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Regioselective multicomponent synthesis of
α-boryl ureas: discovery of a potent main protease
inhibitor
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Shiqing Xu *a,b

The development of efficient synthetic methods for α-boryl ureas is of significant interest due to their

potential as drug-like scaffolds in medicinal chemistry. Herein, we present a multicomponent strategy

that transforms α-haloboronates, trimethylsilyl isocyanate, sodium iodide, and amines into diverse drug-

like scaffold α-boryl ureas under mild conditions. This protocol features broad substrate scope and great

functional-group tolerance, and enables the regioselective synthesis of previously inaccessible α-boryl
ureas, including late-stage functionalization of drug molecules. Mechanistic studies suggest that a regio-

selective 1,2-boronate migration pathway may underlie the different regioselectivities observed with

primary and secondary amines. To highlight the potential of this methodology in drug discovery, an

α-boryl urea analog of nirmatrelvir was synthesized, exhibiting remarkable inhibitory activity (IC50 = 12

nM) against the SARS-CoV-2 main protease. This work not only provides a streamlined and practical syn-

thetic route to diverse α-boryl ureas, but also underscores their potential as valuable scaffolds in the

development of new therapeutics.

Introduction

Organoboron compounds constitute a highly versatile and
widely utilized class of reagents in organic synthesis and
catalysis.1–7 Their unique chemical properties, including high
functional-group tolerance, stability, and generally low toxicity,
have made them indispensable tools for chemists. Landmark
transformations such as hydroboration8,9 and the Suzuki–
Miyaura coupling1–3 have profoundly shaped modern synthetic
methodologies. Beyond these classic reactions, the 1,2-
migration of boronate-ate complexes has emerged as one of
the most valuable transformations in boron chemistry for
organic synthesis.10–14 Typically, these transformations begin
with the addition of a nucleophile to the boron atom, forming
sp3-hybridized boronate-ate complexes. These complexes
readily undergo the 1,2-migration of a boron-substituent to an
α-carbon, facilitated by factors such as α-leaving group,12,15–17

α-boryl radical,10,11 or electrophilic activation of an alkenyl bor-
onate complex.7,12,14 In addition to their remarkable synthetic
utility, boron-containing compounds have recently garnered

significant interest in chemical biology and drug
discovery.18–29 The distinctive electronic properties of boron,
particularly its vacant p-orbital, enable reversible covalent
interactions with biological nucleophiles such as hydroxyl and
amine groups found in enzymes, carbohydrates, and nucleic
acids. This enables the formation of anionic sp3-hybridized
complexes. The ability to form dynamic sp3-hybridized anionic
complexes, combined with the hydrogen-bonding potential of
boronic acids, makes boron an exceptional element for design-
ing drugs that can anchor to biological targets with high speci-
ficity and affinity. Among boron-based scaffolds,
α-aminoboronic acids and esters stand out due to their unique
structural and functional properties, serving as bioisosteres of
amino acids and versatile pharmacophores in biologically
active agents and molecular probes.22,23,30,31 α-Aminoboronic
acids and esters have proven to be key pharmacophores in bio-
logically active molecules and FDA-approved drugs, such as
the proteasome inhibitors bortezomib and ixazomib citrate
(Scheme 1A).22,32–35 These breakthroughs have led to increased
interest in the design of α-aminoboronic acids and esters for
therapeutics.

Ureas, on the other hand, are essential structural motifs
commonly found in numerous natural products and bioactive
molecules, including a variety of approved therapeutics.36–38

