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Introduction

The design of anion receptors capable of selectively sensing
an anion is a topical challenge.[1–4] Carboxylate recognition
is of particular importance due to the variety of geometries,
high basicity and biochemical importance of the anions. Al-
though carboxylates bind strongly to hydrogen-bond donors,
their basicity can also lead to deprotonation and decomposi-
tion.[5–7] The approach of our group[8–10] and others[11–14] is to
use an induced-fit binding strategy based upon designing
conformationally flexible anion receptors, typically derived

from a hexasubstituted triethylbenzene core. As the confor-
mation of the host changes upon anion binding a fluorescent
or electrochemical response is obtained.

A hexasubstituted triethylbenzene core has been used ex-
tensively as a scaffold for conformationally flexible recep-
tors. Steric hindrance between adjacent ethyl and binding
groups gives a 10–15 kcal mol�1 preference to a “three-up,
three-down” conformation.[15–17] This provides a degree of
binding cavity preorganisation while still allowing flexibility.
Binding and reporter groups can then be added in a modu-
lar approach to receptor design.[15,18]

The viologen moiety is attractive because its low-lying re-
duction potential provides a convenient electrochemical re-
porter group in supramolecular systems.[19–22] The low-
energy LUMO allows for charge-transfer behaviour, which
has been studied extensively, whereas the acidic o-bipyridi-
nium hydrogen atoms also allow for charge-assisted hydro-
gen bonding.[23,24] The viologen group may, therefore, act as
both a binding and a reporter group. We have reported pre-
viously, a 4,4’-bipyridine-derived hexasubstituted benzene
receptor 5, functionalised at only one end of the bipyri-
dine.[24] This compound binds adenosine triphosphate
(ATP), although all other anion binding is weak. In a pre-
liminary communication, we also recently reported colouri-
metric anion sensing by a related tetrapodal, viologen-de-
rived receptor.[25] We now report our full investigation into
the synthesis, solution-state binding and spectroscopic prop-
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erties of a series of tri- and tetrapodal viologen-based anion
receptors, based on the hexasubstituted benzene core.

Results and Discussion

Synthesis : The synthesis of three tetrapodal viologen deriva-
tives 2–4 was achieved by using the intermediate 1,1’-bis-ACHTUNGTRENNUNG(3,5-bis(bromomethyl)-2,4,6-triethylbenzyl-4,4’-bipyridine-
1,1’-diium bromide (1), which can be synthesised in near
quantitative yield through the reaction of excess 1,3,5-trieth-
yl-2,4,6-tribromomethylbenzene with 4,4’-bipyridine
(Scheme 1). Additional functionalisation can be achieved by
treatment with pyridine, 1-pyridin-3-yl-3-p-tolyl-urea[26] and
N-[(naphthalen-1-yl)methyl]pyridin-3-amine.[27] These reac-
tions can be performed through traditional solution-state
methods (compounds 2 and 6) or alternatively by using a
mechanochemical reaction (compounds 3 and 4).[27] Yields
vary from good to reasonable. The bromide salts of the tet-
rapodal receptors were metathesised to the hexafluorophos-
phate salt by precipitation of the product from a solution in
methanol with NH4PF6.

The tripodal tris(bipyridinium) receptor 6 is prepared in
high yield from compound 5 by capping the three remaining
bipyridyl nitrogen atoms with an excess of benzyl bromide
in DMF at 50 8C. Again, anion metathesis to the hexafluoro-
phosphate salt is achieved by the treatment of 6 with
NH4PF6.

Several attempts were made to add various capping
groups to compound 5, such as methyl, ethyl, naphthyl and
pyrenyl groups (Scheme 2). However, in all cases, except for
6, no product or only partial capping resulted. The addition
of capping groups was also attempted by using mechano-
chemical methods. Unfortunately, a mixture of 1, 2 and 3
capping groups was observed by using MALDI+ mass spec-
trometry.

Solution-state binding properties : The anion binding proper-
ties of compounds 2–4 and 6 were investigated by using
1H NMR spectroscopy in CD3CN. All of the compounds
were shown to bind halides strongly. A 1:2 host/guest bind-
ing stoichiometry is suggested by 1H NMR spectroscopic ti-
trations for compounds 2 and 3 and is supported by Job plot
analysis. Figure 1 shows a representative Job plot for the tet-
rapodal receptor 2 with tetra-n-butylammonium (TBA)
chloride.

Compound 4 appears to have more complex speciation
accompanied by a slow guest complexation or conformation-
al change on the 1H NMR spectroscopic timescale as evi-
denced by significant broadening and splitting of several
peaks at room temperature. As a result, binding constants
could not be reliably determined.

The 1:2 binding stoichiometry observed in compounds 2
and 3 can be explained by the existence of two primary
binding sites, which are essentially tripodal in nature. In the
case of compound 2, anion binding is due to hydrogen bond-
ing from the o-pyridyl CH groups of the pyridinium and bi-

pyridinium units to the anion, as indicated by a downfield
shift of the respective 1H NMR resonances. This CH···anion
interaction was shown to be important in previous systems.[8]

An electrostatic contribution to binding is also likely. In the
case of 3, large downfield shifts are observed for the urea
NH protons by 1H NMR spectroscopy, as well as smaller
changes in the bipyridine and pyridinium resonances; indica-
tive of hydrogen bonding.

Scheme 1. Synthesis of tetrapodal anion receptors.
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As with 2 and 3, compound 6 exhibits a 1:2 host/guest
binding stoichiometry. Downfield shifts were only observed
for the 1H NMR resonances assigned to the o-pyridyl pro-
tons upon addition of anions, suggesting hydrogen bonding
to those protons only. Again an electrostatic contribution to
the binding is also likely.

It is difficult to imagine where a second halide anion
could bind to compound 6. One possibility is that the first
anion sits low in the binding cavity near the hexasubstituted
benzene ring, whereas the second sits high near the three
benzyl groups. It could be imagined that hydrogen bonding

in this region would be weak because the distance between
the binding arms is large. This is supported by 1H NMR
spectroscopic evidence, since no significant chemical shift
changes are seen for these “outer” protons. This model may
also explain the low value of the second binding constant
(K12 = b12�b11) in the case of Cl�. Even though chloride has
the highest charge density, its small size means it may not be
able to experience the full electrostatic attraction of all
three arms. This would favour 1:2 binding for larger halides,
as is observed. Table 1 contains the binding constants deter-

mined for compounds 2, 3 and 6 by 1H NMR spectroscopic
titration by using the least-squares curve-fitting program
HypNMR 2006.[28]

In the case of compounds 2 and 6, strong chloride binding
is observed. Compound 3 exhibits interesting behaviour, in
which bromide is bound strongly, with chloride and iodide
bound more weakly. Nitrate is the weakest bound. Repre-
sentative binding isotherms for the tetrapodal receptor 2
and tripodal receptor 6 are shown in Figures 2 and 3, respec-
tively.

