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Abstract A practical method is introduced for the catalytic conver-
sion of terminal alkynes into a-substituted vinyl boronic esters. The
process employs catalytic amounts of nanoparticle-supported gold cat-
alysts and catalytic amounts of copper to effect the overall transforma-
tion.
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Alkenyl boronates have gained prominence as versatile
building blocks in organic synthesis, engaging in a wide
range of stereospecific transformations, particularly metal-
catalyzed cross-coupling reactions.! These applications
have made alkenylboronic esters indispensable not only for
routine organic synthesis, but also for the synthesis of natu-
ral products and pharmaceutical targets. To construct alke-
nyl boronates, the hydroboration or protoboration of termi-
nal alkynes emerges as one direct synthesis route.? In this
regard, various strategies have been established to control
the regioselectivity of hydroboration, resulting in products
that deliver boron to either the terminal or internal carbon
of the 1-alkyne. In contrast to the relatively accessible 1,2-
disubstituted E- or Z-alkenyl boronate products generated
by addition of boron to the terminal carbon,? the synthesis
of a-substituted alkenyl boronates by borylation of the in-
ternal carbon poses more significant challenges due to
heightened steric demands. In this report, we describe a
simple protocol for the construction of 2-boryl-1-alkenes
from terminal alkynes through the sequential action of a
heterogeneous and a homogeneous catalyst.

Conventionally, a-substituted alkenyl boronates have
been synthesized from 2-haloalkenes by lithium-halogen
exchange, followed by reaction with electrophilic boro-
nates.* Alternatively, Pd-catalyzed borylation of 2-
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haloalkenes using bis(pinacolato)diboron as described by
Miyaura® could yield the derived boronates with controlled
regioselectivity.

On the other hand, the Hoveyda group introduced a
one-pot procedure for generating 2-borylalkenes from ter-
minal alkynes. In this work, an a-selective hydroalumina-
tion, assisted by catalytic amount of commercially available
Ni(dppp)Cl,, was conducted. The in situ generated alkenyl-
aluminum species can then directly react with me-
thoxy(pinacolato)boron to afford 2-borylalkenes in good
yield and site-selectivity (Scheme 1a).5
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Scheme 1 Overview of synthesis of a-substituted vinyl boronates
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More recently, the Hoveyda group presented an alterna-
tive method involving catalytic copper-boylation/protona-
tion using an NHC-Cu complex. With this method, propar-
gyl alcohols, propargyl amines, and aryl acetylenes could be
transformed into the corresponding a-substituted alkenyl
boronates directly and in exceptional site selectivity and ef-
ficiency (up to >98:2, 95% yield, Scheme 1b).” The regiose-
lectivity was attributed to electronic and steric interactions
during the copper-borylation step, where the NHC(copper)
complex adds distal to the electron-withdrawing propar-
gylic heteroatom of the substrate. A reaction that applies to
unactivated terminal alkyne substrates was developed by
Engle, Jazzar, and Bertrand, who found that borylation of
the internal carbon could be achieved when a strongly elec-
tron-donating cyclic (alkyl)(amino)carbene (CAAC) ligand
is employed.? In this case, the use of the sterically flexible
and electron-donating CAAC ligand favors the formation of
2-boryl-1-alkenes (Scheme 1c).

While hydroboration approaches to a-alkenyl boronates
have been well-investigated, we considered that a scalable
process that operated on a variety of different terminal
alkynes, that employed readily available catalysts, and used
operationally simple procedures might extend the utility of
2-borylalkenes in organic synthesis. Recently, our group

Table 1 Optimization of Catalytic Diboration of 3-Phenyl-1-propyne?

