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Selective solid-liquid extraction of KBr is demonstrated for the
first time with a crown ether based pentafluorophenyl urea
functionalized dual-host receptor. 'H-NMR and ITC studies have
been carried out to elustrate the effect of cooperativity towards
the recognition of alkali metal salts.

The extraction of alkali metal salts from liquid/solid sources is
an important aspect in the field of supramolecular chemistry
because of its wide application in chemical, biological, medical,
environmental and industrial processes.l'12 Selective
recognition of KBr is very important because wide use of pure
KBr as an antiepileptic drugs and a sedative.” A lot of effort
has been made to develop synthetic dual-host receptors for
the recognition and extraction of different alkali metal salts.™
% For instance, Sessler and Beer have demonstrated the
extraction of different alkali metal salts via cooperative
interactions with calix[4]pyrrole and calix[4]quinone based
dual-host receptors respectively.35’38 Previously, we have
shown the liquid-liquid extraction of KCl and KF by using
receptors for cations and anions separately.34 In spite of the
great development of different synthetic dual-host receptors
for the extraction, solubilization and separation of different
alkali metal salts, selective liquid-liquid or solid-liquid
extraction of KBr is rare in the literature.*’ Smith and co-
workers have shown solid-liquid extraction of LiBr, NaBr and
KBr, though the selectivity is observed for LiBr.*" Ensafi et dl.
have demonstrated a selective extraction method for bromide
that is based on an oxidation-reduction mechanism.* Further,
the extraction of salts from water to organic phase is a difficult
task because of the high hydration energy of most common
anions and cations.*® This difficulty can be overcome if one can
extract a particular salt selectively from its solid state, i.e. by
solid-liquid extraction. Though, lattice energy plays a
governing role towards the solid-liquid extraction of alkali
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metal salts. Thus, subtle balance between the lattice energv ~f
the salts and the potentiality of the synthetic dual-t.c..
receptors can give raise an effective solid-liquid extraction of a
particular salt selectively. Herein we report simple dibenzo ..

crown-6 ether based dual-host urea receptor and explore '
towards solid-liquid extraction of KBr selectively in presence ¢”
KCI and KNOs;. Moreover, detailed 'H-NMR titratic

experiments and ITC studies are presented to establish tF »
effect of cooperative interaction towards the recognition and
extraction of alkali metal salts. Here it is important to mentich
that Barboiu et al. and others have shown the recognition ana
transportation of different alkali metal salts by utilising 1! -
crown-5 ether based urea/thiourea receptors.32‘41'46

For the extraction of alkali metal salts by a dual-host receptc ,
ligands should composed of metal ion as well as anion binding
sites either separated by a spacer or integrated into a unit. Tk 2
designing principle of L is as follows: (i) 18-crown-6 is known
for K™ selective receptor via coordination of suitable numbe~

of ethereal oxygen atoms with K" ion; (ii) pentafluorophe:.,
substituted urea is popular for strong H-bond donor unit to
anions; (iii)  the lipophilic of the
pentafluorophenyl moiety also enhances the probability of sa t

and character

extraction through the bilayer membrane. The synthesis of L s
accomplished by a simple one step reaction
pentafluorophenyl isocyanate with 4’-aminodibenzo-1: -
crown-6 in dry DCM, in quantitative yield (Scheme 1).
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Scheme 1. Synthesis of ligand L.

or

Receptor L was examined by "H-NMR study to probe tf .
extraction ability of solid Na*/K" salts of F~, CI-, Br', I, NO3~
HSO,~, H,PO,™ and AcO~ into CD;CN solution (ESIT). After 1h ¢~
sonication and stirring, a solution of L in the presence ¢’
different Na-salts, "H-NMR spectra of extracted solutions sho. -
negligible change when compared to 'H-NMR of free L the*
indicates inability of the receptor towards extraction of an

Na-salt into the organic phase. In contrast, in the presence of
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K-salts like KCI / KBr / KI / KNO3, the urea-NH, signal shows
considerable downfield shifts of 2.048, 1.779, 1.219 and 1.208
ppm respectively, which indicate strong hydrogen-bonding
interactions of L with the respective anions (CI" /Br-/ 1"/ NO;3)
(Figure 1). However, in cases of KF, KHSO,, KH,PO, and KOAc,
no such change in the chemical shifts of urea-NH protons of L
is observed, which suggest that the extraction of these salts in
the organic layer is energetically unfavourable probably due to
high lattice energy of these salts.
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Figure 1. Changes in chemical shifts of urea-NH, of L after solid-liquid extraction

with different K-salts; L is taken in CD3CN (~2 mM) and K-salts are taken as solid
in excess (5 eqv. with respect to L).

