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Ureas are identified as the first neutral O-donors
broadly effective in stabilizing ionic liquids and
other salts of boron-centred cations: synthesis and
detailed characterization
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Stimulated by recent work showing them to be promising electrolytes in batteries and supercapacitors, and
to have useful levels of antibacterial, antifungal, and antiviral activity, there is growing interest in salts of
boron-centered cations — boronium ions. However, compared to the number of existing structural
variants among molecular cations such as ammonium ions, that of boroniums is minescule. This likely
stems from the narrow scope of Lewis base types — largely amines and N-heterocycles — known to
stabilize cationic boron centres. We have now determined that ureas, in combination with amines, are
effective in stabilizing boronium cations, greatly enhancing the scope of structural-geometric space
which can be explored with these compounds. And, depending on the specific urea utilized, ionic liquids
based upon the new boroniums are effective H-bond donors despite being ‘aprotic’ ILs in nature. The
new materials have been assessed by a broad array of techniques, including TGA, DSC, CV, NMR, and X-
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Introduction

Ionic liquids and other salts derived from boronium (+1) ions are
increasingly valued because of their very wide electrochemical
windows when used as electrolytes, as well as their recently
discovered antibacterial, antifungal, and antiviral properties."™
They are also potentially valuable building blocks for materials
such as porous solids, hybrid organic-inorganic glasses/solids,
and even plastic crystals. However, the recent upswing of
research activity on boronium (+1) salts has been limited to work
on cations that have two N-donor ligands along with two H-atoms
bonded to the B-centre - e.g., cations of the form L,BH," (L =
tertiary amine and/or N-heterocycle). These are the archetype of
boronium ion structure and they have been almost exclusively the
basis for boronium ion studies since the 1960s. This is perhaps not
surprising given that they are, in general, highly stable.*”

In sharp contrast, while stable borane (BH3) complexes of
neutral O-donors (e.g., THF, Et,0, etc.) are well-known, there have
been very few boron cations described which have neutral O-
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donors as ligands. A handful of examples of the type
[Me;NBH,-X]", wherein X = DMSO, trimethylphosphine oxide, or
HMPA (hexamethylphosphoramidate) have been reported, but in
comparison to typical L,BH," cations they are unstable, espe-
cially towards hydrolysis."*** There is also an inferred example of
coordination of diethyl ether to a boronium cation, but the
putative cation decomposes rapidly.*® Finally, in a 1969 paper by
Miller, et al., the formation of two “intriguing,” amide-containing
boronium salts, one incorporating dimethylformamide (DMF)
and the other dimethylacetamide (DMA) was claimed. The
authors made a tentative case for O-coordination to the boron but
went on to say that it was “premature” to regard their data as
“confirming or negating a structure hypothesis.”*® Finally, there
are established tetrahedral complexes of other Group 13 cations -
specifically Al and Ga" - that are supported by neutral O-donor
ligands. However, these are notoriously water sensitive because
their d-orbitals (which boron lacks) render them vulnerable to
facile nucleophilic attack by water."”

Given the paucity of examples of and data on boron cations
supported by neutral O-donors, we decided to see if the balance
might be tilted towards improved stability by utilizing ureas as
ligands, a class of neutral O-donors known to have high degrees
of partial negative charge on O. By doing so, we hoped to
generate new data of value concerning the chemistry of boron,

as well as to broaden the scope of structurally and
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Fig. 1 Possible orientations of N—H bonds in ureas coordinated to
boron centres depending on the number and nature of the
substituents.
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compositionally unique cations available for use in creating
ionic liquids and hybrid organic-inorganic solids. Further, any
new cations would be “aprotic” and resistant or perhaps inert to
charge-neutralizing deprotonation reactions. At the same time,
it was expected that these cations would nevertheless have
strong H-bond donation capacity, with multiple sites in cations
having more than one ureido N-H. Both of these are factors of
significance to ionic liquids and engineered ionic solids.'*** We
likewise anticipated that in the case of species bearing two
different substituents on the urea nitrogen (e.g., H and alkyl),
these cations would have dynamically mutable structures due to
the well-known tendency of amide bonds to adopt cis or trans
configurations (Fig. 1). Too, the steric impact on boron of urea,
N-heterocycle, and tertiary amine ligands were expected to be
very different. In the former, there is a one-atom separation (O)
between the greatest bulk of the ligand and the boron. In the N-
donors, the ligand - with its steric bulk - is bonded directly to
the boron. Consequently, greater degrees of conformational
freedom would be available to urea-supported boroniums,
a factor known to impact the physical properties of ILs.
Herein we report the successful synthesis of iodide salts of
a dozen urea-supported boronium (+1) cations (Fig. 2); all are
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Fig. 2 Structures of the new urea-ligated boronium cations; where
applicable, cis/trans orientations are arbitrary.
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air-, water-, and thermally stable. From the iodides, bi-
s(trifluoromethanesulfonyl)imide (Tf,N~) salts of the cations
were then prepared and characterized by multinuclear NMR,
TGA, DSC, CV, and X-ray crystallographyf. As shown in Fig. 2,
the ureas include both cyclic and acyclic species, and examples
bearing one, two, three, or four N-alkyl group(s).

Experimental
Representative synthetic procedure - I and Tf,N™ salts of 7

The syntheses of the boronium salts (Fig. 3) followed a procedure
introduced by Douglass, refined by Ryschkewitch, and routinely
used in our boronium research.>*#%>*>* In a well-ventilated fume
hood, a 1 L Erlenmeyer flask was charged with a magnetic stir bar
and 300 mL of reagent grade toluene. While stirring, 10.0 g (0.137
mol) Me;NBH; was added in one portion. Once dissolved (3-5
min), 17.3 g (0.068 mol) of I, was added in portions, taking care
that the rate of addition was such that foaming from H, evolution
was not so brisk as to allow the flask contents to overflow (note:
we routinely perform these syntheses in air). Initially, the solution
is an orange to dark brown color which fades to pale yellow within
about 30 min. After 30 min from the time of the last I, addition,
15.9 g (0.137 mol) N,N'-diethyl urea was added in one portion.
Any color remaining in the solution was rapidly discharged. After
stirring overnight, the toluene was removed using a rotary evap-
orator, leaving behind a viscous, opaque yellow liquid. [In the
syntheses of many other complexes, the iodide salt was a solid
that precipitated directly from the toluene and was isolated by
simple filtration followed by washing with ether]. Water (ca. 200
mL) was added to the viscous liquid iodide salt, forming a light-
yellow solution. To this solution was added, with stirring, 46.0 g
(0.144 mol) KTf,N. A dense, colorless hydrophobic phase formed
rapidly. After stirring overnight, the two phases were separated,
and the lower (product) phase dissolved in 300 mL CH,Cl, and
dried over anhydrous MgSO,. After separating the drying agent
and rotary evaporation of the CH,Cl,, the final product, 7 Tf,N,
was obtained as a near-colorless, slightly viscous liquid (52 g,
0.11 mol, 82% [unoptimized]).

