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B-N bond formation through palladium-catalyzed,
microwave-assisted cross-coupling of nitrogen compounds
with iodo-dodecaborate

The attachment of organic moieties to dodecaborate clusters
is required to fully explore the unusual supramolecular
properties that this cluster has. While previous work had
focused on substituting heteratoms already connected to the
cluster, we found here that a B-N bond can be formed with

a Buchwald-Hartwig cross-coupling, using microwave as
heating source.
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Substituted undecahydrido-closo-dodecaborates [BizH11NR,I?~  have
potential use in materials and drugs, but have presented a synthetic
challenge. Microwave-assisted palladium-catalyzed amination of iodo-
dodecaborate [B;>Hy (1>~ allows mild and reproducible formation of
B—N bonds with aromatic amines, HN-containing heteroaromatics,
and amides. The reaction allows general access to amides, reproducible
reactions to dodecaborate-substituted anilines, and, for the first time,
the substitution of dodecaborate with HN-containing heterocycles.

Boron clusters have gained considerable interest in drug
design™” and material science.>® Icosahedral dicarba-closo-
dodecaboranes (carboranes, of which three isomers exist)
belong to the most hydrophobic building blocks known. In
contrast, dodecaborates (dodecahydrido-closo-dodecaborates)
with two negative charges possess good water solubility with
alkali counter ions. Nevertheless, they can interact very strongly
also with hydrophobic surfaces such as the interior of cyclo-
dextrins®® or the exterior of cucurbiturils.” This unexpected
behavior stems in part from the weak coordination of water
around the boron clusters.® This effect has been named
superchaotropic.*? For making full use of it, dodecaborates
should ideally be linked to organic residues exhibiting suitable
and complementary characteristics, both in drugs and in
materials. While the chemistry for organo-carboranes is well-
established, methods for linking the closo-dodecaborates to
organic residues are less developed.'® Heteroatoms such as
N, 5,'% and O"® can be introduced and functionalized further
by reactions with nucleophiles.**™*°

The first B-N derivative of [By,H;,]>~ was reported by Hertler
et al. in 1964."" This compound, [B,H;;NH;]' ", requires purifica-
tion from di-, and non-substituted clusters. [B;,H;;NH;]'~ offers
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limited ways for functionalization: it can react with aromatic
aldehydes to imines, which can be reduced to benzyl deriva-
tives.?° It can react with carbodiimides to guanidinium derivatives
and with aroyl chlorides to amides.”" Alkylation of the N-atom to
di- and tri-substituted ammonium salts is possible, but selective
monoalkylation could not be achieved."'® It can react to a
diazonium salt and form azo compounds.”” In nucleophilic
aromatic substitution with 1-chloro-2,4-dinitrobenzene, a mixture
of two compounds with very poor yield was obtained.'®

Direct B-N bond formation of [B;,Hy,]>~ with organic nitrogen
compounds has been reported, although under harsh conditions
and poor selectivity.'"®** For use in the design of drugs and new
materials, more general methods for B-N bond formation are
desirable. We discovered such a method, using a palladium-
catalyzed cross-coupling between iodo-undecahydrido-closo-
dodecaborate [B;;Hy;I]>~ (1) and a wide range of NH-containing
organic compounds, assisted by microwave irradiation. (While
previous ways to obtain 1 in pure form required extensive
purification, we have recently described a simple and effective
way to produce it in pure form.>*) Although 1 has been studied in
transition-metal-catalyzed reactions,*”® Pd-catalyzed B-N bond
formation in 1 has not been reported. For the formation of a C-N
bond, the reaction is known as the Buchwald-Hartwig cross-
coupling, and allows a great variety of ligands for successful
cross-coupling.”” For the reaction of 1, only one of the tested
ligands gives a cross-coupling product, and only with microwave
irradiation as heat source.

There is a certain formal analogy between the n aromaticity of
benzene and the three-dimensional aromaticity of dodecaborates.>®
It has been observed, however, that the chemical reactivity of
dodecaborates cannot easily be inferred from that of C-aromatic
compounds.®® In the work which we report here, 1 reacts formally
similar to an aryl iodide. We found that the reactivity of 1 under
Buchwald-Hartwig conditions is, however, very different, and the
choice of ligand and heating method are crucial for success.