Notably, ureas are extensively used as peptide bond surrogates
in medicinal chemistry due to their enhanced resistance to†These authors contributed equally to this work.
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protease degradation and capability to form hydrogen bonding
through the carboxyl group and the backbone NH moiety. By
integrating the unique features of α-aminoboronates and urea
pharmacophores, α-boryl ureas offer great potential as boron-
containing drug-like scaffolds in drug discovery.34,35 Thus,
substantial efforts have been made to develop synthetic
methods for construction of drug-like α-boryl ureas. One
common approach involves the nucleophilic addition of
amines to α-boryl isocyanate intermediates, which efficiently
installs the urea functionality adjacent to the boryl group
(Scheme 1B-I).39–41 These α-boryl isocyanates are synthesized
via either Curtius rearrangement of transient boroalkyl acyl
azides or through [3,3]-sigmatropic rearrangement of boro-
nated allylcyanates. Another strategy is to react with α-amino
boronic esters with carbamoyl chlorides or isocyanates
(Scheme 1B-II).35 In addition, C–H borylation of ureas bearing
directing groups has been employed to generate α-boryl ureas,
either through borylation of α-lithiated N-benzylic urea42 or via
iridium-catalyzed C–H borylation43,44 (Scheme 1B-III).
However, these approaches require directing groups such as
N,N-diethylcarbamoyl or N,N-diisopropylcarbamoyl to achieve
borylation which substantially restricts the substrate scope.
Despite these advances, existing synthetic methods face chal-
lenges, such as narrow substrate scope, modest functional
group tolerance, and the need for multistep preparation of
starting materials, which collectively hinder the efficient syn-

thesis of more diverse α-boryl ureas and unprecedented
scaffolds (Scheme 1C).

Herein, we report a new, efficient multicomponent strategy
for the synthesis of α-boryl ureas. Our strategy leverages multi-
component reactions of α-haloboronates, trimethylsilyl isocya-
nate, sodium iodide, and diverse amines, facilitating the for-
mation of α-boryl ureas via 1,2-boronate migration under mild
conditions. This new approach eliminates the need for strong
acid/base and pre-installation of α-boryl isocyanates and
α-amino boronates that could compromise functional group
compatibility, chemoselectivity, and step-efficiency
(Scheme 1D). Given the broad accessibility of α-haloboronates
via various concise synthetic routes,45–51 this multicomponent
approach would offer a highly adaptable and efficient plat-
form. We anticipate that this methodology would dramatically
expand the chemical space of α-boryl ureas, enabling stream-
lined access to a broad range of novel drug-like scaffolds with
significant potential for medicinal chemistry applications.

Results and discussion

To test our hypothesis, we initiated investigations into the syn-
thesis of α-boryl ureas using readily accessible α-haloboronic
pinacol esters as starting materials. As a model substrate, we
selected α-chloroboronate 1a, which was conveniently syn-

Scheme 1 (A) Representative bioactive α-aminoboronate compounds; (B) previous approaches to α-boryl urea synthesis; (C) representative unpre-
cedented α-boryl urea scaffold; and (D) regioselective multicomponent synthesis of α-boryl ureas.
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thesized through Cu-catalyzed deoxygenative haloboration of
3-phenylpropanal.51 This method provides a straightforward
and efficient route to diverse secondary α-haloboronates and
tertiary α-haloboronates from aldehydes and ketones.
Trimethylsilyl isocyanate (TMS-NCO) was chosen as the nucleo-
philic isocyanate reagent.52,53 In our initial experiment,
α-chloroboronate 1a was treated with TMS-NCO (2, 1.0 equiv.)
in DMF at 23 °C, followed by the addition of benzylamine (3,
1.5 equiv.). The reaction yielded the desired α-boryl urea 4 in
5% yield (Table 1, entry 1). The major side product was benzy-
lurea, which arose from the direct reaction of unreacted
TMS-NCO 2 with benzylamine 3, indicating sluggish formation
of the α-boryl urea under these conditions. To address this
limitation, we introduced sodium iodide (NaI, 1.0 equiv.) as an
additive that could convert α-chloroboronate 1a to its iodide
analog to promote the reaction. This modification improved
the yield of α-boryl urea 4 to 45% (entry 2). Encouraged by this
result, we further optimized the reaction by increasing the
amount of TMS-NCO to 1.5 equivalents. α-Boryl urea 4 was
obtained at room temperature in an improved isolated yield of
66% (entry 3), highlighting the effectiveness of this strategy
under mild reaction conditions. However, reducing the
amount of NaI from 1.0 equivalent to 0.5 equivalent resulted
in a lower yield of 41% (entry 4). We also evaluated alternative
additives, including KI, TBAI, and TBAB, but none proved as
effective as NaI (entries 5–7). Furthermore, we explored the
influence of solvents on the reaction outcome. The reactions