Ba(pin)2 (1.05 equiv) B(pin)

Ph/\\\ T comdios Ph._ A Boin)
1 2
Entry  Catalyst Loading  Solvent Temp Yield
(%) (9 (%)
1 Pt(PPh,), 3 DMF 80 97
2 Pt(PPh,), 0.5 DMF 80 48
3 Pt(dba);PPhy(o-Tol) 1 DMF 80 95
4 Pt/C (10%) 3 DMF 80 42
5 1% Au|TiO,P 0.5 toluene 70 96
6 3% Au/TiO,¢ 0.5 toluene 70 96
7 3% Au|TiO,* 0.5 EtOAc 70 94
8 3% Au|TiO,* 0.5 MeCN 70 87
9 3% Au|TiO,* 0.5 MTBE 70 84
10 3% Au|TiO,d 0.5 toluene 70 <5
1 3% Au[TiO,* 0.2 toluene 70 95
12 3% Au/WO; 0.5 toluene 70 85
13 3% Au|TiO,® 0.5 toluene 70 94
14 3% Pt/TiO,* 1 toluene 70 <5

2Unless otherwise indicated, reaction was conducted at 1 mmol scale in the
indicated solvent (1 mL) for 24 h. Percentage yields of products determined
by "H NMR spectroscopy.

b Commercially available through Strem catalog, catalog number 79-0165.
¢ Prepared in-house.

d Catalyst calcinated at 400 °C for 5 h before use.

¢ Gold loaded on P25 TiO, instead of anatase TiO,.

and others reported stereospecific and site-selective cross-
coupling of vicinal 1,2-bis(boronates).? In one report,® a
synergistic activation by an adjacent nonreacting boronate
unit was found to enable rapid and site-selective trans-
metalation to copper. It was envisioned that extending this
site-selective functionalization to alkenyl 1,2-bis(boro-
nates) might offer an alternate avenue for the synthesis of
a-substituted alkenyl boronates (Scheme 1d). However,
there are multiple challenges to address in adopting this
strategy. In contrast to their alkyl boronate counterparts,
alkenyl boronates exhibit greater Lewis acidity, rendering
them more reactive in cross-coupling reactions. While in-
stances exist where both boronates in 1,2-diboryl alkenes
can participate in Suzuki cross-coupling,'® the regioselec-
tive monofunctionalization of alkenyl bis(boronates) re-
mains unexplored. Additionally, although these intermedi-
ates can be generated through transition-metal- or non-
transition-metal-catalyzed  diboration of  terminal
alkynes,!" we considered that preparative access to 1,2-di-
borylalkenes could be improved.

We began our exploration of catalytic diboration of 4-
phenyl-1-butyne using commercially available Pt complex-
es. Following the seminal work of Miyaura and Suzuki on
the cis-selective alkyne diboration,'?® as well as the work of
a number of others,'? we began by employing Pt(PPh;), as
the catalyst. This approach resulted in a high-yielding dibo-
ration reaction with a catalyst loading of 3 mol% (Table 1,
entry 1). However, the yield was diminished when the cata-
lyst loading was reduced to 0.5 mol% (Table 1, entry 2).
When a platinum complex (Pt(dba);) modified by the addi-
tion of a monophosphine was examined, improved efficien-
cy was observed (Table 1, entry 3).!3 In an effort to establish
a practical method that required minimal workup and puri-
fication procedures, investigation of heterogeneous cata-
lysts was initiated. Metal complexes supported on nanopar-
ticle supports are an emerging class of catalysts that offer
both cost-effectiveness and the potential for catalyst recy-
cling, thereby minimizing waste generation.'* These solid-
supported catalysts, free from ligands, facilitate surface-
based reactions, averting the risk of catalyst decomposition
by metal aggregation - an issue highlighted in earlier work
by Miyaura and colleagues involving ‘ligandless’ platinum.!>
Drawing inspiration from Grirrane, commercially available
10% Pt/C was examined and found to deliver the desired
product with a 42% yield (Table 1, entry 4).'® Notably, the
heterogeneous metal could be conveniently removed by
simple filtration through Celite. Following Stratakis’ condi-
tions, the desired diboration reaction could also be
achieved using commercially available Au/TiO, with cata-
lyst loading as low as 0.5 mol% (Table 1, entry 5). Prepara-
tion of related complexes was investigated, and it was found
that a straightforward procedure involving doping HAuCl,
onto anatase TiO,, followed by reduction with NaBH,, yield-
ed an Au/TiO, heterogeneous catalyst showing comparable
reactivity to the commercial material. While the use of tol-
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uene as a solvent resulted in the highest reaction yields (Ta-
ble 1, entry 6), more environmentally friendly solvents
such as ethyl acetate, acetonitrile, and MTBE provided only
slightly diminished reaction efficiency (Table 1, entries 7-
9). Of note, the preparation of Au/TiO, was straightforward
and did not require high-temperature calcination for effec-
tive catalysis. Intriguingly, the calcinated catalyst was large-
ly ineffective for diboration and did not provide detectable
amounts of product (Table 1, entry 10). Furthermore, the
as-synthesized Au/TiO, nanoparticles exhibited good effi-
ciency, even at a loading as low as 0.2 mol% (Table 1, entry
11). Gold nanoparticles loaded onto alternative supporting
materials such as P25 TiO, and WO; exhibited similar reac-
tivity (Table 1, entries 12, 13). In contrast, Pt nanoparticles,
synthesized using a similar approach, did not exhibit cata-
lytic competency under the same conditions (Table 1, entry
14).

