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Abstract: This study outlines the development of novel boronic acids
as catalysts for the direct synthesis of amides from carboxylic acids
and amines. The Lewis acidity of the boronic acids was estimated by
means of computational techniques, and the observed increase in
catalytic activity was corroborated by kinetic data derived from a
model reaction. Our investigations led to the discovery of a set of
ortho-(sulfonyloxy)benzeneboronic acids that compared favorably
with the established state-of-the-art. These newly developed catalysts
demonstrated efficacy in the coupling of aliphatic, aromatic, and
heteroaromatic acids, as well as primary and secondary amines.

Introduction

The significance of amide synthesis in the industry is a topic that
is scarcely disputed as numerous top-selling pharmaceutical
drugs contain this specific functional group. However, the present
industrial standard for direct amide synthesis continues to rely on
the stoichiometric activation of carboxylic acids, resulting in
unwanted waste and purification expenses. Recent progress in
the field has shown promising developments, particularly with
boron and group (IV) metal catalysts.l! Nonetheless, apart from
boric acid catalysis, the usefulness of boron catalysts for the
industry has yet to be fully established.? One important topic is
the continued pursuit of more efficient boronic acid catalysts.
Notable advancements in this area have been made by various
groupst), resulting in the discovery of highly efficient boronic acid
derivatives (Figure 1) when combined with a water exclusion
setup, such as Dean-Stark, Soxhlet, or molecular sieves.
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Figure 1. Boronic acid catalysts in amidation reactions.

In a recent report, our research group detailed the successful
application of borinic acid 1 as a catalyst for the mild synthesis of
peptides.™ Our initial hypothesis regarding the role of borinic
species in the catalytic cycle was subsequently scrutinized by
Whiting, leading to a more nuanced understanding of the
activation of carboxylic acids by a boronic acid active species.®!
Our initial findings were supported by the discovery of cyclic
borinic acid 2, which exhibited moderate efficacy at 65 °C.
Interestingly, no proto-deborylation or amidation was observed at
25 °C, as shown in Scheme 1. However, *'B NMR spectroscopic
analysis indicated that proto-deborylation of 2 to 3a is indeed
occurring at 65 °C, with a recorded conversion of 20% after 0.5 h,
and 100% after 6 h (see Sl pS3-S6). Consistent with Whiting’s
findings, the active catalyst was re-designated as 2-
phenoxybenzene boronic acid 3a, which gave a 51% yield at
25 °C (Scheme 1). Building on these outcomes, we sought to
explore the potential of 2-aryloxybenzene boronic acids 3b-g as
catalysts in amide synthesis, with the aim of improving the
catalytic efficiency of such compounds.
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Scheme 1. Initial results.

Results and Discussion

To monitor the conversion of the reaction, *H NMR spectroscopy
was employed, with tetrachloroethane as an internal standard
(Scheme 2). The investigation of monosubstituted 2-
aryloxybenzene boronic acids 3a-3e revealed that increasing the
electron depletion of the aryl substituent significantly enhanced
the rate of the reaction, with a maximum efficiency attained by a
trifluoromethyl substituent in the para position (3b). The addition
of an extra trifluoromethyl group (3c) or an electron-donating
methoxy group (3e) was found to decrease the efficiency of the
reaction (Scheme 2).
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Scheme 2. 2-Aryloxybenzene boronic acids tested in this study and efficiency

in amide synthesis.?
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Unexpectedly, a reduction in performance was observed upon the
introduction of a second aryloxy group in the para position relative
to the boron atom (3f). Intriguingly, the incorporation of an
additional aryloxy group in the second ortho position with 2,6-
disubstituted 3g resulted in complete conversion within 4 h,
achieving the fastest reaction rate observed for 2-aryloxybenzene
boronic acids so far. This outcome sharply contrasts with previous
investigations where ortho disubstitution consistently led to
decreased reactivity (for further details see boronic acids 6-9 in
the supporting information). (561

Unfortunately, comparative experiments carried out with the
state-of-the-art catalysts 489 and 5B7 demonstrated that the
desired enhancement had not yet been achieved. While full
conversion was attained with 4 after merely two hours, a
moderate 66% conversion was obtained with 3g over the same
duration (for detailed kinetic data, see the supporting information).
To further enhance the catalyst's efficacy, we endeavored to
exploit strategies that decrease the electron density at the boron
center to promote higher Lewis acidity. In this perspective,
Whiting has previously reported that the stoichiometric use of 2-
nitrobenzeneboronic acid displayed a moderate efficiency in
refluxing fluorobenzene.[7 Although aryl boronic acids are
established catalyst in numerous chemical processes, the
intrinsic Lewis acidity of such compounds has only recently been
examined using water as a Lewis base.[® A general Lewis acid
scaling method relies on theoretical calculation of the fluorine ion
affinity (FIA).®) The Hammett parameter of trifluoromethane
sulfonate group (op =0.53, om = 0.56) led us to expect sulfonate
substituted boronic acids to display interesting Lewis acidity.
Hence, the Lewis acidity of boronic acids 3 and 5, as well as the
anticipated sulfonato derivatives 10-12 (figure 2), has been
estimated by DFT calculation at the wWB97XD/6-31++(d,p) level
of theory (Table 1).%

B(OH),
BOH), BOH:2 110 oTf
RO,SO TfO oTf
oTf
10a, R = Me, 10b, R=CF; 11 12

10c, R= 4-N02-CGH4
10d, R = C¢Fs

Figure 2. Boronic acids 10-12.