As model for our initial experiments, we chose the reaction
of 1 with aniline (2a). We varied catalytic systems, bases,
and reaction conditions. Selected examples are presented in
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Table 1 Screening of bases and reaction conditions
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NHy  Pdy(dba)s (10mol%)

Clle
NH,

1% Ligand (20 mol%) 3k
* Base, Solvent,
MW or oil bath, T
2(Me,N*)/ 2(BuyN*) (MegN*) / (BuyN®
1 2a 3a
1.0 equiv. 2.0 equiv.

Entry Base Solvent Ligand T (°C) Heating Time (h) Consumption® of 1 (%) Yield” of 3a (%)
1 Cs,CO5 1,4-Dioxane DP 100 MW 0.5 20 <15
2 KOt¢-Bu 1,4-Dioxane DP 100 MW 0.5 50 30
3 KOt-Bu DMF DP 150 MW 0.5 90 45
4 KO¢-Bu DMF DP 150 MW 1 >95 45
5 KOt-Bu DMSO DP 150 0il bath 48 95 <5
6 KOt¢-Bu DMSO DP 150 MW 0.25 100 65
7 KOt¢-Bu DMSO BP 150 MwW 0.25 90 <5
8 KOt-Bu DMSO JP 150 MwW 0.25 0 0
9 KOt¢-Bu DMSO tBP 150 MW 0.25 0 0
10 KOt¢-Bu DMSO SP 150 MW 0.25 95 <5
11 KOt-Bu DMSO XP 150 MW 0.25 0 0

Reaction conditions: 1 (1.0 equiv.), aniline (2.0 equiv.), base (2.5 equiv.), Pd,(dba); (10 mol%), ligand (20 mol%), solvent (concentration of
1 = 0.1 M). MW: microwave. “ Determined from B-NMR, see ESI. Ligands: DP = DavePhos, JP = JohnPh, SP = SPhos, tBP = t-BuDavePhos,

BP = BrettPhos, XP = XPhos.

Table 1. We observed dramatic effects of the dialkylphosphine
ligand, base, solvent, and heating methods in these initial
experiments. To best facilitate the [B;,H,;1]*~ amination, we
assessed several Pd/ligand system combinations. Only Dave-
Phos gave the desired aniline derivatives. JohnPhos, XPhos, and
t-BuDavePhos gave no reaction of 1, and SPhos and BrettPhos
led to consumption of the starting material, but not to a cross-
coupling product. JohnPhos and XPhos do not contain other
heteroatoms (which potentially might interact with Pd). The two
O-containing ligands reacted with 1, but did not lead to any useful
yield of the B-N cross-coupling product; rather, [B;,H;,]>~ was
obtained. In contrast to DavePhos, t-BuDavePhos did not lead to
any consumption of 1, perhaps due to steric reasons.

As important as the choice of ligand was the choice of the
heating method. Microwave irradiation proved to be far more
effective than conventional heating (compare, e.g., entries 5 and
6 of Table 1). Using conventional heating, higher temperatures
resulted in higher consumption of 1, but not to 3a; rather
[B12H12]27 was formed, with the amination product in less than
10% yield. We therefore replaced conventional heating by
microwave irradiation. We had shown before that microwave
irradiation greatly increased yield and reduced reaction time in
a Sonogashira coupling of 1.>° Also, under microwave irradia-
tion conditions the reaction underwent complete conversion
within 15 min with very little side product formation, empha-
sizing the advantage of using microwave in these types of
reactions. Kumada-type cross-coupling with 1 has been
reported to proceed by conventional heating, but required
longer reaction times.>®

Solvents like THF, 1,4-dioxane, toluene, and DME gave low
consumption of 1, most likely due to the low solubility of 1,
catalyst and/or base, and perhaps due to their lower boiling
points or smaller dipole moments (compare entry 2 of Table 1
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with entry 6). DMF and DMSO gave the desired aniline deriva-
tives in better yields. Notably, only little of the undesired
[B1Hi,]>” as side product was obtained using DMSO and
DMF. DMSO proved to be the most effective solvent, as it could
be removed more easily, and was used for further optimization
of the B-N coupling reaction conditions.

