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Various isocyanide-based multicomponent reactions prove to
be highly reliable when β-substituted β-amino boronic esters
are employed as the amine component, allowing the efficient
synthesis of unprecedented peptidomimetics and heteroatom-
rich boron-containing small molecules. In particular, the scope
of the Ugi reaction is widely exploited, to give a family of

enantiopure β-substituted β-amido boronates. The Ugi-azide
and the van Leusen reactions allow to joint together prominent
pharmacophoric moieties, such as β-amino boronic acids on
one side, and tetrazole or imidazole rings on the other side,
realizing a successful application of the molecular hybridization
concept.

Introduction

Boron has been referred to as the “fifth element” of drug design
(in addition to the “big four” – H, C, N, and O) some years ago[1]

and as a ‘magic element’ in biomedical science quite recently.[2]

Effectively, over the last two decades, the approval of five
boronic acid-containing drugs by the FDA has vastly impacted
the use of boron in medicinal chemistry,[3] chemical biology,[4]

drug delivery and biomaterial exploration,[5] firmly establishing
boronic acids and derivatives as one of the most important
emerging classes of building blocks in organic and medicinal
chemistry.[6]

Among all boron-based chemotypes, amino boronic acids
derivatives are currently predominant in drug discovery, due to
their ability to act as amino acid bioisosteres and reversible
covalent inhibitors addressing hydroxyl groups in biomolecules
(mostly serine/threonine side chain residues).[7] Also, non-
covalent interactions (i. e. hydrogen bonds) can be responsible
for their interaction with proteins.

Although many synthetic methods are now available for
amino boronic acids derivatives, their application for prepara-
tion of peptidomimetics and heteroatom-rich boron-containing
small molecules remains underdeveloped.[8,9] Remarkable ex-
ceptions come from the impressive work of Professor Yudin and
his research group, which, over the last few years, exploited
various borylated reagents[10,11] and, in particular, both α- and β-
amino boronic acids,[12–14] even coming to the discovery of
boron-based peptidomimetics endowed with relevant biolog-

ical activities.[7,15–16] Quite recently, from the same group,
amidoboronic acid-containing peptidomimetics with con-
strained backbone were also achieved, and successfully demon-
strated as novel VIM-2 metallo-β-lactamase inhibitors[17] (Fig-
ure 1).

Going on with our diversity-oriented chemistry programs
around chiral β-amino boronic acids,[18] which are more stable
and, at the same time, less exploited with respect to their α-
homologues,[19] we became interested in developing efficient
methods to assemble boron-containing peptidomimetics, with
increased product scope, reduced number of steps and
improved atom economy. Relying on our experience in the
field,[20] we planned to take advantage from multicomponent
reactions (MCRs), in particular isocyanide-involving ones
(IMCRs),[21] with the aim of demonstrating their suitability with
β-amino boronic acids components.

Apart from extensive work by Professor Domling and its
research group on arylboronic acids in MCRs,[22] currently only
very few applications of the Ugi reaction involving aliphatic
boronic acids are reported, all exploiting MIDA-protected
components, such as α-boryl aldehydes[13,23] and α-boryl
isocyanides,[24] for the assembly of peptidomimetics and small
functionalised heterocycles. Although the application of this
strategy is remarkable, the only employment of boron-contain-
ing carbonyl components greatly limits the potential of the
isocyanide-based multicomponent strategy to access unex-
plored and potentially drug-like chemical space. Indeed, to the
best of our knowledge, no reactions have been described for
the preparation of the difficult to achieve β-substituted β-
amidoboronates, which means employing β-substituted β-
amino boronic esters as amine components in the Ugi reaction.

Herein we first demonstrate the suitability of such deriva-
tives for various efficient, one-pot multicomponent strategies,
relying on different isocyanide-based processes (Ugi, Ugi-Smiles,
Ugi-azide and van Leusen reactions). In order to add further
value to the obtained compounds, we set out to use
enantiopure β-substituted β-amino boronates, which were
readily prepared through application of Cho’s protocol.[25]
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Results and Discussion

We began our investigation using the known (S)-β-phenyl β-
amino boronate 1a, cinnamic acid and tert-octyl isocyanide, as
reported in Table 1. Referring to one of our previous works on
MCRs,[26] the first test was carried out in methanol at room
temperature, using aqueous formaldehyde as the carbonyl
component. A good conversion was achieved, but, together
with the desired pinacolate derivative 2a, a large amount of
deprotected boronic acid 3a was also detected (entry 1).
Considering the possible role of the solvent in the deprotection
mechanism, we next evaluated to perform the reaction in
acetonitrile, but no significant improvement could be observed,
neither in terms of conversion nor of 2a/3a ratio (entry 2).