Table 1. FIA estimation and quantitative scale for Lewis acidity for boronic acids.

Boronic acid  FlAcor2®  pF®  Boronic acid  FlAcor2®  pF
3b 239.8 5.73 10a 240.5 5.97
3c 259.6 6.20 10b 250.7 5.99
3d 227.7 5.44 10c 277.7 6.64
3e 213.2 5.10 10d 292.3 6.99
3f 272.3 6.51 11 279.3 6.68
39 272.7 6.52 12 309.5 7.40
5 269.9 6.45

[The fluoride ion affinity (FIA in kJ.mol"*) of a given boronic acid A is estimated
by the -AH of the following reaction LA + F == [LAF] using COF2/COF3s" anchor
at the ®WB97XD/6-31++(d,p) level of theory. PIThe corresponding pF- value

corresponds to pF- = FIA/10 (in kcal.mol %), according to Christe.*!

Notably, calculations revealed that aryl boronic acids 10-12,
substituted with at least one sulfonate groups, exhibit a Lewis
acidity range (240.5-309.5 kJ.mol ) that encompasses the ones
of boronic acids 3g (272.7 kJ.mol?) and 5 (269.9 kJ.mol?). This
observation prompted us to synthesize 10-12 and evaluate their
catalytic properties. Compounds 10a-d were easily synthesized
in two steps from commercially available 2-hydroxybenzene
boronic acid pinacol ester. It should be noted that the deprotection
of the pinacol ester required some optimization, with electrophilic
oxidative conditions (NalO,)*? yielding boronic acids 10 with
variable yields (30-83%) depending on the substrate's nature (see
the supporting information).

The synthesis of boronic acid 11 required a more complex
strategy (Scheme 3). Initially, a protection group-free approach
was designed via the regioselective monoiodination of resorcinol,
followed by an iodine-to-lithium exchange to obtain 2.6-
dihydroxybenzene boronic pinacol ester 13. While relatively
straightforward, an impractical 30% vyield from resorcinol was
obtained despite efforts to mitigate polyiodination and a
capricious lithium-iodine exchange/borylation sequence. It is
worth noting that the latter step required a large excess of nBuLi
(6 equivalents), presumably to enhance the solubility of the highly
polar intermediate lithium trisanion.

OH OH OH
a | b B(Pin)
— —_—
OH OH OH
mdl 53% 13, 56%
OMOM oTf oTf
me)gi:i B(Pin) _9_ f: B(OH),
OMOM oTf oTf
63% (2 steps) 14, 45% (2 steps) 1,76%

Reaction conditions: (@) NaHCOs, THF. H20 then l2. (b) nBuLi. TMEDA. THF. -
78 °C then iPrOB(Pin) 5 equiv. -60 °C. (c) NaH. DMF. MOMCI. 90%. (d) nBulLi.

WILEY . vcH

THF. 0 °C then iPrOB(Pin). 85%. (e) TFA. CHzCl.. (f) DIPEA. Tf20. CH2Cl2. (9)
NalO4. 1M HCI. THF:H20.
Scheme 3. Synthesis of boronic acid 11.

To address the challenge of regioselectivity, a directed ortho
metalation was investigated. Initial attempts to selectively
demethylate the 2,6-dimethoxybenzene boronic acid pinacol
ester resulted in uncontrolled protodeborylation. However, the
use of methoxymethyl ether protecting groups proved more
effective, allowing for selective borylation and mild deprotection
conditions, resulting in a global yield of pinacol ester 14 of 30%
from resorcinol. Targeted boronic acid 11 was obtained through
the deprotection of the pinacol ester 14. Unfortunately, 12
remained elusive as uncontrolled polymerization or
protodeborylation prevented its synthesis.

The boronic acids 10a-d and 11 were then evaluated for their
ability to catalyze the coupling of benzylamine with phenylacetic
acid, and compared to reference catalysts 4 and 5 using similar
reaction conditions. Interestingly, all the tested boronic acids
resulted in significantly faster reactions that reached completion
within an hour or less, except for 10c [X = SO,(4-NO2-CsHa)].
Importantly, kinetic data for the tested boronic acids compared
favorably to reference compounds 4 and 5. For instance, the
amide synthesis catalyzed by 11 was completed after just 30
minutes (Scheme 4), compared to 2 hours for 4 and 4 hours for 5
(Scheme 2). Upon examination of the para-substituted
regioisomer of 10a, a decrease in catalytic efficiency was
observed, underscoring the importance of the ortho-substitution
(data not shown, see the supporting information).

