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Two new viologen-based anion hosts, 2 and 3, are reported,
incorporating two tripodal binding domains. Binding of carbox-
ylate anions, particularly acetate, malonate and succinate by
pyridinium derivative 2 results in an intense purple colouration.
DFT calculations on representative system 2-malonate reveal
that this absorption arises from charge-transfer from the anion
to the bipyridinium unit. Anion binding by 3 does not initially
result in a colour change because anions are bound at the
periphery of the receptor; however, addition of more that two
equivalents of acetate or more than one equivalent of dicar-
boxylate turn the colourimetric response on.

The low-lying reduction potential of 4,4’-bipyridinium deri-
vatives (‘viologens’) has made them extremely useful as re-
porter groups in supramolecular systems and sensing
ensembles,"™ with the binding of various electron donors
giving rise to a purple colouration, assigned to the radical
cation arising from single electron reduction of the viologen
chromophore.” The redox potential of viologens and their
ability to form coloured charge-transfer complexes is very
dependent on the nature of the substituents on the pyridyl
nitrogen atoms and on the counter anion.” Commonly in
anion binding and sensing systems, inter-anion selective bind-
ing and/or discrimination®’ is achieved by including a number
of binding sites able to interact simultaneously with a single
anion, producing a well-defined anion binding cavity or cleft.
A good example of such cooperative receptors are those based
on the 2,4,6-trisubstituted-1,3-5-triethylbenzene core.¥ 2! This
scaffold affords a degree of pre-organisation arising from the
steric preference for alternation about the central, hexa-sub-
stituted ring.'" In previous work, we have shown that pyridi-
nium derivatives of this core make effective anion binding
hosts, interacting with anions via CH---X~ hydrogen
bonds.'* 1922 While it is possible to make a tripodal 4,4’
bipyridine-derived receptor, functionalized at one end of the
bipyridine units, that is able to bind ATP in aqueous solu-
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tion,?? no viologen derivatives have been synthesized. We now
report the anion binding and sensing ability of a series of
potentially di- or multitopic receptors based on a bis(triethyl-
benzyl)-viologen core, in which it is possible to set up internal
competition and thus tune interactions with the viologen
chromophore.

The key starting material, 1, as its bromide salt is readily
prepared in excellent yield by the reaction of 4,4’-bipyridyl
with excess 1,3,5-tri(bromomethyl)-2,4,6-triethylbenzene.'® A
further reaction with either pyridine or 1-pyridin-3-yl-3-para-
tolyl-urea'>?*2* gives the tetrapodal receptors 2 and 3, respec-
tively, again as bromide salts. Metathesis with NH4PF yields
the hexafluorophosphate salts.

The anion binding abilities of receptors 2 and 3 were probed
by '"H NMR spectroscopic and UV-vis spectrophotometric
titrations in acetonitrile solution. The NMR spectroscopic
data revealed that both compounds bind halides strongly,
consistent with previous observations on related hosts.!> The
NMR titration data shows that the hosts bind to two chloride
anions with log K;; = 3.95 and log K;, = 3.21 for 2, and log
K;; = 3.55and log K}, = 3.39 for 3. The affinity for bromide
is similar, with log K;; = 3.75 and log K;» = 3.69 for 3.
Interestingly, the addition of carboxylate anions (acetate,
malonate and succinate) to both new hosts results in the rapid
formation of an intense purple colouration. The solutions
remain colourless in the presence of a wide variety of other
anions (halides, nitrate and perrhenate) (Fig. 1). While the
colour change is immediately evident for 2 upon addition of
even sub-stoichiometric amounts of both acetate and the
dicarboxylates, the purple colouration does not become sig-
nificant for urea host 3 until in excess of one equivalent of the
dicarboxylates or in excess of two equivalents of acetate are
added. This purple colour is strongly suggestive of the forma-
tion of a charge-transfer complex of these anions with the
viologen core, a phenomenon that has been noted in modest
degree for viologens with biologically-relevant phosphates, but
is surprising given the high oxidation potentials of the
anions.”> As a control, the reaction of carboxylate anions
was also attempted with starting material 1, which would be
expected to be less readily reduced because of the lack of
additional pyridinium functionalities. Consistent with expec-
tation, this experiment did not result in any colour change.