Also, the choice of base was important. Cs,CO; (entry 1) was
less effective than KO#-Bu (entry 2). KOt-Bu was therefore used
for all subsequent reactions. Catalyst loading was important for
the yield. Ten mol% of Pd,(dba); yielded >65% of the desired
product, 5 mol% only between 20-30%. In most cases, we
obtained a mixture of the B-N product and [B;,H;,]*” in a
ratio that varied depending on the reaction conditions. In
terms of yield, the optimum was obtained with a ratio of 1 to
aniline of 1:2.

Using Pd,(dba); (10 mol%), DavePhos as ligand (20 mol%),
and KOt-Bu (2.5 equiv.) in DMSO as optimized protocol, we
assessed the scope of substituted anilines as coupling partners.
For electron-deficient anilines, yields were high (Table 2, 3b, 3c,
3d, 3m, 3n, 30), except for p-fluoroaniline (3i). p-Phenoxyaniline
provided the B-N product in 52% yield (3f), while for the few
examples of electron-rich anilines, amination yields were poor
(<10%) and hydrogen transfer was dominant, resulting in
[B1,H1,]*~ as major product (3g, 3h).

No consumption of 1 was observed with chloro-, bromo- and
iodo-aniline under the standard reaction conditions, and the
starting material 1 remained untouched. This is possibly due to
the faster rate of oxidative addition of palladium with the
haloanilines in comparison to that with 1. Collectively, the
reaction proceeds well with electron-withdrawing groups in
aniline; electron-donating groups react, albeit with lower yield.

Given the promising results achieved, we envisioned that
our methodology might also allow us to prepare other types of

This journal is © The Royal Society of Chemistry 2021
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Table 2 Pd-Catalyzed cross-coupling of 1 with substituted anilines

Ry

R3 Rq
®
NH,

R Pd,(dba)s (10mol%)

—| 2- 1 j 1-
DavePhos (20 mol%)

+ Kt-BuO, DMSO

Ry
R MW, 150 °C, 15 min
2(MesN*)/ 2(BugN*) : (Me4N™)/ (BugN™)
1 2a 3a
1.0 equiv. 2.0 equiv.

Entry Product3 Ry, Ry, R Consumption of 1% [%] Yield? [%]
1 3a H, H, H 85 65
2 3b H, H, NO, 100 84
3 3¢ H, H, CN 100 84
4 3d H, H, CO,Me 100 81
5 3e H, H, Me >95 70
6 3f H, H, OPh >90 52
7 3g H, H, OEt >90 <10
8 3h H, H, N(Me), >90 <10
7 3i HH,F >90 52
8 3j H, H, Cl <5 Trace®
9 3k H, H, Br <2 Trace®
10 31 H, H, I 0 0
11 3m NO,, H, H 100 83
12 3n H, NO,, H 100 83
13 30 NO,, H,NO, >95 78

Reaction conditions: 1 (1.0 equiv.), substituted aniline (2.0 equiv.), KO-
tBu (2.5 equiv.), Pd,(dba); (10 mol%), DavePhos (20 mol%), DMSO
(0.1 M). “ Consumption of 1 determined by 'B-NMR. ? Isolated yield.
¢ Based on ""B-NMR of reaction mixture.

aromatic primary amines. Coupling of 1-naphthylamine was
possible, but only with low yield (Scheme 1). This might be due
to steric reasons or to the larger electron density on the N atom.

We examined the coupling of various N-containing heteroaro-
matics with 1. Such heteroaromatics react in Buchwald-Hartwig
reactions.”” The ability to combine aromatic heterocyclic frag-
ments with a boron cluster is an important and challenging task.
Heteroaromatic structures are often key fragments of biologically
active molecules, and many drugs contain N-heteroaromatics
such as pyrrole, imidazole, and indole. A set of aromatic
N-heterocycles was tested; the desired B-N products were obtained
in excellent yield (Scheme 2, 5a-e). As expected, pyridine did
not react.

To expand the applicability of our approach, we investigated
the coupling of amides with the dodecaborate cage. We could

NH. I
2 2 Pd,(dba); (10 mol%) -
+ DavePhos (20 mol%)
Kt-BuO (2.5 eq.), DMSO
MW 150 °C, 20 min .
2(BugN*) (BugN™)

4
23%

Scheme 1 Cross-coupling reaction of 1-naphthylamine with 1.

