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ABSTRACT: Supramolecular modulation of reduction potentials of two series of
bis(pyridinium)alkane salts is described. Study of the encapsulation of
bis(pyridinium)alkane guests within the CB[7] cavity revealed the critical
influence of the linker length and the position of the heteroatom on the reduction
potentials of encapsulated guests. CB[7] complexation of pyridinium salts
induced reduction potential changes ranging between +50 and −430 mV.
Noncovalent modulation of the electron-accepting ability of organic cations can
be utilized in electron-transfer-initiated reactions.

Cucurbit[n]urils (CB[n], n = 5−10) are a family of
macrocyclic molecular containers containing two polar

carbonyl hydrophilic portals decorating the relatively hydro-
phobic inner cavity.1−3 These features are responsible for the
unique binding properties and widespread use of CBs in self-
assembly,4,5 molecular recognition,6−8 catalysis,9−11 drug
delivery,12,13 and design of molecular machines.14,15 Since
the reports by Kaifer16 and Kim17 describing CB[7]
encapsulation of redox active methyl viologens (MV2+) there
has been significant interest in using CBs to modulate
physicochemical properties of MVs.18−21 However, to our
knowledge, there is no comprehensive study correlating redox
behavior with the structural features of the redox-active guests
included within CB. Information on the ability of CBs to
manipulate electron-transfer processes would expand the utility
of CBs in the aforementioned areas. Binding of various N-
heterocyclic cations was studied by Macartney and co-
workers.22−24 They suggested that for most of the species,
pyridinium nitrogen resides adjacent to the polar carbonyl
portals, while a hydrophobic linker is included within the
CB[7] cavity. These electron-acceptor compounds are of
interest not only as photo- and electro- chemically induced
electron delocalizing molecules25 but also as antimicrobial
agents.26,27 In this work, we studied two series of bis-
(pyridinium)alkane guests (Figure 1). We have demonstrated
that CB[7] encapsulation and favorable ion−dipole interaction
between pyridinium nitrogens and carbonyl rims influences the
reduction potentials of bis(pyridinium)alkane dications. The
results of this study highlight that although the irreversibility of
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Figure 1. CB[7] complexation induced 1H NMR chemical shifts
(CIS, ppm) of bis(pyridinium)alkane guests; maximum CIS values
from titration to up to 4:1 host−guest ratio are shown (for details, see
the SI); blue, upfield shift; red, downfield shift; *, merged with H2O;
x, merged with CB[7].
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the reduction cannot be altered, the reduction potentials of
bis(pyridinium)alkanes in aqueous media can be supra-
molecularly varied over a wide range (between +50 and
−430 mV) and that slight structural variations in the length of
the linker and the position of N-atom can impart significant
changes in redox properties of bis(pyridinium)alkane CB[7]
complexes. Recently, we reported the oxidation of 1a under
aerobic conditions.28 This effect is noticeable only upon
prolonged exposure and did not affect the measurements in
this work.
We have employed 1H NMR to infer the inclusion of guests

within the CB[7] cavity.23,29 Hydrogens of guests located
within the hydrophobic cavity of CB[n] typically exhibit an
upfield shift (Δδcomp‑free < 0), and those remaining adjacent to
carbonyl portals display a zero or downfield shift (Δδcomp‑free >
0). Figures 2 and 3 reveal that the inclusion of 1 and 5 within

CB[7] results in the upfield shift of both methylene and
aromatic protons. Neither broadening of the signals nor
separate resonances were observed, indicating that CB[7] is
sliding fast over both alkyl chain and aromatic rings in the
NMR time scale.22 Similar features were noted for 2−4
(Figures S4, S7, and S11).