conducting in THF, MeCN, and DMAc afforded α-boryl urea 4
in 5%, 38%, and 56%, respectively (entries 8–10). These results
suggest that polar solvents are generally favorable for this
transformation. Finally, increasing the amount of benzylamine
to 2.0 equivalents did not significantly improve the yield (entry
11). The structure of α-boryl urea 4 was unambiguously con-
firmed via X-ray crystallography (CCDC 2476078), providing
definitive structural evidence for this new class of compounds.
Notably, the regioisomeric urea 4′ was not observed in the reac-
tion, underscoring the high regioselectivity of the transform-
ation. This observation strongly suggests that the reaction does
not proceed via an α-boryl isocyanate intermediate.

With optimized conditions in hand, we evaluated the versa-
tility and robustness of this new protocol by synthesizing 40
unprecedented α-boryl ureas using a variety of primary amine
nucleophiles and α-haloboronic pinacol esters. This systematic
evaluation demonstrated the broad substrate scope and func-
tional group tolerance of the method, which is critical for its
application in medicinal chemistry. Our investigation began by
assessing the reactivity of various primary amine nucleophiles,
revealing significant substrate diversity (Scheme 2). A range of
benzylamines, including those with electron-withdrawing and
electron-donating substituents, as well as allylic amines, were
compatible with the transformation, providing the corres-
ponding α-boryl ureas 4–10 in good yields. Heterobenzylic
amines such as 2-picolylamine and (2-chlorothiazol-5-yl)
methanamine, which are often found in bioactive molecules,
also reacted efficiently to furnish α-boryl ureas 11–14 in good
yields. The scope was further extended to include a variety of
alkyl amines with different functional groups, delivering
various α-boryl ureas 15–26. Notably, tryptamine, which con-
tains an unprotected indole group that could potentially
compete in side reactions, underwent selective conversion to
the desired α-boryl urea 23 in 68% yield. In addition, the
NHBoc group (e.g. 8, 25, 27) is also compatible with no obser-
vable competing side reactions. The applicability of the
method to complex molecules was also evaluated, demonstrat-
ing its utility in synthesizing derivatives of biologically relevant
scaffolds. For example, amino acid derivatives and the
complex drug molecule linagliptin were readily converted to
their α-boryl urea analogs 27–29. This result is particularly sig-
nificant, as it highlights the potential of this method for late-
stage functionalization of pharmaceuticals, a critical step in
drug optimization and diversification. Aryl amine also deli-
vered the desired α-boryl urea 30 in 57% yield. However, elec-
tron-deficient aryl amines did not undergo under the standard
conditions (Fig. S2), possibly due to reduced nucleophilicity.

Next, we explored the scope of α-haloboronates for the syn-
thesis of α-boryl ureas, further demonstrating the versatility
and applicability of this novel protocol (Scheme 3). Various
α-haloroboronates were readily synthesized through Cu-cata-
lyzed deoxygenative haloroboration of cheap and commercially
available aldehydes and ketones.51 α-Boryl ureas 31–33, and 41
were readily synthesized from alkyl α-chloroboronates using
the standard conditions. Beyond alkyl α-haloboronates, we
turned our attention to benzylic α-haloboronates, which could

Table 1 Optimization of the regioselective synthesis of α-boryl urea 4
via α-chloroboronate 1a

Entry
TMS-NCO 2
(equiv.) Solvent

Additive
(equiv.)

Amine 3
(equiv.)

Yield of
4 a (%)

1 1.0 DMF None 1.5 5
2 1.0 DMF NaI (1.0) 1.5 45
3 1.5 DMF NaI (1.0) 1.5 69 (66)b

4 1.5 DMF NaI (0.5) 1.5 41
5 1.5 DMF KI (1.0) 1.5 43
6 1.5 DMF TBAI (1.0) 1.5 32
7 1.5 DMF TBAB (1.0) 1.5 22
8 1.5 THF NaI (1.0) 1.5 5
9 1.5 MeCN NaI (1.0) 1.5 38
10 1.5 DMAc NaI (1.0) 1.5 56
11 1.5 DMF NaI (1.0) 2.0 70

