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We present here a novel copper-catalyzed four-component bor-
ocarbonylative allylation of aryl olefins. Utilizing carbon monoxide
as the carbonyl source under mild reaction conditions, this protocol
employs readily available aryl olefins, bis(pinacolato)diboron, and
allylic phosphates as the substrates to enable the simultaneous
introduction of boron, carbonyl, and allyl groups.

The carboboration of alkenes is a process that has been proven
to be an efficient approach to the construction of complex
molecular architectures from simple olefin precursors. This
stems from the unique reactivity of carbon-boron bonds,
which can be efficiently converted into carbon-carbon,
carbon-nitrogen and carbon-oxygen bonds." This confers sig-
nificant scientific and applied value to the development of
carboboration systems under mild conditions. Several catalytic
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Fig. 1 Metal-catalyzed carboboration of alkenes.
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systems have been developed for alkene carboboration. In
transition metal catalysis, copper or nickel-catalyzed systems
have been used for alkylboration,> hydroxyboration-alkylation,?
carboxyboration of alkenes,* and so on. For introducing an aryl
functional group, Cu/Pd co-catalysis,” Cu/Ni co-catalysis,® Ni-
catalysis” and Pd® monometallic catalysis have shown excep-
tional reactivity and selectivity (Fig. 1a).

Table 1 Optimization of the reaction conditions

CuCl (10 mol%)
S L (10 mol%)
/©/\ c )\/OP(O)(OP“)Z oar h
No +CO + LiOMe (2 equiv) t5h o
1§ 2f Bopin, (1.5 equiv) o 4Af

DMAc, 50 °C, 24 h

Ar = 3,5-Bu,-4-MeO-CgH,
L1 L2 L3 L4

O PPh,

PP O PPh, o PhQPJ\)‘"PPhZ P
L5 L6 L7 L8 H

Entry  1f(eq)  2f(eq.) Ligand T (°C)  Yield (%) ee
1 1 3 L1 20 63
2 1 3 L2 20 49 26
3 1 3 L3 20 0 —
4 1 3 L4 20 57 0
5 1 3 L5 20 38
6 1 3 L6 20 24 14
7 1 3 L7 20 8
8 1 3 L8 20 17 —
9 1 3 L1 50 80(71%) 0
10 1 2 L1 50 60 0
11 1 1 L1 50 34 0
12 2 1 L1 50 24 0
13 3 1 1 50 30 0

Reaction conditions: 1f (0.1 mmol), 2f (0.3 mmol), CuCl (10 mol%),
ligand (10 mol%), LiOMe (2.0 equiv) and DMAc (1 ml) at 50 °C for 24 h
under CO (10 bar). Yields were determined by GC-FID analysis using
n-dodecane as internal standard. “ Yield of isolated product.
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B-Boryl carbonyl compounds serve as pivotal intermediates
in organic synthesis, enabling efficient transformations into
diverse organoboron derivatives. However, the concurrent
installation of carbonyl and organoboron functionalities in
simple molecular frameworks remains a synthetic challenge.
Inspired by alkene borofunctionalization, significant advances
have been made in their synthesis via the simultaneous intro-
duction of carbonyl and boryl groups across C—C bonds,
enabling the efficient construction of complex molecular fra-
meworks. The investigations demonstrated that transition
metal catalytic systems, such as those based on palladium
or copper, exhibited exceptional reactivity towards such
transformations.’ Notably, in 2021 we reported a Pd/Cu co-
catalyzed borocarbonylation with reversed selectivity, achieving
fully regioselective synthesis of B-boryl ketones (Fig. 1b).'°
Building on this, the present study realized the one-step multi-
functionalization of alkenes with successful allyl group intro-
duction. This work reports a novel copper-catalyzed four-
component borocarbonylative allylation of aryl olefins. Using
carbon monoxide (CO) as the carbonyl source,'" this method
uses aryl olefins, bis(pinacolato)diboron and allylic phosphates
under mild conditions to construct boryl, carbonyl and allyl
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groups simultaneously, demonstrating broad substrate scope
and functional group compatibility (Fig. 1c).

In the preliminary investigation of this study, the catalytic
reaction of vinylarene (1f) with 2-methylallyl diphenyl phos-
phate (2f) was systematically examined using B,pin, as the
boron source in DMAc solvent at 50 °C under 10 bar CO
atmosphere (Table 1). Initially, a screening experiment was
conducted in which a variety of ligands were examined under
the reaction conditions with lithium methoxide employed as
the base (Table 1, entries 1-8). However, experimental data
demonstrated that utilization of ligand L2 resulted in an
enantiomeric purity (ee) value of the target product of only
26%, with a reaction yield of 49% (Table 1, entry 2). While the
use of ligand L6 led to a significant decline in ee value to 14%,
accompanied by a yield as low as 24% (Table 1, entry 6). It was
observed that reactions with other chiral ligands resulted in the
production of racemic products. By increasing the reaction
temperature to 50 °C, the yield of 4f can be improved to 80%
with 71% isolated yield (Table 1, entry 9). In order to enhance
the synthesis efficiency of racemic product, the feeding ratio of
reaction substrates 1f and 2f was further optimized (Table 1,
entries 1, 10-13). However, no better yield of the target product
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Scheme 1 Substrate scope. Reaction conditions: 1 (0.1 mmol), 2 (0.3 mmol), CuCl (10 mol%), L1 (10 mol%), LiOMe (2.0 eq.) and DMAc (1 ml) at 50 °C for

24 h under CO (10 bar), isolated yields.
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Scheme 2 Scale-up reaction and derivatizations.