1H NMR titration experiments confirmed that 1−5 formed a
1:1 complex (Figures S3, S6, S10, S14, and S18). Of the five
guests, 1−3 experienced upfield shifts in the range from −0.3
to −0.6 ppm for aliphatic and from −0.2 to −0.7 ppm for
aromatic protons. Latter values are much greater than the ones
experienced by 4 and 5. In fact, para and meta protons (a and
b) of 4 and 5 showed only a small shift (Figure 3). We believe
the small shifts indicate the proximity of the aromatic rings to
the carbonyl portals.
The length and hydrophobicity of the methylene chain

suggest that it would prefer the interior of the CB[7] to the

hydrophilic rim. Consistent with this, aliphatic protons of 4
and 5 experience the largest upfield shifts in the series,
indicating that CB[7] slides over alkyl chains in both
molecules. Unlike 1−4, 5 showed binding induced NMR
changes in the presence of excess CB[7], suggesting the
formation of the 2:1 host−guest complex and fast exchange
between the 1:1 and 2:1 complex (in this paper, the ratio is
presented as host to guest).22 The reversal in direction of CIS
(signal a, Figure 3) for 5 beyond 1 equiv of CB[7] and its
saturation beyond 2 equiv suggests the ability of 5 to form a
higher order complex in a stepwise equilibrium. This could be
attributed to the optimal concentration (mM) of the host and
guest in the solution and the length of the pentylene linker,
which allows simultaneous binding to two CB[7] without
significant steric hindrance between them.
Host−guest structures inferred from the 1H NMR data are

in line with the computationally generated structures
optimized at the HF/3-21G level (Figure 4, Figures S85−

S87). As expected, guests 1−3 in their extended conformations
were mostly encapsulated within the CB[7] cavity. In the case
of 5, the predicted structure shown in Figure 4 is consistent
with the NMR data. In this case, the aromatic rings are
extended well outside the portals of CB[7].
Guests 1a−3a exhibited behavior different from that of 1−5

in the presence of CB[7]. Two independent 1H NMR signals
for free and bound guests indicated a slow or lack of chemical
exchange (in the NMR time scale) between these two types of
guests. Compounds 1a−3a displayed much larger upfield shifts
for the methylene protons than 1−5 and a downfield shift of
the methyl protons. 1H NMR titration experiments confirmed
the formation of 1:1 complexes.
To ascertain the host to guest ratio and to estimate the

thermodynamic parameters of binding, the isothermal
calorimetric measurements (ITC) were performed (Table 1).
Table 1 reveals that the host−guest ratio (n) in all cases is

one which is consistent with NMR titration results. Except for
2, all other guests exhibited a trend in their ΔH and ΔS values.
Guests 1, 3, and 4 have a lower (−) ΔH and higher (+) ΔS
than 1a−3a. These results suggest that 1a−3a are bound more
tightly than 1, 3, and 4. Clearly, the presence of two
independent peaks in the NMR spectrum and the larger
influence of CB[7] on the reduction potentials of 1a−3a (see
later section) must be a consequence of the stronger binding of
these guests to CB[7].
Next, we proceeded to examine the influence of CB[7] on

the electrochemical properties of 1−5 and 1a−3a. The absence
of the reverse oxidation wave or its large separation from the
reduction peaks and dependence of the reduction potential on
the scan rate confirmed the irreversibility of the electro-

Figure 2. Variation in 1H chemical shifts for titration of 1 mM CB[7]
with 30 mM 1 in D2O: top spectrum, free guest; bottom spectrum,
free host.

Figure 3. Complexation-induced shifts in 1H NMR signals of 5 upon
addition to CB[7] (1 mM) in D2O. Aromatic (top) and aliphatic
(bottom) regions of the spectra are presented.