Scheme 2. Synthesis of tripodal anion receptor 6.

Figure 1. Job plot for compound 2 with TBA-Cl.

Table 1. Binding constants determined by 1H NMR spectroscopic titra-
tions for compounds 2, 3 and 6.

Stoichiometry Log bHG

Anion host/guest 2 3 6

Cl� 1:1 4.30(6) 3.55(10) 3.98(13)
1:2 7.83(5) 6.94(3) 4.855(2)

Br� 1:1 3.66(6) 3.75(10) 3.63(4)
1:2 6.93(5) 5.97(8) 6.03(12)

I� 1:1 3.77(12) 3.58(13) 3.30(10)
1:2 6.91(10) 6.55(7) 5.82(14)

NO3
� 1:1 3.62(20) 2.89(3) [a]

1:2 6.64(3) 5.93(9) [a]

HSO4
� [b]

H2PO3
� [b]

[a] Data could not be refined. [b] Precipitated.
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During 1H NMR spectroscopic titration with carboxylate
anions, a colour change from colourless to purple was ob-
served. In aerated solutions this colour gradually fades to
red and then orange upon standing, but the use of degassed
solvent gave rise to a long-lasting purple colouration.
1H NMR spectra in degassed solvent were recorded for com-
pounds 2 and 6 in the presence of acetate. The purple col-
ouration occurs immediately after the addition of acetate to
compounds 2 and 6 and evidence of decomposition, in the
form of new peaks in the 1H NMR spectrum, is observed at
two equivalents or above. This decomposition is likely to
arise from the diffusion of oxygen into the tube during the
experiment.

The 1H NMR spectra for compound 2 upon addition of
acetate shows large shifts are observed for the o-pyridyl
(Dd=0.36 ppm) and o-bipyridyl (Dd=0.3 ppm) resonances
consistent with the observations for halide binding (see the
Supporting Information). In the case of 3, large downfield
shifts are observed for the resonances assigned to the urea

NH protons with only small shifts for the other resonan-
ces.[25]

The 1H NMR spectra of 6 upon addition of acetate shows
severe broadening of the resonances, with all peaks disap-
pearing before one equivalent is reached. A 1H NMR spec-
troscopic titration of compound 6 with TBA-malonate re-
veals downfield shifts in the bipyridyl resonances suggesting
anion binding (see the Supporting Information).

Interestingly, in the case of 6, a colour change is not ob-
served with malonate until higher equivalents of guest are
reached, even though NMR spectroscopic evidence suggests
anion binding is occurring.

The cause of the decomposition of the carboxylate com-
plexes of 2, 3 and 6 is unknown. However, the viologen radi-
cal cation is known to be oxygen sensitive and the decompo-
sition may be caused by hydroxide generated from dioxygen
reduction by the radical cation. Evidence for the presence
of the viologen radical cation has been found in the UV/Vis
spectra of the charge-transfer complexes, as well as by
Raman and ESR measurements (see below). The decompo-
sition of the carboxylate complexes means that only qualita-
tive information on carboxylate binding could be obtained
by 1H NMR spectroscopy.

An X-ray crystal structure determination of the hexafluor-
ophosphate salt of compound 2 was undertaken. One inde-
pendent hexacation is observed with PF6

� counterions, with
a disordered acetonitrile pocket.

The compound adopts a transoid conformation with the
triethylbenzene-derived units on opposite sides of the bipyr-
idine. Each tripodal unit adopts a “two-up, one-down” con-
formation of the pyridinium groups. Although a “three-up”
conformation is expected,[15–17] there is only a small energetic
preference for this conformation, approximately 10 kJ mol�1,
and the “two-up, one-down” conformation has been ob-
served in similar systems.[8,9] The molecular structure
(Figure 4) shows two of the PF6

� anions within the tripodal

binding sites. This is consistent with the solution-state anion
binding behaviour suggested by 1H NMR spectroscopy. The
anions are bound close to the viologen unit, which is a pre-
requisite for charge transfer.

Variable-temperature 1H NMR spectroscopic studies : Varia-
ble-temperature 1H NMR spectroscopic studies were under-

Figure 2. Binding isotherms for compound 2 with various anions: TBA-Cl
(&), TBA-Br (*), TBA-I (~), TBA-NO3 (!).

Figure 3. Binding isotherms for compound 6 with various anions: TBA-Cl
(&), TBA-Br (*), TBA-I (~), TBA-NO3 (!).

Figure 4. Molecular structure of compound 2 determined by X-ray crys-
tallography. Hydrogen atoms removed for clarity.[25]
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taken on compounds 2 and 6 in the presence and absence of
chloride. Low-temperature 1H NMR spectroscopy in
[D6]acetone was used to help understand the conformations
of the compounds. Figure 5 shows the 1H NMR spectrum of

the hexafluorophosphate salt of host 2 as the temperature is
lowered to 183 K. Broadening of the CH2 (d=2.85 ppm)
and CH3 (d=1.12 ppm) resonances is observed. At 203 K
the CH3 groups split from a single peak at 1.12 ppm to two
peaks at d=0.56 and 1.29 ppm, corresponding to the “two-
up, one-down” and “three-up” conformations, respectively.
The upfield shift in the CH3 resonance is due to shielding of
the methyl group by the pyridinium aromatic system when

the methyl substituent is on the same face as the pyridinium
ring. There is also additional broadening and peak splitting
in the aromatic region suggesting that a conformational ex-
change of the bipyridine protons is occurring.

The addition of two equivalents of TBA-Cl to 2 results in
a downfield shift of the resonances assigned to the o-bipyri-
dine protons causing overlap with another bipyridine peak
(Figure 5). There is a marked reduction in the broadening of
peaks at lower temperatures compared with the sample
without added chloride. Significantly there is no sign of the
two-up, one-down conformer observed in the free host,
showing that the compound, in the presence of the Cl�

guest, adopts a threefold symmetrical (“three-up”) confor-
mation at each tripodal unit. Interestingly, there is no evi-
dence for an anion-exchange equilibrium, characterised by
further splitting of the methyl and ethyl resonances, which
has been observed in a related system.[8] At one equivalent
of guest, the two-up, one-down conformer is still evident
and shows that the two binding sites are not fully saturated.

