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Introduction

The class of compounds based on N,N’-dialkyl-4,4’-bipyridi-
nium cations, known commonly as the “viologens”, have fig-
ured prominently in the chemical sciences for many de-
cades.[1] Developed originally as herbicides,[2] viologen salts
have been used extensively as electron relays in artificial
photosynthetic systems[3] and as redox mediators in catalytic
cycles.[4] More recently, viologen derivatives have played a
key role in the development of molecular-scale devices,[5]

often being incorporated into rotaxanes,[6] catenanes,[7] and
cyclophanes.[8] A characteristic feature of all viologens is
their facile one- and two-electron reduction, with the mono-
cation being a highly colored and stable free radical.[9] The

corresponding reduction potentials are relatively insensitive
to the nature of the alkyl substituent but these are modulat-
ed markedly by substitution into the bipyridinium ring.[10] It
is known that for the N,N’-dimethyl-4,4’-bipyridinium dicat-
ion (methyl viologen, MV2+) the dihedral angle at the con-
necting C�C bond is around 458 for the ground state, but
this decreases to almost 08 upon one-electron reduction.[11]

This planar geometry facilitates delocalization of the spin
density across the molecule and is a critical feature of the
redox chemistry of this family of compounds.

We now describe a small series of methyl viologen deriva-
tives in which the central dihedral angle is constrained, at
least in the ground state. This is accomplished by attaching a
short tethering strap across the 3,3’-positions, with the
length of the strap controlling the torsion angle between the
connected N-methylpyridinium rings. It is shown that the
redox and spectroscopic properties depend markedly on the
length of the tether. These findings can be compared with
the known “diquat” series of electron mediators in which
the reduction potential is determined by the length of the
dialkylating chain.[12] Our interest in such molecules stems
from a general need to better understand the angular de-
pendence for electronic coupling in donor–acceptor
dyads.[13] In some respects, the viologen monocation can be
considered as a simple analogue of organic mixed-valence
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systems,[14] albeit with a closely coupled electronic system. It
was shown recently[15] that hole transfer in mixed-valence,
binuclear RuIII/II poly ACHTUNGTRENNUNG(pyridine) complexes was optimal
when the dihedral angle of the bridging biphenyl unit
approached 08. These constrained viologen derivatives offer
the possibility to examine how the electronic properties
depend on geometry in a complementary manner. A further
point for consideration relates to the possibility of modulat-
ing the reduction potential of a relatively simple compound
by rapid switching of the conformation. Such materials
would have important applications in molecular-scale opto-
ACHTUNGTRENNUNGelectronic devices.

Results and Discussion

Synthesis : Prior to our preliminary communication[16] report-
ing two constrained viologen derivatives, very few 3,3’-func-
tionalized derivatives had been described in the literature.
Rebek et al.[22] prepared 4,4’-binicotinic acid from 3-picoline
by way of reductive coupling and oxidation, and used this
approach to produce the corresponding cyclic anhydride.
Sleegers and Dehmlow[23] prepared 3,3’-dimethoxy-4,4’-bi-
pyridine by self-coupling of 3-methoxypyridine. This latter
compound was used subsequently to synthesize the hydroxy
analogue by demethylation under quite harsh conditions.
We found an alternative strategy by which to prepare 4,4’-
bipyridinyl-3,3’-diol by Suzuki coupling of two pyridine de-
rivatives (Scheme 1). The idea was to link the two oxygen
atoms of 4,4’-bipyridinyl-3,3’-diol via a suitable tether. Also
shown in Scheme 1 is the attempted alternative method of

carrying out an intramolecular coupling reaction which re-
quires fewer synthetic steps.

The preparation of the viologen precursors 1a–1e is as
follows: starting from pyridin-3-ol, the known starting mate-
rials 2, 3, and 4 were prepared. Lithiation at the 4-position
of 2 and reaction with B ACHTUNGTRENNUNG(OiPr)3, followed by hydrolysis,
gave 5 in 65% yield. It should be noted that reaction of 3
with 5 using standard Suzuki coupling conditions and work
up afforded the monoprotected derivative 6 rather than the
expected diprotected product. The basic workup conditions
selectively remove only one of the carbamoyl protecting
groups. This fortuitous result bodes well for selective func-
tionalization of 6 with other groups. The final carbamoyl
group was readily removed from 6 by using NaOH to afford
7 in a yield of 75%. Tethering reactions of 7 were per-
formed by deprotonation of the hydroxy groups, followed
by slow addition of either diiodomethane or ditosyloxyal-
kane/ether derivatives. The isolated yields of 1a–1e were
modest (9%-33%). Simple methylation of 1a–1e with iodo-
methane followed by anion exchange with PF6

� and recrys-
tallization afforded the desired viologen analogues C1–C5
as crystalline solids. Single-crystal structures were deter-
mined for derivatives C1–C5 and confirm the structural as-
signments. There is only one example in the CSD of a struc-
ture with the methyl viologen unit with a connection of
more than one atom between the 3,3’-positions for which
geometrical results are available. This has a large and com-
plex connector including a barium ion sandwiched by two
crown ethers, and its torsion angle is 61.38, which is the
same as found for C4.[24]

As an alternative strategy, we were interested to see if in-
tramolecular Ullmann cou-
pling[25] could also be used to
create strapped derivatives. The
linking of 4-iodopyridin-3-ol 4
with bis(tolyl-4-sulfonyloxy)-
propane afforded 8 in 60%
yield. Intramolecular coupling
of 8 using activated copper in
DMF at 150 8C proceeded
smoothly, as evidenced by con-
sumption of the starting materi-
al. However, isolation of pure
1c, even by careful chromatog-
raphy, was not possible, since it
was always contaminated with
the mono-iodo byproduct that
arose from partial reduction of
8. Thus, intramolecular cycliza-
tion does not look a feasible
route by which to generate
strapped 4,4’-bipyridine deriva-
tives.

Static structures for the ground-
state molecules : Molecular
modeling studies[26] indicateScheme 1. Synthetic methods suitable for preparing the constrained methyl viologen derivatives.
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that the isolated MV2+ dication is twisted, with a central di-
hedral angle (f) of 448. By comparison, crystal structures of
MV2+X2 (in which X=Br� or Cl�) disclose the dication to
be almost planar,[27] with no close intermolecular contacts
within the unit cell. However, intermolecular interactions
exist between the counterions and the N atoms due to elec-
trostatic attractive forces. Ground-state molecular structures
of C1–C5 obtained by X-ray crystallographic analysis reveal
a gradual alteration in the dihedral angle between the two
pyridinium rings (Figure 1). Although these angles are influ-

enced by the competing forces of crystal packing, repulsive
intramolecular H–H interactions, and the drive towards pla-
narity in order to increase p overlap,[28] the isomorphous
nature of C2, C3, and C4 means that they have essentially
the same (or very similar) packing forces. Consequently, the
trends exposed by such crystallographic data ought to follow
through to the solution phase, although the actual details
are likely to change. The main X-ray data are summarized
in Table S1 given in the Supporting Information and, in ad-
dition to the central dihedral angles, include the H···H’ dis-
tances obtained after adjusting the C�H bond lengths to the
expected value of 1.08 N. The O···O distances are also pro-
vided. The molecular structure of C1 clearly shows the mol-
ecule to be almost planar, with a measured dihedral angle
(f) of 12.28. On moving from C2 through C4 the dihedral
angle increases from 54.38 to 55.88 to 61.38, respectively
(Table S1). In the most flexible system (C5) the dihedral
angle is reduced to 57.78, which is probably because of addi-
tional crystal packing effects involving the polyether strap.