Reaction was carried out using 1a (0.2 mmol, 1.0 equiv.), TMS-NCO,
additive in solvent (0.4 mL) at 23 °C. Then benzylic amine 3 was
added, and the reaction mixture was stirred for 12 h at 23 °C. aNMR
yield using 1,3,5-trimethoxybenzene as internal standard. b Isolated
yield. TBAI = tetrabutylammonium iodide; TBAB = tetrabutyl-
ammonium bromide; DMF = dimethylformamide; THF = tetrahydro-
furan; MeCN = acetonitrile; DMAc = dimethylacetamide.
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offer unique reactivity due to the electronic influence of the
benzylic position. Notably, benzylic α-haloboronates bearing
electron-withdrawing groups such as trifluoromethyl (CF3), F,
and Br, proved highly effective in this transformation, deliver-
ing diverse benzylic α-boryl ureas 34–38. Primary alkyl amines

and aryl amines such as 5-aminobenzothiazole afforded
α-boryl ureas 34–38 in good yields. In addition, benzylic
α-chloroboronate with electron-donating methoxy (OMe)
group, was also compatible, producing the corresponding
α-boryl ureas 39 and 40 in good yields. Notably, substrates

Scheme 2 Substrate scope of primary amines. Reaction was carried out using 1a (0.5 mmol, 1.0 equiv.), TMS-NCO (1.5 equiv.), NaI (1.0 equiv.) in
DMF (1 mL) at 23 °C. Then primary amine (1.5 equiv.) was added, and the reaction mixture was stirred for 6–16 h. All yields and diastereomeric ratios
(dr) are for isolated α-boryl urea products.
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with other nucleophilic functional groups such as NHBoc
group, indole, pyridine (e.g. 31–33, 38, 40) are compatible with
no observable competing side reactions. However, the reaction
of chiral α-chloroboronate under the standard conditions pro-
duced a diastereomeric mixture of α-boryl ureas (dr = 1 : 1)
(Fig. S3). This observation is consistent with the reported race-
mization of chiral α-chloroboronates upon treatment with
TMSI or NaBr.51

Encouraged by the successful synthesis of various mono-
substituted α-boryl ureas, we set out to tackle the more
demanding preparation of α,α-disubstituted derivatives,
aiming to further expand the chemical diversity accessible
through this protocol. In the previous elegant method,39 the
synthesis of α,α-disubstituted boryl ureas involves a multi-step
sequence starting with a monosubstituted α-boryl aldehyde,
followed by palladium-catalyzed α-allylation, oxidation to the
corresponding α,α-disubstituted aminoboronic acid, Curtius
rearrangement, and subsequent urea formation. While this
strategy demonstrated the effective construction of such a
scaffold, it is primarily limited to allylic-substituted boryl
ureas and necessitates multiple synthetic steps. The present

protocol offers a streamlined and direct approach to
α,α-disubstituted boryl ureas. By employing a readily available
tertiary α-chloroboronate as the starting material, we success-
fully synthesized the α,α-disubstituted α-boryl urea 42 in 35%
yield via a single step. This approach offers highly efficient
and regioselective synthesis of previously inaccessible α-boryl
ureas and demonstrates remarkable generality by accommo-
dating a wide variety of α-haloboronates and primary amines
under mild reaction conditions.

Next, we explored the reactions using secondary amines
under the standard reaction conditions. Both cyclic and acyclic
secondary amines delivered corresponding α-boryl ureas 43–46
(Scheme 4). In general, reactions with secondary amines pro-
ceeded more sluggishly and afforded lower yields compared to
those with primary amines. The structure of the α-boryl urea
43 was unambiguously confirmed by X-ray crystallography
(CCDC 2476117), providing structural evidence for a distinct
regioselectivity relative to the reactions with primary amines.