In the cases of both hosts 2 and 3, the purple colour
gradually fades to red and ultimately orange on standing in
aerated solution. Viologen radical cations are known to react
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readily with molecular oxygen, hence anion complexation was
studied in de-gassed solutions. De-gassing resulted in a persis-
tent purple colour in the presence of carboxylates that took
much longer to fade. The anion-induced colour changes were
studied by UV-vis spectrophotometric titration both in the

(b)

Fig. 1 De-gassed 1 x 10~ M solutions of hosts 2 and 3 in the
presence of NBu, * salts of the following anions (from left to right):
succinate, malonate, acetate, chloride, bromide, nitrate and perrhe-
nate. (a) Host 2 with one equivalent of anion. (b) Host 3 with four
equivalents of anion.

presence and absence of oxygen. Representative UV-vis spec-
tra for complex 3 are shown in Fig. 2 and additional spectra
are given in the ESL.{

The de-gassed data (Fig. 2(b)) show a smooth growth of a
band at 543 nm, with a shoulder to lower wavelength. The
intensity of this band increases suddenly upon the addition of
more than two equivalents of acetate. Receptor 2 exhibits an
analogous band and shoulder at 542 nm. This band immedi-
ately reaches close to its maximum intensity upon addition of
one equivalent of acetate. We interpret these results in terms of
competitive anion binding by the urea and pyridinium groups
in 3. Anion binding to the urea groups is remote from the
viologen centre and hence results in little charge-transfer. Once
the two pairs of urea anion binding sites are saturated, then
binding of the third equivalent of acetate anion or second
equivalent of dicarboxylate occurs near to the viologen chro-
mophore, resulting in a visible charge-transfer response. In
contrast, in the case of 2, there are no competing urea anion
binding sites, and the first equivalent of added acetate is bound
near to the viologen chromophore, giving an immediate colour
change.

As a further control, an analogous titration was carried out
on a tripodal 1-pyridin-3-yl-3-para-tolyl-urea derived host, 4,
previously reported by us'? containing three ureidopyridinium
groups, but no bipyridinium moiety. While the titration clearly
shows significant interaction (Fig. 3), no colour changes were
observed in the visible region, suggesting that alternative
processes, such as deprotonation of the urea groups in the
analogous 3, are not involved in the colour change process.

At present, the cause of the orange colouration, with an
absorption centred on 488 nm, observed in the presence of
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Fig. 2 UV-vis spectra of 3 upon titration with tetrabutylammonium
acetate (a) in the presence of oxygen and (b) in de-gassed solution.
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Fig. 3 UV-vis spectra of 4 upon titration with tetrabutylammonium
acetate. No changes are observed above 400 nm.

oxygen, is unclear (Fig. 2(a)). However, '"H NMR spectra
recorded in an acetate titration with 2 in the presence of
oxygen rapidly show the loss of the resonance assigned to
the methylene group attached to the bipyridinium moiety,
suggesting chemical decomposition, probably brought about
by displacement by hydroxide arising from dioxygen reduc-
tion. Evidence for this possibility comes from examination of
the "H NMR spectra of 3 upon titration with acetate under
aerobic conditions. No decomposition is evident until more
than two equivalents of acetate are added, and the purple
colour of the charge-transfer complex is produced, implying
that the decomposition is linked to the formation of the
viologen radical cation. While, as a result of this additional
process, it was not possible to determine the dicarboxylate
binding constants by NMR methods; the NMR data provide
excellent qualitative information about carboxylate binding
mode. Thus, upon addition of up to two equivalents of acetate
to 3, very little chemical shift change is observed for the
pyridinium resonances, whereas the two urea NH signals
broaden considerably and shift from 8.26 and 8.95 ppm to
10.95 and 12.80 ppm, respectively (at 2.5 equivalents (Fig. 4)).
In contrast, for 2, the pyridinium CH resonances exhibit a
considerable chemical shift change upon the addition of
carboxylates. This evidence strongly suggests that binding of
the first two equivalents of acetate in 3 is at the urea moieties,
remote from the bipyridinium core, consistent with the UV-vis
data. The binding mode was further probed crystallographi-
cally and by DFT calculation.

