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: a multifunctional C3 building
block for catalytic synthesis of rare organoborons
and chemoselective heterobifunctional ligations†

Shengjia Lin, Lucia Wang and Abhishek Sharma *

A novel C3 acylboron building block; acrylic boronate was successfully prepared and its versatility for

catalytic synthesis of several previously inaccessible organoborons is described. Cross-metathesis and

Pd-catalyzed coupling of acrylic boronate enabled two complementary routes to highly functionalized

a,b-unsaturated acylborons and two new types of conjugated borylated products: a,b,g,d-unsaturated

and bis-a,b unsaturated acylborons. The synthetic application of a,b-unsaturated acylborons was

demonstrated for the first time, thereby providing a general and highly regioselective route to

medicinally important 3-boryl pyrazoles. Acrylic boronate also provided a unique bis-electrophilic

platform for rapid and chemoselective labeling of cysteines with acylboron tags which are potentially

useful for site-selective functionalization and orthogonal ligation of proteins.
Introduction

Acylborons represent an underexplored class of compounds
whose existence and remarkable synthetic utility is begin-
ning to emerge only recently.1 During the past few years,
several elegant methods have been described for synthesis of
MIDA acylboronates2 and potassium acyl triuoroborates
(KATs).3 These organoborons are valuable reagents for fast
and chemoselective amide-bond forming reactions4 and
preparation of other useful organoborons.2a,f Despite these
advances, there are still signicant challenges that hamper
the broader investigation and application of acylborons. For
instance, only two types of acylboron-based building blocks
have been described and both represent a C1 scaffold having
a combination of boronate and a carboxy or formyl groups
(Scheme 1A).2d,e While these reagents have enabled inter-
esting and useful transformations, the merger of other
powerful functional groups with the boronate motif remains
untapped. On the other hand, C3 building blocks such as
acrylates have made a tremendous impact in organic
synthesis, polymer/materials chemistry and biology due to
their versatile chemical and physicochemical properties.5 In
the course of our ongoing work2c on acylborons, we became
interested to develop a C3 building block having acrylic and
boronate motifs directly connected to each other. We envi-
sioned that this acrylic boronate (1) would open-up
iology, Stevens Institute of Technology,

.sharma@stevens.edu

(ESI) available. CCDC 2061438 and
a in CIF or other electronic format see

29
opportunities to access novel acylborons and other organo-
borons that would be difficult to prepare using existing
methods.

Recently, we reported a mild and chemoselective oxida-
tion approach to acylborons including the rst example of an
Scheme 1 Previously reported acylboron building blocks (A); previous
routes to a,b-unsaturated acylborons (B); novel acylboron building
block and its synthetic versatility (C).
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Scheme 2 Synthesis of acrylic boronate 1.
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a,b-unsaturated acyl boron.2c Thereaer, Bode and coworkers
described another route to acylborons and a,b-unsaturated
KATs via Stille3c or Liebeskind–Srogl-type3f cross-coupling of
KAT transfer reagents (Scheme 1B). We hypothesized that the
acrylic boron building block (1) could provide a general and
catalytic route to highly functionalized a,b-unsaturated as
well as the unprecedented a,b,g,d-unsaturated acylborons via
Cross-Metathesis (CM) or Heck coupling of 1 with readily
available alkenes and aryl/vinyl halides respectively (Scheme
Scheme 3 Acrylic boronate (1) as a platform for catalytic synthesis of func
(1.5 equiv.), Pd(OAc)2 (5 mol%), CH3CN, 80 �C, 14 h; b1, vinyl partner (2 eq
14 h; c1 (3 equiv.), 1,4-diiodobenzene (1 equiv.), Pd(OAc)2 (15 mol%), AgOA
of product and unreacted 1, determined by NMR.

