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Hydrogen bonds, by virtue of their strength and directionality,
are found extensively in biological systems controlling both
intra- and intermolecular structure. In recent years chemists
have begun to exploit hydrogen bonds for similar reasons.
Indeed, receptors that utilize directed hydrogen bonds to bind
substrates are of major importance in molecular recognition
research.1 Hydrogen bonds also are being used to build ordered,
multimolecular assemblies in solution2 and to engineer structures
in the solid state.3
In this report we show how it is possible to control the

strength of hydrogen bonding in a very straightforward manner
using electrochemical means. Since hydrogen bonds are
substantially electrostatic in nature,4 a reduction or oxidation
process that leads to a change in partial charge on one of the
components in a hydrogen bond will have a significant effect
on the strength of that hydrogen bond.
This, of course, is not a surprising or particularly novel

observation. Certainly the effect of hydrogen bonds on redox
potentials has been recognized,5 particularly in the case of redox
proteins.6 It is known, for example, that the presence of
hydrogen bonding to the flavin in flavoproteins will stabilize
one redox state relative to the other, resulting in large shifts in
the redox potential of the flavin.7 What has not been recognized
is the significance this has toward both molecular recognition
and self-assembly in nonbiological systems. We demonstrate
this here with two examples of redox-dependent receptors for
amide and urea derivatives, which despite their simplicity show
a high degree of selectivity.
The receptors are 9,10-phenanthrenequinone,1, and 1,8-

naphthalimide,2. Both 15 and 28 undergo reversible one-
electron reduction in aprotic media to form radical anions.
Although the radical is delocalized, most of the negative charge
will reside on the oxygens due to their greater electronegativity.
For this reason, substrates with appropriately positioned N-H
groups should hydrogen bond with the carbonyl oxygens much
stronger in the reduced states. Examples of good substrates
are urea derivatives with1 and the diamidopyridine derivative
3with 2. These substrates should, in effect, stabilize the radical
anions through hydrogen bonding, and this will cause the

observed redox potential to shift positive. The maximum
potential shift is related to the ratio of binding constants in the
oxidized and reduced states (eq 1).9

The effect of hydrogen bonding on carbonyl reduction is
nicely illustrated with 9,10-phenanthrenequinone,1, and 1,3-
diphenylurea. As shown in structure1, and confirmed by
molecular mechanics calculations, the N-H bonds in this urea
are well-positioned to simultaneously hydrogen bond with both
carbonyl oxygens in phenanthrenequinone. This leads to
significant effects on the cyclic voltammetry (CV) of1 as shown
in Figure 1. Addition of 0.5 mM 1,3-diphenylurea to 1 mM1
in CH2Cl2 leads to the appearance of an overlapping peak on
the positive side of the CV wave (curve b). With 1 equiv of
urea (curve c), one broad wave is observed which is shifted
considerably positive of the original. The wave continues to
shift positive with the addition of more urea until at 10 mM
(curve d, close to the solubility limit) the wave is 207 mV
positive of the original and the beginning of the second quinone
reduction is evident at the negative end of the scan. From eq
1, the shift in redox potential corresponds to an increase in
binding strength upon reduction byat leasta factor of 3000.
The observation of overlapping waves at less than 1 equiv

of guest in Figure 1 suggests diphenylurea also binds moderately
well to the oxidized host.9 However it is not possible to fit the
observed voltammetry assuming only reversible electron transfer
and binding. 1H NMR indicates substantial aggregation of the
urea in CH2Cl2,10 and this is the likely cause of the nonideal
behavior. To simplify the system we also looked at the
voltammetry in DMF where the urea is not significantly
aggregated. As shown in Figure 2 the observed shifts are much
smaller than those in CH2Cl2, but they are still significant despite
the highly competitive nature of the solvent. In this case we
are able to fit the voltammetry assuming only reversible electron
transfer and host-guest binding equilibria. The best fit corre-
sponds toKox ) 1 M-1 andKred ) 660 M-1.11