Although a direct correlation at this stage of the investigation
cannot be firmly established, it is noteworthy that an increase in
the Lewis acidity of the boronic acid resulted in enhanced reaction
rates. Notably, boronic acids 10a and 10b demonstrated
comparable efficiency (Scheme 4) and possessed similar FIA
(240.5 and 250.7 kJ.mol ! respectively). In contrast, compound 11,
with two ortho-substituents and a higher FIA of 279.3 kJ.mol?,
exhibited approximately twice the reaction rate compared to 10a
and 10b. Despite boronic acid 10d having the highest calculated
FIA among the tested compounds (292.3 kJ.mol?, it remained
less effective than compound 11. This disparity was attributed to
the absence of a second ortho-substituent in 10d. The
unexpected lower efficiency observed for compound 10c lacks a
clear explanation and is tentatively ascribed to unproductive
intermolecular interactions with the nitro group.
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Reactions.? Reaction conditions: boronic acid (10 mol%), BnNHz, PhCH2CO2H
(1.1 equiv), 5A MS in dichloromethane, under an Ar atmosphere, 25 °C.

While the synthesis of 10d required the use of an expensive
sulfonyl chloride derivative, the efficiency of compound 11 was
found to be variable due to its sensitivity to protodeborylation.
Thus, boronic acids 10a and 10b were identified as stable,
efficient and readily available catalysts for amide synthesis,
therefore we proceeded to investigate their scope and limitations.
Our methodology was successfully applied to the synthesis of a
broad range of amides, including a-substituted carboxylic acids
for 15a (90%) and 15b (70%), indicating a degree of tolerance to
steric hindrance. Comparatively, 15a was reported in 2023 with
only 58% vyield using a thianthrene catalyst in refluxing
dichloromethane.®l Additionally, heterocycles such as furan,
thiophene, pyrazine, and benzofuran were well-tolerated, as
exemplified by the synthesis of 15c-f with high yields. Notably, 3-
picolylamine produced 15h in 99% isolated yield, albeit at a
slightly increased temperature, possibly due to the Lewis-basic
pyridine.

The modest yields of 15g and 15i indole-containing derivatives
(34-41%) were attributed to the low solubility of the starting
materials in the reaction medium. The use of secondary amines
as substrates proved to be more challenging, resulting in
moderate yields for 15j-15| (23-47%, Scheme 5). Increasing the
reaction temperature to 60 °C for Boc-protected piperazine
marginally improved the yield obtained at 20 °C.

4
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Scheme 5. Scope of the amide synthesis in the presence of molecular sieves.

In sharp contrast, when 10b was used and reaction conditions
were changed to refluxing toluene using a Dean-Stark device to
trap water irreversibly, amidation involving secondary amines
such as piperazine or piperidine delivered good yields of 74-89%
(15k and 15I, Scheme 6).

10 mol% 10a

, R? toluene J?\ RS
- I
R COZH + HN. 3 R1 N’
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_B
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Scheme 6. Challenging substrates using Dean-Stark reaction conditions.

Aryl and heteroaryl carboxylic acids are known to be reluctant to
low-temperature catalysis or in refluxing toluene, regardless of the
electron density of the aromatic ring. However, good yields were



obtained with electron-poor 3-nitrobenzoic acid (15n, 78%) or
picolinic acid (150, 80%), as well as with electron-rich furoic acid
(15p, 97%). Furthermore, tertiary amides were successfully
obtained from benzoic acid in yields of 95% (15qg) and 75% (15r).
Significantly, a recently disclosed thianthrene catalyst yielded
only 38% for 15q under identical reaction conditions. !

To explore the possibility of any degradation pathway involving
the non-selective nucleophilic addition of the amine to the
methanesulfonate group of boronic acid 10b, a control experiment
was conducted. In this experiment, boronic acid 10b and 2
equivalents of benzylamine were stirred at 115 °C, with the
absence of a potentially productive amidation pathway. After 24
hours, *H NMR analysis indicated that approximately 50% of
boronic acid 10b remained while the rest had essentially
transformed into phenyl methanesulfonate due to the cleavage of
the boron-carbon bond. This suggest that the sulfonate group is
inert in the reported reaction conditions (see supporting
information).