Further, Electron Spray lonisation Mass Spectrometric (ESI-
MS, -Ve) experiments of the extracted mass clearly show
characteristic peak (m/z) appear at 617.61, 661.47 and 644.53
which corresponds to L@CI, L@Br and L@NO; respectively
(Figure 2). On the other hand, for free ligand, the base peak
(m/z) is appeared at 581.74. The experimental isotope
patterns match well with those calculated on the basis of

A |581.74
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Figure 2. ESI-MS(-Ve) spectra of L (A) and the extracted solution of L with KCI(B),
KBr(C) and KNOs(D) respectively showing the base peaks and isotopic
distribution patterns (red and blue lines are the simulated and experimental
isotopic distribution patterns respectively).

natural abundances. No other characteristic peak related to

L,@Cl or L@CI, is observed at higher m/z region that suggest
the formation of only 1:1 ligand: anion complexation during

2| J. Name., 2012, 00, 1-3

solid-liquid extraction. When L is subjected to the same soi -
liquid extraction experiment with the mixtures of KCl, KBr an .
KNO;, interestingly, Br is selectively extracted in to the organ’
layer. The ESI-MS (-ve) spectrum of the extracted mass st >
base peak (m/z) at 661.47 (Figure S8, ESIt) which corresponc :
to L@Br. No other peaks correspond to L@CI and L@NO3 is
observed in the mass spectrum that indicates selecti\ 2
extraction of Br  from mixtures. The "H-NMR spectrum of the
extracted mass obtained from the solid-liquid extraction of L 1
presence of mixture of KCI, KBr and KNO3; matches well with
the "H-NMR spectrum of extracted mass obtained from same
extraction experiment of L, only with KBr (Figure S9, ESIt,.
Further, the element detection Scanning Electron Microscog .
Energy Dispersive X-ray (SEM-EDX) analysis of the extracte
mass confirmed the presence of only Br (no trace of Cl #
detected) along with K in addition to N, F and O (Figure S1t
ESIT). Thus, all these results clearly suggest the selec’”
extraction of Br from the mixtures of CI" and NOs.

The binding properties of L with CI7, Br~, NO;~, HSO,™ ani -
accompanied with bulky non-interacting TBA® cation are
determined by 'H-NMR titration experiments in CD3CN at ™™
Other anions such as F~, H,PO,” and AcO™ are avoided becaus »
these highly basic anions deprotonate the urea-NH of L. The
changes in the chemical shift upon addition of different anior s
into the solution of L in 1:1 ratio in CD3CN are shown in Figur=
S11, ESIT. The most substantial changes are observed for tr.c
urea—NH protons, indicating that this urea—NH provides tt :
site of interaction between the ligand and the anions. Th_
large downfield shifts of the urea—NH, proton are observed fc
Cl', Br, NO3 and HSO, (Ad = 1.358 ppm for CI”; A3 = 0.92.
ppm for Br~; A = 0.475 ppm for NO3™ and Ad = 0.542 ppm f¢
HSO,").

To evaluate the association constants of anion binding with ',
"H-NMR titration experiments were carried out with CI7, Br |
NO3;~, HSO,~ (Figure S12-S15, ESIt). The gradual addition of
anions to a ~¥2 mM solution of L in CD3sCN causes nonlir. ~r
downfield shifts of the urea-NH and aromatic protons. One of
the urea—NH protons (-NH,) is monitored to determine the
association constant. The titration curve gives the best fit fc .
1:1 binding model for host to guest which is in agreement wit .
the anion equivalence plot (Figure 3). Association constants '
absence of K" are summarized in Table 1 which shows that
binds strongly with Br™ compared to other investigated anion-
However, CI™ also displays high binding constant close to Br
On the other hand, NO3~ and HSO,” show lower bindins
constants with L in CD;CN. Thus, following binding order
observed in case of L: Br~ > Cl™~ > HSO, > NO;", different from
Hofmeister series of anions binding (SO,” > Cl~ > NO3™ > Br ™"
8 This difference can be attributed to the size and cha._
density of Br™ ion for better fit in the cavity created by L as we"'
as  overall electronic property  exerted by  th:
pentafluorophenyl substituted urea moiety. However, th»
smaller size of the CI” and larger size of the 50427 are the
determinant factor towards ineffective recognition process t ¢
L.

To evaluate the cooperative effect of alkali metal ions towarc s
anion recognition in dual host system, 'H-NMR titrations or

This journal is © The Royal Society of Chemistry 20xx
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receptor L are carried out with the previously investigated
anions in the presence of one equivalent of KPFg (Figures S16-
$19, ESIT). Association constants in presence of K* calculated
from the above titration experiments are listed in Table 1.

[L] x A5

1

T T T
0.0 05 1.0 1.5 20 25 3.0
Equivalents of anions

Figure 3. Plot of change in chemical shift of the urea-NH groups of L with
increasing amounts of TBA"X™ in CD3CN at 298 K (X~ = CI”, Br~, NO3™ and HSO,").

0.0 i ;

Table 1. Association constants (K,) for interactions of L with various anions both in
absence and presence of 1 equiv. of K.

Anions Binding Binding Ko/ K
constant in constant in
absence of K" (K;  presence of K
M) (Kiss M)
cl 741 1288 1.74
Br~ 851 2455 2.88
NO;™ 87 324 3.72
HSO,~ 501 575 1.15

aly NMR, solvent: CD;CN, temperature 298 K, [L1] =~2.0 mM, K* added as PFg”
salts and anions added as TBA salts [TBAX] ~10-20 mM, errors < 10%.