The low-temperature 1H NMR spectra for compound 6
shows similar behaviour to that of 2 with broadening and
eventual splitting of the CH3 (1.14 ppm) resonances into two
peaks at d=1.30 and 0.42 ppm, corresponding to the three-
up and two-up, one-down conformers, respectively (see the
Supporting Information). The addition of chloride (1 equiv)
still gives rise to a high-field CH3 resonance assigned to the
two-up, one down conformer, although this is less intense
and may be expected due to the 1:2 host/guest binding stoi-
chiometry of the receptor. Further addition of chloride re-
duces the intensity of this resonance as both binding sites
are populated, again suggesting a conformational change to
a pseudo-threefold symmetric form upon anion binding.

Charge-transfer behaviour : Upon the addition of carboxy-
lates, receptors 2, 3, 4 and 6 all give rise to an intense purple
colouration with a band in the UV/Vis spectrum centred at
approximately 540 nm (Figure 6). This absorption is assigned
to an anion–viologen charge-transfer state. The particularly
electron-deficient nature of the viologens in these com-
pounds makes them excellent electron acceptors and
charge-transfer behaviour in viologens is well known. Hal-
ides[29–31] (particularly iodide), electron-rich arenes,[32,33] phe-
nols,[34,35] amines[36] and organic acids[34,37] all give rise to
charge-transfer complexes with viologens.[23]

UV/Vis titrations were performed on compounds 2, 3, 4
and 6 with acetate, malonate and succinate (see Figures 7
and 8 for representative examples). Due to the air-sensitive
nature of the complexes anaerobic conditions were necessa-
ry. Details of the procedure followed for the anaerobic UV/
Vis titration can be found in the Supporting Information. A
series of control experiments showed it was not possible to
fully exclude oxygen from the experiment and a certain
amount of decomposition occurs (discussed in the Support-
ing Information).

It has been reported that acetate forms a charge-transfer
complex with methyl viologen (MV), with an intermolecular
charge-transfer band at 405 nm and emission at 506 nm.[37]

Figure 5. Variable-temperature 1H NMR spectra of a) compound 2 in
[D6]acetone and b) compound 2 in the presence of two equivalents of
TBA-Cl. Solvent peaks have been removed for clarity (water at d=

2.13 ppm and acetonitrile at d=1.96 ppm).
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However, comparison of the band maxima of the methyl vi-
ologen diacetate complex (denoted MV· ACHTUNGTRENNUNG(OAc)2) and the
acetate complex of compound 2, shows a large redshift of
135 nm. Similar shifts are observed for the other viologen-
based receptors described herein. The MV· ACHTUNGTRENNUNG(OAc)2 complex
appears as a yellow/orange solution, whereas the tetrapodal
viologen receptors, such as 2, appear purple.

All of the compounds reach almost the exact same maxi-
mum absorbance value with acetate at a similar number of
equivalents. Interestingly, upon addition of acetate to hosts
2, 4 and 6, an immediate colour change is observed. Howev-
er, with host 3, significant colouration does not appear until
more than two equivalents of acetate are added. We inter-
pret this result as implying binding-site competition between
the different binding groups present. Compound 3 contains
urea, as well as o-pyridyl, binding sites. At low equivalents,
we propose that the acetate binds at the urea groups, away
from the viologen unit; resulting in no charge transfer. As
more equivalents are added and more PF6

� ions are dis-
placed, acetate is able to bind closer to the viologen and
charge transfer is observed. This binding-site discrimination
allows the tuning of the colourimetric response to the equiv-
alents of guest added.

Malonate and succinate also cause a colourimetric re-
sponse. Succinate causes significant colour changes for all
compounds similar to acetate. Malonate, however, only
causes significant colouration with compounds 2, 3 and 4.
Compound 6 does not show significant colour change until
higher equivalents are reached (approximately 20 equiv). A
1H NMR spectroscopic titration of compound 6 with TBA-
malonate (see the Supporting Information) does suggest
anion binding occurs and, therefore, it appears that the lack

of charge transfer may be due to an unfavourable conforma-
tion of the complex, or is of electronic origin.

The UV/Vis spectroscopic titration of compound 6 with
TBA-acetate results in a broadened band at 540 nm and a
very prominent band at 396 nm (Figure 8). In contrast, in
the tetrapodal receptors 2–4 this band is significantly lower
in intensity. The band at 396 nm is consistent with the ab-
sorbance profile of the viologen radical cation (bands at 396
and 608 nm)[23,38] and the broadening of the 540 nm band is
likely to be due to overlap with the 608 nm band of the radi-
cal cation. The band is also observed to a lesser extent for
compound 2 and suggests that in addition to the formation
of a charge-transfer complex, an electron-transfer process is
also occurring, particularly in 6 (see below).

DFT calculations : DFT calculations were undertaken to test
the feasibility of the proposed binding model and to inter-

Figure 6. a) Degassed 1 � 10�4
m solutions of host 2 in the presence of the

TBA salts (1 equiv) of the following anions (from left to right): succinate,
malonate, acetate, chloride, bromide, nitrate and perrhenate. b) Degassed
1� 10�4

m solutions of hosts 6 in the presence of the TBA salts (1 equiv)
of the following anions (from left to right): acetate, malonate, chloride,
bromide, iodide and nitrate.

Figure 7. UV/Vis absorbance spectrum of a) compound 2 (1 � 10�4
m in

MeCN) and b) compound 3 (1 � 10�4
m in MeCN) upon addition of TBA-

acetate.
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pret the 1H NMR and UV/Vis spectroscopic data. Structures
were optimised by using B3LYP/4-31G on the host, with the
hydrogen atoms proximal to the anion augmented with addi-
tional s and p diffuse functions and the 6-31+ G* basis set
on the anion. Electronic transitions were calculated by using
time-dependent (TD)-DFT with the B3LYP functional and
the 6-31G* basis set on all atoms.

The optimised structure of the receptor, 2, with acetate
(Figure 9) reveals a transoid conformation with the acetate

bound by pyridinium CH···O hydrogen-bonding interactions.
Crucially, the structure suggests that the acetate is held in
close proximity to the viologen core, which would facilitate
a charge-transfer process.

The calculated structure of 3 with acetate demonstrates
binding of the acetate to the urea functional groups
(Figure 10), consistent with 1H NMR spectroscopic titra-
tions, and are remote from the viologen. TD-DFT calcula-
tions do not show a corresponding charge-transfer band at

550 nm. This is consistent with the delayed evolution of the
purple colouration of the complex.

