
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

9 
Ju

ne
 2

01
8.

 D
ow

nl
oa

de
d 

on
 3

/3
0/

20
25

 9
:0

3:
56

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Efficient access t
Department of Chemistry, Zhejiang Univers

P.R. China. E-mail: duttwyler@zju.edu.cn

† Electronic supplementary informatio
spectroscopic data. CCDC 1829932 and
crystallographic data in CIF or o
10.1039/c8ra03067g

‡ These authors contributed equally.

Cite this: RSC Adv., 2018, 8, 22447

Received 10th April 2018
Accepted 11th June 2018

DOI: 10.1039/c8ra03067g

rsc.li/rsc-advances

This journal is © The Royal Society of C
o amides of the carborane
carboxylic acid [1-(COOH)–CB11H11]
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The preparation of the carborane acid chloride [1-(COCl)–CB11H11]
� from the carboxylic acid [1-(COOH)–

CB11H11]
� is reported. This acid chloride exhibits remarkable inertness towards moisture and can be stored

under ambient conditions for several months. Reaction with amines affords secondary and tertiary

carborane amides [1-(CONR1R2)–CB11H11]
� in moderate to high yields under mild conditions. Two of the

amide products were characterized by X-ray crystallography in addition to spectroscopic analysis.

Preliminary studies show that the amides can be reduced to the corresponding amines and that the acid

chloride has the potential to serve as a starting material for carborane ester formation.
Introduction

Owing to their unique steric and electronic properties, boron-
based clusters have been the focus of a growing body of
studies that are concerned with their fundamental properties,
new methods of their preparation and their applications. Car-
boranes based on the scaffolds [CB11H12]

� and C2B10H12 are
icosahedral clusters in which one or two B–H vertices are
replaced by C–H (Fig. 1a). Their three-dimensional delocaliza-
tion of electron density is frequently called s aromaticity, in
reference to the p aromaticity of organic arenes; it leads to
exceptional chemical and thermal stability.1,2 A large number of
applications of carboranes have emerged over the past decade;
their utility has become evident in ligand design,3 supramo-
lecular4 and medicinal5 chemistry, as well as uorescence/
phosphorescence6 and materials science.7 Weakly coordinating
halogenated derivatives of 1 are the anions of choice as coun-
terions for cationic reactive intermediates and of highly active
catalysts.8 Provided the practical versatility of such boron cage
compounds, expedient methods that provide access to tailor-
made derivatives are highly desirable. In many cases, the
focus lies on the construction of inorganic–organic hybrid
molecules, i.e., coupling of a cluster with an organic molecule.

Early reports on the formation of neutral dicarba-closo-
dodecaborane carboxylic acid derivatives stem from Kahl and
coworkers.9 Starting from carboxylic acids, acid chlorides were
prepared using phosphorous pentachloride; the isolation of 1,2-
ity, Zheda Road 38, 310027 Hangzhou,

n (ESI) available: Procedures and
1829933 for 2e and 2m. For ESI and
ther electronic format see DOI:

hemistry 2018
dicarbo-closo-dodecaborane-1-carbonyl chloride by distillation
was reported in 1999.9b Subsequent transformations involved the
synthesis of carborane carboxylic acid esters. Kaszyński and
coworkers have synthesized a large number of monocarba-closo-
dodecaborate-based materials based on C1 vertex ester func-
tionalization.10 Their protocols used oxalyl chloride/
dimethylformamide to convert the C1-carboxylic acids to acid
chloride intermediates that were not isolated but directly treated
with nucleophiles (Fig. 1b).

With respect to medicinal chemistry in particular, carboranes
have been used in boron neutron capture therapy, and they have
also been demonstrated to be potent pharmacophores, acting as
agonists or inhibitors of enzymes.11 The amide group is one of the
most important functional groups in organic chemistry and
biochemistry, and amide moieties are present in peptides,
synthetic polymers, many natural products and marketed drugs.12

It is in this context that the Scholz group has recently reported on
the synthesis of dicarbaborane amides (Fig. 1c).13 Their protocol
relied on the use of the reagent (1-cyano-2-ethoxy-2-
oxoethylideneaminooxy)-(dimethylamino)morpholinocarbenium
hexauorophosphate (COMU), which allowed the coupling of
carborane carboxylic acids with amines. Our group's interest in the
functionalization of anionic carboranes led us to probe amide
moieties as directing groups for B–H activation mediated by
transition metals. We found that the carborane carboxylic acid [1-
(COOH)–CB11H11]