Figure 4. Computationally generated structures of 1:1 complexes of 1
and 5 with CB[7].
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chemical reduction of 1−5 and 1a−3a (Figure 5C).30 This is
consistent with the irreversibility of N-methylpyridinium and

bis(pyridinium)alkanes reduction leading to 4,4′-coupled σ-
dimers and cyclomers, correspondingly (Figure 5, A).31−34

Interestingly, irreversibility is not affected by CB[7], suggesting
that cyclomerization and/or σ-dimerization is not prevented by
inclusion within CB[7]. This is likely the result of neutral
diradical intermediates, generated upon two-electron reduc-
tion, exiting the CB[7] host. Thus, we believe that the
cyclomerization occurs outside the CB[7] host.35

Molecules listed in Figure 1 could undergo either a single
step or stepwise reduction. We believe that the stepwise
reduction is favored when the radical cation formed upon one
electron reduction can be delocalized over both rings.36−38 For
this to occur, face-to-face interaction is required, which is only
possible in the cisoid conformation of a bispyridyl system.
Figure 5B (E1 and E2) shows that in the case of 1 stepwise
reduction is favored (Figure S46 for 1a). In this case, the
energetically favorable radical cation intermediate leads to a
positive shift of the first reduction potential (compared to N-
methylpyridinium (−1.45 V vs Ag/AgCl)).39 According to
quantum chemical (QC) calculations, CB[7] encapsulation
favors the transoid conformation for the longer chain guests. In
such a conformer, direct electronic communication between

aromatic units would decrease resulting in their independent
reduction at potentials close to that of N-methylpyridinium.
This should favor a single reduction peak. This is the case for
CB[7]-included 2 and 2a and longer chain systems (Figures
S40, S41, S44, S45, and S47−S50).
Figure 6 shows the reduction potentials of free and CB[7]

complexed guests 1−5 and 1a−3a. Upon inclusion within

CB[7], 1 and 2 showed a small positive shift of the reduction
potential which could be due to the low polarizability and
electron density of the CB[7] inner cavity.40,41 Upon
increasing the linker length (3−5), a gradual negative shift is
observed. This is consistent with binding modes observed by
NMR titration and QC calculations discussed above. Extension
of the hydrophobic linker leads to its placement in the inner
cavity, while positive charges of pyridinium rings move closer
to electron-rich portals. Favorable ion−dipole interaction
between the portals of CB and the guest positive charges
“shields” the electron acceptor pyridinium rings and leads to
the negative shift of their reduction potential.42

Compounds 1a−3a displayed much larger negative shifts
than 1−3. This is consistent with the stronger binding as noted
from the NMR and ITC data. In these cases, for a given linker
length, positive charges are located closer to carbonyl rims than
in 1−3. This result is best illustrated by comparing 3 and 3a
(Figure 7). While 3 exhibited a small shift of −40 mV, 3a
showed the largest shift among all studied compounds of −430
mV. Since the reduction potential of 3a with CB[7] falls
outside the electrochemical window of water, we performed
the measurements in nonaqueous media. Reliability of
comparison between H2O and DMSO solutions is illustrated
in Figure 7 (A vs B, also Figures S41−43 and S47−50).
A final note relates to the formation of a 2:1 complex of 5

with CB[7]. Cyclic voltammetry suggested the formation of a
2:1 complex (see Figure S45) in addition to a 1:1 complex. In
the presence of excess CB[7], additional reduction (−1.23 V)
was observed. This is consistent with the NMR titration
spectra shown in Figures S15−S17. However, ITC data did not
reveal the presence of the 2:1 complex (Figure S33). The
difference in binding stoichiometries deduced from NMR and
ITC could be due to the different concentrations required for

Table 1. Binding Constant (Ka), Molar Ratio (n), Enthalpy
(ΔH), and Entropy (ΔS) for Compounds 1−5 and 1a−3a
with CB[7] at 25 °C Measured by ITC

Ka
a × 106 M−1 n ΔH (kJ/mol) ΔS (J/mol·K)

1 1.53 ± 0.02 1.11 ± 0.01 −16.66 ± 0.08 62.54 ± 0.18
2 0.95 ± 0.09 1.16 ± 0.01 −27.01 ± 0.41 23.81 ± 0.54
3 3.17 ± 0.17 0.93 ± 0.02 −21.60 ± 0.15 52.02 ± 0.03
4 3.06 ± 0.53 0.97 ± 0.06 −19.03 ± 0.62 60.22 ± 0.64
1a 1.19 ± 0.15 0.91 ± 0.00 −29.21 ± 0.11 18.32 ± 0.69
2a 3.86 ± 0.06 0.98 ± 0.04 −27.57 ± 0.10 33.63 ± 0.21
3a 2.54 ± 0.01 1.04 ± 0.05 −29.64 ± 0.33 23.41 ± 0.80

aMean value measured from two isothermal titration calorimetry
experiments at 25 °C in DI water. We could not obtain reliable
binding characteristics for 5, possibly due its ability to form a higher
order complex in addition to 1:1 complex.