The optimised structure of 2 with malonate is shown in
Figure 11. The flexible nature of the receptor allows the

compound to encapsulate the malonate in a cisoid manner.
The malonate is bound by charge-assisted pyridinium
CH···O interactions. The anion is situated close to the violo-
gen in a suitable geometry to allow a charge-transfer inter-
action. TD-DFT calculations suggest a transition involving
the promotion of an electron in a localised p orbital on the
malonate anion to the p* orbital on the bipyridinium moiety
(Figure 12). The transition has a large oscillator strength
(f=0.005) and so would be expected to give rise to an in-
tense vibronic band, consistent with observation.

The optimised structure of 6 with acetate, Figure 13, sug-
gests a three-up conformation in which the anion is bound
by three charge-assisted hydrogen bonds, one of the acetate
oxygen atoms is bound by two hydrogen bonds, whereas the
second is bound by only one. Again, TD-DFT calculations
show a p

!

s transition at 560 nm with an oscillator strength
of 0.004 (Figure 14), comparable to 2 with malonate.

All of the charge-transfer complexes described above
show unusually low-energy charge-transfer bands compared
with the typical complexes of methyl viologen suggesting

Figure 8. UV/Vis absorbance spectrum of compound 6 (1 � 10�4
m in

MeCN) upon addition of TBA-acetate.

Figure 9. Optimised geometry for compound 2 with acetate.

Figure 10. Optimised geometry for the 3 with two equivalents of acetate.

Figure 11. Optimised geometry for compound 2 with malonate.
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that these polycationic hosts are particularly readily re-
duced. To try and understand this observation, an electro-
chemical investigation of the hosts was undertaken.

Electrochemistry : The electrochemistry of viologen deriva-
tives has been extensively investigated.[39] They exhibit two
reversible redox couples, the first of which, formation of the
radical cation from the dication, is the most reversible and
has an unusually low reduction potential for an organic mol-
ecule.

As a control, the reduction potential of methyl viologen
dihexafluorophosphate, (denoted MV· ACHTUNGTRENNUNG(PF6)2) was measured
in 0.1 m TBA-PF6 in MeCN by using a Pt working electrode.
The reduction potentials were found to be E1 =�0.42 and
E2 =�0.83 versus SCE and are consistent with literature
values measured under similar conditions.[38,39] The peak to
peak separation is close to the value expected for a single-
electron process and shows no significant variation with

scan rate. The anode/cathode
peak ratio is greater than 0.9 in
both waves. A summary of im-
portant electrochemical data
for compounds 2, 3, 4 and 6 is
shown in Table 2. All of the vi-
ologen derivatives show classic
viologen electrochemical be-
haviour. Two redox couples are
observed, however, for the tet-

rapodal derivatives the peak to peak separation is generally
higher than for MV· ACHTUNGTRENNUNG(PF6)2.

This overpotential may be due to an unfavourable confor-
mational change required for the viologen to approach the
electrode or upon accepting the electron. It is also observed
that the anode/cathode peak ratio is not as high as with MV,
although good reversibility is still found in most cases. The
cyclic voltammogram of compound 2 at a scan rate of
100 mV s�1 is shown as a representative example (Figure 15).

Compound 6 shows behaviour almost identical to that of
MV2+ , with good reversibility, except with slight broadening
of the radical cation reduction peak (Figure 16).

In all cases, a significantly more cathodic first and second
redox potential is found when compared with MV2+ , with a
cathodic shift of at least 70 mV. A possible explanation may
lie with the electron-withdrawing effect of the viologen sub-
stituents. For example, for the tetrapodal derivatives the two
quaternised pyridinium nitrogen atoms give each substituent
a formal two-plus charge. It has been shown that the reduc-

Figure 12. Calculated electronic transition of 2 with malonate showing charge transfer from the anion to the vi-
ologen moiety.

Figure 13. Optimised geometry for 6 with acetate.

Figure 14. Major component of the calculated electronic absorbance of 6 with acetate showing charge transfer from the anion to the viologen moiety.

Table 2. Summary of electrochemical data for viologen derivatives, E1/2

values reported versus SCE.

Compound E1/2 [V] DE [mV] Ipa/Ipc

2 �0.36 70 0.9
�0.74 70 >0.9

3 �0.31 110 >0.9
�0.76 90 0.7

4 �0.35 100 0.9
�0.74 60 >0.9

6 �0.34 60 >0.9
�0.76 70 >0.9
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tion potential of viologens obeys a linear free-energy rela-
tionship (LFER) with the nitrogen substituents and that
electron withdrawing groups increase the reduction poten-
tial.[23, 39,40]

Electrochemical titrations : It has been shown that the anion
can play a significant role in determining the reduction po-
tential of viologens. In many cases, only a small potential
shift is found, but this is not always the case.[39] The effect
on the redox potential of the addition of anion to com-
pounds 2, 3, 4 and 6 was investigated. Since these receptors
are able to bind halides strongly, close to the viologen unit,
it was anticipated that significant perturbation of the redox
wave would be observed. Ferrocene (Fc/Fc+) was used as an
internal reference. Control titrations with anions and an
aqueous Ag/AgCl electrode proved that no significant
change in the ferrocence redox wave was observed with
added anion. A scan rate of 200 mV s�1 was used with the
electrochemical cell kept under a constant positive pressure
of N2. The guest solutions were degassed before use (see the
Experimental Section).

Almost identical behaviour was seen for compounds 2, 3
and 4 upon the addition of TBA-Cl. As the number of
equivalents is increased, a gradual increase in peak intensity
is observed with a low to modest anodic potential shifts
(e.g., compound 2, DE= 80 mV with TBA-Cl (30 equiv)).
Both the potential shift and current increase were consistent
for compounds 2, 3 and 4. A representative stack plot is
shown in Figure 17. Significantly, smaller intensity gains and

potential shift was observed for TBA-Br (DE= 14 mV).
These titrations do show that addition of anions does affect
the cyclic voltammograms obtained and hence, the viologen
redox potential.

Compound 6 demonstrates a unique property in this
series of compounds. At 25 equivalents of TBA-Cl a should-
er appears at lower potential on the anodic peak. With the
addition of further chloride, this shoulder grows and the
original peak is reduced (Figure 18). The cathodic peak is
also reduced. This same effect is also observed to a lesser

Figure 15. Cyclic voltammogram of compound 2 at a 100 mV s�1 scan
rate.

Figure 16. Cyclic voltammogram of compound 6 at a 100 mV s�1 scan
rate.