© 2021 The Author(s). Published by the Royal Society of Chemistry
1C). We were also intrigued by the potential of 1 to provide
a versatile platform for accessing other underexplored orga-
noborons. Herein, we report the development of acrylic bor-
onate (1) as a novel C3 building block and demonstrate its
utility (Scheme 1C) to achieve the following benets: (i)
catalytic synthesis of previously inaccessible functionalized
a,b-unsaturated as well as a,b,g,d-unsaturated acylborons
from readily available substrates, (ii) one-pot route to rare 3-
boryl pyrazoles and (iii) access to a new type of hetero-
bifunctional bioconjugation agent capable of converting
nucleophilic cysteines chemoselectively into electrophilic
acylboron-based handles.
Results and discussion

Our strategy to prepare acrylic boronate (1) involved b-halo
acyl boron (6) as a strategic intermediate (Scheme 2). We
reasoned that base-induced dehydrohalogenation of this key
acylboron could provide access to 1. MIDA boronates are
known to be unstable in the presence of strong bases;6 we
tionalized conjugated acylborons. a1, halide partner (1.5 equiv.), AgOAc
uiv.), Hoveyda–Grubbs catalyst 2nd (15 mol%), Cl(CH2)2Cl (0.2 M), 55 �C,
c (2.5 equiv.), CH3CN, 80 �C, 18 h; dnot detected; einseparable mixture

Chem. Sci., 2021, 12, 7924–7929 | 7925
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Scheme 4 Conversion of a,b-unsaturated acylboron into 3-boryl
pyrazole via sequential or one-pot condensation–oxidation.
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hypothesized that the acyl boron (6) would activate its a-
hydrogen for elimination reaction under mildly basic condi-
tions. Motivated by the above retrosynthetic logic, we con-
verted commercially available 1-chloro-2-bromoethane and bis
[(pinacolato)boryl]methane (2, ESI, Scheme S1†) into the
symmetrical diboron 3 which provided the unsymmetrical
diboron (4) via boron ligand exchange. 4 was found to be
compatible for chemoselective oxidation2c to give b-halo acyl
boron (6). To accomplish the dehydrochlorination of 6, several
organic and inorganic bases were screened (ESI, Table S1†).
We were delighted to nd that the acrylic boronate (1) could be
obtained in high yield using K3PO4 as a base within 30 min
and the pure product can be isolated as a bench-stable solid by
ltration of the crude reaction mixture. Furthermore, 1 can be
prepared on a 70 mmol scale without an appreciable decrease
in yield by using a slightly modied protocol for workup/
purication of 4 (ESI, Scheme S2†). It is worthwhile to
mention that this scale-up procedure involves only two steps
that require column chromatography.

With the acrylic boronate (1) in hand, we investigated its
utility as a C3 building block for rapid and catalytic access to
diverse acylborons. A screen of reaction conditions (ESI, Table
S2†) revealed 1 to be a competent substrate for Heck-type Pd-
catalyzed cross-coupling and Pd(OAc)2/AgOAc system provided
the best reaction performance (ESI, Table S2†). Next, we tested
the scope of this reaction using a variety of aryl/heteroaryl and
vinyl halides (Scheme 3). We were pleased to nd that both
electron-rich and electron-poor aryl halides were compatible,
thereby, allowing installation of valuable synthetic handles
such as chloro (7c), NO2 (7d), NHBoc (7e) and ester (7f).
Heterocyclic motif such as thiophene was tolerated (7i),
however, 4-iodopyridine was not a suitable coupling partner
(7l). Interestingly, the use of 1,4-diiodobenzene as coupling
partner afforded 4-iodoaryl substituted product (7j) and the
unprecedented bis-a,b unsaturated acylboron (7k). It is worth-
while to mention that the previous reports provided a,b-unsat-
urated acylborons having mainly unsubstituted alkyl or
aromatic groups.2c,3c,f Signicantly, the acrylic boronate-based
approach also furnished a straightforward entry to a,b,g,d-
unsaturated acylborons (7m–7o) via cross-coupling with readily
available vinyl iodides. To the best of our knowledge, this is the
rst example of acylborons containing a,b,g,d-unsaturated
functional groups. Furthermore, the mild reaction conditions
allowed the use of vinyl halo-boronates leading to the installa-
tion of synthetically useful vinyl BMIDA motif on the acylboron
(7o).

To expand the synthetic utility of 1, we tested the compati-
bility of 1 towards various Cross-Metathesis (CM) reaction
conditions in the presence of commercially available stilbene or
styrene. Encouragingly, the desired CM product was obtained in
60% yield using Hoveyda–Grubbs catalyst under mild condi-
tions (7a, Scheme 3). Other a,b-unsaturated acylborons having
aromatic or alkyl substituents could also be obtained (7b, 7p,
Scheme 3). Further, this strategy allowed the preparation of
acylboron having the synthetically useful geminal diboron
group (7q) which would be difficult to install using existing
methods. The CM of 1 with some terminal olens led to
7926 | Chem. Sci., 2021, 12, 7924–7929
incomplete conversion and an inseparable mixture of desired
product and unreacted 1 was obtained aer column chroma-
tography (7i0, 7r, Scheme 3 and ESI, Table S4†). The installation
of Bpin (7s), alkyl halide (7t) or chloro group (7u) was not
feasible using the CM approach.

