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Hydrogen bonds, by virtue of their strength and directionality, ) ) . .
are found extensively in biological systems controlling both Observed redox potential to shift positive. The maximum
intra- and intermolecular structure. In recent years chemists Potential shift is related to the ratio of binding constants in the
have begun to exploit hydrogen bonds for similar reasons. 0Xidized and reduced states (eq?’1).

Indeed, receptors that utilize directed hydrogen bonds to bind
substrates are of major importance in molecular recognition
research. Hydrogen bonds also are being used to build ordered,
multimolecular assemblies in solutfband to engineer structures

in the solid staté.

In this report we show how it is possible to control the ~ The effect of hydrogen bonding on carbonyl reduction is
strength of hydrogen bonding in a very straightforward manner nicely illustrated with 9,10-phenanthrenequinofieand 1,3-
using electrochemical means. Since hydrogen bonds arediphenylurea. As shown in structurk and confirmed by
substantially electrostatic in natutey reduction or oxidation ~ molecular mechanics calculations, the-N bonds in this urea
process that leads to a change in partial charge on one of theare well-positioned to simultaneously hydrogen bond with both
components in a hydrogen bond will have a significant effect carbonyl oxygens in phenanthrenequinone. This leads to
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on the strength of that hydrogen bond.
This, of course, is not a surprising or particularly novel

significant effects on the cyclic voltammetry (CV) bas shown
in Figure 1. Addition of 0.5 mM 1,3-diphenylurea to 1 mM

observation. Certainly the effect of hydrogen bonds on redox in CH:Cl leads to the appearance of an overlapping peak on

potentials has been recogniZagarticularly in the case of redox
proteins® It is known, for example, that the presence of
hydrogen bonding to the flavin in flavoproteins will stabilize

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

one redox state relative to the other, resulting in large shifts in shift positive with the addition of more urea until at 10 mM

the redox potential of the flavih.What has not been recognized

(curve d, close to the solubility limit) the wave is 207 mV

is the significance this has toward both molecular recognition positive of the original and the beginning of the second quinone
and self-assembly in nonbiological systems. We demonstratereduction is evident at the negative end of the scan. From eq
this here with two examples of redox-dependent receptors for 1, the shift in redox potential corresponds to an increase in
amide and urea derivatives, which despite their simplicity show binding strength upon reduction k&t leasta factor of 3000.
a high degree of selectivity. The observation of overlapping waves at less than 1 equiv
The receptors are 9,10-phenanthrenequindneand 1,8- of guest in Figure 1 suggests diphenylurea also binds moderately
naphthalimide,2. Both 15 and 28 undergo reversible one-  well to the oxidized host. However it is not possible to fit the
electron reduction in aprotic media to form radical anions. observed voltammetry assuming only reversible electron transfer
Although the radical is delocalized, most of the negative charge and binding. *H NMR indicates substantial aggregation of the
will reside on the oxygens due to their greater electronegativity. urea in CHCI,'° and this is the likely cause of the nonideal
For this reason, substrates with appropriately positionetHN  behavior. To simplify the system we also looked at the
groups should hydrogen bond with the carbonyl oxygens much voltammetry in DMF where the urea is not significantly
stronger in the reduced states. Examples of good substratesiggregated. As shown in Figure 2 the observed shifts are much
are urea derivatives with and the diamidopyridine derivative  smaller than those in GI€l, but they are still significant despite
3with 2. These substrates should, in effect, stabilize the radical the highly competitive nature of the solvent. In this case we
anions through hydrogen bonding, and this will cause the are able to fit the voltammetry assuming only reversible electron
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transfer and hostguest binding equilibria. The best fit corre-
sponds taKyx = 1 M~1 andK ey = 660 M1.11

The effect of other NH- and O-H-containing substrates
on the redox potential of is outlined in Table 1, which lists
the observed change in half-wave potentdt; », upon addition
of 50 mM substrate. Like diphenylurea, butylurea and 1-phenyl-
3-propylurea also cause substantial positive potential shifts in

(9) Miller, S. R.; Gustowski, D. A.; Chen, Z.-H.; Gokel, G. W.;
Echegoyen, L.; Kaifer, A. EAnal. Chem1988 60, 2021.

(10)*H NMR spectra of diphenylurea show a strong concentration
dependence even at 0.1 mM in gI,. Complicated aggregation is indicated
since the NH protons shift upfield at low concentrations and downfield at
higher concentrations.

(11) The voltammograms were simulated using Digisim, ver. 2.0. Binding
constants were obtained by simultaneously fitting eight background-
subtracted experimental voltammograms containing from 0 to 50 mM
diphenylurea. Considerable error is expected inKgevalue due to its
small magnitude, which indicates very little interaction between the neutral
quinone and urea in DMF. Simulations ranging frégx = 0.1 to 3 ML
(corresponding tdK,eq = 640—700 M1) give almost identical voltammo-
grams. However, largeiKox values cause increasingly larger changes in
the simulated voltammograms and a decreasing fit to the experimental
voltammograms.