NMR spectroscopy

High-field NMR spectra were acquired on all Tf,N~ salts of the
new boronium ions to confirm their character. The spectral data
are provided in the SI. The spectra - 'H, °C, '°B, and "°F - were
collected using a JEOL JNM-ECA series, 500 MHz FT-NMR
spectrometer. For the iodide salts of compounds 2 and 7 used
in a pH stability study (vide infra) the 'H spectra are reported
in ppm referenced to residual HDO/H,O the D,O solvent (4.79
ppm). All other NMR analyses were performed in acetone-ds
referenced at 2.05 ppm in "H and 206.26 ppm for '*C. Note that
198 spectra were acquired rather than the more commonly used
'B; in our experience with boronium ions, the former tends to
produce spectra with narrower line widths and not requiring
baseline correction.

T Depending upon the cation, X-ray structures were obtained on Tf,N, I, or
BPh,  salts

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 General synthesis of the new urea-ligated boronium salts.

Thermogravimetric analysis

The thermal stability of the Tf,N™ salts of trications 1-12 were
evaluated using thermal gravimetric analysis (TGA; TA Instru-
ments TGA 5500). Samples were loaded into platinum pans and
heated under nitrogen from 20-800 °C at a heating rate of 10 °
C min . The decomposition temperature (T5) was taken as the
point at which 5 wt% of the initial sample mass was lost.

Differential scanning calorimetry

Thermal phase transitions were measured using differential
scanning calorimetry (DSC; TA Instruments Q2000). Samples
were sealed in hermetic aluminum pans and cycled from room
temperature (RT) to —75 °C or below, then to 50 °C or 350 °C at

10 °C min~ ' under a helium purge at a flow rate of 25 mL min ™.

Electrochemistry

Electrochemical measurements were performed using either
a Biologic SP-200 potentiostat or an Electrosyn 2.0. All samples
were analysed using a three-electrode setup consisting of either
a glassy carbon or a platinum working electrode (EDAQ, surface
area = 7.8 x 10~ cm?), a platinum mesh counter electrode, and
a home-built Ag/Ag" reference electrode made from a 100 mM
solution of silver triflate dissolved in [EMI|[Tf,N] or [BMI|[Tf,N]
contained within a glass tube sealed with a Vycor glass frit.

Computational

Geometries of cations 1 and 5-12 were optimized in the gas
phase using the wB97XD density functional and the cc-pvtz
basis set, as implemented in Gaussian16.”® Analytic frequen-
cies were computed to ensure that minima had been found.
Then, Natural Bond Order (NBO) charges were assigned, and
NMR properties were computed using the GIAO method.
Natural Resonance Theory (NRT) analysis was used to assess
ionic/covalent bond character using the NBO7 software plug-in
for Gaussian16. For representative cations, electrostatic surface
potential maps (ELSTATSs) were generated by Spartan ’24.2¢

Optimizations for selected cations paired with the Tf,N™
anion and its oxidized radical counterpart were also carried out
in the gas phase using Gaussian 16 and the wB97XD/cc-pvtz
computational model.>® Spin densities were subsequently
rendered using Spartan ’24.%¢

Single crystal X-ray structure determination

Single crystals of the investigated compounds were coated with
a trace of Fomblin oil and were transferred to either the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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goniometer head of a Bruker Quest diffractometer with a fixed
chi angle, a Mo Ko wavelength (A = 0.71073 A) sealed tube fine
focus X-ray source, single crystal curved graphite incident beam
monochromator, and a Photon II area detector, or onto a Bruker
Quest diffractometer with kappa geometry, a Cu Ko wavelength
(A = 1.54178 A) T-u-S 3.0 microsource X-ray tube, HELIOS
multilayer Montel optics for monochromatization, and
a Photon III C14 area detector. Both instruments were equipped
with an Oxford Cryosystems low temperature device and
examination and data collection were performed at 150 K. Data
were collected, reflections were indexed and processed, and the
files scaled and corrected for absorption using APEX5 and
SADABS.””*®* The space groups were assigned using XPREP
within the SHELXTL suite of programs and solved by dual
methods using ShelXT and refined by full matrix least squares
against F> with all reflections using Shelxl2019 using the
graphical interface Shelxle.””** H atoms attached to carbon and
boron atoms were positioned geometrically and constrained to
ride on their parent atoms. B-H bond lengths were allowed to
refine unless stated otherwise. C-H bond distances were con-
strained to 0.95 A for aromatic and alkene C-H and CH,, and to
1.00, 0.99 and 0.98 A for aliphatic C-H, CH, and CH; moieties,
respectively. Methyl CH; were allowed to rotate but not to tip to
best fit the experimental electron density. U;s,(H) values were set
to a multiple of U.q(C) with 1.5 for CH;, and 1.2 for C-H, CH,, B~
H, N-H and NH, units, respectively.

Additional data collection and refinement details, including
description of disorder (where present) can be found in the SI.
Complete crystallographic data, in CIF format, have been
deposited with the Cambridge Crystallographic Data Centre.
CCDC 2472950-2472961 contain the supplementary crystallo-
graphic data for this paper. These data can be obtained free of
charge from The Cambridge Crystallographic Data Centre via
www.ccde.cam.ac.uk/data_request/cif.

