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A Strategy for Controlling the Central Torsion Angle in Biphenyl-Based
Molecular-Scale Bridges
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The synthesis of a series of crown ether ligands (C4-C6)
based upon the 2,2’-biphenyl unit is described. In the series,
the length of the polyether chain connecting the two oxygen
atoms increases progressively. These polyethers are moder-
ately fluorescent in acetonitrile solution, but this emission is
partially quenched upon the addition of various alkali metal
cations. Spectrofluorimetric titrations performed with MCl1O4
(M = Li*, Na*) or KPFg show that binding to crown ethers
C4-C6 involves the formation of a 1:1 cation/ligand complex.

The geometry of the resultant complex depends on the na-
ture of the bound cation and also on ionic strength. In par-
ticular, the photophysical properties of the polyether are sen-
sitive to the torsion angle around the central connector in the
biphenyl group. This approach, therefore, could be used to
systematically vary the dihedral angle for biphenyl-based
molecular-scale bridges.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2005)

Introduction

One of the more important unanswered questions in the
field of electron-transfer reactions concerns the effect of di-
hedral angle on the electronic coupling matrix element.!!]
Although theoretical studies have been aimed at this issue,!”
experimental studies have been hampered by the lack of
suitable model compounds. Attempts to vary the central
torsion angle in biphenyl bridges, for example, have relied
on the introduction of bulky groups at the ortho positions.©!
Whilst influencing the torsion angle, this approach also per-
turbs the electronic properties of the bridge. A possible al-
ternative is to build the biphenyl bridge into a macrocyclic
polyether of variable size.! Here, the torsion angle should
be determined by the length of the polyether strap, and fine-
tuning should be achieved by binding different cations in
the cavity defined by the polyether. It is well known that
cation binding has the effect of rigidifying the polyether,™
but it is less clear that the torsion angle will be affected. We
now examine if this is a viable strategy for the construction
of multicomponent photonic devices having biphenyl-based
bridges of precisely defined geometry.

Since the serendipitous discovery of crown ethers by Ped-
ersen® in the 1960s, their applications in the field of chem-
istry have been widespread. Typical examples of their use
include phase-transfer catalysts,/”! oxidant solubilizers,®!
membrane transport agents,”! sequestering reagents,!'% ra-
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dioactive metal binders!''! and chiral chromophoric recep-
tors,'?! to name but a few. Many of the benefits of crown
ethers can be traced to their ability to encapsulate metal
cations in their cyclic cavity, with a metal cation selectivity
that at a simplistic level depends on the best-fit cation ra-
dius/crown ring size scenario.['3 There is a wealth of crown
polycycles,!'¥ and numerous binding studies have been pre-
formed using NMR spectroscopy,'” potentiometric ti-
trations,l'® bi-layer extraction,[!”l redox response alter-
ations!'® and luminescence quenching.!”) In particular, the
simple polyethers C4-C6 have been described by
Bartsch,?Y Changrong,?!! Reinhoudt®®? and Bouzide,?* al-
though metal ion binding has been reported only by Yak-
shin et al.?* This latter report concentrated on the cation-
extraction properties of this class of polyether. It is noted
that the compounds are related to the series of more rigid
naphthalene-based crown compounds studied by Bhattach-
aryya.[>>] Here, we describe an in-depth investigation of the
cation binding properties of C4-C6 (Figure 1) by fluores-
cence quenching, coupled with a molecular modelling study
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Figure 1. Structural formulae of crown ether ligands used in this
study (left) and a representation of the 2,2’'-biphenoxyl-based
crown ether ligand C4 (right). Ligands are named according to the
number of oxygens contained in the crown ether strap.
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for 1:1 cation/crown complex formation. The mechanism
for fluorescence quenching by redox-inert cations is also
discussed in terms of a model whereby coordination per-
turbs the relative energies of the emitting singlet excited
states.