Switching to paraformaldehyde, we could notice a relative
decrease of 3a, but overall low conversion, likely due to poor
solubility of paraformaldehyde itself in acetonitrile (entry 3).
Attempts to improve solubility, adding dimethylformamide as
cosolvent or heating to 40 °C were not conclusive (entries 4 and
5). So, we went back to consider the role of the solvent,
evaluating methanol, trifluoroethanol and dichloromethane
(entries 6–8). Dichloromethane proved to be the best choice,
affording the desired pinacolate derivative 2a in satisfying 60%
yield, with no trace of free boronic acid 3a. Instead, significant
drops in yield were observed stirring compound 1a and
formaldehyde for three hours before the addition of isocyanide
(entry 9), or adding Lewis acid catalysts (entries 10–12) to the
reaction mixture. In all tested conditions, traces (up to 15%) of

Figure 1. Examples of biologically relevant compounds containing α- or β-amino boronic acid moieties.

Table 1. Reaction conditions screening for the Ugi reaction of (S)-β-phenyl β-amino boronate 1a.[a]

Entry Aldehyde Solvent Lewis acid Temp. Time Yield [%][b] (2a, 3a)

1 HCHO
(37 wt. % in H2O)

MeOH – r.t. 48 h 50 (31, 19)

2 HCHO
(37 wt. % in H2O)

CH3CN – r.t. 48 h 48 (35, 13)

3 (CH2O)n CH3CN – r.t. 48 h 28 (24, 4)
4 (CH2O)n CH3CN/DMF 1 :1 – r.t. 48 h 38 (34, 4)
5 (CH2O)n CH3CN – 40 °C 48 h n. d.
6 (CH2O)n MeOH – rt 48 h 47 (44, 3)
7 (CH2O)n TFE – r.t. 48 h 14 (14, 0)
8 (CH2O)n CH2Cl2 – r.t. 48h 60 (60, 0)
9[c] (CH2O)n CH2Cl2 – r.t. 48 h 38 (38, 0)
10 (CH2O)n CH2Cl2 In(OTf)3 r.t. 48 h n. d.
11 (CH2O)n CH2Cl2 p-TSA r.t. 48 h 9 (9, 0)
12 (CH2O)n CH2Cl2 BBr3 r.t. 48 h n. d.

[a] Reagents and conditions: 1a (0.2 mmol), formaldehyde (1 eq), cinnamic acid (1 eq), tert-octyl isocyanide (1.2 eq). [b] Isolated yields. [c] Compound 1a
and formaldehyde were stirred for 3 hours before the addition of tert-octyl isocyanide.
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the competitive Passerini byproduct were detected, regardless
of the solvent used. The Passerini reaction became predominant
with heating (entry 5) and in the presence of Lewis acids
(entries 10–12).

With the optimal conditions in hand (entry 8), the generality
of this transformation was evaluated with respect to all
components, as reported in Scheme 1. (S)-β-phenyl β-amino
boronate 1a reacted smoothly with various acids components
(R3CO2H), such as cinnamic acid (products 2a–e), benzoic acid
(2f–h), sterically hindered o-iodo-benzoic acid (2 i), 4-pentenoic

acid (2 j–k), N-Boc-L-alanine (2 l–m) and N-Boc-L-tyrosine (2n).
The isocyanide component (R4NC) was also widely varied
(R4=tOct, Cy, tBu, Bn) with no significant impact on yields. With
regard to the carbonyl component, when isovaleraldehyde was
employed in place of formaldehyde, a 1 :1 mixture of diaster-
eoisomers 2ea and 2eb was obtained, easily separable by flash
chromatography. The configuration at the newly installed
stereogenic centres was at first proposed through NMR, relying
on evaluation of NOE contacts, and then confirmed by means
of single crystal X-ray diffraction on compound 2ea (full details

Scheme 1. Scope of the Ugi reaction of (S)-β-substituted β-amino boronates 1. Isolated yields in brackets.
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are deposited in the Supporting Information).[27] Also acetone
proved to be suitable for this multicomponent transformation,
affording compound 2d in a yield only slightly lower than that
of the corresponding, formaldehyde-derived compound 2c.
Finally, the scope of the reaction was evaluated with respect to
the (S)-β-substituted β-amino boronate 1. To this end, enantio-
pure β-(p-NO2-, m-Br- and o-OMe-phenyl) β-amino boronates
and β-(2-thienyl) β-amino boronates was prepared according to

the usual protocol. All they reacted in the multicomponent
transformation, affording products 2o–r in comparable, satisfy-
ing yields.