Results and discussion

In the *C NMR, the C=0 shifts in the new cations cluster in the
159-165 ppm range. In most cases, the C=0 chemical shift of
a given cation is only slightly impacted by coordination when
compared to its shift in the native urea; however, in 5 and 6 the
observed change is an upfield shift. Such changes to carbonyl
13C resonances tend to occur when nearby electrons are in
conjugation with the C=0, or when there is appreciable H-
bonding of the group to a nearby H-bond donor. In addition,
there are correlations that are seen between structure and the
9B NMR values of cations 1-8, all of which incorporate a urea
having one or more N-bonded H atoms. In comparison to those
of the cations incorporating tetra(N-alkyl)ureas, the '°B reso-
nances of the species retaining an N-H are comparatively
shielded; whereas values for the former are generally around
—0.5 ppm, a typical value in an N-H containing cation is around
—2.0 ppm.

In the 'H spectra, the chemical shift of the NMe; group
varies only slightly, generally falling between 2.59 and
2.72 ppm. Likewise, the **C resonance for the methyl groups of
this ligand fall within a narrow range, 49.5 ppm £0.5 ppm. Both

RSC Adv, 2025, 15, 40519-40527 | 40521
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the 'H and **C resonances for the remaining organic structural
elements parallel those in the native free ureas, although
differences in chemical shifts are apparent (SI); in almost all
cases, the resonances from the coordinated ureas are found
downfield from those of their counterparts in the free species.
Finally, the '°F spectra of the Tf,N™ salts are in keeping with
those of this anion when paired with various cations; the singlet
resonances are observed at 80 + 1 ppm in each compound.**

Due to the partial double bond character known to exist
between urea nitrogen and carbonyl carbon atoms, cis-trans
isomerism (Fig. 1) was anticipated and was experimentally
observed. For example, the 'H- and >C-NMR spectra of neat 7
show that the N-1 and N-3 ethyl groups of the urea ligand are
non-equivalent, and likewise the hydrogens on the two nitrogen
atoms. This is consistent with a “transoid” orientation of the
two as depicted in Fig. 1 (orientation D). The experimental 'H
spectrum and that computed by the GIAO method were good
matches, leading us to assign the N-H oriented towards the
boronium centre as that generating the signal at 6.46 ppm,
while the other N-H appears at 6.06.

Since cis-trans isomerization can be thermally induced in
systems with amide bonds, we selected IL 7 to examine the
possibility when a urea is coordinated to the cationic boron
centre. Consequently, we acquired 'H spectra of the neat salt at
10 °C intervals between 25 °C and 85 °C. As evident from a stack
plot (Fig. 4 and Table S1) of the N-H region of the "H spectrum,
signals for these hydrogens coalesce, consistent with thermally
induced rotation about the N-Ccarponyi bond. Simultaneous
coalescence of the resonances from the ethyl CH, groups was
also observed. However, the urea methyl groups are not suffi-
ciently well resolved for the cis- and trans- configurations to be
distinguished. As a result, little T-dependent change was noted
with their signals. Significantly, the sample temperature could
be serially cycled without any evidence of decomposition,
consistent with good thermal stability.

Ionic liquids incorporating urea groups in cation side chains
have been known since 2001, and ureas are common
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Fig. 4 Stack plot of the NMR spectra from the VT experiments on
compound 7. As T increases, the coalescence of the N-H and CH,
peaks of the urea ligand is clear.
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components of deep eutectic solvents (DESs)."*? In the latter
case, the capacity of the urea to function as a bidentate N-H
hydrogen bond donor to a small, hard anion such as chloride is
key to the formation of the low-melting eutectic. Given this
background, we were interested in probing the capacity of the
coordinated urea N-H moieties to engage in hydrogen bonding
in the neat liquid. To do so, a sample of 7 was allowed to stand
overnight over an excess of solid Me,NCl, our expectation being
that the latter would dissolve in the former to the point of
saturation (whatever that might be), and by doing so introduce
strongly H-bond accepting chloride ions into the IL (Fig. 5). The
effort was successful, and an apparent saturation ratio of ten
boronium cations per chloride was reached (based upon
comparative integration of the Me,N" to boronium NMe; signal
intensities in the "H-NMR).

The impact of the dissolved chloride on the "H-spectrum was
clear (Fig. 5). The N-H signal at ca. 6.7 ppm moved downfield by
~0.2 ppm, while that at ca. 6.0 was almost unchanged. This
suggests that the chloride anion is in proximity to the locus of
positive charge (the O-B-N atom triad), since the most per-
turbed N-H resonance was previously identified as the one
oriented towards that portion of the cation (vide supra).

Single-crystal X-ray structures of salts of 1-12 (with various
anions) were obtained (Fig. 6 and SI). In these, bond distances
and angles between the boron and the N and O atoms of its
ligands were generally unremarkable for four-coordinate boron.
However, due to the lone electron pairs on the urea N-atoms
being in conjugation with the carbonyl group, the C-N
distances (1.23-1.36 A) are shorter than those in ordinary
organic amines (1.47-1.49 A), and those between the C and O
are longer (1.28-1.31 A) than in typical carbonyl groups (1.20-

Fig. 5 Chloride-induced change in chemical shift of the N—H reso-
nances in 7. IL without chloride in red; post-chloride addition in blue.
Spectra acquired at 30 °C.