Having established a route for the scalable synthesis of
1,2-diborylalkenes, the conditions were applied to a repre-
sentative subset of alkyne substrates (Scheme 2).17 Aryl-
and alkyl-substituted alkynes both underwent efficient di-
boration. Furthermore, with alkynes bearing sterically de-
manding substituents (isopropyl, cyclohexyl, cyclopropyl,
and cyclohexylmethyl) proved compatible with the process,
yielding the desired product in nearly quantitative yield.
More sterically demanding tert-butylacetylene yielded the
desired diboryl product as well. Additionally, alkene groups
and halogens did not interfere with the reaction in any de-
tectable way. However, chelating functional groups such as
alcohols, phenyl or benzyl-protected alcohols, or nitrogen-
containing heterocycles are currently not tolerated (see the
Supporting Information for this data).

AUITIO; (0.5 mol%)
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= — .
toluene, 80 °C, 24 h e
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Scheme 2 Scope of Au/TiO2 catalyzed diboration of terminal alkyne.
Reagents and conditions: terminal alkyne (1.05 mmol), 3% Au/TiO, (5
umol), B,(pin),(1.00 mmol), toluene (1 mL), 80 °C, 24 h. Percentage
yields of products determined by '"H NMR spectroscopy. Percentage
yield in parentheses represents the isolated yield.

It is important to note that the chromatographic purifi-
cation of 1,2-diborylalkenes is not straightforward. The use
of an extended silica gel column can lead to a reduction in
product recovery, as the comparison between isolated puri-
fied yields and those versus an internal standard indicates.
This observation might be attributed to the undesirable
over-absorption of these compounds on the silica gel as
previously noted by Isobe'® and others,'® suggesting that
short silica gel columns should be employed to mitigate this
issue.

With an effective scalable diboration in hand, the site-
selective protodeboration was examined. Conditions from a
previous study®® employing Cu catalysis and LiOMe as the
activator were examined first. When employing MeOH as
the proton source and heating the reaction to 60 °C, the
product arising from protodeboration of both boronates
was observed, and only 15% of the desired product was gen-
erated (Table 2, entry 1). However, by conducting the reac-
tion at room temperature, selective protonation at the less
hindered alkenyl boronate was the predominant product,
with protonation of the internal boronate as the minor
product (Table 2, entry 2). To enhance the regioselectivity
of the protonation, various proton sources with higher pK,

Table 2 Optimization of Cu-Catalyzed Selective Protonation of 1,2-
Alkenyl Bis(boronates)

[Cu] (20 mol%)