Results and Discussion

Synthesis

The synthetic procedure used to prepare C5-C6 involved
a slight adaptation of methods reported earlier;[**23 THF
was used as the solvent, and NaH was used as the base for
the deprotonation of 2,2’'-biphenol. Yields of the ligands
were not optimised but even so were comparable with val-
ues reported previously. Because highly purified samples are
needed for fluorescence spectroscopy, the polyethers were
subjected to extensive column chromatography and subse-
quent multiple recrystallisations. Purity, and the authentic-
ity of the crown ethers, was assessed using a range of ana-
lytical techniques. It was determined by GC-MS that dur-
ing preparation of C4 with THF as solvent and NaH as
base, the dimerised (2+2) product was produced as a con-
taminant. This material was difficult to remove from the
target crown ether. Repeated chromatographic separations
failed to completely resolve the two products. The desired
ligand C4 was eventually obtained by carrying out the
cyclisation reaction in DMF and using K,COj as the base.
Under these conditions, the amount of dimerised side-pro-
duct was significantly reduced and easily separated from
the target ligand. No attempt was made to rationalise the
markedly different levels of reactivity found under the two
sets of conditions. It is possible that the smaller Na* ion
functions as a better template for (2+2) adduct formation,
but this possibility was not pursued.

Photophysical Studies

Absorption and fluorescence spectra were recorded for
C4-C6 in N,-purged acetonitrile at room temperature. In
keeping with related 2,2'-biphenyl derivatives,?% all three
crown ethers exhibit a relatively intense but featureless ab-
sorption band centred at 280 nm. There is no obvious de-
pendence of the absorption band maximum on the length
of the polyether strap, but the spectral profile is consistent
with a non-planar ground state. The measured absorption
coefficient of 6000 M '«cm™' at 280 nm indicates that this
band is due to the 'A—'L, transition, with the less intense
TA—!L, transition being obscured. This general behaviour
is consistent with observations made earlier by Yakshin and
co-workers.[>4

Relatively intense fluorescence is apparent in fluid solu-
tion and is centred around 340 nm (Figure 2); the spectral
profile and peak position are insensitive to changes in exci-
tation wavelength. The excitation spectrum matches closely
with the absorption profile for each polyether while the
fluorescence and absorption bands show reasonable mirror
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symmetry. The Stokes shifts (SS = 6215 cm™!) measured for
C4-C6 are surprisingly large and indicate that the initial
Franck—Condon state rapidly relaxes to a more favourable
geometry.?”] Fluorescence quantum yields (@) are about
0.10 and only slightly dependent on the length of the poly-
ether strap (Table 1). Fluorescence decay profiles were
strictly monoexponential regardless of monitoring wave-
length and unaffected by the presence of dissolved molecu-
lar oxygen. The derived fluorescence lifetimes (z,) are
around 1.0 ns (Table 1). In general, the fluorescence yield
and lifetime tend to increase with increasing strap length
although the effect is modest.
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Figure 2. Absorption and emission profiles of C5 measured in ace-
tonitrile solution at room temperature.

Table 1. Binding constants and photophysical parameters®! for
crown ethers C4-C6 measured in acetonitrile solution at room tem-
perature.

Crown C4 C5 Co6
BLi* ] 3 85 68

B Na* ] <1 465 2070
B M1 <1 55 7370
D [nm] 280 280 280
Emax [mol-dm3cm] 6400 6000 6000
Stokes shift [cm '] 6215 6215 6215
Jq [nm] 340 340 340
7, [ns] 1.0 1.1 12
o5 0.083 0.089 0.093
ke [s7] 8.3x107 8.1x107 7.8%x107
ke [s71] 9.2x108 9.0x108 7.6x108
7, [1s] 16.0 16.5 18.0

[a] Parameters described in text.

For compounds C4-C6, the radiative rate constants, k,
were calculated to be within the range 8.0+0.4x107 s7!,
thereby indicating that emission is due to the 'A<'L, tran-
sition. This is in contrast to biphenyl where k. = 9x10°s7!,
and the emission is assigned a 'A<'L, transition. It is
thought that this difference in the emitting state is due to a
number of factors including the alkoxy groups in C4-C6
increasing the electron density on the biphenyl chromo-
phore and a difference in the excited state conformations of
the two systems. It is well known that the two lowest-lying
singlet states in biphenyl are very close in energy,?® so it is
feasible that a change in geometry can affect the equilib-
rium between these states. For each polyether, decay of the
singlet excited state is dominated by nonradiative processes.
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The rate constant for nonradiative decay (k,,) shows a small
dependence on strap length (Table 1) and decreases as the
strap becomes longer. Since the electronic factors remain
fixed, this effect can be attributed to slight changes in the
molecular conformation.