Fig. 6 ORTEP of the cations in salts 1 and 9. Tf,N ™ ions are omitted for
sake of clarity. Full structure data provided in the SI. Grey = C; white = H;
red = O; yellow = B; blue = N.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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1.23 A). Bonds between the B and the N of the Me;N ligands in
the new compounds range from 1.58 A to 1.60 A. These are in
the same range as those between Me;N and boron in adducts
with the highly Lewis acidic boron trihalides, BCl; (1.61), BBr;
(1.60), and BI; (1.58), as well as in previously characterized
[Me;N-BH,-L]" salts.*

Just as the hydrogen bonding character of ureas has been
exploited to create DESs (vide supra), it has also been harnessed
to bind and activate substrates for organocatalytic purposes. In
several instances, the H-bond donor strength of the urea has
been increased by incorporating an electron-withdrawing (e.g.,
nitro) group into the molecular structure, or coordinating the
ureido oxygen to a Lewis acid, including boron. In some specific
cases, X-ray structures of molecules with intramolecularly B-
coordinated ureas have been obtained, providing interesting
data against which that of the present urea-boronium salts can
be compared.****

In Fig. 7, the structures of four ureas are shown along with
select, crystallographically determined bond distances. In urea
A, there is no activation by O-coordination to an ancillary Lewis
acid site, but this urea is activated compared to its counterpart
without the strongly electron-withdrawing nitro groups. Versus
the baseline values from this molecule, the C=O0 distances in B
and C are longer by 0.07 A (avg.), while their N-C distances are
shorter by 0.04 A (avg.). This strongly indicates that the boron is
inductively pulling electron density from the O-C-N moiety,
and by extension, the N-bonded H atoms. The differences are
even more pronounced between A and D, the boronium cation
of 5. Here, the C=0 bond length in the boronium is longer by
0.08 A, and the N-C distance shorter by 0.05 A. Finally, the B-O
bond distance of D (5) is 0.03 A shorter than the average of those
in B and C. Collectively, these data point to the boron in the
cation being more Lewis acidic than those in B and C, although
this outcome may also be influenced by the formation of a six-
membered ring in the latter compounds. Overall, these data
point to potential utility (not yet explored) on the part of the
present boronium ions to function as organocatalysts.

Quantum calculations and follow-up analyses shed further
light on the character of the present boronium ions. Electro-
static surface potentials (ELSTATS) (Fig. 8) were computed for
cations 1 and 9 to compare with that of the ‘conventional’
[(Me;N),BH,]" cation. The ELSTATSs of cations 1 and 9 span
a wider range than the latter, and the potential near the NH,

A B C D
NO, NO, FF FF CFy ® NMeg
QLD O G W3,
Cc=0 N-C B-O
A 1.211 1.373 (avg.) .
B 1.285 1.324 (avg.) 1.520
c 1.2740 1.3392 (avg.) 1.5645
D (5) 1.293 1.323 (avg) 1.508

Fig. 7 Select bond distances (A) in compounds containing bonds
between a urea oxygen and a boron centre.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 ELSTATs of (l-r) cations 1, 9 and the ‘conventional’ boronium
cation [(Me3zN),BH,]*. Colors are on a common scale of +233.3 (red) to
+582.2 (blue) [in kJ mol™Y. The respective minima and maxima are
+268.4 and +582.2, +233.3 and +417.7, and +267.5 and
+508.9 kJ mol~t. The most positive areas on any of the cations are
from the N—H areas of 1, while the least positive is on the B—H area of
9. Note that the smallest 6 between the greatest and least positively
charged points on any of these is that of [(MesN),BH,l*,
241.4 kJ mol™. The dipole moments are 2.36D (1), 1.36D (9), and 1.73D
([(Me3N),BH,I*). Full ELSTAT views of each cation from several
perspectives are shown in the SI.

group of 1 is highly positive. In all three cations, the least
positive region is found near the BH, moiety.

Using cation 7 as an exemplar, we carried out NBO analysis
to assess the nature of bonding in the series. It was found that
there was greater double bond character to its ureic C-N bonds
(bond orders = 1.33 and 1.30) than to that of free urea (1.06),
with a concomitant loss of double bond character of the C-O
bond (1.26 vs. 1.81). Also, the B-O bond of cation 7 is assigned
high ionic character (64.7%). Thus, the ligation can be viewed as
chiefly the result of the interaction between BH," and the
oxygen of the ureic zwitterion. The B-N bond, also highly ionic
(57.3%), can be viewed primarily as the result of cation-dipole
interaction between BH," and the neutral amine. The other
urea-boronium cations share these attributes, although in the
cations that lack an N-bonded H atom (9-12), the B-O bond
tends to be more ionic, as in cation 11 at 70.6%. Computations
and X-ray structures both show that in 1-8, the N-bonded H
atom is preferentially positioned near the boron, directly
opposite the NMe; ligand. NBO perturbation analysis suggests
that this geometry permits electronic density donation from the
o(N-H) bonding orbital into the o*(O-B) and o*(B-N) anti-
bonding orbitals, which are heavily weighted to boron. This may
at least in part explain why the assigned NBO charges on boron
in 1-8 (e.g. +0.286 in 7) fall below the range found for cations 9-
12 (+0.307 to +0.326), a result consistent with greater shielding
observed in '°B NMR in 1-8.

The thermal stabilities of the Tf,N~ salts of the new cations
were determined using thermal gravimetric analysis (TGA),
each salt being heated at a rate of 10 °C min~ " from ambient T
to 800 °C (Table 1).

In general, the thermal stability, as judged by their T values
(the temperature by which point 5% mass loss has occurred), is
comparable to common boronium Tf,N salts in which both B-
supporting ligands are tertiary amines. Eight materials (1, 2, 3,

RSC Adv, 2025, 15, 40519-40527 | 40523
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Table 1 Collected thermal properties. T. = temperature of crystalli-
zation; T4 = glass transition temperature; T, = melting temperature;
Ts—s = solid—solid transition temperature; Ts = temperature at which
5% of the sample mass is lost

Compound T (°C) T.(°C) Tm(°C) Ts(°C) T, (°C)
1 —59.6 — 47.21 228.89 —

2 —61.56 — 37.53 262.51 —

3 —-50.63  15.54 59.26 254.29 —

4 —57.97  —2.07  36.78 259.03 —

5 — — 70.6 191 + 4 -3.8
6 —67.95 — — 162.49 —

7 —67.8 — — 177 + 3 —

8 — — — 179.93 —

9 -76.7 — — 208 +18 —
10 — ~18.0  14.0 244 + 3 —6.0
11 ~76.5 -41.8 213 240 + 2 —
12 —72.6 — — 247 £17 —

4,9, 10, 11, 12) have T; values between 207 °C and 263 °C; these
compare favourably with typical boroniums supported by two
tertiary amine ligands, e.g., the [L,L,BH,]" type (L4, L, = tertiary
amine). In turn, four salts (5, 6, 7, 8) have sub-200 °C values
(162 °C - 191 °C). Overall, the replacement of a tertiary amine
ligand in a boronium ion by a urea appears to have at most
a modest impact on the thermal stability of the cation (Fig. 9).
Parenthetically, we note here that attempts to prepare and
isolate boroniums in which both supporting ligands were ureas
were unsuccessful.