Figure 5. Irreversible electrochemical reduction (A); reduction of a
1:1 complex of 1 with CB[7] at different scan rates (B); reduction
potentials of 1 (E1) and 3 in the presence of CB[7] vs the scan rate.

Figure 6. Reduction potentials (volts) of free 1−5 (E1 for 1, 2)
(black) and their 1:1 CB[7] complexes (red) vs linker length. Inset:
ΔE (bound, free, mV) for 1−5 (green), 1a−3a (blue). E1 used for 1,
2, 1a, and 2a. Fit applied to aid in visualization.
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these experiments. In addition, the limitations of the ITC
software hindered the analysis of the ITC curve with two
exponentials, and we did our best to fit the curve into a single
exponential. Except for 5, no other guests showed the presence
of a 2:1 complex.
In conclusion, we investigated CB[7] encapsulation of two

series of bis(pyridinium)alkane dications and its effects on the
electron-accepting ability of pyridinium units. Our studies
bring out the importance of the linker length and the position
of nitrogen atoms in aromatic rings on the reduction potential
of CB[7] complexes. The difference in electrochemical
responses of two types of hosts (internal vs external N
positioning) despite the same length of the linker provided
specific insights into the structural sensitivity of the CB[7]
complexation. We demonstrated that the reduction potentials
of pyridinium salts can be noncovalently manipulated over a
wide range of values by means of supramolecular chemistry.
Conclusions drawn here could find potential applications in
the supramolecular control of the electron-acceptor ability of
organic molecules in catalytic and electron-transfer reactions.

■ EXPERIMENTAL SECTION
General Information. All commercially available materials were

used as supplied without further purification, unless otherwise noted.
Proton and carbon NMR characterization and NMR titration studies
of 1−5 and 1a−3a were performed on a Bruker Avance 500
spectrometer equipped with a cryoprobe. Chemical shifts are reported
in parts per million (ppm). Deuterated solvent was used as a lock, and
residual protiated solvent peak was used as reference. FIDs are
available upon request. UV−vis spectra were recorded in a 1 cm
Starna Cells cuvette on an Agilent 8453 UV−vis spectrometer. Mass
spectrometry characterization of 1−5 and 1a−3a was performed using
a Thermo Scientific LTQ-FT, a hybrid mass spectrometer consisting
of a linear ion trap (the LTQ portion), and a Fourier transform ion
cyclotron resonance mass spectrometer, FT-ICR. IR spectra were
recorded on a Thermo Scientific Nicolet iS5 ATR IR spectrometer.

ITC measurements were performed on a Nano ITC Standard volume
instrument (TA). Cyclic voltammograms were recorded on an
Epsilon potentiostat/galvanostat (BASi).

1H NMR Titration. Typical procedure: A 1 mM solution of CB[7]
was dissolved in D2O, and to this was added 30 mM of guest stock
solution stepwise. After each addition, the NMR spectrum was
collected to monitor the changes of the host and guest proton
resonances.

Isothermal Scanning Calorimetry. The formation constants
and thermodynamic parameters for the inclusion of bis(pyridinium)-
alkane guests in CB[7] were determined by titration calorimetry using
a Nano ITC standard volume instrument from TA. All solutions were
prepared in purified water (Milli-Q, Millipore). A solution (0.1 mM)
of bis(pyridinium)alkane guest was placed in the sample cell. As a 1
mM solution of CB[7] was added in a series of 25−40 injections (5−
10 μL), the heat evolved was recorded at 25 °C. The heat of dilution
was corrected by injecting the bis(pyridinium)alkane guests solution
into deionized water and subtracting these data from those of the
host−guest titration. Data were analyzed and fitted in the Nano-
Analyze software.