Molecular modeling studies were made in an effort to
identify the lowest energy conformations of the isolated
molecules. Several such investigations[26] have been carried
out previously for the parent viologen, by using a variety of
computational methods and conditions, with the general
conclusion that the central dihedral angle is between 40 and
508. Our calculations, made at the B3LYP level[29] for MV2+

in a reservoir of acetonitrile molecules, indicate a dihedral
angle of 438, in agreement with most of the previous compu-
tations. The same calculations made for the sterically re-
stricted viologens concluded that f depends on the length of
the constraining tether, but that this angle differs from that
derived by X-ray crystallography (Table 1), especially for

C1. Even so, the trend in f values remains in good agree-
ment with the results derived from the X-ray studies. In par-
ticular, the computed f values show a large increase on
going from C1 to C2 and only slight variations upon further
extension of the strap length. The crown ether strap, which
is considerably longer than the hydrocarbon-based tethers,
imposes a dihedral angle that is closely comparable to that
of C4. The computed bond lengths are of the order of
1.49 N and exhibit only a slight dependence on the calculat-
ed dihedral angle. As expected, however, the way in which
the strap packs into the available space controls the geome-
try around the connection and the largest dihedral angle is
found for C2. It should be noted that, although there are
clear variations in the central dihedral angle among these
derivatives, the tethering strap also causes the molecule to
bend slightly into a “banana” shape in order to relieve steric
crowding.[30] The final structure includes contributions from
both effects.

Calculated structures for the reduced species : In agreement
with earlier work,[26,31] our quantum chemical calculations
predict that the one-electron reduced form of the parent vi-
ologen, MVC+ , is essentially planar. The computed dihedral
angle (f) around the connecting C�C bond is only 1.38
while the length of this bond (RCC) is calculated to be
1.417 N. On further reduction to the neutral species, MV,
there is a slight decrease in the dihedral angle (f=0.28) and
a modest modulation of the bond length (RCC=1.366 N).
This bond length, when compared to that determined for
MV2+ (RCC=1.464 N), can be used to suggest that the re-
duced species shows increased electron delocalization by
taking on more double-bond character at the linkage. The

Figure 1. The structures of the dications of C1–C5 determined by X-ray
crystallography. Anions and minor disorder components are omitted. For
each dication, the view is perpendicular to the left-hand pyridinium ring,
so that the variation of torsion angles between the rings might be seen
more readily.

Table 1. Computed structural data for the geometrically restricted violo-
gen derivatives.

dication monocation neutral
f [8] RCC [N] f [8] RCC [N] f [8] RCC [N]

C1 35.7 1.481 10.1 1.404 1.7 1.363
C2 62.3 1.498 22.8 1.419 1.5 1.366
C3 51.3 1.488 25.3 1.424 5.6 1.365
C4 56.1 1.493 21.3 1.413 5.3 1.368
C5 54.1 1.492 21.1 1.415 10.5 1.384
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decreased dihedral angle found for MVC+ indicates that the
drive to delocalize the charge overcomes the modest stereo-
chemical crowding caused by the clashing hydrogen atoms.
For the strapped analogues, one-electron reduction causes a
decrease in both f and RCC (Table 1). These derivatives
cannot attain planar geometries because of the bulky strap,
but it is clear that the p-radical cation attempts to minimize
f and that the derived values represent a compromise be-
tween steric repulsion and increased conjugation. In each
case, one-electron reduction is accompanied by a decrease
in f by at least 208. Again, the largest dihedral angle is
found for C2 and the smallest for C1, such that adding this
extra methylene group has a profound effect on the molecu-
lar geometry. Under the same conditions, there is a marked
decrease in RCC relative to the corresponding dication, with
the actual values remaining comparable throughout the
series. There is, however, a small correlation between f and
RCC (Table 1) as computed for the p-radical cations.

The neutral species, as formed upon addition of two elec-
trons, attempts to adopt a planar geometry, with f values
ranging between 0 and 108 (Table 1). In each case, there is a
decrease in the relevant RCC values, which tend towards
1.37 N, as the molecule attempts to maximize electron de-
localization by forming a central double bond. This behavior
is similar to that reported earlier[26] for the parent viologen,
as noted above. There is no clear relationship between f

values derived for the dication and the neutral species, and
as a consequence it is difficult to rationalize the computed
structures in terms of the strap length. An evident limitation
of these calculated geometries is that they refer to the
lowest-energy conformations, but it is realized that the struc-
tures will be in dynamic motion in solution at ambient tem-
perature. The central dihedral angles, in particular, are
likely to fluctuate quite considerably due to thermal motions
and such behavior might obscure any weak correlation be-
tween geometry and electronic properties. This likelihood
was addressed by way of molecular dynamics simulations
and temperature-dependent NMR studies.

Molecular dynamics : The 1H NMR spectra recorded for
C1–C5 display typical aromatic resonances associated with
the viologen unit. Closer inspection of proton resonances
due to the constraining bridge reveals more insight into re-
stricted ring-ring rotation dynamics. As an example, selected
variable temperature 1H NMR spectra are shown for C2 in
CD3CN (Figure 2). At room temperature, the 1H NMR spec-
trum (not shown) displays only a broad signal at approxi-
mately 4.6 ppm, which corresponds to the methylene units
of the bridge. Upon cooling the sample to 273 K, two broad
signals emerge at about 4.7 and 4.2 ppm, respectively. Fur-
ther cooling results in these signals developing into two
well-resolved doublets. Similar dynamic NMR behavior has
been noted for analogous conformationally-restricted 2,2’-bi-
phenol-based assemblies,[32] for which the existence of atro-
pisomers was speculated. A more comprehensive examina-
tion of this phenomenon was attempted using molecular dy-
namics simulations (MDS) made for C1–C5.

MDS runs conducted for the dications showed that the
central dihedral angle varied significantly about the mean
value computed for the lowest energy conformation
(Figure 3). In fact, f oscillated over a range of angles cover-

ing �58 of the mean value, but additional spikes were evi-
dent to show that more substantial distortions occurred with
relatively low frequency. Addition of one electron, thereby
forming the monocation radical, caused a marked decrease
in the mean dihedral angle and increased the degree of ther-
mal fluctuation (Figure 3). The standard deviation increased
to around �158 about the mean value, with occasional
spikes in the geometries sampled. The mean f value for the
neutral species was close to 08, as expected from the studies
described above, but with a further increase in the fluctua-
tion (Figure 3). The standard deviation was expanded to
almost �208 so that a wide variety of dihedral angles is sam-
pled during the MDS run. Although it remains clear that
there is a stepwise decrease in the mean f value upon re-
duction of the viologen unit, the MDS runs indicate it is
naive to expect any species to maintain a precise geometry
in solution that can be compared with the electronic proper-
ties. Each of the samples behaved in a similar fashion.

Electronic coupling in the parent viologen : There are indica-
tions in the literature that the one-electron reduction poten-

Figure 2. Variable-temperature 1H NMR spectra recorded for C2 in
CD3CN.

Figure 3. MDS run carried out for C2, each step corresponding to the ad-
dition of one electron.
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tials (E(1)RED) of certain viologen salts are influenced by the
molecular conformation. Thus, the so-called diquat series
exhibits variable reduction potentials that depend on the
strap length,[12] as illustrated in the Supporting Information.
The corresponding 1,10-phenanthrolinium compounds show
a similar tend,[12] although data are highly restricted. Quan-
tum chemical calculations made for MV2+ indicate that the
planar form is more stable than the orthogonal geometry by
approximately 9 kJmol�1, whereas the same calculations
made for the monocation radical suggest that the planar
species is energetically more favorable than the orthogonal
form by about 100 kJmol�1. This last finding can be ex-
plained in terms of the relative resonance energies associat-
ed with the radical. Both the LUMO energy (ELUMO) of the
dication and the heat of formation of the monocation radi-
cal are dependent on the central torsion angle (see Support-
ing Information), with an evident destabilization at 908.
These various properties can be used to argue that the elec-
tronic properties of the constrained viologens will likely
depend on the central dihedral angle.