Figure 17. Cyclic voltammogram of compound 2 (1 � 10�4 mol dm�3) with
increasing equivalents (0, 0.5, 1, 1.5, 2, 3, 4, 6, 8, 10, 15, 20 and 20 equiv)
of TBA-Cl.

Figure 18. Cyclic voltammogram of compound 6 (1 � 10�4 mol dm�3) with
increasing equivalents (0, 0.5, 1, 1.5, 2, 3, 4, 6, 8, 10, 15, 20 and 20 equiv)
of TBA-Cl.
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extent for TBA-Br. Addition of TBA-Cl (30 equiv) and re-
peated scanning, without further addition of anion, also
leads to the growth of the shoulder. Thorough cleaning of
the electrode surface produced a scan similar to the original
scan. This suggests that deposition of the complex on the
electrode surface occurs at higher equivalents of halide
guest. A similar effect has recently been reported by Gale
and co-workers[41] with ferrocene-derived phenylenediamine
anion receptors. They suggest the effect of electrodeposition
may provide a new means of anion sensing.

Titrations with acetate, malonate and succinate anions
were also undertaken for all of the compounds. There is
general trend for a gradual decrease in peak intensity as
more anion is added in all cases. This is accompanied by a
colour change from colourless to purple. In the case of 3,
colour change does not occur until after the addition of sev-
eral equivalents of anion; there is an increase in the peak
current before eventually the current decreases substantially.
A possible interpretation of this data would be that the for-
mation of the anion–viologen charge-transfer complex re-
sults in a significant rise in the energy of the viologen
LUMO, making the electron transfer from the electrode
more unfavourable. The decrease in the current intensity
should then be proportional to the ratio of bound/unbound
host with only the unbound host, giving an electrochemical
response. At higher equivalents of anion, when the amount
of unbound host is low, the current intensity is low.

Given the low reduction potential of the host molecules
described above, in principle it should be relatively easy to
chemically reduce the viologen unit to the radical cation.
Indeed, there is evidence for this in the UV/Vis spectra of
the charge-transfer complexes, particularly for compounds 2
and 6 with acetate, which show a significant band at 398 nm
and the appearance of a tail on the charge-transfer band.
These bands are assigned to the formation of a viologen rad-
ical cation.

Investigation into the radical cation : The spectroscopy of
the viologen radical cation has been extensively studied.[23]

The UV/Vis spectra of the chemically reduced MV·PF6,
MV·OAc and compound 2 are shown in Figure 19. The
MV·OAc radical cation is formed upon the addition of
TBA-OAc to methyl viologen dihexafluorophosphate. It ap-
pears that the reaction of MV2+ and acetate ions in a rela-
tively noncompetitive solvent, leads to ion pairing and elec-
tron transfer, with no evidence of a charge-transfer band in
the UV/Vis spectrum.[37] Generation of the radical cation
from charge-transfer complexes is known and generally
occurs by a photoelectron-transfer process.[23,42] However,
typically, back-electron transfer is fast and transient absorp-
tion spectroscopy is required to observe the radical.[42] All of
the spectra shown in Figure 19 are essentially identical, sug-
gesting that the R groups on compound 2 and the change in
counterion have no effect on the optical transitions of the
radical and are consistent with the literature values.[23,38]

To confirm the presence of the cation radical, ESR spec-
troscopy studies on compounds 2 and 6 were undertaken in

acetonitrile at 205 K. Compound 6 does show a weak reso-
nance (Figure 20) with a g factor of 2.0065, close to the
value of a free electron and close to the literature value for
MV.[43] The resonance does not show any hyperfine struc-

ture. No ESR spectroscopic resonance was observed for
compound 2, however, this is not unexpected. When com-
paring the UV/Vis spectra of the acetate complexes of 2 and
6, there is significantly less intensity of the 398 nm band for
compound 2. Given the weak signal obtained for 6 (attenu-
ated by the strongly microwave absorbing solvent, acetoni-
trile), a very weak signal would be expected for 2.

The viologen radical cation can also be probed by using
resonance Raman spectroscopy.[44–47] Figure 21 shows the
resonance Raman spectrum of the MV·PF6 radical cation,
measured with a 633 nm He–Ne laser. The peaks correspond
to those reported in the literature.[44] A resonance Raman
spectrum was also obtained for the charge-transfer complex
of 2 with acetate, targeting the charge-transfer band by
using a Nd:YAG laser at 532 nm (Figure 21). Several peaks

Figure 19. UV/Vis spectra of the radical cation of viologen derivatives.
a) Compound 2 ; b) MV·OAc; c) MV·PF6.

Figure 20. ESR spectrum for compound 2 in acetonitrile at 205 K.
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appear in the spectral region corresponding to bipyridine vi-
brations, four of which broadly correspond to the radical
bands. A resonance Raman spectrum was also obtained for
the same complex by using the He–Ne laser at 633 nm
(Figure 21). The absorbance of the charge-transfer band is
essentially zero at this wavelength, whereas the absorbance
of the radical cation is relatively high. Correspondingly, four
prominent bands appear in the spectrum, which correspond
well to the radical cation. Therefore, depending on the
wavelength used, both the charge-transfer complex and the
radical cation or radical cation alone can be targeted.

Interestingly, compound 6 has identical resonance Raman
spectra for the charge-transfer complex and the radical
cation as compound 2. Given the symmetry differences in
the compounds, this suggests that the orbitals involved in
the radical cation electronic transition are localised almost
entirely on the bipyridine unit. The band at 950 cm�1 is pres-
ent in all spectra containing an acetate anion and is tenta-
tively assigned as an acetate vibration.

Conclusion

Four viologen-derived anion hosts have been synthesised
with either a ditopic, tetrapodal or a monotopic, tripodal
design. All of the compounds bind anions strongly in aceto-
nitrile, with a colourimetric response observed only upon
the addition of carboxylates. Carboxylates give rise to an ab-
sorbance band centred at 540 nm. This is assigned to a
charge-transfer interaction, an assignment supported by
DFT calculations. The band is redshifted significantly com-
pared with related systems in the literature[23] and is due to
the very low reduction potential of the viologen derivatives
synthesised in this work.

Cyclic voltammetric titrations have shown that there are
modest anodic shifts in the reduction potential, but signifi-

cant increases in the peak current. For compound 6, titra-
tions with chloride gave rise to an anodically shifted electro-
deposition peak. Titrations with acetate caused the loss of
the viologen redox wave, the cause of which is preliminarily
assigned to the high energy of the viologen LUMO as a
result of the charge-transfer interaction preventing the typi-
cal viologen reduction occurring.