The early stage of the reaction was investigated through *H, B
and ¥C NMR monitoring, which confirmed the formation of a
dimeric intermediate previously reported by Whiting (Scheme
7).8

Me R \Me R
X () 1
(o6} N (o) (6]
(e} ®®\®

| |
B-Ar | o r—BJ /|‘3*Ar

a B
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0.0 0._0 _N9®
1 1

Me” RO

R™ 'Me

10a A1 B1, conversion 67%
(Ar = 2-MsO-CgHy)
10a’ A2 B2, conversion 100%

(Ar = 4-MsO-CgHy) R = 4-(iBu)CgHy4
a) ibuprofen (1.2-6 equiv), 5A MS, CDCl,, 25 °C. b) pyridine (1 equiv), 25 °C

Scheme 7. Investigating ortho substitution hindrance.

Interesting differences were observed upon comparison of the
regioisomers boronic  acids 10a (ortho) and 10a’ (para).
Specifically, 10a’ demonstrated a reduced inclination to generate
the reactive intermediate, requiring a larger excess of ibuprofen
(6 equivalents) compared to 10a, which only required a small
excess (1.2 equivalents). Upon introduction of pyridine to both
intermediates, a significant difference in favor of the ortho-
substituted boronic acid 10a was observed. This observation
suggests the mitigation of unproductive coordination at the boron
center, in line with recent findings by Ishihara.l

Conclusion

In summary, we have developed a series of original boronic acids
for the catalysis of direct amide synthesis from various amines
and carboxylic acids. While a first group of aryloxybenzene
boronic acids served as a preliminary template for further
improvement, kinetic data associated with Lewis acidity
estimation using DFT allowed us to uncover a second group of
sulfonatobenzene boronic acids that compared favorably with the
established state of the art for the coupling of phenylacetic acid
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and benzylamine.[*3! The scope of two boronic acids 10a and 10b
was investigated, revealing good efficiency for a set of amines
and carboxylic acids.

Experimental section

Dry solvents were obtained from a double-cartridge solvent
purification system. Thin layer chromatographies were performed
on silica gel 60 F254 plates. *H NMR spectra were recorded on
BRUKER Avance Il (500 MHz) and BRUKER NEO (600 MHz)
spectrometers. *H NMR spectral data were recorded as follows:
chemical shift in ppm from internal tetramethylsilane. The residual
solvent protons (in *H NMR) were used as internal standards
(CDCl; at 7.26 ppm, CD3sCN at 1.94 ppm, and DMSO-ds at 2.50
ppm). 3C NMR chemical shifts were recorded in ppm from the
solvent resonance employed as the internal standard (CDCl; at
77.16 ppm, CDsCN at 1.32 and 118.26 ppm, and DMSO-ds at
39.52 ppm). Because of their low intensity (resulting from
quadrupolar coupling), *C signals of the carbon bearing the
boronic acid group were generally not observed. High-resolution
mass spectra (APCI analyzer) were recorded using either
atmospheric solids analysis probe (ASAP) or electrospray
ionization (ESI) techniques. Infrared spectra were obtained with
frequencies expressed in cm™. Molecular sieves were purchased
from Sigma-Aldrich (5A-233676, powder, undried, reference is no
more available and 4A-688363, powder, activated) and were
activated using a Kugelrohr distillation instrument under 1 mbar
vacuum at 250 °C for 2 hours.

General procedure for the amide synthesis procedure.

25 °C amidation: In a dry flask under argon, carboxylic acid (0.55
mmol, 1.1 equiv.), boronic acid 10b (14 mg, 0.05 mmol, 10 mol%),
and 1 g of freshly activated 5A molecular sieves were introduced.
Then 7 mL of dry CH.Cl, (0.07 M) were added, and the mixture
was stirred vigorously for 15 minutes at 25 °C. Next, amine (0.50
mmol) was added and the mixture was stirred under argon. The
reaction was monitored by 'H NMR. Then, the reaction mixture
was filtered through a 1 cm celite pad and washed with EtOAc
and CH.Cl,. Evaporation of volatiles gave a residue that was
purified by flash silica-gel column chromatography to afford the
corresponding pure amide.

Amidation using Dean-Stark apparatus: To a dry flask charged
with carboxylic acid (0.55 mmol, 1.1 equiv), boronic acid 10a (11
mg, 0.05 mmol, 10 mol%), dry toluene (3.5 mL) and amine (0.5
mmol, 1 equiv). The resulting suspension was stirred under
azeotropic reflux. Upon completion, volatiles were evaporated
and the pure amide was isolated upon purification using flash
silica-gel column chromatography.

Supporting Information
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Novel boronic acids have been developed for the catalysed amide synthesis. Lewis acidity estimation using DFT, associated with
collected kinetic data, allowed to uncover ortho-(sulfonyloxy)benzeneboronic acids that compared favourably with the established
state-of-the-art boronic acids. Efficient coupling of aliphatic, aromatic, and heteroaromatic carboxylic acids as well as primary and

secondary amines were obtained.