In exploring how changes in torsion angle affect the elec-
tronic properties of MV2+ , we can consider three experi-
mental approaches; namely, cyclic voltammetry, UV-visible
absorption spectroscopy, and EPR spectroscopy. For MV2+ ,
successive electron additions occur with reduction potentials
of �0.35 and �0.76 V versus SCE in deoxygenated acetoni-
trile solution (Table 2). The difference between these values,

which gives access to the comproportionation constant,[33]

provides an indirect measure of electron delocalization at
the monocation radical stage. The absorption spectrum of
the monocation radical in deoxygenated acetonitrile shows
pronounced transitions cantered at 608 and 400 nm (see
Supporting Information). Both sets of bands show fine struc-
ture that can be deconvoluted into series of Gaussian-
shaped components with vibrational spacings of about 1440
and 700 cm�1, respectively. The overall spectrum, however,
shows the presence of several other sets of transitions in
both the visible and near-UV regions. The EPR spectrum
recorded for the moncation radical in deoxygenated acetoni-
trile shows a series of well-resolved lines (see Supporting In-
formation).[34] This spectrum can be simulated[18] on the
basis of complete electron delocalization around the bipyri-
dinium nucleus, including the aza N atoms and the methyl
groups.[35] This behavior is consistent with a high degree of

resonance stabilization of the radical[36] and, in particular,
confirms that the central C�C bond acquires some degree of
double-bond character, with the radical moving towards a
planar geometry.

Cyclic voltammetry for the constrained analogues : Each of
the strapped viologens undergoes two well-defined, one-
electron reduction processes in deoxygenated acetonitrile
containing TBAB background electrolyte (Figure 4). Both

processes are electrochemically reversible (DEp�60 mV).
The reduction potentials, calculated as the average between
cathodic and anodic peaks, are listed in Table 2. In addition
to considerable variation in the reduction potentials for ad-
dition of the first (E(1)RED) and second (E(2)RED) electrons,
there is surprising lack of consistency in the difference be-
tween these values (DERED). By comparison to MV2+ , the
two reductive steps are assigned to formation of the p-radi-
cal cation and the neutral species, respectively. The magni-
tude of the measured reduction potentials does not vary
progressively with the length of the tether, but for the first
reduction step there is a crude correlation with the central
dihedral angle calculated for the dication. This behavior is
in agreement with that found for the diquat series,[12] in
which the first reduction potential moves towards more neg-
ative values as the dihedral angle increases (see Supporting
Information), and with the effect of f on the computed
LUMO energy of MV2+ . In this way, the large disparity in
first reduction potentials measured for C1 and C2 can be at-
tributed to changes in molecular geometry. The effect can
be traced to the fact that the energy of the LUMO depends
on the molecular orientation and, in particular, on the

Table 2. Summary of the electrochemical properties recorded for the var-
ious viologens in deoxygenated acetonitrile at 20 8C.

E(1)RED

[V vs. SCE]
DEP1

[mV]
E(2)RED

[V vs. SCE]
DEP2

[mV]
DERED

[mV]

MV2+ �0.35 70 �0.76 70 410
C1 �0.31 51 �0.73 61 420
C2 �0.87 66 �1.15 67 280
C3 �0.64 58 �0.87 60 230
C4 �0.64 67 �0.91 67 270
C5 �0.68 58 �0.91 62 230

Figure 4. Typical cyclic voltammograms recorded for methyl viologen
(upper panel), C1 (lower panel; light curve), and C2 (lower panel; dark
curve) in deoxygenated acetonitrile containing background electrolyte.
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degree of planarity. This behavior is carried through to the
second reduction step for which E(2)RED shows a crude de-
pendence on the computed geometry of the monocation
radical.

Apart from C1, the potential difference between addition
of the first and second electrons is fairly constant at around
250 mV, but this is much less than the DERED value found
for the parent viologen. In contrast, C1 exhibits a similar
DERED value to that of the parent. This situation can be ex-
plained in terms of the relative degrees of electron delocali-
zation at the p-radical cation stage. Thus, both MV2+ and
C1 form monocation radicals that adopt structures in which
the two aromatic rings are close to being parallel; this
favors electron delocalization around the bipyridinium unit.
Consequently, addition of the second electron is hindered
with respect to the first reduction step, because of the raised
electron density. The other strapped derivatives form dis-
torted radical cations in which the two rings are held at di-
hedral angles of around 208. This geometry is less favorable
for extended p-electron delocalization, with the net result
that attachment of the second electron becomes easier. This
has the overall effect of ensuring that the actual reduction
potentials are set by the dihedral angle of the dication.

Spectroelectrochemistry : The parent viologen exhibits a
well-defined absorption band in the UV region, with a maxi-
mum (lmax) at 255 nm and with a molar absorption coeffi-
cient (emax) of 17400m�1 cm�1 at the peak maximum in ace-
tonitrile. This absorption band corresponds to the HOMO–
LUMO transition. The strapped viologens show a similar
absorption process, but, in each case, the accidental degener-
acy is lost because of symmetry breaking by the tether, and
two closely-spaced transitions are seen (Table 3). In the case

of the most distorted viologen, namely C2, it is possible to
resolve three transitions in the UV region. For each violo-
gen, the lowest energy absorption transition has a emax of
around 11000m�1 cm�1, while that of the higher energy tran-
sition is somewhat smaller. Controlled potential reduction

of MV2+ in deoxygenated acetonitrile gives rise to the
known blue coloration characteristic of the radical cation.
The absorption spectrum of this radical comprises a series of
two-overlapping transitions in the region from 500 to
800 nm and a set of sharper bands centered at around
400 nm that can be assigned to a single transition (see Sup-
porting Information). The absorption bands evident in the
visible region, having a emax of 10970m

�1 cm�1 at 608 nm, are
spin allowed and involve transitions from the two highest
energy HOMOQs to the SOMO. The higher energy band, lo-
cated at 400 nm (emax=35460m�1 cm�1) is assigned to the
transition from the SOMO to the LUMO. On reduction to
the neutral species, the lower energy transitions disappear,
but the strong near-UV transition persists, albeit somewhat
broadened, and slightly shifted to 398 nm (emax=

35270m�1 cm�1). This latter transition is from what was the
SOMO but is now filled to the LUMO.

The absorption spectrum recorded for the radical cation
derived from C1 bears some resemblance to that described
for MVC+ and, in particular, both visible and near-UV transi-
tions are clearly observed (Figure 5). The higher energy

band, which is attributed to the SOMO–LUMO transition,
is broadened with respect to that of the parent and shifted
from 400 to 415 nm. There is a modest decrease in emax

(Table 3). Again, deconvolution of this absorption band into
Gaussian components indicates that only a single transition
is involved. The lower energy transition, which involves two
overlapping bands due to HOMO–SOMO transitions as in
the case of MVC+ , shows two clear maxima at 652 and
721 nm, both displaying similar emax values to that of MVC+ .
On reduction to the neutral species, a single transition is ob-
served with a maximum at 414 nm and a relatively high emax

(Table 3). As for MV, this band corresponds to a single tran-
sition and is somewhat broadened relative to the HOMO–
LUMO transition associated with the corresponding dicat-
ion.