Laser flash photolysis studies performed with the fourth
harmonic of a Nd:YAG laser (266 nm excitation) gave ac-
cess to the corresponding triplet excited states of C4-C6
(Supporting Information). The transient differential ab-
sorption spectra exhibit peaks at 370 nm and 410 nm, the
latter being somewhat more intense. There is little variation
among the compounds. Decay of the transient signal is
first-order at low laser intensity but becomes biphasic at
high intensities. The derived triplet lifetimes (z,) are around
15 ps in each case (Table 1). The shorter-lived component
seen at high laser power, which is always a minor contrib-
utor and has a lifetime of ca. 2 s, is attributed to the bi-
phenyl m-radical cation formed by two-photon ionization.
Phosphorescence can be observed in a butyronitrile matrix
at 77 K, with a maximum around 450 nm and lifetimes in
excess of 1 ms (Supporting Information).

Binding Studies

It has been well established that NMR is a powerful tool
with which to study complexation of alkali cations with
crown ethers.['3] Alterations in vicinal H,H coupling con-
stants can be used to estimate the dihedral angle within
O(CH,),0O fragments, whereas '3C chemical shifts give an
insight into the degree of in-plane interactions. Initial
attempts to confirm cation binding to C4-C6 using 'H- and
13C NMR spectroscopic measurements suffered from severe
problems. In the '"H NMR case, shifts and coupling con-
stant changes of the aromatic and alkoxy proton signals
were too small to be measured reliably, while shifts of 3C
aromatic resonances were difficult to fit to a simple binding
model. Electrospray mass spectrometry studies following
addition of Li*, Na* and K* cations to each of the poly-
ethers in acetonitrile confirmed the formation of a 1:1 cat-
ion/ligand adduct. The mass spectrometry records showed
no discernible peaks (>1%) attributable to stoichiometries
other than 1:1. Moreover, competitive binding experiments
performed for each ligand showed that the cation binding
preferences were Li* (C4), Na* (C5) and K* (C6). This
finding is consistent with expectations based on size.

Fluorescence spectroscopy is a useful tool for monitoring
interactions between host and guest species in solution.!""]
The modest fluorescence seen for compounds C4-C6 led us
to believe that structural modifications accompanying cat-
ion binding might be reflected in changes in yield of the
spectral profile. As a generic example, Figure 3 shows an
overlay of fluorescence spectra recorded during titration of
C5 with NaClO, in acetonitrile solution. Low concentra-
tions of cation cause a marked decrease in fluorescence in-
tensity that tends towards a plateau corresponding to about
55% quenching. Although the general shape of the fluores-
cence spectrum is preserved during the titration, the emis-
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sion maximum shifts slightly (ca. 5 nm) towards higher en-
ergy. After the initial quenching event, further addition of
salt caused a progressive decrease in fluorescence intensity
without changing the spectral profile. This secondary
quenching was traced to a general salt effect, since it was
common to all electrolytes including large bulky ammo-
nium cations that cannot bind to the polyether. Over this
part of the titration, the fluorescence intensity decreased
linearly with molar concentration of salt.
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Figure 3. Fluorescence spectral changes observed for C5 in acetoni-
trile upon addition of aliquots of NaClO,. The inset shows the
least-squares fit to the data points using a 1:1 cation-to-ligand
binding model.

The initial portion of the fluorescence titration could be
fitted satisfactorily to a 1:1 cation/ligand binding model.
This requires only two fluorescing species; namely, the free
polyether and the resultant cation complex. The binding
constant f§ for the process (Scheme 1) was calculated from
a minimum of 20 cation concentrations and was averaged
over several independent runs. For the specific case of Na*
binding to C5, the derived overall stability constant § has a
value of 465130 M !. Additional thermodynamic parame-
ters associated with cation binding were obtained by meas-
uring f§ over the temperature range 278 K to 333 K. From
the resultant linear van’t Hoff plot (Supporting Infor-
mation), the enthalpy contribution (AH®) was found to be
+7.05 kJ'mol™" and the entropy factor (AS°) was +74.8
J-K-! mol!. The large entropic contribution is attributed
to desolvation of the cation and ligand, despite the obvious
reduction in the degrees of freedom of the crown polycycle
upon complexation. Similar experiments were used to de-
termine S for the other cations and/or polyethers (Table 1).
For binding experiments involving K* the hexafluorophos-
phate salt was used because of solubility problems with the
perchlorate salt. It is assumed that no strong ion-pairing
takes place, which could influence the outcome of the
thermodynamic binding data.*®! In all cases, binding could
be explained in terms of a 1:1 complex. On inspection of
these f values it is clear that C5 has a greater specificity for
Na* ions, whereas K* prefers to bind to the larger C6 li-
gand. The cation Li* binds very weakly to C4 but not to
the larger polyethers. The observed selectivity is fully con-
sistent with the electrospray mass spectrometry results.
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Scheme 1.