The availability of a series of a,b- and a,b,g,d-unsaturated
acylborons motivated us to investigate their synthetic utility.
In particular, we wondered if these conjugated acylborons
could be used as linchpins to access boryl substituted
heterocycles that would be difficult to prepare using
conventional methods. For instance, C3-borylation of pyr-
azoles is difficult to accomplish using current approaches.
Halogenation–borylation or C–H borylation of pyrazoles
leads to only 4-boryl products,7 presumably due to the
increased electrophilicity at the C4 position. Further, these
methods are not compatible with substrates having electro-
philic groups. The 1,3-dipolar cycloaddition of N-arylsyd-
nones with ethynyl MIDA boronate gives a mixture8a of 3- and
4-boryl pyrazoles besides requiring very high temperature
(165–180 �C) or electron withdrawing substituents (para-
nitro) on the N-phenyl group or unsubstituted C-5 position to
favor C-3 borylation.8b We envisioned that a,b-unsaturated
acylborons could provide the 3-boryl pyrazoles in a regiose-
lective fashion via cyclocondensation–oxidation reaction
with aryl hydrazines.8c Thus, 7v was heated in the presence of
phenylhydrazine hydrochloride to give the pyrazoline which
was oxidized into the desired 3-boryl pyrazole (Scheme 4).
The regioselectivity of this reaction was conrmed by X-ray
analysis. Further screening of reaction conditions (ESI,
Table S5†) revealed that this boryl-heterocyclization could be
accomplished in one-pot using catalytic Cu(OAc)2 in the
presence of acetic acid (Scheme 4). This optimized condition
was compatible with a,b-unsaturated acylboron substrates
having alkyl, substituted aryl as well as styryl groups (8a–8g,
Scheme 5). Furthermore, several substituted phenyl-
hydrazines (8h–8j) were viable reaction partners, thereby,
opening up a general and highly regioselective route to rare 3-
boryl pyrazoles. These 3-boryl pyrazoles are expected to be
valuable reagents for late-stage diversication of bioactive
compounds. For instance, 3-uoroalkyl pyrazoles (e.g. Cele-
coxib, Scheme 6) are anti-inammatory drugs9 and the 18F
labelled 3-uoroalkyl pyrazoles have attracted interest as PET
(Positron Emission Tomography) imaging agents.10 On the
other hand, triuoromethylation of aryl/heteroarylboronic
acids is a powerful method due to its remarkable suitability
for radiouorination.11 Thus, it would be desirable to
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Scheme 6 Conversion of 3-boryl pyrazole into Celecoxib analog via
late-stage trifluoromethylation.

Scheme 5 Regioselective synthesis of diverse 3-boryl pyrazoles. X-ray
crystal structures of two representative boryl pyrazoles (8a, 8c) are also
shown.
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establish bench stable 3-boryl pyrazoles as substrates for late-
stage uorination/uoroalkylation. To this end, an analog of
Celecoxib was successfully prepared (9, 20% unoptimized
yield, Scheme 6) via hydrolysis of BMIDA followed by Cu-
promoted12 triuoromethylation of the resulting boronic
acid in the same pot.