In addition to thermal decomposition metrics, phase tran-
sitions for each of the boronium Tf,N~ salts were measured
using DSC. Each sample was first cooled to —75 °C or below,
followed by heating to either 50 °C or 150 °C for room
temperature liquids and solids, respectively. Across all samples,
consistent behaviour was observed across repeat cycling, which
is not always the case with glass-forming boronium cation-
containing ionic liquids. In this new suite of ILs, glass transi-
tions were observed in cations with short chain alkyl groups (7,
9) and cyclic moieties (11, 12), and the two examples (3, 6)
having two hydrogens retained on a single urea N atom. In
certain boronium cations, additional behaviour is observed,
both in place of and in addition to glass transitions. Compound
10 undergoes crystallization at —18 °C upon cooling, followed
by an apparent solid-solid transition (—6 °C) upon warming,
and then it melts at 14 °C on the return cycle - possibly indi-
cating plastic crystalline behaviour by this salt. A similar s-s
phase transition is observed with salt 5. Compound 11 exhibits

® 0
MegN__.

®
EtMeoN. o NMepEt T5 =202°C g-N< Ts=251°C R
Ho He FaC.o.N...CFs
' © : o) © NM ood o
= . N e, =
_N Y/o\ g-NMe;  T5=208°C PR 8 3 Tg=254°C common anion
H N 2
N2 SNy

Fig.9 Comparative Tsvalues of two ‘conventional’ [L;L,BH,]* type (L,
L, = tertiary amine) boronium ions (upper) versus (lower) those of 9
and 4. All are as paired with the Tf,N™ anion.
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crystallization/melting behaviour (—41.8 °C/21.3 °C) in addition
to a prominent glass transition (—76.5 °C). The Tf,N™ salt of
cation 5, which exists as a solid at room temperature, undergoes
melting at 70.6 °C, suggesting that higher symmetry and fewer
degrees of freedom can lead to elevated melting points, as is
generally observed in ionic liquids.

Having recently studied the pH-dependent aqueous stability
of boronium (3+) salts we thought it useful to extend our
investigation to the present family.** Consequently, the iodide
salt of 10 was used as the initial platform for doing so by di-
ssolving it in D,O at pHs (pDs) varied monotonically from 1-14,
the approach used previously. Its stability was then assessed by
acquiring multinuclear NMR spectra on each solution imme-
diately upon dissolution (¢ = 0) and after one week.

Remarkably, the salt proved to be resistant to hydrolysis
between pH 1-12 over the length of the study. Specifically,
between pH 1-12, no change was observed in the 'H, **C, or '°B
spectra. Emphasising this point, we note that the '°B shifts at
both ¢ = 0 (initial) and ¢ = 1 week, across the specified pH
values, averaged —0.56 £ 0.04 and —0.58 £ 0.04, ppm. However,
PH 12 appears to be the upper limit of its stability; At pH 13,
even at ¢t = 0, a second boron peak is apparent, and at pH 14 and
t = 0 these two peaks were replaced by a single very sharp peak
at —1.05 ppm, consistent with boron in a tetrahedrally
symmetrical environment, possibly [B(OH),] .****

We replicated this study using the iodide salt of cation 2,
a counterpart in which three of the four ethyl groups of the
former are replaced by H. In this instance, the salt was fully
stable through pH 13 - an order of magnitude more basic than
the maximum pH at which 10 was stable. We posit that this may
be due to the ability of the -NH, group in 2 to remain fully
coplanar and in conjugation with the urea carbonyl; molecular
modelling and the X-ray structure of 10 suggest that based on
steric considerations the -NEt, groups are constrained to be
somewhat canted with respect to its carbonyl (Fig. 10), thus
limiting its conjugation as a result. The NMR spectra from these
PH experiments are provided as SI.

We note that the signals from the N-H protons of 2 gradually
disappear beginning at ca. pH 9, presumably from a base-
catalysed exchange with D,O. Supporting this interpretation,
the solution was subsequently acidified with HCI in water. On
doing so, the urea N-H protons were observed once again, at
their original chemical shift values and with appropriate inte-
grated intensities. It also bears mention that at pH 14, after one
week, a sharp peak at —1.50 ppm is clearly growing in alongside
that from the boron of the apparently still intact cation 2. In

R
B0 g
R
R
Fig. 10 Steric repulsion between N-ethyl groups in 2 are posited to
diminish the degree of nitrogen lone-pair conjugation with the urea

carbonyl group. In contrast, the —NH, and —NHEt nitrogens in 10 can
achieve co-planarity with the carbonyl, maximizing conjugation.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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sum, we reason that both urea boronium cations are decom-
posed or decomposing after one week at pH 14, but that the rate
of decomposition of 2 is slower than that of 10.

As mentioned, there is growing interest in utilizing ionic
liquids as electrolytes in energy storage devices because of their
favourable electrochemical stability and overall safety
compared to organic and aqueous systems. Boronium-based
ionic liquids are proving to be especially promising in this
regard.>® Consequently, we investigated the electrochemical
behaviour of the present boronium salts which are liquids, or
which tend to exist as long-lived supercooled phases at ambient
T. These were evaluated by cyclic voltammetry (CV) as neat
electrolytes and cycled until apparent breakdown of the salt was
observed. Each IL exhibited moderate electrochemical stability,
and all have operational windows ranging from 4.0 V to 4.7 V,
with the most negative cathodic limiting potential seen being
that of salt 7 (Table 2). Significantly, these windows are nar-
rower than those previously reported for boronium IL electro-
lytes (as great as 6.3 V) featuring two N-ligand donors on the
BH, center.* However, perhaps the most significant observation
associated with the electrochemical experiments has to do with
the unexpected oxidation limiting potentials of the Tf,N~
anion. In the present compounds, these drop below 1 V in some
instances (11 and 12), and in almost all cases are ca. 1 V lower
than is observed for this anion in association with [L;L,BH,]"
(L,, L, = tertiary amine) type boroniums. This suggests
a profound cation impact on the oxidative stability of this
anion, which is commonly valued for its resistance to
oxidation.>” In light of these unexpected observations, further
calculations were performed in the hope of gaining insight into
the phenomenon.