Quenching Mechanisms

We can now address the mechanism by which the cation
quenches fluorescence from the polyether. First, it is impor-
tant to note that the nature of the anion has no effect on
the fluorescence yield, whilst the quenching profile at low
cation concentrations is highly characteristic of static
quenching but is inconsistent with diffusional fluorescence
quenching. These findings indicate that complexation is a
necessary requirement for fluorescence quenching. None of
the cations studied here are redox active and they are with-
out low-lying electronic energy levels. As such, quenching
is not due to the onset of either electron- or energy-transfer
processes. Likewise, there is no correlation between the
quenching efficiency and the spin-orbit coupling constants
(¢ =0.23, 11.5 and 38 cm™ for Li*, Na* and K* respec-
tively) of the cation. Complexation is not accompanied
by excimer or exciplex emission, but there is a slight fluores-
cence spectral shift towards higher energies. This latter ef-
fect is most likely caused by the bound cation preventing
the biphenyl unit from adopting the preferred excited state
geometry. More specifically, the cation is expected to rigid-
ify the polyether and thereby prevent the biphenyl chromo-
phore from approaching a planar structure. In order to in-
vestigate this effect, we have conducted a series of molecular
modelling studies.

Molecular Modelling

It is known that ground-state biphenyl in fluid solution
is in dynamic motion with a torsion angle of 38° in acetoni-
trile.3!1 Upon excitation into the lowest-energy singlet ex-
cited state the molecule becomes planar, despite the obvious
steric repulsion. In compounds C4-C6 the average ground-
state dihedral angle in the biphenyl unit is calculated to be
130°, but molecular dynamics simulation (MDS) studies
show that this angle can reach extreme values ranging from
70° to 160°. This change in geometry from the parent com-
pound is easily rationalised in terms of the alkoxy substitu-
ents that add to the overall repulsive forces. As might be
expected, the MDS studies show the polyether chain to be
dynamic but expanded [Figure 4(a)]. The likelihood is that
these polyethers are unable to attain a planar structure in
the excited singlet state, although the observed Stokes shifts
indicate substantial geometric change following excitation.
The inability to become planar explains the observation
that the fluorescence quantum yields and lifetimes are less
than those found for biphenyl under the same conditions.
The internal flexibility apparent from the MDS studies
tends to obscure differences between the various polyethers,
however, such that their photophysical properties remain
quite comparable. That is to say, the excited singlet state

Eur. J. Org. Chem. 2005, 4680-4686 www.eurjoc.org

will attempt to minimise the torsion angle and, since this
motion will be fast, the photophysical properties are proba-
bly set by the ability to reach the minimum torsion angle.

(a)

Figure 4. Molecular model of C5 showing the expanded polyether
strap (a) and the resultant structure upon cation binding to three
of the five possible oxygen atoms (b).

The MDS studies indicate that the cation binds to the
polyether so as to give a variety of similar structures that
differ only slightly in energy. Indeed, for each reactant pair,
a family of stable structures can be observed. Taking C5 as
a typical case, we find that at any given moment the cation
binds to the three oxygen atoms. The preference lies with
oxygen atoms in the polyether chain, but the phenoxyl oxy-
gen atoms are also used in binding the cation [Figure 4(b)].
Coordination of a cation at the polyether void causes se-
veral notable effects; the structure becomes less dynamic,
the central torsion angle changes and the range of access-
ible angles becomes dampened. Overall there is a rigidifica-
tion of the structure. However, the structure is still dynamic,
and the torsion angle fluctuates about a mean value (Fig-
ure 5). The effect of Li* and Na*, in particular, is quite
noticeable, and the average angle changes from 130° (50°)
for the parent to 55° for Li* and 65° for Na*. There is also
a considerable alteration in the torsion angle range when
we move from C5 (70-165°) to Li* (23-99°) and Na™* (30—
105°). The larger K* ion does not fit well inside the cavity,
and there is more variation in the average torsion angle, the
mean value being around 91°. A similar trend is seen for
C6, where the mean angle changes from 120° for the parent
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Figure 5. Histograms showing the variation in the dihedral angle
upon cation binding.
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to 65° and 70° for the corresponding Na* and K* com-
plexes, respectively.