Cyclic Voltammetry. To 4 mL of distilled water was added 23 mg
of NaCl (anhydrous, ACS Reagent, ≥99%) to achieve 0.1 M
concentration of the supporting electrolyte (0.1 M TBAP
(tetrabutylammonium perchlorate, Sigma-Aldrich, for electrochemical
analysis, ≥99.0%) in dry DMSO was used for nonaqueous systems). A
solution was transferred to a single-compartment glass electro-
chemical cell equipped with a Teflon cap (3 electrode setup) and a
nitrogen inlet Teflon tube. Typically, the cell was fitted with a glassy
carbon (GC) working electrode, Pt wire auxiliary electrode, and Ag/
AgCl reference electrode (Ag/AgNO3 for nonaqueous solutions, the
Fc/Fc+ redox couple was used as an internal standard). Nitrogen was
bubbled through the solution for 20 min to remove the dissolved
oxygen. During the measurements, the Teflon tube was removed from
the solution and kept above the liquid to prevent oxygen from
redissolving.

The working electrode was polished on a microcloth using
polishing alumina. The electrode was sonicated in deionized water
to remove any alumina left after polishing, rinsed with distilled water,
and dried using a KimWipe. The electrode was polished before each
measurement.

Baseline was measured in the 0-(−1600 mV) and 0-(−1800 mV)
regions to ensure that no oxygen or other impurities were present in
the solution.

Solid pyridinium salt was added to the above solution to achieve
0.7 mM (or 0.45 mM for less soluble compounds) concentration of a
solute. The solution was sonicated for 10 s to aid in dissolving.
Tetrafluoroborate salts were used for CV measurements.

The solution was further purged with nitrogen for 10 min.
Reduction peaks were recorded in the 0-(−1600 mV) or 0-(−1800

mV) regions at 100 mV/s.
To the above solution was added solid CB[7] to achieve the

desired ratio (2:1 or 1:1 host−guest complexes).
After every CB[7] addition, the solution was sonicated for 10 s and

purged for 10 min with nitrogen.
Reduction peaks were recorded in 0-(−1600 mV) or 0-(−1800

mV) regions at 100 mV/s.
Additional CB[7] was added to a solution of 1:1 H−G complex,

and reduction peaks were recorded in 0-(−1600 mV) or 0-(−1800
mV) regions to ensure that presence of excessive amount of host
molecule does not change the electrochemical response with respect
to the 1:1 complex.

Computational Chemistry. Geometry optimization of individual
hosts/guest and their inclusion complexes were performed using
Gaussian ’09 software on a Windows desktop computer.43

Coordinates for CB[7] were imported from the crystal structure of
the compound (CIF file) as a PDB file, which is usable in Gaussian
‘09; the structures of guests were constructed in the software.
Geometry optimizations of complexes were performed individually,
and the inclusion complexes were assembled using the optimized
coordinates. Semiempirical calculations were performed first (SE-

Figure 7. Voltammograms of free guests (black), 1:2 (red; 2× excess
of guest), and 1:1 (blue) complex of 3 and 3a with CB[7] in aqueous
(A, D) and nonaqueous media (B,C); computationally generated
structures of 1:1 complexes of 3 and 3a with CB[7].
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PM6), and the optimized structures were then used for performing
the calculations at the HF/3-21G level in the gas phase. IR frequency
calculations were performed on the optimized structures, and the
vibrations were confirmed to be all positive values, thereby validating
the ground-state structures.
Synthesis. Compound 1a was synthesized according to the

previously reported procedure.28 The optimized synthetic procedure
has been used to prepare CB[7].1−3