Addition of carboxylates also gives rise to the radical cat-
ionic species of the viologen derivatives, particularly for
compounds 2 and 6. The radical cation was characterised by
UV/Vis, Raman and ESR spectroscopies.

By coupling tripodal anion binding groups to a viologen-
type reporter it is possible to develop and tune a colouri-
metric sensor for carboxylate anions. The anion response
can be modulated by the presence of other anion binding
groups that control access to the chromophore and, in the
case of 6 and malonate, these appear to depend on the
anion binding geometry.

Experimental Section

Instrumentation : All NMR spectroscopy was performed on a Varian
Mercury-400 (400 MHz for 1H), Varian Inova-500 machine (500 MHz for
1H, 126 Hz for 13C) or a Varian DD-700 (700 MHz for 1H, 176 MHz for
13C) spectrometer and were referenced to residual solvent. Electrospray
(ES) mass spectroscopy was recorded on a Thermo-Finnigan LTQ instru-
ment, whereas MALDI experiments were recorded on an ABI Voyager-
DC STR instrument. Elemental analysis was performed by using an
Exeter Analytical CE-400 Elemental Analyser. All Raman spectra were
obtained on a Horiba Jobin–Yvon LabRAM HR instrument equipped
with an Nd:YAG (532 nm), He–Ne (633 nm) laser. Spectra were acquired
by using a 600 g/mm diffraction grating and an Andor CCD detector.
Band positions were calibrated against silicon. The software used was
Labspec 5. FTIR were recorded with a Perkin–Elmer Spectrum 100 ATR
instrument (Perkin–Elmer, Norwalk, CT, USA). For each spectrum, 64
scans were conducted over a spectral range of 4000 to 600 cm�1 with a
resolution of 4 cm�1 (def=deformation). The analysis was carried out
with the Spectrum Express 1.01 software. ESR spectra were recorded on
a Bruker BioSpin EMX spectrometer at 205 K. All solid-state reactions
were carried out by using a Retsch MM200 ball mill with a 25 mL shaker
grinding jar.

General procedure for 1H NMR spectroscopy titrations : 1H NMR titra-
tion experiments were carried out at room temperature by using a Varian
Inova-500 (500 MHz for 1H) or a Varian Mercury-400 (400 MHz for 1H)
spectrometer (Durham University). All chemical shifts are reported in
ppm relative to residual solvent. A solution of the host species of known
concentration, typically 0.5–1.5 mm, was made up in an NMR tube in the
appropriate deuterated solvent (0.5 mL). Solutions of the anions, as TBA
salts (1 mL), were made ten times the concentration of the host solution.
The guest solution was typically added in aliquots (10 mL), representing
0.1 equiv of the guest with respect to the host. Larger aliquots were used
in some cases in which no inflection of the trace was evident. Spectra
were recorded after each addition and the trace was followed simultane-
ously. Results were analysed by using the curve-fitting program
HypNMR 2006.[28]

General procedure for UV/Vis spectroscopic titrations : UV/Vis titrations
were carried out by using an ATI-Unicam UV2 UV/Vis spectrometer. A
solution of host (1 � 10�4 mol dm�3) was made in a volumetric flask. A
3 mL sample of host solution (1 � 10�5 mol dm�3) was prepared by dilution
of the stock solution. Guest solutions were prepared such that 300 mL of
guest solution corresponded to 10 equivalents of host. Solutions were
prepared by using dry degassed acetonitrile as solvent. All samples were
prepared in a glove box and were sealed with Suba-Seals and Parafilm.

Figure 21. Resonance Raman spectra for viologen derivates: a) 2 with
acetate (532 nm), b) 2 with acetate (633 nm), c) chemically reduced 2 rad-
ical and d) MV·PF6 radical.
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A nitrogen balloon was used to maintain an inert atmosphere during re-
moval or addition of aliquots of solution.

General procedure for cyclic voltammetry experiments : Cyclic voltamme-
try was carried out on a Chi Instruments Model 420 Electrochemical An-
alyser by using two Pt wire counter electrodes and a 2 mm Pt working
electrode or a 3 mm glassy carbon working electrode. The ferrocene/fer-
rocenium redox couple was used as an internal reference. E1/2 values are
reported versus SCE (Fc=0.40 V with TBA-PF6 in MeCN[48]). A solution
of TBA-PF6 (0.1 mol dm�3) in dry MeCN was used as the electrolyte. Sol-
utions were degassed by bubbling through N2 and the cell was kept under
a positive pressure of N2 at all times.

General procedure for cyclic voltammetry titration experiments : A host
solution (1 � 10�4 mol dm�3) with TBA-PF6 in MeCN (0.1 mol dm�3) was
used. Guest solutions were prepared such that 300 mL of guest solution
corresponded to 10 equivalents of host and were degassed by bubbling
through N2. A scan rate of 200 mV s�1 was used for all scans.

Materials were obtained from standard commercial sources. 1,3,5-Tri(bro-
momethyl)-2,4,6-triethylbenzene was prepared as previously reported.[49]

Synthesis of 1: 1,3,5-Tri(bromomethyl)-2,4,6-triethylbenzene (6.00 g,
13.60 mmol) and 4,4’-bipyridine (0.21 g, 1.36 mmol) were dissolved in di-
chloromethane (150 mL) and stirred at reflux for 20 h. During this time,
a pale yellow precipitate of 1,1’-bis ACHTUNGTRENNUNG(3,5-bis(bromomethyl)-2,4,6-triethyl-
benzyl-4,4’-bipyridine-1,1’-diium bromide was formed. This was filtered
and washed with dichloromethane (3 � 50 mL). This yielded the bromide
salt as a pale yellow solid (1.32 g, 1.27 mmol, 93 %). M.p. 250 8C dec;
1H NMR ([D6]DMSO, 500 MHz): d=9.01 (d, J =7.0 Hz, 4 H; Hobipy),
8.71 (d, J= 7.0 Hz, 4H; Hmbipy), 6.05 (s, 4 H; -CH2-Py+), 4.78 (s, 8H;
-CH2Br), 2.96 (q, J =7.3 Hz, 4H; -CH2CH3), 2.76 (q, J=7.3 Hz, 8H;
-CH2CH3), 1.34 (t, J =7.3 Hz, 6 H; -CH2CH3), 1.07 ppm (t, J =7.3 Hz,
12H; -CH2CH3); 13C{1H} NMR ([D6]DMSO, 100 MHz): d=149.8, 147.6,
147.1, 145.3, 134.3, 127.8, 127.2, 58.3, 31.4, 23.6, 23.2, 16.0 ppm; IR ñ=