Viologen C2, which has the most distorted ground-state
geometry and is more difficult to reduce than the other spe-
cies, shows somewhat similar spectral characteristics for the
reduced species, but it is noticeable that the lower energy

Table 3. Summary of the optical absorption spectral properties recorded
for the various viologens in deoxygenated acetonitrile at 20 8C by using
spectroelectrochemical techniques.

dication monocation neutral
lmax

[a] emax
[b] lmax

[a] emax
[b] lmax

[a] emax
[b]

C1 279 13720 428 26925 414 33120
330 10460 652 10860

721 10580
C2 244 15800 428 11880 413 28620

288 10910 750 11500
330 4490

C3 254 10500 417 10320 412 27390
301 11580 790 7345

C4 260 8850 427 11190 415 28500
313 12500 800 9250

C5 244 6250 435 12425 419 26930
288 11680 715 9110

[a] Peak maximum in nm. [b] Molar absorption coefficient in m
�1 cm�1.

Figure 5. Examples of the absorption spectra of the monocation radicals
derived for C1 (dark curve) and C2 (light curve) using spectroelectro-
chemical techniques in deoxygenated acetonitrile.
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transition seen for the radical cation has lost all vibronic
fine structure (Figure 5). This band has a maximum at
750 nm, but spectral deconvolution indicates that there are
two overlapping transitions. The derived emax remains similar
to that found for MVC+ (Table 3). The higher energy transi-
tion appears as two bands of comparable intensity and has a
maximum at about 428 nm. As expected, the HOMO–
SOMO transitions disappear on further reduction but the
HOMO–LUMO transition is seen clearly with a maximum
at 413 nm. For C3, the monocation radical displays a re-
markably similar absorption spectrum to that described for
C2, with the two bands being centered at 790 and 417 nm
(Table 3). Again, the HOMO–SOMO transition shows no
fine structure. In this case, the neutral species has the
HOMO–LUMO transition located at 412 nm, but with a
well-resolved shoulder on the low-energy side. The absorp-
tion spectral properties found for C5 remain remarkably
similar, with the SOMO–LUMO transition being centered
at 435 nm and displaying vibronic structure. The HOMO–
SOMO transitions are slightly split and clearly evident in
the 600–800 nm range (Table 3). Here, the neutral species
shows a pronounced HOMO–LUMO transition at 419 nm
with a well-resolved shoulder (Table 3). The reduced forms
of these three viologens exhibit quite similar absorption
spectra, with some minor unique features, that differ from
those of both C1 and the parent viologen. Such behavior
seems consistent with their somewhat comparable structural
facets.

Viologen C4 is the least soluble member of this series and
the solubility is further decreased on reduction. For the
monocation radical derived from C4, the SOMO–LUMO
transition is relatively broad and centered at around 427 nm
with a pronounced shoulder on the low-energy side. In fact,
the shoulder is very evident for this species. Given the re-
stricted solubility of this compound, it is likely that reduc-
tion is accompanied by self-association of the radical cation
under the conditions used for the spectroelectrochemical
studies. This raises the possibility that the low-energy
shoulder is due to a dimer or a conjugate formed by associa-
tion between a p-radical cation and a dication. Indeed, on
repeating the experiments at much lower concentration,
leading to a concomitant loss in signal-to-noise ratio, the
shoulder disappears but the other spectral features remain.
The HOMO–SOMO absorption bands appear as a single,
broad transition centered at 800 nm (Table 3). The neutral
species displays the broad HOMO–LUMO transition cen-
tered at 410 nm, with a emax value comparable to the other
compounds.

In summary, the absorption spectra of the strapped violo-
gens are characterized by a split HOMO–LUMO transition
centered in the UV region. The lowest energy transition has
a emax of about 11000m�1 cm�1, while that of the higher
energy transition is approximately 8000m�1 cm�1 (Table 3).
The combined oscillator strength is comparable to that of
MV2+ , in which the two transitions are accidentally degener-
ate. A somewhat similar situation has been reported previ-
ously for certain tethered quaterphenyl derivatives.[30] The

corresponding neutral species show a single transition at
slightly lower energy, for which the average emax is on the
order of 30000m�1 cm�1. There are only slight variations in
the HOMO–LUMO gaps for these species, as might be ex-
pected from the observation that the computational studies
predict geometries that are essentially planar. The radical
cations display two sets of transitions: The highest energy
band is centered at around 420 nm and is due to a single
transition. There is a wide variation in emax for this band that
cannot be explained in terms of partial self-association, al-
though this is evident for C4, while vibronic structure is ob-
served only for MV2+ and C1. We have assigned this band
to a transition from the SOMO to the LUMO and the com-
parable energy gaps arise, because the energies of these two
orbitals show similar dependence on the dihedral angle. Vi-
brational fine structure is observed only for planar geome-
tries, for which the transition is relatively intense. Raising
the potential energy of the SOMO, by increasing the dihe-
dral angle, serves to eliminate the vibronic fine structure
and decrease the absorption coefficient.

The radical cations also absorb at lower energy and here
there is a good level of consistency in the emax values
(Table 3). Spectral deconvolution indicates the presence of
two overlapping transitions in each case, but both the spec-
tral profiles and the band maxima change with the nature of
the compound. Again, vibronic fine structure is observed
only when the structures are close to being planar. Both ab-
sorption bands are assigned to HOMO–SOMO transitions,
but the respective energy gaps vary quite noticeably among
the compounds. In fact, the HOMO–SOMO energy gaps de-
crease steadily with increasing potential energy of the
HOMO, as imposed by the dihedral angle. This situation re-
quires that the energy of the SOMO depends less critically
on changes in this angle.

EPR spectroscopy : Several prior studies[34,35] have addressed
the EPR properties of the moncation radical derived from
the parent viologen MVC+ and from viologens bearing differ-
ent substituents at the aza N atoms.[37] In our work, MVC+

was generated by in situ electrochemical reduction in deoxy-
genated acetonitrile and the EPR spectrum was recorded at
room temperature (see Supporting Information), for which
the g factor was found to be 2.0031. The spectrum could be
simulated[18] on the basis of the radical centre coupling to
two equivalent N atoms, with a hyperfine coupling constant
(aN) of 0.423 mT, and 14H atoms. The latter can be divided
into protons on the methyl groups (aMe=0.399 mT) and two
equivalent sets, each of four protons, on the aromatic nu-
cleus. On the basis of earlier work[34,35] and INDO calcula-
tions,[37] the hyperfine coupling constants for these aryl H
atoms can be assigned to the Ca (aCH=�0.133 mT) and Cb

(aCH=�0.157 mT) sites. Calculations made at the INDO
level have indicated[26d] that the central torsion angle has a
modest effect on the aCH values once f exceeds about 158.
In particular, these calculations predict a decrease in aCH for
both the methyl protons and those located at Ca, but an in-
crease in aCH for the Cb protons. In turn, this suggests that
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the strapped viologens might display unique EPR spectral
properties characteristic of the dihedral angle, although it is
realized that the presence of the strap will complicate the
spectrum.