To exchange counterions to the tetrafluoroborate, aqueous
solutions of 1−5 and 1a−3a were treated with 2 equiv of aqueous
AgBF4. Silver halide precipitate was filtered, and the filtrate
concentrated under reduced pressure to afford tetrafluoroborate salts.
1,1-Bis(pyridinium)methane Iodide (1). To a solution of diiodo-

methane (Sigma-Aldrich, 99%, 52 mg, 0.2 mmol) in 5 mL of
acetonitrile was added an excess of pyridine (Sigma-Aldrich, 99.8%,
anhydrous, 64 mg, 0.8 mmol). The stirred solution was refluxed
overnight. After being cooled to room temperature, the precipitate
was filtered, washed with 1 mL of acetonitrile followed by 3 × 5 mL
diethyl ether, and dried in vacuo to afford 1 as yellow powder (20 mg,
23%). Mp = 227−230 °C dec. 1H NMR (500 MHz, D2O): δ 9.22 (d,
4H, J = 5.55 Hz), 8.72 (t, 2H, J = 7.89 Hz), 8.19 (t, 4H, J = 7.02 Hz),
7.31 (s, 2H). 13C{1H} NMR (125 MHz, D2O): δ 149.8, 145.1, 129.5,
78.0. IR (ν = cm−1): 3472, 3430, 3023, 2999, 1622, 1489, 1293, 765,
687. HRMS (ESI): calcd for C11H12N2BF4

+ [M − BF4]
+ 259.1024,

found 259.1024.
1,2-Bis(pyridinium)ethane Bromide (2). Using the procedure

given for the preparation of 1, 1,2-dibromoethane (Sigma-Aldrich,
98%, 37 mg, 0.2 mmol) was reacted with pyridine (64 mg, 0.8 mmol)
to afford 2 as a light yellow powder (25 mg, 36%). Mp = 278−280 °C
dec. 1H NMR (500 MHz, D2O): δ 8.73 (d, 4H, J = 5.48 Hz), 8.58 (t,
2H, J = 7.89 Hz), 8.03 (t, 4H, J = 6.76 Hz), 5.24 (s, 4H). 13C{1H}
NMR (125 MHz, D2O): δ 147.5, 144.6, 129.1, 60.1. IR (ν = cm−1):
3022, 2996, 2942, 1633, 1487, 1194, 775, 677. HRMS (ESI): calcd for
C12H14N2BF4

+ [M − BF4]
+ 273.1181, found 273.1180.

1,3-Bis(pyridinium)propane Iodide (3). Using the procedure given
for the preparation of 1, 1,3-diodopropane (Sigma-Aldrich, 99%, 29
mg, 0.1 mmol) was reacted with pyridine (32 mg, 0.4 mmol) to afford
3 as an off-white powder (41 mg, 92%). Mp = 197−200 °C dec. 1H
NMR (500 MHz, D2O): δ 8.80 (d, 4H, J = 5.60 Hz), 8.49 (t, 2H, J =
7.87 Hz), 8.01 (t, 4H, 6.86 Hz), 2.71 (quint, J = 7.72 Hz). 13C{1H}
NMR (125 MHz, D2O): δ 146.3, 144.3, 128.6, 58.0, 31.7. IR (ν =
cm−1): 3027, 3007, 1631, 1479, 1170, 773, 677. HRMS (ESI): calcd
for C13H16N2BF4

+ [M − BF4]
+ 287.1337, found 287.1337.

1,4-Bis(pyridinium)butane Iodide (4). Using the procedure given
for the preparation of 1, 1,4-diodobutane (Sigma-Aldrich, ≥ 99%, 31
mg, 0.1 mmol) was reacted with pyridine (32 mg, 0.4 mmol) to afford
4 as an off-white powder (44 mg, 94%). Mp = 191−195 °C dec. 1H
NMR (500 MHz, D2O): δ 8.73 (d, 4H, J = 5.79 Hz), 8.45 (t, 2H, J =
7.82 Hz), 7.97 (t, 4H, J = 6.95 Hz), 4.57 (m, 4H), 2.57 (m, 4H).
13C{1H} NMR (125 MHz, D2O): δ 145.9, 144.1, 128.3, 60.7, 27.2. IR
(ν = cm−1): 3046, 1627, 1479, 1447, 1146, 817, 763. HRMS (ESI):
calcd for C14H18N2I