Overall, it appears that the fluorescence quantum yields
and lifetimes for these polyethers are dependent on the tor-
sion angle around the biphenyl group. Planar geometries
favour higher yields and longer lifetimes. This effect might
be due to different levels of mixing between the 'L, and the
'L, states or to changes in the degree of electron delocalis-
ation. Whatever the exact reason for the effect, it provides
a simple means by which to monitor the torsion angle in
solution.

The titration data show that the fluorescence quantum
yield continues to decrease with increasing salt concentra-
tion after complexation is complete. Under such conditions,
the change in fluorescence correlates with the ionic
strength. This effect can be explained in terms of osmotic
pressure where the solute molecule exerts pressure on the
polyether chain. Increasing the solute concentration causes
the polyether to shrink and to become more rigid. This has
the effect of restricting the range of available torsion angles.
If we accept that the photophysical properties are set by
the minimum torsion angle, additional salt will lower the
fluorescence yield. Consistent with this hypothesis is the re-
alisation that, whereas the primary quenching event is
highly sensitive to the type of cation, secondary quenching
is independent of the nature of the salt.

Conclusions

We have synthesised a series of crown ether ligands based
upon the 2,2’-biphenyl unit. In the series, the length of the
polyether chain increases progressively. Binding of a single
cation at the cavity defined by the crown is apparent by
both mass spectrometry and fluorescence spectroscopy. The
binding constants calculated from the fluorescence spectral
titrations are modest, presumably because the linear bi-
phenyl unit restricts the ability of the polyether to wrap
around the cation. Complexation affects the fluorescence
properties by controlling the average conformation around
the emitting biphenyl group. The optimum conformation
for the excited singlet state has the two phenylene rings held
in a coplanar arrangement, but this geometry is inaccessible
for the polyethers. The bound cation imposes additional re-
strictions on the geometry and forces the rings further from
planarity. According to the molecular mechanics computa-
tions, this variation in angle can be quite significant (Fig-
ure 5). Thus, despite the restricted binding constants, the
choice of cation allows predetermined selection of the
average torsion angle. Values range from 55° to 75° and are
markedly different from the corresponding torsion angles
determined for the parent polyether.

The problem now is to devise a satisfactory means for
exploiting this effect. On the basis of earlier work! relating
to hole transfer across biphenyl spacers, we might anticipate
something like an 80-fold variation in rate constant when
the torsion angle changes from 0° to 90°. This is a suffic-
iently large disparity to provide for selectivity in the direc-
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tion of electron transfer in the event of a system being
equipped with a dual pathway where individual routes dif-
fer in terms of torsion angle. Switching the conformation
by rapid injection of a cation would, in the most extreme
case, give an angle change of ca. 60°. There is a modest
degree of specificity for particular cations that could be
used to fine-tune the system. Thus, these materials hold
promise for use as bridges in molecular photonic devices
aimed at directing charge along one of several pathways.
An obvious limitation is the slow switching times since
these are based on physical injection and removal of cation.

A second interesting feature of these systems relates to
the observation that the molecular conformation can be
perturbed by osmotic pressure. Here, the nature of the sol-
ute is unimportant, but the pressure exerted on the poly-
ether translates to a variation in the central biphenyl torsion
angle. This is a linear effect whereby contraction of the
polyether increases progressively with increasing solute con-
centration. As such, the effect could be exploited to develop
artificial muscles that operate without the need for electrical
stimulation. Building the biphenyl bridge into a liquid crys-
tal might provide a means for systematic variation of bire-
fringence by careful variation of pressure. Such studies are
on-going in our laboratory.

Experimental Section

All raw materials were purchased from commercial sources and
used as received. Solvents were dried by standard literature meth-
0ds3?2 before being distilled and stored under nitrogen over 4 A
molecular sieves. 'H and '3C NMR spectra were recorded with a
JEOL Lambda 500 MHz or Bruker AVANCE 300 MHz spectrom-
eters. Routine mass spectra and elemental analyses were obtained
using in-house facilities.