EPR spectra were recorded for the radical cations derived
from each of the strapped viologens in deoxygenated aceto-
nitrile (Figure 6), and the spectral patterns were

subsequently simulated as above. In each case, the g factor
was found to be close to 2.0030 and the fitting parameters
are summarized in Table 4. For the strapped viologens, three
separate aromatic CH residues, each corresponding to two
protons, can be distinguished and the participation of the
tether has to be taken into account. Consequently, it is diffi-
cult to assign peaks to particular sets of CH sites, although
the effects of the methyl groups and N aza atoms are easily
resolved by comparison to the parent. The central dihedral

angle affects both aN and aMe (Table 4). Thus, there is a
small (i.e., about 5%) decrease in the hyperfine coupling
constant for both sites as the central dihedral angle increas-
es from 108 to 268 and this behavior seems to be fully consis-
tent with the INDO calculations reported[26d] earlier for
MVC+ . A similar effect is observed for coupling with carbon
atoms on the tether, these also being readily identifiable, al-
though the actual values are small because of the distance
and insulating properties of the bridging O atoms.

Hyperfine coupling constants for the CH sites on the aro-
matic rings were identified on the basis of INDO calcula-
tions (Table 4). Although these values differ markedly from
those recorded for the parent (in which Ca=Cc), compari-
son is difficult because of the contributory effects of induc-
tion by the alkoxy substituent and the change in f. It can be
seen that aCH for the Ca position, taken as the modulus, in-
creases quite significantly with increasing f. The same be-
havior is found for the Cc site, but aCH for the Cb position
decreases steadily with increasing dihedral angle. Conse-
quently, the main effect of increasing the dihedral angle is
to modify the distribution of the spin density around the
ring. The C1 and N positions are not much affected, nor are
sites on the strap (aS), so that the predominant changes
occur at the ring. Because the monocation radical attempts
to reach a planar geometry, despite the presence of the
strap, it has been possible to achieve only a modest variation
in f, but nonetheless these experimental findings are in
qualitative agreement with prior INDO calculations carried
out for the parent viologen.[26d] A common practice in EPR
spectroscopy[38] is to examine the effects of changing f on
individual aCH values by way of expressions such as that
given as Equation (1). Here, z0 refers to an inherent (i.e. ,
angle-independent) hyperfine coupling constant and z90 is an
angle-dependent hyperfine coupling constant for which the
modulus is at a maximum when the two rings lie coplanar.

aCH ¼ j0 þ j90cos
2� ð1Þ

The limited variation in f hinders accurate correlation of
the observed aCH values with dihedral angle, although there
is a good fit to Equation (1) for each of the aryl CH sites.
This crude observation allows us to separate the inductive
effect from the angle dependence and thereby to assign spin

Figure 6. Examples of the EPR spectra (dark) and simulated spectra
(grey) recorded for the monocation radicals derived for C1 (upper
panel) and C3 (lower panel) in deoxygenated acetonitrile at room tem-
perature.

Table 4. Summary of the EPR spectral properties recorded for the vari-
ous viologen radical cations in deoxygenated acetonitrile.[a]

MV2+ C1 C2 C3 C4 C5

g[b] 2.0031 2.0031 2.0030 2.0030 2.0031 2.0029
f [8][c] 1.3 10.1 22.8 25.8 21.3 21.1
aMe 0.399 0.428 0.405 0.400 0.418 0.416
aN 0.423 0.433 0.424 0.414 0.430 0.427
Ca[d] �0.157 �0.213 �0.263 �0.285 �0.251 �0.256
Cb[d] �0.133 �0.189 �0.127 �0.112 �0.135 �0.129
Cc[d] �0.157 �0.097 �0.114 �0.135 �0.119 �0.115
aS – �0.063 �0.014 0.017 �0.037 �0.038

[a] All hyperfine coupling constants are given in units of mT. [b] g factor.
[c] Central dihedral angle for the monocation radical. [d] aCH value.
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densities to the individual sites. Thus, extrapolation of the
data to f=08 gives individual aCH values that can be com-
pared directly with those observed for the parent viologen
under identical conditions and in which the rings are essen-
tially coplanar (Table 5). The difference between these two

sets of data can be attributed to the inductive effect of the
alkoxy group, since the geometry is now fixed. Furthermore,
on the basis of the McConnell equation[39] [Eq. (2)], for
which earlier work[40] has established that the constant Q
has value of 3.0 mT for the aryl CH sites of MV2+ , it be-
comes possible to estimate values for the spin density (1) at
that carbon atom (Table 5). Comparing these data shows
that the alkoxy group has only a modest effect on the spin
density at the Ca position. More significant effects are ob-
served, however, at the other two aryl CH sites at which it
appears that the inductive effect serves to transfer spin den-
sity from Cc to Cb. The net effect is that whereas the spin
density is evenly distributed around the CH positions in the
parent radical ,there is a tendency to localize spin density at
the Ca and Cb sites while depleting that at the Cc position.

aCH ¼ 1Q ð2Þ

Now, the effects of twisting around the interring bond can
be seen for the strapped viologens by extrapolation to f=

908. The main conclusion is that the spin density for both Ca

and Cc sites increases quite dramatically as f approaches
908, with the effect on Ca being particularly noticeable
(Table 5). This situation arises because these aCH values in-
crease with increasing dihedral angle. In contrast, the spin
density at the Cb position increases less significantly with in-
creasing f and there is a change in sign for the orthogonal
geometry. For this position, the aCH increases with increasing
dihedral angle. Quite similar behavior has been computed
for the parent system, in which rotation around the connect-
ing bond is predicted to have little effect on the spin density
at the Ca site. As found for the strapped analogues, howev-
er, moving to the orthogonal geometry is expected to essen-
tially remove the spin density from the Cb position, and
again this is accompanied by a change in sign (Table 5).
Therefore, the strap does not perturb the electronic proper-
ties of the viologen, but it serves to redistribute the spin
density via an inductive effect.

Conclusion

The approach taken here is a viable strategy for the system-
atic variation of the central dihedral angle of poly ACHTUNGTRENNUNG(aryl) sys-
tems. It works particularly well for the ground-state mole-
cules, although there is some bending of the isolated species
as a means by which to relieve the applied stress,[30] but is
less successful for cases in which resonance stabilization is
important. In fact, the radical cations react against the strap
in an attempt to attain coplanar geometries having increased
bond order for the inter-ring C�C bond. This effect is em-
phasized for the neutral species where the ideal geometry is
based on a connecting C=C bond. Nonetheless, the length of
the tether does have a significant effect on the electronic
properties of the molecule. It should be noted that this is
the first class of tethered molecules for which we have been
able to relate the electronic properties to changes in the in-
terring dihedral angle. This is because of the facile reduction
to a stable moncation radical; in other cases attention has
been restricted to the photophysical properties[13b] or to indi-
rect electronic properties like the rates of through-bond
electron exchange.[13a,15] With this viologen series,[16] it has
been possible to assess how alterations in the dihedral angle
influence the distribution of spin density around the aryl
ring and help set the magnitude of the reduction potentials.
The key feature with these compounds is that the energy of
the LUMO depends critically on the dihedral angle.

On-going research is set to explore the possibility of using
more rigid tethers that will prevent the reduced species
from minimizing the dihedral angle and in developing ana-
logues where the conformation can be switched rapidly by
external stimulation. These materials will form the basis of
artificial neural networks intended to direct electron flow
along predetermined routes by modulating the redox prop-
erties of interspersed viologen relays. On the basis of the
calculated LUMO energies, it can be expected that the re-
duction potential could be varied over a range of about
0.9 V on switching the geometry from planar to orthogonal.
This is more than enough to control the rate of electron
transfer and it is now realized that large changes in spin
density, and presumably other factors such as charge density,
can be achieved by conformational exchange of the type de-
scribed here. As such, the idea of directing electrons along
certain pathways of a network by gating the orientation of
particular subunits looks to be very attractive.