In principle, oxidation of an isolated Tf,N™ anion leads to
a radical with an unpaired electron localized on the central
nitrogen atom. However, our calculations indicate that when
a Tf,N™ anion is proximal to one of the urea-supported bor-
onium cations, oxidation occurs with the concerted transfer of
a B-bonded hydrogen atom from the boronium to the Tf,N™
nitrogen. The products of the oxidation are thus the parent acid
(HTf,N) in complex with a radical boronium cation. In this
complex, better delocalization of the unpaired electron on the
boron atom in the urea-supported boroniums appears to
account for the lower measured oxidation potentials of the
Tf,N~ anion. For example, the NBO spin charge (Table S2) on B

Table 2 E,, and E,.q Of the neat salts which were intrinsic liquids at
ambient T were measured as the potentials where the current density
reached 1 mA cm™2 at a glassy carbon electrode using CV (at 45 °C); AE
is reported as the difference between E,, and E,eq

Compound Eox (V) Ereq (V) AE (V)
6 1.86 —2.75 4.61
7 1.38 -3.39 4.77
8 1.69 —2.66 4.35
9 1.13 —-3.21 4.32
10 1.17 —3.09 4.26
11 0.96 —-3.13 4.09
12 0.93 —-3.15 4.08

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 11 Spin density plots of HTf,N with cations 9 (left) and the bi-
s(trimethylamine)-based boronium cation (right) after oxidation. Note
the participation of the urea oxygen, carbonyl carbon, and nitrogen
atoms in delocalizing the spin density of the unpaired electron in the
urea-supported cation.

in the cation 9 complex is just +0.765 versus +0.865 in the L; =L,
= trimethylamine boronium complex, indicating greater delo-
calization in the former. The spin densities of these two
complexes (Fig. 11) show that the primary lobe of the former on
the boron is comparatively smaller and that spin density is
shared by its ureic oxygen (spin charge = +0.023). Delocalization
onto the nitrogen of HTf,N occurs in both complexes, but to
a greater degree in the cation 9 complex. Further, we suggest
that our proposal that oxidation of Tf,N™ generates a radical
boronium cation by H atom transfer is reasonable given the
known capacity of boroniums to undergo free-radical replace-
ment of B-H by halogens.?

Conclusions

A library of salts incorporating boronium cations of the type
[L,BH,]" (L = Lewis base), in which one L is a mono-, di-, tri- or
tetra-N-alkyl urea, has been prepared and thoroughly character-
ized (multinuclear NMR, TGA, DSC, CV, sc-X-ray diffraction).
Insofar as we are aware, these are the first urea-containing bor-
onium ions to be prepared, their closest counterparts being two
incompletely characterized amide containing species.*® It must be
stressed that there is profound distinction between amides and
ureas as ligands, since Inada, et al," showed that ureas are
profoundly stronger (better) ligands to Lewis acid centres than are
amides. The impact of this is clearly seen in the high degree of
water, air, and thermal stability manifested by the urea boro-
niums, these attributes being quite similar to those observed with
‘classical’ boronium salts in which both ligands of the [L,BH,]"
cation are amines.

Those members of the present cation family which retain one
or more hydrogen atoms on a urea nitrogen are good H-bond
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donors, and in that way resemble “protic” ionic liquids, PILs.
However, to paraphrase Swadzba-Kwasny, the physico-chemical
properties of the latter are dictated by the presence of labile
protons, an attribute which can limit their use to low pH condi-
tions or conditions in which a stronger Lewis base is present than
that from which the PIL is made.*> In marked contrast, exemplars
from the new urea boroniums are stable from pH = 1 to pH = 13
and appear to be immune to such limitations. This has profound
implications for the possibility of further development of urea
boronium ILs as solvents in, for example, the extraction of species
from biomass which are rich in H-bond acceptor centres such as
alkaloids.

Finally, it bears mention that while the electrochemical window
of the new boroniums is narrower than that observed for [L,BH,]"
in which both ligands are amines, the coordinated ureas can have
an unexpected impact on the oxidation potential of the highly
oxidation-resistant Tf,N~ anion. Consequently, follow-on work to
look for similar impacts on other anions associated with urea
boronium cations are clearly merited.

Author contributions

The project was conceived by J. H. D. Synthetic work was done
by M. E. C., G.A. M., R. A. O.,N. M. W., and J. H. D. N. M. R. studies
were carried out by M. E. C. and G. A. M. Electrochemical and
thermal studies were conducted, and the results analysed by, C. D.
S, P. C. T., D. P. D,, and M. E. C. X-ray crystal structures were
acquired by M. Z. Computations were carried out by E. A. S. and
A. W. Funding was acquired by J. H. D., P. C. T., and D. P. D. All
authors reviewed and corrected the manuscript as needed.

Conflicts of interest

There are no conflicts to declare.

Data availability

The data supporting this article have been included as part of the
supplementary information (SI).

CCDC 2472950-2472961 contain the supplementary crystal-
lographic data for this paper.**?

Supplementary information is available. See DOI: https://
doi.org/10.1039/d5ra05311k.

Acknowledgements

J. H. D, P. C. T, and D. P. D. thank the National Science Foun-
dation for support of this work (Grant CHE 2102978). P. C. T., D.
P.D., and C. D. S. also thank the Army Research Office for partial
support of this work (MIPR # 12219831). Any opinions, findings,
conclusions, or recommendations expressed herein are those of
the authors and do not necessarily reflect the views of the U.S.
Navy or the U.S. Army. Finally, the computational work was made
possible in part by a grant of high-performance computing
resources and technical support from the Alabama Supercom-
puter Authority.