� can be transformed to pyrrolidine and tosyl
amides aer activation by a combination of oxalyl chloride and
dimethyl formamide (Fig. 1d).14 In the current study we show that
the corresponding acid chloride is an intermediate that can be
isolated in high yield and stored for a prolonged time under
ambient conditions. It undergoes substitution with a variety of
amines to give secondary and tertiary amides in moderate to high
yields (Fig. 1e). X-ray crystal structures and additional trans-
formations are presented as well.
RSC Adv., 2018, 8, 22447–22451 | 22447
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Scheme 1 Preparation of carboxylic acid chloride 1 and subsequent
synthesis of carborane amides 2. Yields are isolated yields with respect
to 1.

Fig. 2 11B{1H} NMR spectra of [Et4N][1-(COOH)–CB11H11] (a), [Et4N][1]

Fig. 1 General structure of icosahedral carboranes (a), reported carbor-
ane esters and carboxamides (b–d) and outline of the present study (e).
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Results and discussion

At the outset of our study, we decided to investigate the activation
of [1-(COOH)–CB11H11]

� more thoroughly. Treatment of the acid
with 1 equivalent of oxalyl chloride and catalytic amounts of
dimethyl formamide in dichloromethane caused clean formation
of the acid chloride 1 within 30 min at 25 �C, as indicated by 11B
NMR spectroscopy and ESI-mass spectrometry (Scheme 1). This
species was subsequently successfully isolated by either a classical
work-up including removal of volatiles or by simple precipitation
upon addition of hexane to the reaction mixture (see the ESI† for
details). Both procedures furnished 1 in 87% yield. Acid chloride 1
exhibits high inertness towards moisture; [Et4N][1], stored as
a powder in a closed vial under air, remained unchanged over
several months. The hydrolysis of [Et4N][1] in a mixture of
acetonitrile/water (5 : 1 v/v) was studied by NMR spectroscopy, and
the details of the monitoring are provided in the ESI le (Fig. S1
and S2†). A comparison of the 11B{1H} NMR spectra of [1-(COOH)–
CB11H11]

� and 1 showed that these two species can be
22448 | RSC Adv., 2018, 8, 22447–22451
distinguished clearly based on the chemical shis of their B12 and
B2–6/7–11 positions (Fig. 2a and b).

We next probed the reactivity of 1 towards amines with the
aim to prepare a series of carborane amides. Reaction with
amines took place at a much higher rate than with water.
Addition of 1.5 equivalents of amine cleanly afforded the cor-
responding amide in dichloromethane within 20 min at 25 �C;
one equivalent of triethylamine was used to neutralize the HCl
byproduct (Scheme 1). Primary unbranched amines afforded
products 2a–e in yields of 46–91%. Sterically more congested
amines afforded the isopropyl, cyclohexyl and tert-butyl deriv-
atives 2f–h, while pyrrolidine and piperidine gave tertiary
amides 2i and 2j. Anilines proved to be viable sub-strates as
well, as demonstrated by the formation of 2k–m. Compounds
2f–m were obtained in high yields of 84–92%. Isolation of
(b) and [Et4N][2a] (c) (acetone-d6, 22 �C, 160 MHz for 11B).

This journal is © The Royal Society of Chemistry 2018
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Scheme 2 Synthesis of carborane amides 4 starting from halogenated
carborane precursors. Yields are isolated yields with respect to 3.

Fig. 4 X-ray crystal structures of 2e (a) and 2m (b). Cations and H
atoms except for N–H omitted for clarity; 30% displacement ellipsoids.
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amides 2 involved either simple precipitation or purication by
silica gel column chromatography. In their 11B NMR spectra, all
products exhibited a characteristic B12 resonance at �6 to
�7 ppm; as a representative example, the 11B{1H} NMR spec-
trum of 2a is depicted in Fig. 2c.

Cage halogenation affects the properties of boron clusters
(e.g., polarity, coordinating ability, solubility) and offers the
possibility of further functionalization by transition metal-
catalyzed cross coupling.2a,2b,15 Amide formation was probed
starting from brominated and iodinated carborane carboxylic
acids 3 (Scheme 2). Applying reaction conditions identical to the
ones for the synthesis of 2, amides 4a–d were obtained in yields
of 81–91%. In these cases, the acid chloride was precipitated
from the initial reaction mixture, collected by ltration and
used directly in the amide formation step.