3120 (s, Ar C-H), 3044 (s, Ar C-H), 2967 (s, CH2/CH3), 2923 (s, CH2/
CH3), 2879 (s, CH3/CH2), 1636 (s, Ar C=C), 1560 (s, Ar C=C), 1501 (m,
Ar C=C), 1444 (s, CH2/CH3 def), 1381 (m, CH3 def), 699 (m, CBr), 587
(m, C-Br), 509 cm�1 (m, C-Br); MS (ES+): m/z (%): 878 [M�2Br]+ · (2 �
81Br +2� 79Br), 517 [M]2+ (1 � 81Br+5 � 79Br), 494, 439 [C20H25Br2N]+ (1 �
81Br +1� 79Br), 361 [C15H19Br2]

+ (2 � 81Br), 349, 305, 261 [M]4+ (6 � 81Br),
217, 179 [M�4Br]4+ (2 � 79Br); elemental analysis calcd (%) for
C40H50N2Br6: C 44.72, H 4.85, N 2.70: found: C 44.43, H 4.80, N 2.51.

Synthesis of 2 : Compound 1 (0.25 g, 0.24 mmol) and pyridine (2.85 g,
36 mmol) were dissolved in methanol (125 mL) and stirred at reflux for
6 h. The reaction mixture was then cooled and the solvent (105 mL) re-
moved under reduced pressure. Diethyl ether (30 mL) was added to the
solution and a yellow precipitate was observed. This was filtered and a
1H NMR spectrum was taken of the bromide salt. The resultant precipi-
tate was sticky and was not fully characterised. The solid was dissolved in
methanol (30 mL) with NH4PF6 (10 equiv, 0.39 g, 2.41 mmol) and stirred
at ambient temperature for 6 h. A very pale yellow precipitate of 1,1’-
bis(2,4,6-triethyl-3,5-bis(pyridinium-1-ylmethyl)benzyl)-4,4’-bipyridine-
1,1’-diium hexafluorophosphate was observed, which was recovered by
filtration and dried under ambient conditions. The solid was recrystallised
from acetonitrile and diethyl ether, producing a sticky, pale yellow solid.
This was filtered, redissolved in acetonitrile (10 mL) and then the solvent
was removed under reduced pressure to give a pale yellow solid powder
(0.23 g, 0.13 mmol, 55 %). M.p. 230 8C dec; 1H NMR ([D6]DMSO,
500 MHz) d =9.17 (d, J=6.7 Hz, 4H; Hobipy), 8.93 (d, J= 6.2, 8 H; PyH),
8.65 (m, 8 H; Hmbipy and PyH), 8.18 (t, J =7.1 Hz, 8 H; PyH), 6.14 (s,
4H; -CH2Py), 6.08 (s, 8H; -CH2Py), 2.69 (q, J =7.5 Hz, 12H; -CH2CH3),
0.82 ppm (m, 18 H; -CH2CH3); 13C{1H} NMR ([D6]DMSO, 100 MHz): d=

151.1, 151.0, 150.0, 146.9, 145.7, 144.7, 129.2, 129.0, 128.4, 127.6, 58.4,
58.1, 24.2, 15.5, 15.4 ppm; IR: ñ=3143 (m, Ar C-H), 3104 (m, Ar C-H),
2978 (m, CH2/CH3), 2940 (m, CH2/CH3), 1637 (s, Ar C=C), 1567 (s, Ar
C=C), 1503 (s, Ar C=C), 1485, 1448 (m, CH2/CH3 def), 1391 (m, CH3

def), 1219, 1149, 1043, 838, 558 cm�1; MS (ES+): m/z : 805
[C35H39N4P2F12]

+ , 728 [M�2 ACHTUNGTRENNUNG(PF6)]2+ , 519, 437 [M�6 ACHTUNGTRENNUNG(PF6)]·2+ , 437 [M�3-ACHTUNGTRENNUNG(PF6)]3+ , 330, 291 [M�4 ACHTUNGTRENNUNG(PF6)]4+ , 275, 259, 227, 212, 204 [M�5 ACHTUNGTRENNUNG(PF6)]5+ ;
elemental analysis calcd (%) for C60H70N6P6F36: C 41.30, H 4.04, N 4.82;

found: C 41.77, H 4.14, N 4.75. Crystallographic data for compound 2 has
been published previously.[25]

Synthesis of 3 : Compound 1 (0.75 g, 0.72 mmol) and 1-pyridin-3-yl-3-p-
tolylurea (1.31 g, 5.77 mmol) were dissolved in ethanol (340 mL) and
stirred at reflux for 44 h. During this time, a brown precipitate was
formed and stuck to the round-bottomed flask. The reaction mixture was
filtered to remove any of the brown solid. The solution was concentrated
by removing ethanol (290 mL) under reduced pressure. The observed
precipitate was filtered. The resultant precipitate was sticky and was not
fully characterised. The precipitate was dissolved in methanol (50 mL)
with NH4PF6 (10 equiv, 1.17 g, 7.22 mmol) and stirred at ambient temper-
ature for 6 h. A pale orange precipitate of 1,1’-bis(2,4,6-triethyl-3,5-
bis{[3-(3-p-tolylureido)pyridinium-1-yl]benzyl})-4,4’-bipyridine-1,1’-diium
hexafluorophosphate was observed, which was recovered by filtration
and dried under ambient conditions (0.44 g, 0.19 mmol, 31%). M.p. 206–
213 8C dec; 1H NMR (CD3CN, 400 MHz): d=8.97 (s, 4 H; PyH), 8.95
(br s, 4H; NH), 8.62 (d, J=6.6 Hz, 4H; Hobipy), 8.51 (d, J=6.8 Hz, 4H;
PyH), 8.26 (s, 4 H; NH), 7.97 (d, J =8.4 Hz, 4 H; PyH), 7.92 (dd, J =9.0,
5.9 Hz, 4 H; PyH), 7.65 (d, J= 6.6 Hz, 4H; Hmbipy), 7.04 (d, J =8.1 Hz,
8H; ArH), 6.79 (d, J =8.1 Hz, 8 H; ArH), 5.96 (s, 4H; -CH2-Py+), 5.92 (s,
8H; -CH2-Py+), 2.79 (q, J=7.4 Hz, 4 H; -CH2CH3), 2.53 (br s, 8H;
-CH2CH3), 2.08 (br s, 12H; -CH3), 1.29 (t, J =7.4 Hz, 6H; -CH2CH3),
1.22 ppm (t, J =7.5 Hz, 12H; -CH2CH3); 13C{1H} NMR (CD3CN,
100 MHz): d =206.5, 152.4, 152.0, 151.4, 149.6, 144.8. 141.4, 137.5, 135.6,
133.8, 133.4, 132.0, 129.6, 128.6, 128.4, 127.3, 120.0, 58.4, 58.1, 24.5, 24.3,
20.0, 15.1, 14.8 ppm; IR: ñ =3413 (s, N-H), 3120 (m, Ar C-H), 2983 (m,
CH2/CH3), 1714, 1636 (s, ArC=C), 1593 (s, urea C=O), 1551 (s, Ar C=C),
1503 (s, Ar C=C), 1460, 1443, 1408 (m, CH2/CH3 def), 1390 (w, CH3 def),
1315, 1295, 1243, 840 cm�1; MS (ES+): m/z : 1024 [M�2 ACHTUNGTRENNUNG(PF6)]2+ , 748, 732,
634 [M�3 ACHTUNGTRENNUNG(PF6)]3+ , 569, 478, 337, 227 [TUP]+ , 183 [C12H11N2]