0002-7863/96/1518-3976$12.00/0 © 1996 American Chemical Society



Communications to the Editor J. Am. Chem. Soc., Vol. 118, No. 16, 1395/

10 Table 1. Shifts in Half-Wave Potentials of Phenanthrenequinone,
1, and Naphthalimide2, in the Presence of Various-\H- and
O—H-Containing Substratés
5 F AE1n 101- (mV) AE1 2011~ (mV)
substrate (50 mM) CiCl, DMF CHCl, DMF
<§ ol water +14 -2
ethanol +8 +12
g propylamine 0 ir?
g 1,2-diaminobenzene +11 +12
3 S5t 1,3-diaminobenzene +6 +28
2,6-diaminopyridine +7 +57 +27
3, R= propyl +14 +128 +62
10 b 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
-15 1 L L L L 1,2-dibutyl-3-phenylurea +6 +5 +1

105 085 085 075 065 055 045 2 Change inEy;; upon addition of 50 mM substrate to 1 mMor 2
Potential, V vs Ag wire in 0.1 M NBwPR/CH:CI, or DMF. Measured by cyclic voltammetry

. . . (CV). Other conditions: 2 mm Pt or Au disk electrode, Ag wire
Figure 1. Cyclic voltammograms of 1 mM 9,10-phenanthrenequinone reference with ferrocene, cobaltoceniumbi,N ‘N "-tetramethylphe-

in 0.1 M NBwPF/CH.CI. in the presence of increasing amounts of nylenediamine used as an internal potential reference, 100 or 50 mV/s
1,3-diphenylurea: (a) 0 mM urea, (b) 0.5 mM urea, (c) 1 mM urea, scan rate, 22C. > CV wave becomes irreversible.
(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 samgnhown in Table 1. we also observe large positive shifts in the

as for the data in Table 1. half-wave potential of2 in both CHCl, and DMF in the
6 presence of substrates which can form at least two H-bonds
with the imide. The largest potential shifts are observed with
4l the diamidopyridine derivative, which can bind through three
H-bonds!* Smaller but still significant shifts are observed with
2t 2,6-diaminopyridine. As witHl, the CV wave of2 generally
remains reversible upon addition of substrate, indicating that
< OF proton transfer does not occur. The one exception is with
jf propylamine where proton transfer likely does occur between
g 2t the acidic imide H and the basic amine.
5 In conclusion, we have shown that 9,10-phenanthrenequinone
© 4 and 1,8-naphthalimide are redox-dependent receptors for urea
and amide derivatives with appropriately positionedH\bonds.
6 r The observed potential shifts, similar to those measured in a
flavoprotein model systerhare by far the largest reported to
8T @) @ date for purely organic receptor/substrate syst&mis. Clearly
10 . . . . ‘ 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
Potential, V vs Ag wire has implications not only for molecular recognition but also

Figure 2. Cyclic voltammograms of 1 mM 9,10-phenanthrenequinone fOr self-assembly. In particular, it suggests electron transfer

in 0.1 M NBwPR/DMF in the presence of increasing amounts of could be used to trigger the assembly, disassembly, or rear-

1,3-diphenylurea: (a) 0 mM urea, (b) 0.5 mM urea, (c) 1 mM urea, angement of H-bonded networks in solution.

(d) 10 mM urea. Dashed lines in curves (a) and (d) correspond to the
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produces a negligible shift in both solvents, indicating that

hydrogen bonding to both carbonyls is essential. Water, ethanol, JA954283K

and prop_ylar_nine also -prOdu-ce (elatively small shifts, as well (13) Since the basicity of the receptor will increase upon reduction, it is
as the dlammoaromat'c derivatives. In .the. latter, therN likely that there has to be a large difference i, between the neutral
bonds are either too close together (1,2-diaminobenzene) or toGeceptor and the substrate to prevent proton transfer. Amides are particularily
far apart (1,3-diaminobenzene and 2,6-diaminopyridine) to good in this regard since they are good H donors without being very acidic.
simultaneously interact with both carbonyl oxygens. With all (14|)3a”d Fﬁ:atthed .Co.g‘p?u”dt.s ha‘I’e bee”.ShOt‘ﬁ” to form ”'P('je HF'b%”d%d
these substrates, including the ureas, the CV wave remainsg: Figueroa. A Charles, R.: Onan, K. B.: Felbush. P.: Karger, B.L.
reversible, indicating that proton transfer does not occur. In Am. Chem. Socl986 108 3310. See also ref 7.

contrast, addition of 1 equiv of phthalimide, which is fairly élS)dTheredar? aCtualtly )/ert))/ ftem{ exan;ples Osf Dufellyl%rg?nifﬁ s%nthtetifc'
Y ; ; ; redox-dependent receptor/substrate systems. See ref 16. To the best of our
acidic, leads to. 'rr.everSIble eIeCtrOChemISﬁy' knowledge, the only other reported example of an organic receptor/substrate
1,8-Naphthalimide?, provides another example of redox-  system where binding strength changes significantly with oxidation state
dependent binding achieved through H-bond perturbation. As is a viologen-based receptor that has been studied by us and others (ref
17

).
(12) The strong binding ofl to the disubstituted ureas, particularily (16) Beer, P. DAdv. Inorg. Chem 1992 39, 79.
diphenylurea, may also be partly due to preorganization of these compounds (17) (a) Lilienthal, R. R.; Smith, D. KAnal. Chem1995 67, 3733. (b)
for binding. AM1 semiempirical molecular orbital calculations indicate that Smith, E. A.; Lilienthal, R. R.; Fonseca, R. J.; Smith, D.Anal. Chem.
the “cis” conformation necessary for binding, with both-N’s pointing 1994 66, 3013. (c) Bernardo, A. R.; Stoddart, J. F.; Kaifer, A.JEAmM.
away from the carbonyl, is a low-energy conformation. Chem. Soc1992 114, 10624.