Table 1 reveals a number of facts. Firstly, except HSO,  the
binding constants of CI°, Br~ and NO;~ ions are increased
considerably in presence of K which indeed justifies the
positive cooperative effect of K* in anion binding process.
Secondly, in the presence of K, the value of the association
constant for NO3™ increases almost 4-folds that indicates large
contribution of K™ binding with the crown-ether of the dual
host towards the overall association constant. In cases of CI~
and Br~, 2 to 3 folds increase in the binding constant are also
Interestingly,
follows the same order as observed in absence of K* in the

noticeable. overall binding constants trend
system. The maximum positive cooperative factor is found to
be in case of simultaneous binding of NO;™ and K* with L.

Further, in order to get more insight into the thermodynamic
contribution in the cooperative effect for the recognition of
anions, we have undertaken isothermal titration calorimetric
(ITC) study of CI™ (as TBA salt) with L both in absence and in
presence of K™ in CH;CN at RT (298 K) (Figure 4 and Figure S20-
S21, ESIT). However, we are unsuccessful to carry out the same
study with other anions (Br, NO3; and HSO,) by ITC even after
repeated trial. This could be due to
associated with those anions and the receptor therefore we

inherent problem

are unsuccessful to calculate the binding constants of other
anions.

This journal is © The Royal Society of Chemistry 20xx

ChemEomm

Time (min) Time (min)
0 w 40 L ] 0 120 o 0 a0 &0 L] w1
T T T T T T T T T T T T
0004 —— 1 oo . o
| H”“Hl|lﬁllmmn H[”Whrurml {
| -5.00-]
-5.00 4 | |
o o
L] -]
2 ! 2 10,00 )
gwlﬂ.ﬂl- 1 i | I
~15.00 4
15.00 4 4
o PR
'm.
_ 0504 ‘..’-'"' -
s oo E 0.00
T-100 il ] § L 1
/ - |
=15 s . = 1004 Pl
o 'y o .l
= - »
Ge{ 4 4 5 ¥ 1
E } _E‘?'m‘ l'.
2504 = s
£ ] g ] :
A0 v r—y=—r—T T 200y ——r——r]
00 05 10 15 20 25 30 00 05 1.0 15 20 25 30
Molar Ratio Molar Ratio

Figure 4. ITC profile of CI” (14.1048 mM) binding to host L (1.006,mM) in di,
CH3CN at 298 K in absence of K™ (left) and in presence of 1 equiv. K™ (right). The
upper ﬂanel shows the heat pulses experimentally observed in each titr _..
step. The lower panel reports the respective time integrals translating as ...

heat absorbed for each aliquot and its coherence to a 1:1 binding model.

ITC studies of CI™ with L provide the thermodynamic
fingerprints of the binding processes and the diffel
contributions to the total free energy of chloride binding. Fc -
both the cases, in absence and in presence of K*, we find
strong exothermic binding.
thermodynamic parameters in Table 2, the contribution cf
enthalpy (AH) towards the total free energy (AG) of CI™ binding
in both the cases is almost same (-3490 and -3344 cal mo -
respectively), but the effect of positive entropy in case of C
binding in presence of one equivalent K (TAS = 1686.68 ¢ .
mol'l) is considerably large in comparison to CI” binding i.
absence of K™ (TAS = 783.74 cal mol'l), which can be attribute 4
to the willingness of CI” to enter and fit in the host cavity vic
suitable hydrogen bonding interactions upon binding of K™ 7,
the crown cavity. Thus, this result suggests that the positive
co-operativity of anion binding to L is due to the entropir
reason. However, the 'H-NMR titration data gave a relativ_ "
low binding constant value for CI°, compared to the value
obtained in ITC measurement.

Careful observation of tt»

Table 2. Thermodynamic parameters for binding of CI~ (as TBA salt) with L in dry CH5C
at 298 K in absence and in presence of K'.

TBACI n TAS AH AG K,
[cal/mol] [cal/mol] [cal/mol] [ITC]
Absence 121+ 783.74 -3490 + -4273.74 1288
of K 0.05 69.90
Presence 1.01+ 1686.68 -3344 + -5030.68 4898
of K* 0.01 39.88

In conclusion, we have demonstrated the design and synthesi-
of a simple dual-host receptor, dibenzo-18-crown-6 base.!
pentafluorophenyl substituted urea L that shows solid- liqui 1
extraction of K-salts of CI', Br and NOj'. It has been found that
in absence of K', L shows highest selectivity towards Br™ ov( r
other anions with following order Br™ > CI"~*NO3;~ > HSO,". The
positive cooperative effect of K* towards the recognition of B. ,
Cl and NOj' is clearly evident from the association constants ui

J. Name., 2013, 00, 1-3 | 3
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these anions in presence of K'. ITC studies further
demonstrate that the cooperative effect towards the
recognition of chloride is due to positive entropy

contributions.
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