Experimental Section

All chemicals were purchased from Aldrich Chemical Co. and were used
as received. The starting materials diethylcarbamic acid pyridin-3-yl ester
(2), diethylcarbamic acid 4-iodopyridin-3-ol (3), and 4-iodopyridin-3-ol
(4) were prepared by literature methods.[16] Solvents were dried by stan-
dard literature procedures before being distilled and stored under nitro-
gen over 4 N molecular sieves.[17] 1H and 13C NMR spectra were recorded
with a JEOL Lambda 500 MHz or Bruker AVANCE 300 MHz spectrom-
eter. Routine mass spectra and elemental analyses were obtained using

Table 5. Comparison of the hyperfine coupling constants and spin densi-
ties derived for the strapped and parent viologen radical cations at copla-
nar and orthogonal geometries.[a]

aCH [mT] parent strapped

z0/C
a �0.157 (0.052) �0.197 (0.066)

z0/C
b �0.133 (0.044) �0.201 (0.067)

z0/C
c �0.157 (0.052) �0.089 (0.030)

z90/C
a �0.166 (0.055) �0.640 (0.213)

z90/C
b +0.008 (0.003) +0.296 (0.099)

z90/C
c �0.166 (0.055) �0.306 (0.102)

[a] The modulus of the computed spin density is given in parenthesis
after the hyperfine coupling constant.
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in-house facilities. Spectroscopic grade solvents were obtained from Al-
drich Chemical Co. and were redistilled before use.

Preparation of 3-diethylcarbamic acid (pyridin-4-yl boronic acid) ester
(5): B ACHTUNGTRENNUNG(OiPr)3 (3.2 mL, 13.6 mmol) was added to a solution of 2 (2.00 g,
10.3 mmol) in THF (30 mL) under an N2 atmosphere. The solution was
cooled to �78 8C and tBuLi (7.5 mL, 1.7m in pentane) was added by sy-
ringe pump over a period of 1 h. The light yellow mixture was held at
�78 8C for 1 h. The dry ice/acetone bath was removed and the mixture
was allowed to warm to �20 8C. Then 2m HCl (10 mL) was added and
the mixture stirred until reaching RT. To this solution was added a mix-
ture of toluene (50 mL) and 2m HCl (10 mL). The aqueous layer was
separated, and the organic layer washed with 2m HCl. The combined
aqueous layers were neutralized with 5m NaOH, to afford a white precip-
itate. The suspension was extracted with EtOAc, dried over MgSO4, fil-
tered, and evaporated on a rotary evaporator. The residual white solid
was washed with diethyl ether and used without further purification in
the following reaction (1.6 g, 65% yield). 1H NMR (300 MHz, CD3OD):
d=1.29 (m, 6H; H of -CH3), 3.46–3.64 (m, 4H; H of -NCH2-), 7.50 (d,
J=4.7 Hz, 1H; Py-H5), 8.37 ppm (m, 2H; Py-H2,6); 11B NMR (CD3OD):
d=19.3 ppm.

Preparation of diethylcarbamic acid 3’-hydroxy-4,4’-bipyridin-3-yl ester
(6)

Method I: [Pd ACHTUNGTRENNUNG(PPh3)4] (0.22 g, 0.19 mmol) was added to an N2-purged so-
lution of 3 (1.0 g, 3.1 mmol) in DME (40 mL). The light yellow solution
was stirred at RT for 10 min. Compound 5 (1.1 g, 4.6 mmol) in deoxygen-
ated ethanol (10 mL) and 1m Na2CO3 (9.4 mL) was added to this solu-
tion. The mixture was refluxed overnight after which time TLC showed
complete consumption of 3. Water (50 mL) and EtOAc (100 mL) were
poured into the solution, which was filtered to remove insoluble material.
The isolated organic layer was washed with 0.2m Na2CO3 (2R100 mL).
The combined aqueous layers were washed with EtOAc (30 mL) and
neutralized with 2m HCl. The cloudy suspension which formed was ex-
tracted with EtOAc, dried over MgSO4, and filtered. Removal of the or-
ganic solvents afforded an oily solid (0.76 g, 85% yield). 1H NMR
(300 MHz, CD3OD): d=1.04 (m, 6H; H of -N-CH2-), 3.29 (m, 4H; H of
-CH3), 7.28 (d, J=4.9 Hz, 1H; H of Py), 7.51 (d, J=4.9 Hz, 1H; H of
Py), 8.18 (m, 2H; H of Py), 8.52 ppm (m, 2H; H of Py).

Method II : B ACHTUNGTRENNUNG(OiPr)3 (3.2 mL, 13.6 mmol) was added to a solution of 2
(2.00 g, 10.3 mol) in THF (25 mL). The solution was cooled to �78 8C
and nBuLi (8.0 mL, 1.6m in hexane) was added by syringe pump over a
period of 1 h. The yellow mixture was held at �78 8C for 1 h. The dry ice/
acetone bath was removed and the mixture was allowed to warm to RT
and stirred for a further 1 h. Deoxygenated ethanol (10 mL) was added
to the solution. The mixture was transferred to a pre-mixed solution of 3
(1.5 g, 4.7 mmol) and [Pd ACHTUNGTRENNUNG(PPh3)4] (0.34 g, 0.29 mmol) in DME (45 mL),
followed by the addition of deoxygenated ethanol (20 mL) and 1m
Na2CO3 (14 mL). The mixture was refluxed overnight and TLC con-
firmed completion of the reaction. Workup as described in Method I af-
forded an oily solid. Yield: 1.15 g (84%, based on starting material 3).

Preparation of 4,4’-bipyridinyl-3,3’-diol (7): 2m NaOH (32 mL) was
added to a solution of 6 (4.54 g, 16.0 mmol) in methanol (40 mL). The
mixture was refluxed overnight, cooled to RT and filtered. The filtrate
was reduced in volume to about 5 mL, and water was added to the resi-
due before being filtered. The yellow filtrate was acidified to pH~5 with
6m HCl, to afford a yellow precipitate. Yield 2.23 g, 75%; 1H NMR
(300 MHz, [D6]DMSO): d=7.44 (d, J=4.9 Hz, 2H; Py-H6), 8.15 (d, J=
4.9 Hz, 2H; Py-H5), 8.32 (s, 2H; Py-H3), �11 ppm (br s, 2H; -OH); EI-
MS: m/z calcd for C10H8N2O2: 188.06; found: 188.

Preparation of 1,2-bis(4-iodo-pyridin-3-yl)propane (8): tBuOK (1.22 g,
10.9 mmol) was added to a solution of 4 (2.0 g, 9.1 mmol) in DMF
(30 mL)/THF (10 mL) held under an N2 atmosphere at �15 8C; the re-
sulting mixture was stirred at �15 8C for 30 min. 1,3-Bis(toluene-4-sulfo-
nyloxy)propane (1.60 g, 4.16 mmol) in DMF (15 mL)/THF (5 mL) was
added over one hour at �15 8C. The mixture was stirred at RT overnight.
The resultant brown suspension was isolated and extracted with EtOAc.
The EtOAc layer was washed with aqueous Na2CO3, separated, and
dried over MgSO4. The resultant crude product obtained after solvent re-
moval was purified by silica-gel chromatography with petrol/ethyl acetate

(1:20) as the eluant to produce a pale yellow solid (1.20 g, 60% yield).
1H NMR (d, 300 MHz, [D8]THF): d=2.53 (quint, J=6.0 Hz, 2H; H of
-CH2-), 4.60 (t, J=6.0 Hz, 4H; H of -OCH2-), 7.87 (d, J=4.9 Hz, 2H; Py-
H5), 7.97 (d, J=4.9 Hz, 2H; Py-H6), 8.38 ppm (s, 2H; Py-H2); EI-MS:
m/z calcd for C13H12I2N2O2: 481.9; found: 482.