B(pin) H* (1.1 equiv) B(pin) H
PR A BON — Lowe . PN soH T Ph\)\/B(pin)
. THF, temp, 16 h B 5
Entry Temp (°C) Cu source H* Yield (%)* o:B
1 60 CuCN MeOH 15 N/A
2 rt CuCN MeOH 60 90:10
rt CuCN acetone 65 95:5
4b rt CuCN acetone 53 96:4
5 rt CuCN acetone 47 96:4
6 rt CuCN DMA 63 94:6
7 rt CuCN MeCN 36 90:10
8 rt CuCN EtOAC 34 91:9
9 rt CuCN-2Licl acetone 92 96:4
10 rt CuCN-2LiCl DMA 93 94:6
11 rt CuCN-2LiCl i-PrOH 94 98:2
12 rt CuCN-2Licl t-BuOH 90 97:3
13 rt CuCN-2Licl TFIP 81 97:3
14 rt Cudl-2Licl i-PrOH 72 99:1
15 rt CuBr-2Licl i-PrOH 77 99:1
16 rt Cul-2Licl i-PrOH 88 97:3

2 Unless otherwise indicated, reaction was conducted at 0.2 mmol scale in
THF (1 mL) for 24 h. Yields and regioselectivity are determined by "H NMR
spectroscopy with the unpurified material.

b Reaction employed 50 mol% CuCN.
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values were explored. With acetone employed as the proton
source, the reaction yielded the desired product with a
slight improvement in regioselectivity to a ratio of 95:5 (Ta-
ble 2, entry 3). Comparable outcomes were observed in sol-
vents such as DMA, acetonitrile, and ethyl acetate (Table 2,
entry 6-8). Increasing the loading of copper catalyst (Table
2, entry 4) or changing the copper salt didn’t lead to im-
proved reaction yield. Conversion of 1,2-diborylalkene to
the desired 2-boryl-1-alkene could be further improved by
use of freshly prepared homogenous CuCN+2LiCl in THF as
copper source (Table 2, entry 9).°¢ With this modification,
more hindered proton sources were examined. Finally, iso-
propanol (Table 2, entry 11) was identified as the most ef-
fective proton source, with 94% yield of the desired product
and 98:2 selectivity being observed.

Considering aspects pertaining to practicality and scal-
ability, other copper halides were surveyed (Table 2, entries
14-16) and it was found that Cul-2LiCl offered comparable
reactivity and selectivity compared to the more toxic
CuCN-2LiCl. Therefore, examination of various substrates in
the reaction was conducted using Cul-2LiCl. As depicted in
Scheme 3, various 1,2-alkenyl bis(boronates) underwent
conversion into the corresponding 2-boryl-1-alkenes in
good yield and selectivity.?’ Modifying the substituents on
the diborylalkene substrate had minimal effects on the
overall selectivity. For substrates with aryl groups 2-3 car-
bons removed from the reacting alkene, a-selectivity ex-
ceeding 99:1 was consistently observed after purification.
Linear alkyl substrates reacted with slightly diminished se-
lectivity (94:6). Substrates with other substituents, such as
a silyl-protected alcohol and isobutyl group provided >99:1
selectivity with good yield. Alkynes with bulky substitu-
ents such as cyclopropyl, cyclohexyl, methyl cyclohexyl,
and tert-butyl reacted with selectivity of >95:5 for the de-
sired a-substituted vinyl boronates with satisfactory yields.
In addition, alkene and halogen substituents were well-tol-
erated under these reaction conditions. Different deriva-
tives of alcohols, such as para-methoxyphenyl-protected
alcohol, benzyl-protected alcohol, and a phthalimide, all
displayed compatibility with the reaction conditions, deliv-
ering the desired a-substituted vinyl boronates.

Lastly, a tandem diboration-protonation was investigat-
ed as a method to provide direct access to 2-boryl-1-
alkenes without isolation and purification of the 1,2-dibor-
ylalkene intermediate (Scheme 4). In the sequence, the re-
action mixture from the Au-catalyzed diboration was fil-
tered through a short pad of Celite to remove the catalyst,
concentrated, and the crude mixture directly subjected to
Cu-catalyzed protonation. The desired a-substituted vinyl
boronates could be obtained in moderate to good yield and
with uncompromised regioselectivity.