40526 | RSC Adv, 2025, 15, 40519-40527

View Article Online

Paper

Notes and references

1 N. E. Miller and E. L. Muetterties, J. Am. Chem. Soc., 1964, 86,
1033-1038.

2 P. A. Fox, S. T. Griffin, W. M. Reichert, E. A. Salter,
A. B. Smith, M. D. Tickell, B. F. Wicker, E. A. Cioffj,
J. H. Davis Jr.,, R. D. Rogers and A. Wierzbicki, Chem.
Commun., 2005, 3679-3681.

3 T. Ruther, T. D. Huynh, J. Huang, A. F. Hollenkamp,
E. A. Salter, A. Wierzbicki, K. Mattson, A. Lewis and
J- H. Davis Jr., Chem. Mater., 2009, 22, 1038-1045.

4 C. D. Stachurski, J. H. Davis Jr., T. Cosby, M. E. Crowley,
N. E. Larm, M. G. Ballentine, R. A. O'Brien, M. Zeller,
E. A. Salter, A. Wierzbicki, P. C. Trulove and D. P. Durkin,
Inorg. Chem., 2023, 62, 18280-18289.

5J. Clarke-Hannaford, M. Breedon, T. Ruether and
M. J. S. Spencer, ACS Appl. Energy Mater., 2020, 3, 5497-5509.

6 J. Clarke-Hannaford, M. Breedon, T. Ruether, P. Johansson
and M. J. S. Spencer, Chemistry, 2021, 27, 12826-12834.

7 J. Clarke-Hannaford, M. Breedon, T. Ry/°ther, P. Johansson
and M. J. S. Spencer, Batteries Supercaps, 2021, 4, 1126-1134.

8 C. D. Stachurski, W. Cho, C. M. Kinnaman, M. Zeller,
J. H. Davis, Jr., N. E. Larm, P. C. Trulove and D. P. Durkin,
J. Electrochem. Soc., 2024, 171, 126506.

9 S. C. Dorman, R. A. O'Brien, A. T. Lewis, E. A. Salter,
A. Wierzbicki, P. W. Hixon, R. E. Sykora, A. Mirjafari and
J. H. Davis Jr., Chem. Commun., 2011, 47, 9072-9074.

10 T. J. Ravine, J. O. Rayner, R. W. Roberts, J. H. Davis Jr. and
M. Soltani, Appl. Biosci., 2022, 1, 289-298.

11 T. J Ravine, M. Soltani, J. H. Davis Jr., E. A. Salter and
A. Wierzbicki, ChemistrySelect, 2022, 7, €202104344.

12 M. Soltani, T. J. Ravine and J. H. Davis Jr., Bioorg. Med. Chem.
Lett., 2021, 36, 127808.

13 J. L. vidal and G. E. Ryschkewitsch, J. Inorg. Nucl. Chem.,
1976, 38, 1937-1941.

14 N. E. Miller, Inorg. Chem., 1969, 8, 1693-1695.

15 G. E. Ryschkewitsch and W. W. Lochmaier, J. Am. Chem. Soc.,
1968, 90, 6260-6261.

16 N. E. Miller, D. L. Reznicek, R. J. Rowatt and K. R. Lundberg,
Inorg. Chem., 1969, 8, 862-866.

17 F. Coleman, G. Srinivasan and M. Swadzba-Kwasny, Angew.
Chem., Int. Ed., 2013, 52, 12582-12586.

18 K. Dong, S. Zhang and J. Wang, Chem. Commun., 2016, 52,
6744-6764.

19 A. E. Visser, R. P. Swatloski, W. M. Reichert, R. Mayton,
S. Sheff, A. Wierzbicki, J. H. Davis Jr. and R. D. Rogers,
Chem. Commun., 2001, 135-136.

20 T. L. Greaves and C. J. Drummond, Chem. Rev., 2015, 115,
11379-11448.

21 N. Byrne and A. C. Angell, Chim. Oggi, 2009, 271, 51-53.

22 A. C. Angell, N. Byrne and J.-P. Belieres, Acc. Chem. Res., 2007,
40, 1228-1236.

23 J. E. Douglass, J. Am. Chem. Soc., 1964, 86, 5431-5433.

24 J. M. Garrett and G. E. Ryschkewitsch, Inorg. Synth., 1970, 12,
132-135.

© 2025 The Author(s). Published by the Royal Society of Chemistry


https://doi.org/10.1039/d5ra05311k
https://doi.org/10.1039/d5ra05311k
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ra05311k

Open Access Article. Published on 27 October 2025. Downloaded on 3/13/2026 9:52:29 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

25 E. D. Glendening, A. E. Reed, J. E. Carpenter, F. Weinhold,
and M. ]. Frisch, et al, Gaussian 16, Revision C.01, NBO
Version 3.1, Wallingford CT, 2016.

26 Sparten, Wavefunction Inc., Irvine, CA, 2024.

27 Bruker, Apex5 v2023.9-2, SAINT V8.40B, Bruker AXS Inc.,
Madison (WI), USA, 2023.

28 L. Krause, R. Herbst-Irmer, G. M. Sheldrick and D. Stalke, J.
Appl. Crystallogr., 2015, 48, 3-10.

29 SHELXTL Suite of Programs, Version 6.14, 2000-2003, Bruker
Advanced X-Ray Solutions, Bruker AXS Inc., Madison,
Wisconsin: USA.

30 G. M. Sheldrick and G. M, Acta Crystallogr., Sect. A, 2008, 64,
112-122.

31 G. M. Sheldrick, Acta Crystallogr., 2015, A71, 3-8.

32 G. M. Sheldrick, Acta Crystallogr., Sect. C:Struct. Chem., 2015,
71, 3-8.

33 C. B. Hiibschle, G. M. Sheldrick and B. Dittrich, J. Appl
Crystallogr., 2011, 44, 1281-1284.

34 J. Foropoulos, Jr. and D. D. DesMarteau, Inorg. Chem., 1984,
23, 3720-3723.

35 P. H. Clippard, J. C. Hanson and R. C. Taylor, J. Cryst. Mol.
Struct., 1971, 1, 363-371.

36 V. Amendola, L. Fabbrizzi and L. Mosca, Chem. Soc. Rev.,
2010, 39, 3889-3915.

37 S. Kundu, T. K. Egboloche and M. A. Hossain, Acc. Chem.
Res., 2023, 56, 1320-1329.

38 S.S. So and A. E. Mattson, J. Am. Chem. Soc., 2012, 134, 8798~
8801.

39 M. E. Crowley, C. D. Stachurski, J. H. Davis, Jr., M. Zeller,
G. A. Merchant, E. A. Salter, A. Wierzbicki, R. A. O'Brien,
P. C. Trulove and D. P. Durkin, RSC Adv., 2025, 15, 19947-
19953.