General procedure for the synthesis of 1a–1e : NaH (1.1 equiv) was
added to a solution of 7 (400 mg, 2.10 mmol) in DMF (60 mL) under an
N2 atmosphere. The mixture was stirred at RT for 1 h. The ditosyloxy
linker (1.2 equiv) or CH2I2 (1.2 equiv) in DMF (20 mL) was added slowly
through a syringe pump to this solution. The mixture was stirred at RT
for �24 h and the DMF was removed under reduced pressure. The resul-
tant residue was extracted with EtOAc, washed with H2O, and dried over
MgSO4. Removal of the solvent afforded the crude product, which was
purified by column chromatography.

Data for 1a : Compound 7 (0.40 g, 2.10 mmol), CH2I2 (0.25 mL,
3.1 mmol); silica gel, petrol/acetone (2:3); yield: 40 mg, 9%, off-white
solid; 1H NMR (300 MHz, CD2Cl2): d=5.55 (s, 2H; H of methylene),
7.78 (d, J=5.4 Hz, 2H; Py-H6), 8.39 (d, J=5.4 Hz, 2H; Py-H5), 8.48 ppm
(s, 2H; Py-H3); EI-MS: m/z calcd for C11H8N2O2: 200.06; found: 200.

Data for 1b : Compound 7 (0.40 g, 2.10 mmol), 1,2-bis(toluene-4-sulfony-
loxy)-ethane (0.94 g, 2.50 mmol); silica gel, petrol/acetone (1:2); yield:
58 mg, 13%, off-white solid; 1H NMR (300 MHz, CD2Cl2): d=4.29
(br s,4H; H of ethylene), 7.26 (d, J=4.9 Hz, 2H; Py-H6), 8.44 (d, J=
4.9 Hz, 2H; Py-H5), 8.47 ppm (s, 2H; Py-H3); EI-MS: m/z calcd for
C12H10N2O2: 214.07; found: 214.

Data for 1c : Compound 7 (0.40 g, 2.10 mmol), 1,3-bis(toluene-4-sulfony-
loxy)propane (0.98 g, 2.50 mmol; silica gel, petrol/acetone (1:3); yield:
89 mg, 18%, off-white solid; 1H NMR (300 MHz, CD2Cl2): d=2.05
(quint, J=5.2 Hz, 2H; H of -CH2-), 4.42 (t, J=5.2 Hz, 4H; H of -OCH2-
), 7.18 (d, J=4.7 Hz, 2H; Py-H6), 8.36 (d, J=4.7 Hz, 2H; Py-H5),
8.47 ppm (s, 2H; Py-H3). EI-MS: m/z calcd for C13H12N2O2: 228.09;
found: 228. A minor byproduct 1 f resulting from the elimination of the
tosylate was isolated in varying yield, depending on the nature and quan-
tity of the base applied. 1H NMR (300 MHz, CD2Cl2): d=4.60 (m, 4H; H
of =CH2), 5.21 (m, 4H; H of -OCH2-), 5.92 (m, 2H; H of -CH=), 7.20 (d,
J=4.6 Hz, 2H; Py-H6), 8.26 (d, J=4.6 Hz, 2H; Py-H5), 8.33 ppm (s, 2H;
Py-H3); EI-MS: m/z calcd for C16H16N2O2: 268.3; found: 268.

Data for 1d : Compound 7 (0.40 g, 2.1 mmol), 1,4-bis(toluene-4-sulfony-
loxy)butane (1.02 g, 2.6 mmol); silica gel, petrol/acetone (1:5); yield:
168 mg, 33%, off-white solid; 1H NMR (300 MHz, CD2Cl2): d=1.91 (br s,
4H; H of -CH2CH2-), 4.20 (br s, 2H; H of -OCH2-), 4.62 (br s, 2H; H of
-OCH2-), 7.21 (d, J=4.8 Hz, 2H; Py-H6), 8.29 (d, J=4.8 Hz, 2H; Py-H5),
8.42 ppm (s, 2H; Py-H3); EI-MS: m/z calcd for C14H14N2O2: 242.1; found:
242.

Data for 1e : Compound 7 (0.40 g, 2.10 mmol), bis-{2-[2-(toluene-4-sulfo-
nyoxy)-ethoxy]ethyl}ether (1.29 g, 2.60 mmol); silica, petrol/acetone
(1:20); yield: 140 mg, 19%, oily solid; 1H NMR (300 MHz, CD2Cl2): d=
3.53 (m, 8H; H of -OCH2-), 3.74 (m, 4H; H of -OCH2-), 4.07 (m, 2H; H
of -OCH2-), 4.30 (m, 2H; H of -OCH2-), 7.10 (d, J=4.7 Hz, 2H; Py-H6),
8.25 (d, J=4.7 Hz, 2H; Py-H5), 8.37 ppm (s, 2H; Py-H3); EI-MS: m/z
calcd for C18H22N2O5: 346.1; found: 346.

General procedure for the synthesis of C1–C5 : CH3I (5 equiv) was
added to a solution of 1a - 1e (0.19–0.66 mmol) in CH3CN (30 mL). The
mixture was refluxed overnight; it was then cooled to RT and diethyl
ether added to complete precipitation of the product. The resultant
yellow to yellow-orange solid was filtered and washed thoroughly with
diethyl ether. After drying, the solid was dissolved in water (ca. 30 mL)
and aqueous KPF6 solution (8 equiv) was added to precipitate the prod-
uct. The pure product was obtained by recrystallization from acetonitrile
and diethyl ether.

Data for C1: Compound 1a (38 mg, 0.19 mmol), CH3I (0.20 mL,
3.20 mmol); yield: 57 mg, 57%, pale yellow solid; 1H NMR (300 MHz,
CD3CN): d=4.39 (s, 6H; CH3), 5.84 (s, 2H; H of methylene), 8.59 (br s,
4H; H of Py), 8.78 ppm (br s, 2H; H of Py); 13C NMR (CD3CN): d=48.0,
96.3, 127.3, 134.4, 139.2, 140.2, 156.1 ppm; ES-MS: m/z calcd for
[M�2PF6]

+ : 230.3; found: 231.0; m/z calcd for [M�2PF6]
2+ : 115.1;
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found: 114.9; elemental analysis calcd (%) for C13H14N2O2·P2F12: C 30.01,
H 2.71, N 5.39; found: C 30.13, H 2.75, N 5.41.

Data for C2 : Compound 1b (40 mg, 0.19 mmol), CH3I (0.20 mL,
3.20 mmol); yield: 60 mg, 61%, pale yellow solid; 1H NMR (300 MHz,
CD3CN): d=4.39 (s, 6H; CH3), 4.73 (br s, 4H; H of ethylene), 8.09 (d,
J=6.2 Hz, 2H; Py-H6), 8.62 (d, J=6.2 Hz, 2H; Py-H5), 8.75 ppm (s, 2H;
Py-H3); 13C NMR (CD3CN): d=48.3, 71.3, 128.7, 140.5, 140.8, 142.0,
155.2 ppm; ES-MS: m/z calcd for [M�PF6]

+ : 389.1; found: 389.1; m/z
calcd for [M�2PF6�H]+ : 243.3; found: 243.1; elemental analysis calcd
(%) for C14H16N2O2·P2F12: C 31.48, H 3.02, N 5.24; found: C 31.25, H
3.17, N 5.25.