In summary, a synthetic method to access 2-boryl-1-
alkenes from terminal alkynes via a selective diboration-
protonation sequence was demonstrated. The desired prod-

Culs2LiCl (20 mol%)

B(pin) LiOMe (2.5 equiv) B(pin)
R/\/ B(pin) PrOH (1.1 equiv) R)\
THF, rt, 16 h
B(pin) B(pin) B(pin) B(pin)
Ph
AN Ph R nCHie” X TBSO R
13 14 15 16
88% (80%) 91% (82%) 89% (76%) 86% (72%)
>99:1 o >99:1 o:f 94:6 o:f >99:1 o:p
B(pin) B(pin) B(pin) B(pin)
FPr. X X cy N Cy. X
17 18 19 20
77% (61%) 98% (87%) 88% (80%) 77% (73%)
>99:1 o:p >99:1 a:p 97:3 a:f 95:5 a:p
B(pin) B(pin) B(pin) B(pin)
Cl
+Bu” X = = NN PuPO X
21 22 23 24
90% (73%) 92% (73%) 91% (81%) 82% (64%)
>99:1 a:p 94:6 a:f 96:4 a:f >99:1 a:p
B(pin) B(pin)
(phthal)N X Bno =
25 26
92% (78%) 66% (52%)
>99:1 o:p >99:1 o:f

Scheme 3 Scope of Cu-catalyzed selective protonation of 1,2-alkenyl
bis(boronates). Reagents and conditions: 1,2-alkenyl bis(boronates)
(0.20 mmol), Cul-2LiCl (0.04 M in THF, 1 mL), LiOMe (0.50 mmol), iso-
propanol (0.26 mmol), r.t, 16 h. Percentage yield in parentheses rep-
resents the isolated yield of the a-products. Regioselectivity was
determined by 'H NMR spectroscopy of the purified product.

ucts were obtained with both high yields and regioselectiv-
ity, providing a practical approach for producing internal
alkenyl boronate compounds which have well-established
synthetic utility in organic chemistry.

Au/TiO3 (0.5 mol%) Cule2LiCl (20 mol%)

By(pin)2 (1.05 equiv) B(pin) LiOMe (2.5 equiv) B(pin)
RP=— | —
toluene, 80 °C, 24 h |7 XBPMV | ipon (1.1 equiv) R XM
then filter THF, rt, 16 h
B(pin) B(pin) B(pin) B(pin)
Ph /\)\
N Ph x e X TBSOT VX
13 14 15 16
86% 89% 81% 65%
94:6 o:p 96:4 o:p 91:9 a:p 93:7 a:p
B(pin) B(pin) B(pin)
Cl
cy” X = x A
19 22 23
81% 1% 75%
97:3 a:f 93:7 a:p 91:9 a:p

Scheme 4 Scope of tandem diboration-protonation of terminal
alkenes. Reagents and conditions: terminal alkyne (1.05 mmol), 3%
Au/TiO, (5 pmol), B,(pin), (1.00 mmol), toluene (1 M, 1 mL), 80 °C, 24
h; then Cul-2LiCl (0.04 M in THF, 5 mL), LiOMe (2.50 mmol), isopropa-
nol (1.30 mmol), r.t, 16 h. Regioselectivity was determined by 'H NMR
spectroscopy of the crude mixture. Percentage yield in parentheses
represents the isolated yield of the a-products.
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lithium methoxide (19.0 mg, 0.50 mmol, 2.5 equiv). The
mixture was dissolved in a freshly prepared solution of
Cul-2LiCl (0.40 M Cu in THF, 1.00 mL). Isopropanol (solvent
grade; 15.6 mg, 0.26 mmol, 1.30 equiv) was then added. The
reaction mixture was sealed with a PTFE-lined closed cap,
brought out of the dry box, and stirred at rt for 16 h. At the com-
pletion of the reaction, the crude mixture was passed through a
short pad of silica using diethyl ether as solvent. The filtrate was

concentrated and purified by column chromatography (silica
gel, 0-2% ethyl acetate/hexane, stained with KMnO,) to give the
desired product as a colorless oil (39 mg, 80%). 'TH NMR (500
MHz, CDCl3): 6 = 7.26 (m, 2 H), 7.22-7.14 (m, 3 H), 5.84 (d, ] =
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41.5, 24.8. HRMS (DART): m/z [M + H]* calcd 245.1707; found:
245.1712.
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