+ , 174, 129
(TUP =3-p-tolylureidopyridinium); elemental analysis calcd (%) for
C92H102N14P6F36: C 47.27, H 4.40, N 8.39; found: C 47.36, H 4.56, N 8.23.

Synthesis of 4 : Compound 1 (0.50 g, 0.45 mmol) and N-[(naphthalene-1-
yl)methyl]pyridine-3-amine[27] (0.45 g, 1.93 mmol) were placed in a 25 mL
grinding jar with 5 drops of acetonitrile. The reactants were ground at
18 Hz for 60 min after which methanol was added and any unreacted
starting material was removed by filtration. Excess NH4PF6 (approxi-
mately 10 equiv) was added to the methanol solution and the product
precipitated as the PF6

� salt. The compound was recrystallised from ace-
tonitrile/diethyl ether (0.446 g, 0.19 mmol, 39 %). M.p. 250 8C dec;
1H NMR (CD3CN, 700 MHz): d=8.78 (s, 4H; ArH), 8.36 (d, J =7.0 Hz,
4H; ArH), 8.05 (d, J=8.1 Hz, 4 H; ArH), 7.97 (d, J= 7.6 Hz, 4 H; ArH),
7.87 (m, 8H; ArH), 7.60 (m, 10H; ArH), 7.45 (m, 8H; ArH), 6.40 (br s,
4H; NH), 5.87 (s, 4H; CH2), 5.62 (s, 8H; CH2-Py+), 4.88 (d, J =5.5 Hz,
8H; CH2CH3), 2.53 (q, J =7.6 Hz, 8H; CH2CH3), 2.48 (q, J =7.6 Hz,
12H; CH2CH3), 0.91 (br s, 12H; CH3), 0.85 ppm (br s, 24H; CH3);
13C{1H} NMR (CD3CN, 176 MHz): d =150.5, 148.2, 144.7, 133.9, 131.6,
131.1, 130.3, 128.8, 128.4, 128.1, 128.1, 127.5, 126.7, 126.5, 126.2, 125.5,
125.0, 123.2, 58.1, 57.5, 44.5, 23.8, 23.7, 14.3, 14.0 ppm; IR: ñ= 3431 (w,
N-H), 3070 (w, C-H), 2983 (w, CH2/CH3), 1636 (m, Ar C=C), 1504 (w, Ar
C=C), 1446 (m, Ar C=C), 1150, 1041, 823 cm�1; elemental analysis calcd
(%) for C104H106F36N10P6·8H2O: C 49.77, H 4.90, N 5.58; found: C 49.49,
H 4.36, N 5.55. Reliable mass spectrometry data could not be obtained
for this compound.

Synthesis of 5 : 1,3,5-Tri(bromomethyl)-2,4,6-triethylbenzene (0.50 g,
1.1 mmol) and 4,4’-bipyridine (1.77 g, 11.3 mmol) were dissolved in dry
dichloromethane (150 mL). The resulting solution was stirred at reflux
under N2 for 23 h. A pale yellow precipitate was produced and isolated
by filtration (0.97 g, 1.07 mmol, 95%). Characterisation data was consis-
tent with those published in the literature.[24]

Synthesis of 6 : 1,3,5-Tris(4-bipyridinium)-2,4,6-triethylbenzene tribromide
(0.38 g, 0.41 mmol) was dissolved in dry DMF (5 mL). Then benzyl bro-
mide (0.52 mL, 4.38 mmol) was added and the yellow mixture was al-
lowed to stir at 70 8C for 20 h under N2. During the reaction a yellow-
brownish precipitate occurred. After cooling, the mixture was poured
into diethyl ether and a yellow precipitate was observed and it was isolat-
ed by filtration. During drying the product became a sticky brown oil
and therefore was metathesised to the PF6 salt immediately by dissolving
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in methanol and addition of excess NH4PF6 (approximately 10 equiv,
1.5 g), without characterisation of the bromide salt to give a white
powder (0.53 g, 0.30 mmol, 71%). M.p. 250 8C dec; 1H NMR (CD3CN,
700 MHz): d=8.96 (d, J =7.0 Hz, 8H; bipy-H), 8.92 (d, J =6.9 Hz, 8 H;
bipy-H), 8.40 (d, J= 7.0 Hz, 8 H; bipy-H), 8.36 (d, J =6.9 Hz, 8H; bipy-
H), 7.51 (s, 15H; Ph), 6.00 (s, 6 H; CH2-Py+), 5.82 (s, 6H; CH2-Py+), 2.60
(q, J=7.3 Hz, 6H; CH2CH3), 1.09 ppm (t, J =7.3 Hz, 9 H; CH3) ;
13C{1H} NMR (CD3CN, 176 MHz,): d =152.5, 151.5, 151.4, 146.6, 145.8,
133.5, 131.1, 130.6, 130.3, 128.5, 65.8, 59.1, 25.0, 15.5 ppm; IR: ñ =3131
(w, C-H), 3069 (w, C-H), 1637 (m, Ar C=C), 1561 (w, Ar, C=C), 1499 (w,
Ar, C=C), 1447 (m, Ar, C=C), 1220, 1144, 1002, 823 cm�1; MS (MALDI+):
m/z : 563.2, 565.2, 647.5, 649.5, 663.5, 1667.3 [M�PF6]

+ ; elemental analy-
sis calcd (%) for C66H66F36N6P6.4H2O: C 42.05, H 3.96, N 4.46; found: C
41.98, H 3.62, N 4.55.
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