X-ray crystallography revealed the solid-state structures of 2e
and 2m. Single crystals of the composition [Na][Et4N][2e]2 were
obtained from an acetonitrile solution in the presence of one
equivalent of Na+ by slow evaporation (see the ESI† for details).
The unit cell contains two {[Na]2[Et4N]2[2e]4}2 dimers, both of
which feature a center of inversion and coordination of the Na+

centers by oxygen and nitrogen astoms (Fig. 3 and S1†). The
Fig. 3 Packing of 2e in crystals of the composition Na[Et4N][2e]2; H
atoms omitted for clarity; 30% displacement ellipsoids.

This journal is © The Royal Society of Chemistry 2018
[Et4N]
+ cations are well-separated from the anions. The different

carboxamides exhibit similar geometries, and the structural
parameters of one of them will be summarized (Fig. 4a).
Generally, there is a pronounced resemblance to typical organic
amides. Observed distances (Å) for 2e are C1–C2 1.525(8), C2–
O1 1.214(8) and C2–N1 1.339(9). The sum of angles around C2 is
360.0(6)�, and the torsion angle O2–N1–C2–C1 of 177.1(5)�

indicates coplanarity of the entire amide moiety. Solvent layer-
ing of an acetone solution of 2mwith hexane gave single crystals
of the composition [Et4N][2m] (Fig. 4b and S2†). The distances
(Å) and angles are similar to those of 2e, namely, C1–C2
1.506(8), C2–O1 1.223(8), C2–N1 1.359(8), sum of angles around
C2 360.0(6)� and torsion angle C3–N1–C2–C1 178.7(6)�.

Finally, the potential of 1 as a precursor of carborane esters
and the reduction of two selected amides 2were investigated. As
anticipated from the slow reaction of 1 with water, ester
formation required more forcing conditions than amide
formation. Heating a solution of 1 in methanol at 50 �C for 5 h
gave methyl ester 5 in 91% yield (Scheme 3a). Treatment of 2i
and 2j with an excess of lithium aluminum hydride caused
Scheme 3 Ester formation starting from 1 (a) and reduction of amides
2i and 2j (b).

RSC Adv., 2018, 8, 22447–22451 | 22449
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clean reduction to the corresponding amines (Scheme 3b).
Isolation under acidic conditions afforded products 6a and 6b
in as N-protonated zwitterions in yields of 88% and 91%,
respectively.

Conclusions

In conclusion, the results of this study demonstrate that the
carborane acid chloride 1 can be conveniently prepared and
stored in the form of [Et4N][1] under ambient conditions
without noticeable decomposition. In combination with amines
it affords secondary and tertiary carborane amides 2 under mild
conditions and generally in high yields. Additional trans-
formations such as ester formation and reduction of products 2
to amines underscore the potential of 1 as a versatile starting
material towards C1-substituted derivatives of the monocarba-
closo-dodedaborate anion. We are currently exploring trans-
formations of 1 with other nucleophiles.
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Inorg. Chem., 2016, 55, 3797–3806; (m) P. Coburger,
J. Schulz, J. Klose, B. Schwarze, M. B. Sárosi and E. Hey-
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Chem., 2016, 59, 7738–7758.

6 (a) Y.-J. Cho, S.-Y. Kim, M. Cho, W.-S. Han, H.-J. Son,
D. W. Cho and S. O. Kang, Phys. Chem. Chem. Phys., 2016,
18, 9702–9708; (b) B. H. Choi, J. H. Lee, H. Hwang,
K. M. Lee and M. H. Park, Organometallics, 2016, 35, 1771–
1777; (c) B. P. Dash, R. Satapathy, E. R. Gaillard,
J. A. Maguire and N. S. Hosmane, J. Am. Chem. Soc., 2016,
132, 6578–6587; (d) S. Mukherjee and P. Thilagar, Chem.
Commun., 2016, 52, 1070–1093; (e) J. C. Axtell,
K. O. Kirlikovali, P. I. Djurovich, D. Jung, V. T. Nguyen,
This journal is © The Royal Society of Chemistry 2018

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c8ra03067g


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

9 
Ju

ne
 2

01
8.

 D
ow

nl
oa

de
d 

on
 3

/3
0/

20
25

 9
:0

3:
56

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
B. Munekiyo, A. T. Royappa, A. L. Rheingold and
A. M. Spokoyny, J. Am. Chem. Soc., 2016, 138, 15758–15765;
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