© 2025 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Advances

40 J. Schott, J. Kretzschmar, M. Acker, S. Eidner, M. U. Kumke,
B. Drobot, A. Barkleit, S. Taut, V. Brendler and J. Stumpf,
Dalton Trans., 2014, 43, 11516-11528.

41 M. Katayama, M. Shinoda, K. Ozutsumi, S. Funahashi and
Y. Inada, Anal. Sci., 2012, 28, 103-106.

42 J. Bailey, E. L. Byrne, P. Goodrich, P. Kavanagh and
M. Swadzba-Kwasny, Green Chem., 2024, 26, 1092-1131.

43 (@) CCDC 2472950: Experimental Crystal Structure
Determination2025DOI:  10.5517/ccdc.csd.cc2p09lm; (D)
CCDC  2472951:  Experimental  Crystal  Structure
Determination2025DOI:  10.5517/ccdc.csd.cc2p09mn;  (¢)
CCDC  2472952:  Experimental  Crystal  Structure
Determination2025DOI:  10.5517/ccdc.csd.cc2p09np;  (d)
CCDC  2472953:  Experimental  Crystal  Structure
Determination2025DOI:  10.5517/cede.csd.cc2p09pq;  (e)
CCDC  2472954:  Experimental  Crystal  Structure
Determination2025DOIL:  10.5517/ccde.csd.cc2p09qr;  (f)
CCDC  2472955:  Experimental  Crystal  Structure
Determination2025DOI:  10.5517/ccdc.csd.cc2p09rs;  (g)
CCDC  2472956:  Experimental  Crystal  Structure
Determination2025DOI:  10.5517/ccdc.csd.cc2p09st; ()
CCDC  2472957:  Experimental  Crystal  Structure
Determination2025DOI:  10.5517/cedc.csd.cc2p09tv; (i)
CCDC  2472958:  Experimental  Crystal  Structure
Determination2025DOI:  10.5517/cedc.csd.cc2p09vw;  (7)
CCDC  2472959:  Experimental  Crystal  Structure
Determination2025DOIL:  10.5517/cedc.csd.cc2p09wx; (k)
CCDC  2472960:  Experimental  Crystal  Structure
Determination2025DOI:  10.5517/ccdc.csd.cc2p09xy; (1)
CCDC  2472961:  Experimental  Crystal  Structure
Determination2025DOI: 10.5517/ccdc.csd.cc2p09yz.

RSC Adv, 2025, 15, 40519-40527 | 40527


https://doi.org/10.5517/ccdc.csd.cc2p09lm
https://doi.org/10.5517/ccdc.csd.cc2p09mn
https://doi.org/10.5517/ccdc.csd.cc2p09np
https://doi.org/10.5517/ccdc.csd.cc2p09pq
https://doi.org/10.5517/ccdc.csd.cc2p09qr
https://doi.org/10.5517/ccdc.csd.cc2p09rs
https://doi.org/10.5517/ccdc.csd.cc2p09st
https://doi.org/10.5517/ccdc.csd.cc2p09tv
https://doi.org/10.5517/ccdc.csd.cc2p09vw
https://doi.org/10.5517/ccdc.csd.cc2p09wx
https://doi.org/10.5517/ccdc.csd.cc2p09xy
https://doi.org/10.5517/ccdc.csd.cc2p09yz
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ra05311k

	Ureas are identified as the first neutral O-donors broadly effective in stabilizing ionic liquids and other salts of boron-centred cations: synthesis and detailed characterization
	Ureas are identified as the first neutral O-donors broadly effective in stabilizing ionic liquids and other salts of boron-centred cations: synthesis and detailed characterization
	Ureas are identified as the first neutral O-donors broadly effective in stabilizing ionic liquids and other salts of boron-centred cations: synthesis and detailed characterization
	Ureas are identified as the first neutral O-donors broadly effective in stabilizing ionic liquids and other salts of boron-centred cations: synthesis and detailed characterization
	Ureas are identified as the first neutral O-donors broadly effective in stabilizing ionic liquids and other salts of boron-centred cations: synthesis and detailed characterization
	Ureas are identified as the first neutral O-donors broadly effective in stabilizing ionic liquids and other salts of boron-centred cations: synthesis and detailed characterization
	Ureas are identified as the first neutral O-donors broadly effective in stabilizing ionic liquids and other salts of boron-centred cations: synthesis and detailed characterization
	Ureas are identified as the first neutral O-donors broadly effective in stabilizing ionic liquids and other salts of boron-centred cations: synthesis and detailed characterization
	Ureas are identified as the first neutral O-donors broadly effective in stabilizing ionic liquids and other salts of boron-centred cations: synthesis and detailed characterization
	Ureas are identified as the first neutral O-donors broadly effective in stabilizing ionic liquids and other salts of boron-centred cations: synthesis and detailed characterization

	Ureas are identified as the first neutral O-donors broadly effective in stabilizing ionic liquids and other salts of boron-centred cations: synthesis and detailed characterization
	Ureas are identified as the first neutral O-donors broadly effective in stabilizing ionic liquids and other salts of boron-centred cations: synthesis and detailed characterization
	Ureas are identified as the first neutral O-donors broadly effective in stabilizing ionic liquids and other salts of boron-centred cations: synthesis and detailed characterization
	Ureas are identified as the first neutral O-donors broadly effective in stabilizing ionic liquids and other salts of boron-centred cations: synthesis and detailed characterization
	Ureas are identified as the first neutral O-donors broadly effective in stabilizing ionic liquids and other salts of boron-centred cations: synthesis and detailed characterization
	Ureas are identified as the first neutral O-donors broadly effective in stabilizing ionic liquids and other salts of boron-centred cations: synthesis and detailed characterization