1
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n(Me4N*)/ n(BuyN*)

Pdy(dba)z (10 mol%)
DavePhos (20 mol%)
Kt-BuO (2.5 eq.), DMSO
MW 150 °C, 15 min

2-

1 7 5
— NH
0w 3 On
® NH @

N SN N N N
@TZ@—I“ .k @Tz- @72-
2(MeyN*) (MegN*)  (MeyN*) 2(MeyN*) 2(BugN™*)

5a 5b 5¢ 5d 5e

87% 87% 85%

Scheme 2 Cross-coupling of 1 with N-containing heteroaromatics.

carry out amidation of 1 under our standard conditions, and the
reaction proceeds with aromatic and aliphatic primary and sec-
ondary amides, and with sulfonamides (Scheme 3). 2-Nicotinamide
and propanamide were successfully coupled in excellent yield.
Sulfamide and p-toluene sulfonamide were coupled, however, with
moderate isolated yield. The amide coupling products were isolated
as protonated species, as described before for the benzoyl
derivative.”* We successfully coupled also secondary amides; acet-
anilide and N-methylacetamide reacted with 1 in excellent yields
(6e and 6f, respectively). Also urea could react (6g). 6g can be
hydrolyzed to [B;,H;;NH;]~, offering a new route to this compound
without the necessity of purification from non- and di-substituted
products found in the present procedure.™

The reaction that we describe here is possible with aromatic
amines, NH-containing heteroaromatics, and amides. For alipha-
tic amines, our current methodology did not prove effective;
rather, we obtained [B;,H;,]”~ as a major product, and the B-N
product in single-digit percent yields. We have not yet identified

0
| _X.@
R “NH,
2- 1-
| 0 Pd,(dba); (10 mol%) |
+ ¥ DavePhos (20 mol%)
S —
) R™ 'NHz «iBuO (2.5 eq.), DMSO .
2(5‘1’4"‘ ) MW 150 °C, 15 min (BUgN )
X=C, SO
@ S @ ® ®
R™SNH “NH, /g RN /&N/H
—‘ 1- @ 1- @ 1- _| 1-
(BugN*) (BugN™) (BugN*) (BugN*)
6a R = 2-pyridyl, 86% 6c R=NH,, 37% 6eR=Ph,80% 6g 80%
6b R = propyl, 80% 6d R = p-tolyl, 35% 6f R =Me, 83%
Scheme 3 Cross-coupling of 1 with amides.
Chem. Commun., 2021, 57, 10007-10010 | 10009
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l _\ 2- 1. Pdy(dba); (10 mol%) _| 1-
+ C )N\/:> DavePhos (20 mol%)
N DMSO, MW 150 °C, 15 min
2. CsF/MeOH
2(MeyN*) (Cs™)
1 780%

Scheme 4 Cross-coupling of 1 with DBU.

the source of the H atom in any of the reactions, but we suspect
that the Pd(i) amine complex undergoes hydride elimination.>”

It is also limited to 1. We tried the reaction pf p-nitroaniline
with [By,Hy,Br]>”, the bromine analogue of 1, under conditions
that for 1 lead to 3b (see Table 2). No reaction and consequently
no formation of 3b was found with[B;,H,,Br]>”, stressing the
connotation that aromatic halides and dodecaborate halides do
not react in an identical manner. The limitation to iodine as
substituent, and to DavePhos as ligand, is also in contrast to
similar reactions on B-halogenated carboranes, where the B-Br
bond reacts in cross-coupling reactions, and where other
ligands also catalyze the cross-coupling.®**?

In the search for alternative bases, an unexpected B-N bond
formation product occurred with DBU. We obtained a product
7 where one of the N atoms of DBU is bonded to a boron atom,
a reaction that could be driven to complete conversion and
excellent yield by using two equivalents of DBU (Scheme 4).

In summary, we have developed a new Pd-catalyzed cross-
coupling of iodo-closo-dodecaborate with aromatic amines, with
carboxamides, with NH heteroaromatics, and with sulfonamides.
The method provides a new approach to the formation of a B-N
bond on dodecaborate. Rapid reaction, high yields, use of readily
available catalysts, and reactions with several different nucleo-
philes that can be coupled to the dodecaborate cage are advan-
tages of this methodology. DavePhos as ligand and microwave
irradiation as heating method were essential for successful reac-
tion. Further computational studies on reaction mechanism, and
experimental studies to extend the scope of these reactions to
include secondary and aliphatic primary amines, are currently
underway in our laboratory.
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