General Procedure for the Synthesis of C5 and C6: A solution of
2,2'-biphenol (1 equiv.), sodium hydride (2equiv.) and THF
(20 mL) was stirred for 2 h at 40°C. Using a syringe pump, a solu-
tion of tetra-(penta-)ethylene glycol ditosylate (1 equiv.) in THF
(50 mL) was added over the course of 13 h. After addition, the
reaction mixture was refluxed for 16 h. The solvent was removed
under reduced pressure and the white residue dissolved with a mix-
ture of DCM/water. The separated organic layer was washed with
NaOH (aq) until neutral and then with H,O. The organic layers
were combined, dried with magnesium sulfate, and the solvents
were evaporated. The resultant yellow oil was purified by flash col-
umn chromatography on silica gel and elution with ethyl acetate/
petroleum ether (2:1). The residue remaining after removal of the
appropriate fractions was washed with methanol and dried to yield
the desired product.

C5: 2,2'-Biphenol (1.49 g, 7.98 mmol), tetracthylene glycol ditosyl-
ate (3.5 g, 7.98 mmol), sodium hydride (60 %, mineral oil), (0.64 g,
15.9 mmol). Product afforded as white crystals, yield (300 mg,
0.87 mmol, 12%), m.p. 90-92°C. '"H NMR (300 MHz. CDCls): 6
=7.23 (m, 2 H, ArH), 7.15 (dd, 2 H, J = 7.4 Hz, 1.8 Hz, ArH),
6.95 (m, 4 H, ArH), 4.20 (m, 2 H, CH,), 3.95 (m, 2 H, CH,), 4.65
(m, 12 H, CH,) ppm. 3C NMR (300 MHz. CDCl;): § = 156.93
(ArC-0), 131.68 (ArC), 129.0 (ArC-ArC), 128.85 (ArC), 120.85
(ArC), 112.37 (ArC), 71.48 (CH,), 71.37 (CH,), 70.08 (CH,), 68.21
(CH,) ppm. MS (EI): m/z = 344.1617 (M* requires 344.1624).
CyoH405 (344.4): caled. C 69.75, H 7.02; found C 69.67, H 7.11.
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C6: 2,2'-Biphenol (0.88 g, 4.76 mmol), pentaethylene glycol ditosyl-
ate (2.6 g, 4.76 mmol), sodium hydride (60 %, mineral oil), (0.38 g,
9.51 mmol). Product afforded as white crystals, yield (330 mg,
0.85 mmol, 20%), m.p. 44-46°C. '"H NMR (300 MHz. CDCl,): §
=7.22(m,2 H, ArH), 7.15(dd, 2 H, J = 7.4 Hz, 1.7 Hz, ArH),6.90
(m, 4 H, ArH), 4.02 (m, 4 H, CH.), 3.55 (m, 16 H, CH,) ppm. 13C
NMR (300 MHz. CDCly): ¢ = 15691 (ArC-0), 131.66 (ArC),
129.07 (ArC-ArC), 128.83 (ArC), 120.97 (ArC), 112.65 (ArC),
71.26 (CH,), 71.13 (CH,), 70.10 (CH,), 68.43 (CH,) ppm. MS (EI):
mlz = 388.1901 (M* requires 388.1886). C,,H»30¢ (388.5): caled. C
68.02, H 7.27; found C 67.85, H 7.34.