5a, 68%

could be obtained. The enantioselectivity of the desired product
could not be improved by further testing with chiral ligands
which might due to the high acidity of the tertiary benzylic C-H
bond under strong basic conditions. Additionally, similar result
was obtained with racemic Ph-BPE ligand. Due to the low
stability of alkylborane reagent and also for easier purification,
the generated borocarbonylation product was oxidized into the
corresponding alcohol 4f.

Following the optimization of the reaction conditions, a
systematic investigation was conducted into the substrate
scope of alkenes (Scheme 1). In order to facilitate the isolation
process, the Bpin moiety was oxidized to a hydroxyl group,
thereby yielding product 4. As illustrated in Scheme 1, a variety
of aryl alkenes underwent the copper-catalyzed four-component
borocarbonylative allylation, yielding the corresponding pro-
ducts in moderate yields (up to 76%). It is noteworthy that the

a) Radical traping experiment
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positional effect of alkyl substituents on the aromatic ring was
negligible (4a-4d, 66-72% yields). Substrates bearing electron-
donating groups (4f, 4g) exhibited minimal yield varia-
tion, whereas the halogen-substituted alkene (4e) afforded the
target product in a slightly reduced yield (55%). The
N-containing alkene (4j) exhibited notable reactivity, yielding
the desired product in a 59% yield. It is important to note that
natural product-derived alkenes, including furfuryl alcohol-,
nerol-, and pr-menthol-derived substrates (41-4n), were effi-
ciently transformed into the desired products in good yields.
The scope of electrophiles was further explored as well. Allylic
phosphates bearing ortho-, meta-, or para-substituted aromatic
rings (o-tolyl, m-tolyl, p-methoxyphenyl) at the 2-position were
found to engage in the reaction smoothly, furnishing the
corresponding borocarbonylative allylation products (4p-4r)
in 50-58% yields.

Under the optimized reaction system, it is possible to scale
up this transformation to a 1 mmol scale and afforded product
4a in a 60% isolated yield (Scheme 2a). In order to expand the
synthetic utility of this method further, diverse derivatizations
of product 3a were conducted. The oxidation of 3a with NaBO;
resulted in the production of 4a, with an overall yield of 80%
(Scheme 2b). When 3a was employed as a nucleophilic compo-
nent in the Suzuki-Miyaura cross-coupling reaction, it reacted
with bromobenzene to yield the desired product 5a in a 68%
yield (Scheme 2c).

In order to elucidate the reaction mechanism, control experi-
ments were performed (Scheme 3). Initially, the incorporation of
three equivalents of TEMPO yielded the isolation of product 4a
in a yield of 34% (Scheme 3a). This outcome suggests that the
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Scheme 3 Mechanistic investigations and proposed reaction pathway.
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reaction proceeds without significant radical involvement. Sub-
sequently, a radical clock experiment was performed using
(1-cyclopropylvinyl)benzene as a diagnostic substrate. The for-
mation of product 4a in a 50% yield, accompanied by the
complete retention of the cyclopropyl moiety which excludes
the intermediacy of free radicals (Scheme 3b). Utilizing these
experimental insights, a plausible catalytic cycle is proposed
(Scheme 3c). The transformative sequence is initiated by
migratory insertion of the olefin into the Cu-B bond of the
LCuBpin complex (Int-I), generating alkylcopper intermediate
Int-II. The sequential coordination of CO and the allylic phos-
phate to Int-II forms Int-III. The subsequent steps involved CO
insertion, allylic substitution, and reductive elimination, lead-
ing to the formation of product A. Product A then underwent
isomerization to afford the final borocarbonylative allylation
product. Finally, the LCuBpin catalyst was subjected to a
process of regeneration by the action of base and B,pin,,
thereby bringing the catalytic cycle to a conclusion.

In summary, a novel copper-catalyzed four-component boryla-
tion-carbonylation-allylation reaction of aryl olefins has been devel-
oped. In the context of mild reaction conditions, this method has
been demonstrated to be efficacious in the synthesis of B-boryl
unsaturated ketones. The reaction demonstrates a substantial sub-
strate scope and functional group compatibility, thus establishing a
novel synthetic platform for the expeditious construction of complex
molecules.
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