We undertook an X-ray crystal structure determination of
the hexafluorophosphate salt of pyridinium host 2.§ The
compound crystallises with one independent hexacation, six
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Fig. 4 '"H NMR spectra of 3 upon titration with NBus " MeCO, .
Urea NH resonances are indicated by arrows.

Fig. 5 X-Ray molecular structure of the cation in 2 showing two of
the hexafluorophosphate anions located in close proximity to the
viologen core.

PF¢™ anions and an isolated pocket of disordered acetonitrile
solvent. The triethylbenzene units adopt a transoid conforma-
tion across the central bipyridinium unit, and in each tripodal
sub-unit, one pyridinium substituent is co-aligned with the
bipyridinium group, while the other points in the opposite
direction. The molecular structure of the cation is shown in
Fig. 5. Fig. 5 also shows the location of the two PF4~ counter
ions that are closest to the centres of the triethylbenzene
tripodal units. In solution, our previous work on related
tripodal hosts suggests that these cavity or cleft sites are the
initial anion binding sites.'® In the present case, both intra-
cavity anions are in close proximity to the bipyridinium core,
supporting the suggestion that anion binding in 2 results in the
immediate formation of a charge-transfer complex, in which
the anion is located close to the viologen.

In order to gain further insights into the anion binding
modes and the origin of the colour changes, we undertook
DFT calculations®® on the representative systems 2-malonate
and 3-(acetate),, the former of which displays the purple
colouration, whereas the latter requires further acetate addi-
tion to change colour (i.e. the colour change becomes signifi-
cant once in excess of two equivalents of acetate have been
added). Geometry optimization was performed using the
hybrid B3LYP density functional, with the following basis:
4-31G on the viologen system, 6-31+G* on the anion
(malonate or acetate), and a set of diffuse s and p functions
augmenting the basis on the proximal hydrogen atoms to the
anions. The calculated geometry of 2-malonate is shown in
Fig. 6(a), which reveals the ability of the host to enfold the
anion, binding via charge-assisted pyridinium CH---O inter-
actions. The anion is situated close to the bipyridinium core in
a suitable geometry to give charge-transfer interactions. The
electronic absorption characteristics of 2-malonate were in-
vestigated using time-dependent linear response density func-
tional theory based on the B3LYP functional and the 6-31G*
basis on all atoms. The calculations revealed a dominant single
particle-hole configuration state at 2.25 eV (550 nm, in good
agreement with the observed visible absorption) (Fig. 7). The
transition thus arises from the promotion of an electron in a
localised m orbital on the malonate anion to the n* orbital on
the bipyridinium moiety. The transition has a large oscillator
strength (f = 0.005) and so would be expected to give rise to
an intense vibronic band, consistent with observation. The
calculated structure of 3-(acetate), is shown in Fig. 6(b). The
acetate anions interact with the strongly hydrogen bonding
urea groups, as observed for analogous host 4'* and consistent
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(a)

Fig. 6 DFT-calculated structures for (a) 2-malonate and (b)
3-(acetate),. Anions shown in space-filling mode.

Fig.7 DFT-calculated electronic absorption in 2-malonate at 550 nm
showing charge-transfer from the anion to the bipyridinium moiety.

with the NMR spectroscopic data shown in Fig. 4, and are
remote from the viologen core. Calculations of the electronic
absorption characteristics of this system indicate that there is
no comparable transition in the 550 nm region of the electro-
nic absorption spectrum.

In conclusion, we have reported a polytopic receptor design,
in which carboxylate binding brings about a visual colour
change at relatively low concentrations. The amount of anion
needed to trigger a colourimetric response depends in a step-
fashion on the identity of the peripheral binding groups. This
ability to tune the amount of acetate needed to cause a
response by internal binding site competition, coupled to the
distinct carboxylate selectivity, could prove highly useful in
anion sensing applications.

We thank the EPSRC for studentships (to S. J. D. and
A.N.S.), the Association of Commonwealth Universities for a
Scholarship (to G. O. L.) and the Heriot-Watt University
Information and Computing Services for use of the Heriot-
Watt high performance cluster service.
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