All compounds 2a–r proved to be quite stable and are fully
characterized by means of 1H, 13C and 11B NMR. In most cases,
1H and 13C spectra show more trans-cis rotamers, as usually
expected in the presence of amide bonds in peptides and
peptidomimetics compounds.[28] Such isomerism could not be
solved varying the polarity of deuterated solvents or recording
NMRs at higher temperature. However, it could be safely
quantified by integration of the 1H NMR peaks assigned to each
rotamer (see Experimental Section). The molecular structure of
2 l was further confirmed by means of single crystal X-ray
diffraction (Figure 2, full details are deposited in the Supporting
Information).

As usual for such kinds of studies, then some post
transformations on the Ugi products were evaluated, with the
purpose of clearly delimiting the synthetic versatility of
obtained compounds (Scheme 2).

Pinacolate esters 2a and 2c were subjected to mild boronic
acid deprotection, to give 3a and 3c respectively, in high yield.
In a dichloromethane/trifluoroacetic acid 95 :5 solution, com-
pounds 3a and 3c quickly convert to the corresponding
internal ate complexes, which are characterised by very well
resolved 1H NMR spectra, thanks to the conformational rigidity
imparted by the newly formed B� O bond. The internal ate
forms of 3a and 3c can be safely distinguished relying on 11B
NMR. Indeed, the typical sp2 boronic acid broad signal around
30–32 ppm gives way to a sharp signal about 4–5 ppm after
TFA treatment, proving the formation of a sp3 boron-ate

Figure 2. Asymmetric unit of compound 2 l, with the atom-numbering
scheme. Thermal ellipsoids at RT were drawn at the 50% probability level.
Atoms are represented with the usual colour code (C: grey; N: blue; O: red; H:
white; B: dark green).[29]

Scheme 2. Some selective protective groups removal on the Ugi products.
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species. The internal ate forms reported in Scheme 1 were
further confirmed by 1H-15N and 1H-13C bidimensional hetero-
nuclear NMR experiments.

On compound 2n, derived from N-Boc-L-tyrosine, selective
N-Boc deprotection could be realized easily to give derivative 4
as trifluoroacetate salt, while, starting from compound 2q, the
cyclic boronate 5 was achieved in overall almost quantitative
yield, by means of consecutive phenolic OH and boronic acid
deprotection. Bicyclic boronates such as compound 5 are of
particular interest since they constitute promising templates for
development as β-lactamase inhibitors with wider spectra of
activity than currently available agents.[30]

Finally, continuing to demonstrate the potential of the
multicomponent strategy when applied to boron-containing
compounds, three further IMCRs have been considered, as
promising platforms for potential development in diversity-
oriented synthesis programs (Scheme 3). Such reaction variants
involve a cascade of elementary chemical reactions, occurring
in a uniquely ordered manner under the same reaction
conditions, allowing rapid assembly of complex molecules in
one pot with remarkable synthetic efficiency and high atom
economy. The Ugi-Smiles multicomponent reaction is an
extension of the Ugi reaction, involving the use of acidic
phenols in place of the carboxylic acid component.[31] When
applied to substrate 1a, such reaction required a prolonged
heating, likely because of the less pronounced reactivity as
nucleophile of the o-nitrophenolate, with respect to the
carboxylate, and of the lower efficiency of the Smiles rearrange-
ment compared to the analogous Mumm rearrangement in the
classical Ugi version. However, the boron-containing, o-NO2-
aniline derivative 6 could be obtained in moderate yield.

Aiming to target heteroatom-rich, boron-containing small
molecules as interesting candidates for drug discovery, the Ugi-
azide and the van Leusen multicomponent reactions were then
considered. Using trimethylsilyl azide in place of the carboxylic
acid component, the multicomponent process occurred easily

at room temperature, allowing to achieve the highly functional-
ised tetrazole 7. Similarly, when the van Leusen conditions were
set up, employing TosMIC as the isocyanide component, the
target imidazole derivative 8 could be obtained in high yield.
These last two reactions can be considered a successful
application of the molecular hybridization strategy,[32] where
prominent pharmacophoric moieties, such as β-amino boronic
acids on one side, and tetrazole or imidazole rings on the other
side, are combined to produce new, hybrid compounds.