+ [M − I]+ 341.0509, found 341,0509.
1,5-Bis(pyridinium)pentane Iodide (5). Using the procedure given

for the preparation of 1, 1,5-diodopentane (Sigma-Aldrich, 97%, 32
mg, 0.1 mmol) was reacted with pyridine (32 mg, 0.4 mmol) to afford
5 as a pale yellow powder (45 mg, 94%). Mp = 128−130 °C dec. 1H
NMR (500 MHz, D2O): δ 8.72 (d, 4H, J = 5.58 Hz), 8.44 (t, 2H, J =
7.86 Hz), 7.96 (t, 4H, J = 6.97 Hz), 4.51 (t, 4H, J = 7.45 Hz), 1.98
(quint, 4H, J = 7.66 Hz), 1.32 (quint, 2H, J = 7.80 Hz). 13C{1H}
NMR (125 MHz, D2O): δ 145.6, 144.1, 128.2, 61.3, 29.9, 22.0. IR (ν
= cm−1): 3420, 3377, 3011, 1629, 1489, 1234, 1163, 775, 683. HRMS
(ESI): calcd for C15H20N2I

+ [M − I]+ 355.0666, found 355.0665.
1,2-Bis(N-methylpyridin-4-ium)ethane Iodide (2a). To a solution

of 1,2-bis(4-pyridyl)ethane (Sigma-Aldrich, 99%, 36 mg, 0.2 mmol) in
5 mL of acetonitrile was added an excess of methyl iodide (240 mg,
1.6 mmol), and the stirred reaction mixture was refluxed overnight.
After being cooled to room temperature, the precipitate was filtered,
washed with 0.5 mL of acetonitrile and 2 × 5 mL of diethyl ether, and
dried in vacuo to afford 2a as a cream-colored powder (78 mg, 84%).
Mp = 127−130 °C dec. 1H NMR (500 MHz, D2O): δ 8.53 (d, 4H, J

= 6.63 Hz), 7.77 (d, 4H, J = 6.55 Hz), 4.21 (s, 6H), 3.28 (s, 4H).
13C{1H} NMR (125 MHz, D2O): δ 159.96, 144.55, 127.66, 47.37,
34.00. IR (BF4

− salt, ν = cm−1): 3066, 1647, 1479, 1191, 1021, 848,
814, 575. HRMS (ESI): calcd for C14H18N2BF4

+ [M − BF4]
+

301.1494, found 301.1493.
1,3-Bis(N-methylpyridin-4-ium)propane Iodide (3a). Using the

procedure given for the preparation of 2a, 4,4′-trimethylenepyridine
(Sigma-Aldrich, 98%, 39 mg, 0.2 mmol) was reacted with an excess of
methyl iodide (240 mg, 1.6 mmol). To aid in the precipitation, after
being cooled to room temperature, the reaction mixture was
concentrated under reduced pressure until the precipitate formed.
Following the same steps after the filtration as described for 2a, we
obtained 3a as an off-white powder (78 mg, 51%). Mp = >300 °C dec.
1H NMR (500 MHz, D2O): δ 8.51 (d, 4H, J = 6.60 Hz), 7.77 (d, 4H,
J = 6.42 Hz), 4.20 (s, 6H), 2,89 (t, 4H, J = 7.75 Hz), 2.06 (quint, 2H,
J = 7.84 Hz). 13C{1H} NMR (125 MHz, D2O): δ 161.86, 144.29,
127.58, 47.24, 34.10, 28.42. IR (BF4

− salt, ν = cm−1): 3284, 3110,
1645, 1519, 1476, 1287, 1028, 835. HRMS (ESI): calcd for
C15H20N2BF4

+ [M − BF4]
+ 315.1650, found 315.1650.
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