We were also intrigued by the potential of acrylic boronate
and its derivatives as a new class of heterobifunctional bio-
conjugation agents (Scheme 7). Thiol-selective conjugate
addition on maleimides is a powerful bioconjugation tech-
nique.13 The installation of reactive handles on cysteines is
an important strategy for site-selective functionalization of
© 2021 The Author(s). Published by the Royal Society of Chemistry
proteins and formation of protein–protein conjugates. There
has also been considerable interest in development of
bifunctional13b,14 thiol-reactive reagents that convert cyste-
ines into electrophilic handles to enable downstream reac-
tions with nucleophilic amino acids or uorescent probes.
Previous reports have described various bis-electrophilic
reagents,13,14 however, these approaches oen provide
unnatural linkages between the cysteine and the second
nucleophile. We became interested to investigate the utility
of acrylic boronate 1 as a novel bis-electrophilic platform that
enables natural bond-forming thioether and amide ligations.
Thus, 1 was treated with a thiol or cysteine and we were
pleased to observe that the Michael addition was completed
within 15 min (Scheme 7a) yielding the b-thioether acylbor-
ons. Furthermore, reaction of an equimolar mixture of
cysteine and lysine with 1 exclusively provided the thia-
Michael product along with unreacted lysine, thereby indi-
cating the suitability of 1 for site selective modication of
cysteine (Scheme 7b). The thioether acylborons (10a and 10b)
were viable substrates for rapid amide ligations,4b via reac-
tion with O–Me hydroxylamine (ESI, Scheme S5†). To further
investigate the utility of acrylic boronate (1) as a potential
bioconjugation agent, we studied the conversion of 1 into the
respective triuoroborate salt followed by thia-Michael
addition or amide ligation. The KHF2 mediated conversion
of 1 into the respective acrylic triuoroborate salt4b and
subsequent thiol addition was feasible (conrmed by mass
spectrometry). However, purication of the resulting b-thio-
ether potassium acyl triuoroborate was challenging because
these potassium salts are not amenable to column chroma-
tography. To overcome this challenge, we developed an
alternative strategy, wherein, 1 was converted into the tetra-n-
butyl ammonium (TBA) acrylic triuoroborate (10, Scheme 7c)
via treatment with KHF2 followed by counterion exchange
with tetra-n-butyl ammonium hydroxide in the same pot. A
simple aqueous workup of the reaction mixture followed by
thiol addition successfully provided the desired b-thioether
TBA acyl triuoroborate (11, Scheme 7c) which was stable to
silica gel column chromatography. In a complementary
approach, we also conrmed the feasibility of converting 1
into the respective potassium acyl triuoroborate salt fol-
lowed by amide ligation in the same-pot (ESI, Scheme S7†).
Taken together, the above results provide acrylic boronates as
promising bifunctional reagents for bioconjugation appli-
cations via thia-Michael and amide conjugation. In addition,
the developed mild and diversity-oriented access to a range of
functionalized a,b-(7a–7j, 7p, 7q)/a,b,g,d-(7m–7o)/bis-a,b
(7k) unsaturated acylborons (Scheme 3) provides a versatile
platform to ne-tune the thia-Michael/amide ligation reac-
tivity (via modulating the electrophilicity of acryloyl group)
and the linker length for specic chemical biology
applications.

Finally, 1 was also found to be a competent dienophile for
Diels–Alder reaction (12, Scheme 8). Importantly, this reac-
tion provides a promising route to bicyclic acylborons which
would be difficult to access using currently available
approaches.
Chem. Sci., 2021, 12, 7924–7929 | 7927
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Scheme 8 Synthetic utility of 1 to access bicyclic acylboron via 4 + 2
cycloaddition.

Scheme 7 Applications of acrylic boronate as a heterobifunctional ligation reagent. aUsing CH3CN as solvent; busing CH3CN/H2O (3 : 1) as
solvent.
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Conclusions

In summary, we have developed acrylic boronate as a novel C3
building block that combines the synthetic versatility of acryloyl
group and the unique reactivity of acylboron into a single
chimeric functional group. Acrylic boronate enabled a mild,
catalytic and general route to several previously inaccessible
functionalized a,b-unsaturated acylborons via Pd-catalyzed
coupling or cross-metathesis using readily available aryl/vinyl
iodides and olens as coupling partners. Furthermore, the
methodology provided access to two new types of acylborons:
a,b,g,d and bis-a,b unsaturated acylborons. The synthetic utility
of a,b-unsaturated acylborons was demonstrated for the rst
time by engaging them in one-pot cyclocondensation–oxidation
to afford rare 3-boryl pyrazoles in a highly regioselective
fashion. These 3-boryl-heterocycles allowed a late-stage uo-
roalkylation approach to Celecoxib analog which has potential
application for synthesis of PET agents. In another new appli-
cation of these conjugated acylborons, we show that acrylic
boronates are promising heterobifunctional agents for fast and
chemoselective installation of acylboron handles on cysteine
7928 | Chem. Sci., 2021, 12, 7924–7929
which opens-up opportunities for dual functionalization and
conjugation of peptides/proteins via orthogonal thioether and
amide ligations.
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