Conclusion

This work reports the efficient preparation of unprecedented
peptidomimetics and heteroatom-rich boron-containing small
molecules, by exploiting the high potential of IMCRs. The
described methods provide straightforward access to a range of
enantiopure, highly functionalized compounds, which are easily
isolated in moderate to high yields. By Ugi reaction, β-
substituted β-amidoboronates could be achieved and subjected
to post-transformations, such as orthogonal removal of protect-
ing groups and conversion to biologically promising bicyclic
boronates. Further one-pot, isocyanide-based transformations
allow to hybridize the β-aminoboronic acid moiety with
relevant heterocyclic rings, such as tetrazole and imidazole,
disclosing the possibility of synergizing boronic acid covalent
inhibition with additional elements of molecular recognition.

Experimental Section

General Information

All reactions were carried out under nitrogen atmosphere. All
hydrochlorides 1 were prepared according to the method reported
in the literature.[25] All employed reagents, including aldehydes,
carboxylic acids and isocyanides, are commercially available.
Solvents were purchased as “anhydrous” and used without further
purification. 1H NMR,13C NMR and 11B NMR spectra were recorded
using a Bruker AV 400 Ultrashield spectrometer. 1H NMR and 13C
NMR chemical shifts were reported in parts per million (ppm)
downfield from tetramethylsilane,11B NMR chemical shifts were
determined relative to BF3·Et2O and spectra were recorded using
quartz NMR tubes. Coupling constants (J) were reported in Hertz
(Hz). The residual solvent peaks were used as internal references: 1H
NMR (CDCl3 7.26 ppm, DMSO d-6 2.51 ppm), 13C NMR (CDCl3
77.0 ppm, DMSO d-6 40.0 ppm). The following abbreviations were
used to explain the multiplicities: s= singlet, d= doublet, t=
triplet, m= multiplet, br= broad, app=apparent. Reactions
involving boron-containing compounds were followed by TLC
using a curcumin solution, which was prepared as reported in the
literature.[33] Chromatographic purifications were performed by
Flash Chromatography (FC), using Merck Silica gel 60. HPLC analysis
were performed using Agilent 1100 Series HPLC chromatograph,
with a mixture of HPLC-grade hexane and isopropanol as eluent.
Specific columns and analytic methods were provided in the
experimental details for individual compounds; the wavelength of
light used for analyses are provided with the associated chromato-
grams and corresponds to the compound’s maximum absorption
wavelenght. All the analyses were performed using compounds
dissolved in HPLC-grade i-PrOH with a concentration of 0.8 mg/mL.

Scheme 3. Further IMCRs of (S)-β-phenyl β-amino boronate 1a.
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General Procedure for the synthesis of β-amido boronic
esters 2

In a flame-dried round-bottom flask, the desired β-amino boronic
hydrochloride 1 (0.345 mmol, 1 eq) was dissolved in dry dichloro-
methane (0.70 mL, 0.5 M), then freshly distilled triethylamine (48 μL,
0.345 mmol, 1 eq) was added dropwise and the reaction stirred at
room temperature for 5 minutes. The desired carbonyl component
(0.345 mmol, 1 eq), carboxylic acid (0.345 mmol, 1 eq) and
isocyanide (0.414 mmol, 1.2 eq) were added sequentially and the
reaction was stirred at room temperature for 48 h (reaction changes
from turbid light-yellow to clear dark-yellow). The solvent was
removed under reduced pressure and the crude product was
purified by FC, to afford pure β-amido boronic esters 2.

General Procedure for the synthesis of β-amido boronic acids
3

In a round-bottom flask, the desired β-amido boronic ester 2
(0.20 mmol, 1eq) and methylboronic acid (120 mg, 2.00 mmol, 10
eq) were dissolved in acetone/0.2 N HClaq (1 :1 v/v) solution (5 mL,
0.04 M) and stirred at room temperature for 4 hours (the reaction
changes from yellow to pale light-yellow). The solvent was
evaporated under reduced pressure using a 50 °C hot bath, then
the crude was dissolved in MeCN/H2O 1 :1 (4 mL) and freeze-dried
to afford pure β-amido boronic acids 3.

General procedure for the conversion of β-amido boronic
acids 3 into the corresponding 3 internal ate

In a round-bottom flask, the desired β-amido boronic acid 3
(0.190 mmol, 1 eq) was dissolved in a DCM/TFA (95 :5 v/v) mixture
(1.9 mL, 0.1 M) and stirred at room temperature for 2 minutes. The
solvent was evaporated under reduced pressure to afford pure 3
internal ate.
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