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ABSTRACT

Mellitic triimides undergo three sequential one-electron reduction processes whose potentials are significantly lowered in the presence of
alkyl thioureas. The two sequential reductions of benzene diimides are similarly stabilized. Calculation of the relative free energy change
between the different electronic states of the imide acceptors and their corresponding alkyl thiourea complexes indicates dramatic increases
in hydrogen bond strength with increasing acceptor charge density.

Supramolecular building blocks that possess both useful
electronic behaviors, i.e., the capacity to readily accept or
donate one or more electrons, and molecular recognition
elements have emerged as useful components of functional
molecular ensembles and aggregates.1 Units whose molecular
recognition capacity can be modulated via an electrochemical
input offer a pathway to control supramolecular conforma-
tion: for example, shuttling of 4,4′-bipyridinium (Paraquat)-
based catenanes and rotaxanes has been demonstrated by
Stoddart and co-workers.2

Previously, we have shown that electron-deficient unsub-
stituted imide systems such as flavins and naphthalimides
provide a platform for specific, three-point hydrogen bonding
interactions, the strength of which may be controlled through

electrochemical conversion to and from the radical anionic
state. This feature has been exploited to incorporate aromatic
imides in systems exhibiting redox- or photocontrolled
switching and recognition capabilities.3 Additional studies
have shown that two-point hydrogen bonding to quinones is
also an effective tool for redox-modulated recognition.4
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Benzene diimides (1) are readily prepared organic electron
acceptors that, together with their naphthalene analogues,
have found favor in a variety of contexts: from components
of molecular electronic materials5 to DNA intercolators and
building blocks for catenanes and rotaxanes.6 Both of these
planar electron-accepting frameworks share the bipyridinium
dication’s ability to accept two electrons at distinct potentials.
Mellitic triimides (2) arethree-electron-accepting hexasub-
stituted benzene derivatives that remained unexplored until
recently7 but are now emerging as useful supramolecular
building blocks that provide an alternative symmetry to more
familiar C2-symmetric organic electron acceptors. In this
letter, we report the modulation of diimide and triimide
reduction processes via noncovalent interactions with thio-
urea derivatives.

The acceptors used in this study were prepared using
published procedures.8 Cyclic voltammetric (CV) traces of
1 and 2 were recorded in dichloromethane solution with
n-Bu4N+ClO4

- as a supporting electrolyte9 (Figure 1).

Additional traces for both materials were recorded in the
presence of di-N-alkyl thiourea3 (30 equiv) and, as a control
for multiple-point hydrogen bond formation, tri-N-alkyl
thiourea4 (50 equiv).10

Diimide 1 exhibits two reversible one-electron reductions
at well-established potentials (Table 1).11 Significant shifts

of both features are observed upon titration with increasing
amounts of dialkyl thiourea3. No detectable shift in reduction
potential was occasioned by the presence of up to 50 equiv
of trialkyl thiourea4, highlighting the necessity of bifurcated
hydrogen bonding interactions for effective stabilization at
the examined concentrations (Figure 2). The electrochemical

behavior of triimide2 mirrors that of the diimide: in the
dichloromethane solvent window, two reversible one-electron
reductions are revealed, though the more strongly electron-
accepting nature of this system ensures that both the first
and second electrons are more readily introduced than for
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Figure 1. CV traces for diimide1 (top) and triimide2 (bottom):
pure acceptor (___), acceptor plus excess3 (‚‚‚), acceptor plus excess
4 (- - -).

Table 1. Potentials (mV) for the Reduction Processes
Associated with Diimide1 and Triimide2

material 1E1/2
2E1/2

3E1/2

1 -843 -1440
1 + excess 3 -815 -1305
∆E +28 +139
1 + excess 4 -843 -1440
2 -577 -1250 <-2000a

2 + excess 3 -557 -1135 -1724
∆E +20 +115 >+276
2 + excess 4 -577 -1250 <-2000a

a Lower limit from experiments in THF5 and CH2Cl2.

Figure 2. Examples of stabilizing hydrogen bond complexes
between (a) diimide1 and a single dialkyl thiourea3 and (b) the
corresponding complex for triimide2 with 3. In panel c, the
presence of an additionalN-methyl group removes the possibility
of multiple-point association between2 and4.
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the diimide. In the presence of excess3, both reductions shift
toward more positive potentials: the magnitudes of each shift
are very similar to those recorded for the diimide. More
dramatically, the third reduction of the triimide, formerly
outside of the useful solvent window, is shifted bya mini-
mum of +276 mV into the observable range for dichlo-
romethane. As with diimide1, no shifts in reduction potential
were observed in the presence of excess trialkyl thiourea4.