To gain mechanistic insight into the regioselective for-
mation of α-boryl ureas from α-haloboronates and primary
amines, we conducted several experiments that revealed
mechanistic clues. First, replacing α-chloroboronate with
2-chlorobutane in the reaction with primary amine 47 under
standard conditions produced no urea product 48, indicating
that the boron moiety is essential for this transformation
(Scheme 5A). Next, reacting α-chloroboronate 1a with
TMS-NCO in the presence of the radical scavenger TEMPO (2
equiv.) under standard conditions furnished the desired
α-boryl urea 6 in 65% yield, with no observable impact on the
reaction efficiency (Scheme 5C). This result suggests that a
radical pathway is not favoured. We then considered whether
high regioselectivity with primary amines could arise from an
α-aminoboronate intermediate. In this scenario,
α-chloroboronates would first react with primary amines to

Scheme 3 Substrate scope of α-haloboronates and primary amines.
Reaction was carried out using 1 (0.5 mmol, 1.0 equiv.), TMS-NCO (1.5
equiv.), NaI (1.0 equiv.) in DMF (1 mL) at 23 °C. Then primary amine (1.5
equiv.) was added, and the reaction mixture was stirred for 6–16 h. a X =
Cl; b X = Br. All yields are for isolated α-boryl urea products.

Scheme 4 The synthesis of α-boryl ureas using α-haloboronates and
secondary amines. Reaction was carried out using 1 (0.5 mmol, 1.0
equiv.), TMS-NCO (1.5 equiv.), NaI (1.0 equiv.) in DMF (1 mL) at 23 °C.
Then secondary amine (1.5 equiv.) was added, and the reaction mixture
was stirred for 12–24 h. a X = Cl; b X = Br. All yields are for isolated
α-boryl urea products.
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give α-aminoboronates, which would subsequently react with
TMS-NCO to form α-boryl ureas. To test this hypothesis, we
carried out a control reaction between 1a, primary amine 47,
and NaI in DMF at 23 °C. However, α-aminoboronate 49 was
not observed (Scheme 5B). To further probe the mechanism,
we monitored the reaction in DMF-d7 by 1H NMR spec-
troscopy. In the absence of NaI, the reaction progressed slowly.
However, upon the addition of NaI, a new peak at a chemical
shift of δ 0.1 ppm was immediately observed, distinct from the
δ 0.29 ppm shift of TMS-NCO. This new δ 0.1 ppm peak was
attributed to the formation of trimethylsilyl halide. To explore
the role of NaI, we conducted a control experiment by mixing
TMS-NCO and NaI, which also immediately exhibited the
appearance of the peak at δ 0.1 ppm, providing evidence for
the generation of a new isocyanate species, designated as int-1
(Scheme 5D). This observation aligns with previous reports
where TMS-NCO was shown to react with beryllium chloride
(BeCl2) and gallium chloride (GaCl3).

54,55 Based on these
observations, plausible mechanistic pathways are proposed to
rationalize the observed distinct regioselectivity profiles of
primary versus secondary amines.

The reaction may begin with the formation of nucleophilic
isocyanate species int-1 via interaction of TMS-NCO with NaI.
This intermediate int-1 reacts with primary amine to produce
urea intermediates int-2a and int-2b through a reversible
manner. N,N-Disubstituted species int-2b reacts with
α-chloroboronate to form boron-ate complex int-3, which then
undergoes a rapid and regioselective 1,2-boronate rearrange-
ment to generate the desired product 6. In contrast, int-2a con-
taining an NH-M moiety, as previously reported, would exhibit
less favorable 1,2-boronate migration compared to N,N-di-
substituted int-2b.56 The formation of boron-ate complexes
int-3 was supported by high-resolution mass spectrometry ana-
lysis (Scheme 5E and Fig. S1). When int-1 reacts with a second-
ary amine, only a single urea intermediate int-4 is formed,
which subsequently reacts with α-chloroboronate to yield
α-boryl ureas via a comparatively sluggish 1,2-boronate
migration (Scheme 5F).

