanism as seen for the pro-
toboration reaction. Here also we could recapitulate these results
under pseudo-catalytic conditions by reacting complex A with a mix-
ture of pinB-SiMe,Ph, 1a and MeOH. Beyond supporting the pos-
tulated catalytic cycle, these preliminary mechanistic studies suggest
that in this system the steric and electronic environment of the
CAAC:s governs the regiochemical outcome by controlling the coor-
dination of the alkyne substrate and the ensuing migratory insertion
step.

CONCLUSION

In conclusion, we have developed a selective method for accessing
Markovnikov alkenyl boronic and silanes building blocks. It toler-
ates both electron-rich and electronic-deficient alkynes as well as a
range of boryl and silyl reagents. Gram-scale synthesis allowed for
the diversification of these building blocks into value-added chemi-
cals. Furthermore, preliminary mechanistic studies suggest that the
steric and electronic environment of the ligand have competing ef-
fects, with the Markovnikov hydrofunctionalization preferring the
sterically flexible and most donating BiCAAC and CAAC;s ligands.
The ability of CAAC ligands to control regioselectivity in LCu(BX:)
additions to n-bonds has significant implications given the wide ar-
ray of electrophilic reaction partners that participate in this mode of
catalysis** and its demonstrated use as a constituent component of

powerful dual catalytic processes. **

1 (a) Miyaura, N.; Suzuki, A. Palladium-Catalyzed Cross-Coupling Reac-
tions of Organoboron Compounds. Chem. Rev. 1995, 95, 2457-2483.
(b) Moran W. J.; Morken, J. P. Rh-Catalyzed Enantioselective Hydro-
genation of Vinyl Boronates for the Construction of Secondary Boronic
Esters. Org. Lett. 2006, 8,2413-241S. (c) Molander, G. A.; Ellis, N. Or-
ganotrifluoroborates: Protected Boronic Acids That Expand the Versa-
tility of the Suzuki Coupling Reaction. Acc. Chem. Res. 2007, 40, 275-
286. (d) Tobisu, M.; Chatani, N. Devising Boron Reagents for Orthog-
onal Functionalization through Suzuki-Miyaura Cross-Coupling. An-
gew. Chem,, Int. Ed. 2009, 48, 3565-3568. (e) Lennox, A. J.; Lloyd-
Jones, G. C. Selection of Boron Reagents for Suzuki-Miyaura Coupling.
Chem. Soc. Rev.2014, 43,412-443. (f) Zhang, L.; Lovinger, G. J.; Edel-
stein, E. K..; Szymaniak, A. A.; Chierchia, M. P.; Morken, J. P. Catalytic
Conjunctive Cross-Coupling Enabled by Metal-Induced Metallate Re-
arrangement. Science 2016, 351, 70-74. (g) Ueda, M.; Kato, Y.;
Taniguchi, N.; Morisaki, T. High Reactivity of a-Boryl Radical of Potas-
sium AKklyltrifluoroborate in Atom-Transfer Radical Addition. Org.
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