Computational analysis was used to determine the mini-
mum energy binding modes of some simplified imide
acceptor-thiourea complexes in each of the experimentally
accessible electronic states possessed by the acceptor systems
(Figures 3 and 4).12 The chosen hybrid level of theory has

been shown to be particularly successful for calculations on
systems involving radical anionic species. For both the

diimide and triimide complexes, the predicted energy mini-
mum conformation involves bifurcated contacts, as schemati-
cally depicted in Figures 2a and 2b.

For purposes of comparison with the current systems, the
effect of urea on the reduction potential for a series of
aromatic quinones may be considered.

Acenaphthenequinone5, 1,2-naphthoquinone6, and phenan-
threnequinone7 all act as selective redox-dependent receptors
for diphenyloxyureas, their first reduction potentials shifting
to more positive values by+120-140 mV in the presence
of this hydrogen bond donor.13 The readily soluble dialkyl
thioureas 3 used in our systems are more acidic than
previously investigated oxyurea systems, providing a stronger
hydrogen bonding interaction without any evidence of proton
transfer as was observed with diphenylthioureas.13 Quinone
shifts of this magnitude with diphenyloxyureas were not
observed with hydrogen bond donors that lacked the capacity
to form multiple contacts or with anthraquinone8 and
diphenylurea. On the basis of these and other observations,
it was concluded that both proximal carbonyl groupsanda
multiple hydrogen bond donor were required for significant
stabilization of the quinone radical anions. However, the fact
that the shifts we observe for both the diimide and triimide
are close in value argues against the necessity of proximal
carbonyl groups for achieving significant stabilization in the
current systems. In fact, the shifts of the first and second
reduction potentials of the diimide exceed those of the
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mV/s, without iR compensation.
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Figure 3. Electrostatic potential maps forN,N′-dimethyl diimide
alone(left) andboundto a singleN,N′-dimethyl thiourea (right) in
its neutral (top), radical anionic (middle), and dianionic (bottom)
states. Energies are relative to the neutral form (kcal/mol).

Figure 4. Electrostatic potential maps forN,N′,N′′-trimethyl
triimide alone(left) andboundto a singleN,N′-dimethyl thiourea
(right) in its (from top to bottom) neutral, radical anionic, dianionic,
and radical trianionic states. Energies are relative to the neutral
form (kcal/mol).
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triimide, yet the diimide clearly cannot involve two carbonyl
groups in noncovalent interaction with thiourea.

It is clear from our studies that the gross supramolecular
action of thiourea3 on these systems significantly stabilizes
their reduced forms. An understanding of this process
involves recognition of the fact that although the reduced
forms of the acceptors are delocalized, the bulk of the
negative charge in these systems will reside on the elec-
tronegative imide carbonyl oxygen atoms. Accordingly, the
hydrogen bonds established between the acceptors and
thiourea3 will increase markedly in strength as charge is
introduced to the acceptor core: increased charge density
on the oxygens leading to stronger interactions with partially
positively charged hydrogen donor atoms.14

Thermodynamic cycles for the imide acceptor/thiourea
systems were constructed to determine the relative change
(∆∆G) in free energy arising from the observed decreases
of reduction potential in the bound states.4 Association of
thiourea 3 with the acceptors in their neutral forms is
expected to be weak; this fact, coupled with the possibility
for multiple binding equilibria, conspired to prevent mea-
surement of the∆G of association. Two- and three-state
cycles, for the diimide and triimide, respectively, are shown
in Figure 5. On each level of the cycles, left to right
transitions represent therelatiVe binding equilibria between
the appropriate form of the acceptor and thiourea3 (one-
to-one complex), and top to bottom transitions represent the
stepwise introduction of electrons to each acceptor.

The thermodynamic cycles reveal modest increases in the
∆G of association of thiourea with the radical anionic forms
of both acceptors. More substantial increases are recorded
upon generation of the dianionic forms of each system,
indicating a substantial strengthening of the noncovalent
bonds within the corresponding complex. The substantial
shift of the third reduction potential of the triimide in the

presence of thiourea3 translates into a 6.3 kcal/mol stabiliza-
tion of the trianion.

In summary, these results demonstrate that diimide and
triimide species act as redox-triggered switches for hydrogen
bond-mediated aggregation processes. For example, the
conversion from a weakly associated complex with the
neutral form of the acceptor to a strongly bound complex
with a reduced form could be used to facilitate an aggregation
process controlled by competing kinetic and thermodynamic
factors. Extending this methodology to multidirectional
systems that associate stronger than simple alkyl thioureas
in neutral forms, e.g., guanadinium derivatives, offers the
ability of engineering well-defined, extended structures with
tunable, redox-controlled interactions. The possibility also
exists to examine the perturbation of hydrogen bonded
aggregates via addition of a diimide or a triimide, subsequent
reduction of the acceptors leading to competitive hydrogen
bonding and aggregate disruption.
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Figure 5. Thermodynamic cycles quantifying redox-modulated
binding in (a) the diimide1/thiourea3 system and (b) the triimide
2/thiourea3 system. All energies are in kcal/mol.
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