The effect of other N-H- and O-H-containing substrates
on the redox potential of1 is outlined in Table 1, which lists
the observed change in half-wave potential,∆E1/2, upon addition
of 50 mM substrate. Like diphenylurea, butylurea and 1-phenyl-
3-propylurea also cause substantial positive potential shifts in
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CH2Cl2 and smaller but still significant shifts in DMF.12 Note
that 1,1′-dibutyl-3-phenylurea, which only has one N-H bond,
produces a negligible shift in both solvents, indicating that
hydrogen bonding to both carbonyls is essential. Water, ethanol,
and propylamine also produce relatively small shifts, as well
as the diaminoaromatic derivatives. In the latter, the N-H
bonds are either too close together (1,2-diaminobenzene) or too
far apart (1,3-diaminobenzene and 2,6-diaminopyridine) to
simultaneously interact with both carbonyl oxygens. With all
these substrates, including the ureas, the CV wave remains
reversible, indicating that proton transfer does not occur. In
contrast, addition of 1 equiv of phthalimide, which is fairly
acidic, leads to irreversible electrochemistry.13

1,8-Naphthalimide,2, provides another example of redox-
dependent binding achieved through H-bond perturbation. As

shown in Table 1, we also observe large positive shifts in the
half-wave potential of2 in both CH2Cl2 and DMF in the
presence of substrates which can form at least two H-bonds
with the imide. The largest potential shifts are observed with
the diamidopyridine derivative,3, which can bind through three
H-bonds.14 Smaller but still significant shifts are observed with
2,6-diaminopyridine. As with1, the CV wave of2 generally
remains reversible upon addition of substrate, indicating that
proton transfer does not occur. The one exception is with
propylamine where proton transfer likely does occur between
the acidic imide H and the basic amine.
In conclusion, we have shown that 9,10-phenanthrenequinone

and 1,8-naphthalimide are redox-dependent receptors for urea
and amide derivatives with appropriately positioned N-H bonds.
The observed potential shifts, similar to those measured in a
flavoprotein model system,7 are by far the largest reported to
date for purely organic receptor/substrate systems.15-17 Clearly
H-bond perturbation is a powerful technique for achieving redox
dependence in such systems. It is also noteworthy that reduction
can transform a rather poor receptor into a good receptor. This
has implications not only for molecular recognition but also
for self-assembly. In particular, it suggests electron transfer
could be used to trigger the assembly, disassembly, or rear-
rangement of H-bonded networks in solution.
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Figure 1. Cyclic voltammograms of 1 mM 9,10-phenanthrenequinone
in 0.1 M NBu4PF6/CH2Cl2 in the presence of increasing amounts of
1,3-diphenylurea: (a) 0 mM urea, (b) 0.5 mM urea, (c) 1 mM urea,
(d) 10 mM urea. Scan rate) 200 mV/s. A Ag wire in a separate
compartment was used as the reference. Other conditions are the same
as for the data in Table 1.

Figure 2. Cyclic voltammograms of 1 mM 9,10-phenanthrenequinone
in 0.1 M NBu4PF6/DMF in the presence of increasing amounts of
1,3-diphenylurea: (a) 0 mM urea, (b) 0.5 mM urea, (c) 1 mM urea,
(d) 10 mM urea. Dashed lines in curves (a) and (d) correspond to the
theoretical voltammograms withKox ) 1.1 M-1 andKred ) 660 M-1.
Other conditions are the same as for the data in Figure 1.

Table 1. Shifts in Half-Wave Potentials of Phenanthrenequinone,
1, and Naphthalimide,2, in the Presence of Various N-H- and
O-H-Containing Substratesa

∆E1/210/1- (mV) ∆E1/2 20/1- (mV)

substrate (50 mM) CH2Cl2 DMF CH2Cl2 DMF

water +14 -2
ethanol +8 +12
propylamine 0 irrb

1,2-diaminobenzene +11 +12
1,3-diaminobenzene +6 +28
2,6-diaminopyridine +7 +57 +27
3, R) propyl +14 +128 +62
butylurea +74 +24 +18
1-phenyl-3-propylurea +160 +73 +50 0
1,3-diphenylurea (10 mM) +207 +59 +39 0
1,3-diphenylurea (50 mM) +96 -5
1,1′-dibutyl-3-phenylurea +6 +5 +1

aChange inE1/2 upon addition of 50 mM substrate to 1 mM1 or 2
in 0.1 M NBu4PF6/CH2Cl2 or DMF. Measured by cyclic voltammetry
(CV). Other conditions: 2 mm Pt or Au disk electrode, Ag wire
reference with ferrocene, cobaltocenium orN,N,N ′,N ′-tetramethylphe-
nylenediamine used as an internal potential reference, 100 or 50 mV/s
scan rate, 22°C. bCV wave becomes irreversible.
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