To further demonstrate the versatility of our methodology
and the potential of α-boryl ureas in drug discovery, we
designed and synthesized an α-boryl urea analog of nirmatrel-
vir, designated as compound 51. Nirmatrelvir, an orally avail-

Scheme 5 (A) Control experiment using 2-chlorobutane under standard conditions; (B) control experiment of 1a conducted in the absence of
TMS-NCO; (C) control experiments of 1a conducted in the absence and presence of TEMPO; (D) 1H NMR spectra of TMS-NCO, and TMS-NCO with
NaI in DMF-d7; (E) proposed reaction pathway for the regioselective formation of α-boryl urea 6 from primary amine 47; and (F) proposed reaction
pathway for the formation of α-boryl ureas from secondary amines.
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able SARS-CoV-2 main protease (MPro) inhibitor developed by
Pfizer represents a significant breakthrough in antiviral drug
development.57 MPro is a SARS-CoV-2 essential protease that
plays pivotal roles in viral replication and pathogenesis. MPro
tends to be highly conserved among various coronaviruses
(CoVs) and there is no similar human protease, making it one
of the most attractive drug targets for developing broad-spec-
trum antivirals against coronaviruses.58–61 MPro is a cysteine
protease with three domains, and its active form is a homo-
dimer comprising two protomers. Each protomer contains a
Cys145-His41 catalytic dyad, where cysteine serves as the
nucleophile in the proteolytic process.62 Nirmatrelvir is
covalent MPro inhibitor via its distinctive nitrile warhead to
interact with catalytic Cys145.57 In addition, nirmatrelvir’s tri-
fluoromethyl amide moiety at the P4 position plays an impor-
tant role in its binding affinity to MPro. The amide nitrogen
forms a hydrogen bond with the backbone carbonyl oxygen of
E166, while the trifluoromethyl group engages in additional
hydrogen bonding interactions with Q192 and a water mole-
cule, further stabilizing the inhibitor-protease complex.57

Since the onset of the COVID-19 pandemic in 2020, we have
developed many covalent MPro inhibitors.63–67 To continue
the MPro inhibitor development, we sought to explore whether
replacing the trifluoromethyl amide group of nirmatrelvir with
an α-boryl urea moiety at the P4 position could provide
enhanced binding interactions with MPro. Compound 51 was
synthesized using our novel approach, starting from
α-chloroboronate 1b and amine 50 (Scheme 6A). Remarkably,
compound 51 exhibited exceptional inhibitory activity against
MPro, achieving an IC50 value of 12 nM by the previously
reported assay,68 which is approximately three times more
potent than nirmatrelvir (Scheme 6B). This result underscores

the potential of the α-boryl urea moiety to enhance binding
affinity and potency against enzymatic targets in drug
discovery.

Conclusions

In summary, we have developed a novel regioselective multi-
component synthesis of previously inaccessible α-boryl ureas
through the reaction of α-haloboronates, trimethylsilyl isocya-
nate, sodium iodide, and diverse amines under mild con-
ditions. This method offers a versatile and efficient route to a
broad range of α-boryl ureas, overcoming the limitations of
existing multistep syntheses and narrow substrate scopes. The
versatility and adaptability of this method were demonstrated
through the synthesis of 40 unprecedented α-boryl ureas,
encompassing a wide range of substrates, including sterically
demanding and biologically relevant molecules. Plausible
mechanistic pathways are proposed to rationalize the observed
distinct regioselectivity of primary versus secondary amines,
involving regioselective 1,2-boronate migration. Moreover, the
potential of α-boryl ureas in drug discovery is highlighted by
an α-boryl urea nirmatrelvir analog 51, which exhibited excep-
tional inhibitory activity against SARS-CoV-2 main protease.
Overall, this study not only offers a streamlined and practical
platform for accessing diverse α-boryl ureas, but also under-
scores their potential as valuable scaffolds in the development
of new therapeutics.
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Scheme 6 (A) Synthesis of nirmatrelvir analog α-boryl urea 51; (B) inhi-
bition curves of nirmatrelvir and 51 on the SARS-CoV-2 MPro. Triplicate
experiments were performed for each compound. For all experiments,
20 nM MPro was incubated with an inhibitor for 30 min before 10 μM
Sub3 was added. The MPro-catalyzed Sub3 hydrolysis rate was deter-
mined by measuring linear increase of product fluorescence (Ex:
336 nm/Em: 455 nm) for 5 min. The IC50 for 51 was 12.5 ± 1.7 nM and
nirmatrelvir was 33.8 ± 1.1 nM.
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