Procedure for the Synthesis of C4: 2,2'-Biphenol (0.5¢g,
2.685 mmol) and potassium carbonate (1 g, 7.2 mmol) was sus-
pended in dry DMF (100 mL) and heated at 85°C for 1.5 h. Trie-
thylene glycol ditosylate (1.58 g, 3.22 mmol) dissolved in DMF
(20 mL) was added over the course of 14 h using a syringe pump.
After addition, the mixture was left to reflux overnight. The solvent
was removed under reduced pressure and the yellow residue ex-
tracted into chloroform, which was washed with water until neu-
tral. The organic fractions were dried with magnesium sulfate, and
the solvents were evaporated. The product was purified by flash
column chromatography on silica gel, eluting first with ethyl ace-
tate/petroleum ether (1:1) and then with ethyl acetate/petroleum
ether (4:1). The oil obtained after removal of the appropriate frac-
tions was washed with methanol and dried to give the desired pro-
duct as a white powder. Yield (280 mg, 0.93 mmol, 37%), m.p. 102—
104°C. '"H NMR (300 MHz. CDCls): § = 7.22 (m, 2 H, ArH), 7.10
(dd, 2 H, J = 7.4 Hz, 1.8 Hz, ArH), 6.87 (m, 4 H, ArH), 4.20 (m,
2 H, CH,), 3.87 (m, 2 H, CH,), 3.71 (m, 4 H, CH,), 3.51 (m, 4
H, CH,) ppm. *C NMR (500 MHz. CDCls): § = 156.43 (ArC-
0), 131.26 (ArC), 128.74 (ArC-ArC), 128.36 (ArC), 120.16 (ArC),
111.16 (ArC), 70.41 (CH,), 69.83 (CH,), 67.11 (CH,) ppm. MS
(EI): m/z = 300.1368 (M™ requires 300.1362). C;sH,,04 (300.4):
caled. C 71.98, H 6.71; found C 71.48, H 6.69.

Photophysical Measurements: Absorption spectra were recorded
with a Hitachi U3310 spectrophotometer while corrected lumines-
cence spectra were recorded with a Hitachi F4500 spectrophotome-
ter. All luminescence measurements were made using optically di-
lute solutions and were corrected for spectral imperfections of the
instrument by reference to a standard lamp. Emission quantum
yields were measured relative to biphenyl (p; = 0.18).?81 Fluores-
cence lifetimes were measured with a Spex Fluorolog tau-3 spectro-
photometer. Laser flash photolysis studies were carried out with
an Applied Photophysics LKS60 spectrometer. Excitation was pro-
vided with a frequency-quadrupled, Q-switched Nd:YAG laser
(266 nm, FWHM = 4 ns). Transient differential absorption spectra
were recorded point-by-point, while decay kinetics were measured
at various detection wavelengths and signal averaged. Solutions
were thoroughly purged with N, before each experiment.

General Experimental Procedure for Fluorescence Titrations: Spec-
trophotometric titrations were performed by adding small aliquots
of a standard solution of MClO4 (M = Li*, Na*) and KPF (0.1 m)
(this salt was used because of solubility problems with the perchlo-
rate salt) in acetonitrile to a dilute solution of C4-C6 (1% 1075 m)
in spectroscopic-grade acetonitrile. Analysis of the fluorescence
spectral titration data was made as follows: Firstly, a complete
spectral analysis was made using SPECFIT with the known spectra
for the free ligand and for the 1:1 complex. This analysis allowed
determination of the relative fluorescence yields for the free ligand
and the 1:1 complex. The analysis indicated that only two fluoresc-
ing species were involved. Secondly, a quantitative analysis was
made by fitting the fluorescence intensity at a single wavelength,
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measured at different cation concentrations, to a set of model equa-
tions. Stability constants were derived by fitting experimental data
collected at 10 different wavelengths and for at least 20 different
cation concentrations. The results from three separate titrations
were averaged to give the quoted binding constant. All data were
corrected for minor dilution effects.

Molecular Modelling: Computational studies were performed with
several different packages. Minimum energy conformations were
obtained using the Gaussian03 and Insight II programs. Several
geometry optimisations were performed, starting from different ini-
tial geometries, using the semi-empirical PM3 method and the HF
method with a 6-311G basis set. All calculations were run in vacuo
and in the absence of the counterions. Good agreement was found
between the various methods used. For calculations performed
with Insight II, potentials were assigned using a modified ESFF
force-field and geometry optimisations were performed using the
Newton method. Convergence was achieved when a gradient of
0.00001 was reached. Minimised structures were used as a starting
point for the molecular dynamics simulations (MDS). These MDS
studies were set up in two stages with 10 ps of equilibration time
and 20 ps of run time, the temperature being set at 2955 K. A
comprehensive set of data was saved every 10 fs of simulation.

Supporting Information (see footnote on the first page of this arti-
cle) contains the van’t Hoff plot, the triplet-triplet absorption and
phosphorescence spectra of C4 and histograms showing the varia-
tion in the dihedral angle upon cation binding to C6.
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