Data for C3 : Compound 1c (50 mg, 0.22 mmol), CH3I (0.20 mL,
3.2 mmol); yield: 101 mg, 84%, pale yellow solid; 1H NMR (300 MHz,
CD3CN): d=2.25 (q, J=5.1 Hz, 2H; H of -CH2-), 4.39 (s, 6H; H of
CH3), 4.66 (t, J=5.1 Hz, 4H; H of -OCH2-), 8.04 (d, J=6.1 Hz, 2H; Py-
H6), 8.57 (d, J=6.1 Hz, 2H; Py-H5), 8.77 ppm (s, 2H; Py-H3); 13C NMR
(CD3CN): d=28.9, 48.5, 74.3, 127.6, 137.4, 140.5, 141.6, 155.6 ppm; ES-
MS: m/z calcd for [M�PF6]

+ : 403.1; found: 403.2; m/z calcd for
[M�2PF6�H]+ : 257.1; found: 257.1; m/z calcd for [M�2PF6]

2+ : 129.1;
found: 128.9; elemental analysis calcd (%) for C15H18N2O2·P2F12: C 32.86,
H 3.31, N 5.11; found: C 33.15, H 3.49, N 5.10%.

Data for C4 : Compound 1d (160 mg, 0.66 mmol), CH3I (0.50 mL,
7.9 mmol).; yield: 270 mg, 73%, pale yellow solid; 1H NMR (300 MHz,
CD3CN): d=2.10 (br s, 4H; H of -CH2CH2-), 4.32 (br s, 2H; H of -OCH2-
), 4.38 (s, 6H; CH3), 4.80 (br s, 2H; H of -OCH2-), 8.02 (d, J=6.0 Hz,
2H; Py-H6), 8.48 (d, J=6.0 Hz, 2H; Py-H5), 8.62 ppm (s, 2H; Py-H3);
13C NMR (CD3CN): d=27.3, 48.4, 75.3, 128.3, 135.1, 138.1, 138.5,
155.5 ppm; ES-MS: m/z calcd for [M�PF6]

+ : 417.1; found: 417.1; m/z
calcd for [M�2PF6�H]+ : 271.3; found: 271.1; elemental analysis calcd
(%) for C16H20N2O2·P2F12: C 34.18, H 3.59, N 4.98; found: C 34.09, H
3.83, N 4.93.

Data for C5 : Compound 1e (130 mg, 0.38 mmol), CH3I (0.30 mL,
4.8 mmol); yield: 135 mg, 54%, pale yellow solid; 1H NMR (300 MHz,
CD3CN): d=3.49 (m, 6H; H of -OCH2-), 3.61 (m, 2H; H of -OCH2-),
3.81 (m, 4H; H of -OCH2-), 4.28 (m, 2H; H of -OCH2-), 4.40 (s, 6H;
CH3), 4.49 (m, 2H; H of -OCH2-), 7.91 (d, J=6.0 Hz, 2H; Py-H6), 8.43
(d, J=6.0 Hz, 2H; Py-H5), 8.63 ppm (s, 2H; Py-H3); 13C NMR (CD3CN):
d=48.7, 68.4, 69.8, 69.9, 70.7, 128.1, 131.7, 137.4, 137.5, 155.0 ppm; ES-
MS: m/z calcd for [M�PF6]

+ : 521.2; found: 521.2; elemental analysis
calcd (%) for C20H28N2O5·P2F12: C 36.05, H 4.24, N 4.20; found: C 36.04,
H 4.19, N 4.32%.

Absorption spectra were recorded in dilute acetonitrile on a Hitachi
U3310 spectrophotometer. Cyclic voltammetric studies were carried out
with a conventional three-electrode system controlled by an HCH Instru-
ments Electrochemical Analyzer. The system used a glassy-carbon refer-
ence electrode, a platinum-wire counter electrode, and a silver/silver
chloride reference electrode. Ferrocene was used as an internal standard
in all voltammetric measurements. Solutions were prepared in acetoni-
trile containing approximately 1 mm analyte and 0.1m tetra-N-butylam-
monium tetrafluoroborate (TBAB) as background electrolyte. The solu-
tion was purged thoroughly with nitrogen prior to the experiment and
kept under a nitrogen atmosphere during measurements. Spectroelectro-
chemical studies were conducted in a Perkin–Elmer Lambda 35 spectro-
photometer with the aid of an optically transparent thin-layer electro-
chemical cell (OTTEL) supplied by SpecAc. The OTTEL consisted of a
platinum-mesh working electrode, a platinum-wire counter electrode, and
a silver wire reference electrode and was controlled by the HCH Instru-
ments Electrochemical Analyzer. Solutions were prepared in freshly dis-
tilled acetonitrile containing 1 mm analyte and 0.1m TBAB as supporting
electrolyte. Solutions were deoxygenated by purging with nitrogen for fif-
teen minutes prior to the experiment. Potentials were switched after elec-
trolysis in order to confirm the full reversibility of the system.

Electron paramagnetic resonance (EPR) spectroscopic measurements
were recorded on a Bruker X-band EPR spectrometer. The reduced viol-
ogens were generated in-situ by controlled potential electrolysis using a
modified flat-cell with a platinum-mesh working electrode, a platinum-
wire counter electrode and a silver/silver chloride reference electrode.
Spectra were recorded in acetonitrile solution containing the analyte and

0.1m TBAB. More than fifty scans were averaged for each compound in
order to improve the signal to noise ratio. These measurements were
made at the EPSRC-sponsored EPR Centre housed at the University of
Manchester. The EPR data were simulated using XSophe, as part of the
package supplied by Bruker.[18]

A summary of the crystallographic data for compounds C1–C5 is given
in Table S2. Data sets were collected on Nonius KappaCCD and Bruker
SMART 1 K diffractometers with MoKa radiation (l=0.71073 N) for C1–
C4. The small size and poor quality of crystals of C5 necessitated the use
of synchrotron radiation (l=0.6868 N) at Station 9.8 of the CCLRC
Daresbury Laboratory SRS, with a Bruker APEX2 diffractometer. Pro-
grams were standard control and integration software (Bruker SMART,
APEX2 and SAINT; Nonius COLLECT and EVALCCD), together with
SADABS, SHELXTL and local programs. Disorder was resolved and
successfully refined for a segment of the polyether strand of C5, the cen-
tral CH2 group of C3, and (extensively) the anions of C1. Hydrogen
atoms were constrained with a riding model. The cations of C1 and C5
have no crystallographic symmetry. Compounds C2, C3, and C4 were
found to be isomorphous, with essentially the same basic structure differ-
ing only in the length of the linker strand; in each case a crystallographic
twofold rotation axis passes through the centre of the strand and the
centre of the C�C bond between the two pyridinium rings. CCDC–
646986 (C1), CCDC-646987 (C2), CCDC-646988 (C3), CCDC-646989
(C4), and CCDC-646990 (C5) contain the supplementary crystallograph-
ic data for this paper. These data can be obtained free of charge from
The Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/
data_request/cif.

All quantum chemical calculations were made with the Gaussian03 pack-
age.[19] For the ground-state molecules, calculations were made at the
Hartree–Fock (HF) and BeckeQs three-parameter hybrid exchange func-
tional with the Lee–Yang–Parr correlation functional (B3LYP) level and
with the 6–31G ACHTUNGTRENNUNG(d,p) basis set. Solvent effects were examined using the
polarized continuum model.[20] Spin-density calculations were made at
the INDO level.[19] Classical dynamics of the viologens, starting from the
energy-minimized geometries, were studied in a reservoir of 512 acetoni-
trile molecules by using CHARMM v.27b4 and with periodic boundary
conditions.[21] In these simulations, the molecule under investigation was
allowed to equilibrate for 2 ps before running the dynamics simulation
over 10 ps, for each of the three oxidation states.
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