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Abstract—Salt bridge formation between ferrocenecarboxylic acid and an excess of a N,N0-diethylsubstituted benzamidine leads
to a )0.27V shift in the half-wave potential of the ferrocene moiety, corresponding to a 26 kJmol�1 stabilisation of the ferroce-
nium state.
� 2003 Elsevier Ltd. All rights reserved.
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The development of hydrogen-bonded host–guest com-
plexes with electrochemically controllable binding
properties is a rapidly emerging field within supramo-
lecular chemistry.1 The electrochemically induced oxi-
dation2 or reduction2d;3 of the components of a host–
guest dyad can profoundly influence the electrostatic
interactions between the complementary units, thereby
affording systems with switchable binding properties. To
date, only modest redox enhancement of binding effi-
ciency has been observed for host–guest systems that are
modulated by oxidative processes, whilst the largest
levels of redox modulation are currently observed upon
reduction of one of the components of the complex.
However, one of the challenges to the eventual appli-
cation of reduction-modulated host–guest assemblies is
the instability of radical anions formed under aerobic
conditions, as this limits the application of these systems
to oxygen-free environments. Thus, the development of
hydrogen-bonded systems with binding characteristics
that can be significantly enhanced upon oxidation of one
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or more of the components of the complex are impor-
tant targets.

A large number of biological systems mediate their
redox activity through proton transfer processes.4 Salt
bridges formed between a carboxylate and an unsub-
stituted amidine (e.g., 1, R¼H) have proved to be an
attractive biomimetic system to investigate the mecha-
nism of proton-coupled electron transfer in biological
systems.5 Here, we investigate the effect complex for-
mation between ferrocenecarboxylic acid 2 and N,N0-
diethyl-substituted benzamidines 36a;b or 46c has on the
redox properties of the iron centre of 2.5 Substituted
benzamidines 3 and 4 were chosen because their N-ethyl
substituents suppress aggregation and impart solubility
to the benzamidine and their corresponding complexes
with ferrocenecarboxylic acid in nonpolar solvents (e.g.,
CHCl3 or CH2Cl2), where hydrogen bonding interactions
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Figure 1. Crystal structure of complex 2Æ3.

558 G. Cooke et al. / Tetrahedron Letters 45 (2004) 557–560
between the complementary units are strong. Amidi-
nium ferrocenecarboxylates 2Æ3 and 2Æ4 were obtained
by dissolution of an equimolar mixture of the compo-
nents in hot ethanol, followed by recrystallisation of the
resulting 1:1 salt from hexane. The formation of a
complex in CDCl3 was confirmed by 1H NMR spec-
troscopy.� The chemical shift of the NH signal of 2Æ3
observed at dH ¼ 12:8, is indicative of strong hydrogen
bond formation. Both N-ethyl groups of the complexes
gave rise to one triplet and quartet in their 1H NMR
spectra, which is consistent with an (E,E)-configured
amidine.6 We note that the (E,Z) amidine isomer is
preferred thermodynamically (and in polar solvents),
but the absence of line broadening for the N-ethyl sig-
nals suggests that isomerisation of the amidine does not
occur on the NMR time scale.

Further confirmation of the structure of the complex
between 2 and 3 was provided by X-ray crystallogra-
phy.� Slow evaporation of a solution of the 1:1 salt in
CH2Cl2 gave crystals suitable for X-ray diffraction
(Fig. 1). The crystal structure shows that two hydrogen
bonds are formed between ferrocenecarboxylic acid 2
and (E,E)-configured benzamidine 3. An included water
molecule on a crystallographic 2-fold axis, forms
hydrogen bonds with the carboxylate–O atoms of two
neighbouring complexed units. The hydrogen bonding
arrangement does not extend beyond two units linked
by water. The C–N bond lengths [1.306(3) and
1.324(3)�AA] are short and similar, consistent with the
formation of an amidinium salt.6b Similarly, the C–O
bond lengths of 2 [1.259(2) and 1.269(2)�AA] are typical
for a carboxylate unit. The hydrogen atoms in the
amidinium–carboxylate hydrogen bonds were found,
and both are bound to the nitrogen atoms. The short
N� � �O bond distances of 2.70 and 2.77�AA together with
N–H� � �O angles of 170� and 176� indicate strong
hydrogen bonds.6b;6c The (E,E) configuration of the
� Selected data for 2Æ3: Yield 96%. Mp¼ 95–98 �C. IR (KBr) m 3391,

3217, 2971, 1644, 1548, 1463, 1385, 1344 cm�1. 1H NMR (200MHz,

CDCl3): d 12.8 (br s, 2H), 7.36, 7.19 (AA0XX0, 2 · 2 H, ArH

amidine), 4.76, 4.21 (AA0XX0, 2 · 2 H, Cp), 4.20 (s, 5H, Cp), 3.02 (q,

J 7.1, 4H), 2.71 (q, J 7.5, 2H), 1.27 (t, J 7.5, 3H) 1.11 (t, J 7.1, 6H).

Anal. calcd for C24H30FeN2O2: C, 66.36; H, 6.96; N, 6.45. Found: C,

66.43; H, 7.08; N, 6.35.

Selected data for 2Æ4: Yield 93%. Mp¼ 104–107 �C. IR (KBr) m 3381,
3231, 3091, 2979, 1647, 1544, 1464, 1385, 1343 cm�1. 1H NMR

(200MHz, CDCl3): d 7.71, 7.19 (AA0XX0, 2 · 2 H, ArH amidine),

4.76, 4.23 (AA0XX0, 2 · 2 H, Cp), 4.21 (s, 5 H, Cp), 3.03 (q, J 7.1,

4H), 1.13 (t, J 7.1, 6H). Anal. Calcd for C22H25BrFeN2O2: C, 54.46;

H, 5.19; N, 5.77. Found: C, 54.53; H, 5.08; N, 5.88.
� Selected crystal data for 2Æ3: C24H31FeN2O2:5, M ¼ 443:36, mono-

clinic, space group, C2=c, a ¼ 26:9938ð15Þ�AA, b ¼ 10:6994ð6Þ�AA,

c ¼ 16:9361ð11Þ�AA, b ¼ 115:569ð6Þ�, V ¼ 4412:4ð5Þ�AA3, T ¼ 160ð2Þ
K, Z ¼ 8, l ¼ 0:708mm�1, 14,229 total reflections, 6383 unique

[RðintÞ ¼ 0:0533], R ¼ 0:0386, wR ¼ 0:0490 for 2706 observed data

½I > 2rðIÞ�. Intensity data were collected on a Xcalibur2 diffracto-

meter at the Oxford Diffraction laboratory in Abingdon, Oxon.

Crystallographic data for 2Æ3 have been deposited with the Cam-

bridge Crystallographic Data Centre (CCDC reference number

209543).
N,N0-diethyl-substituted amidinium group of complex
2Æ3 ensures that the binding interactions closely resemble
those of unsubstituted amidines. However, the torsion
angle between the amidine group and its adjacent ben-
zene ring is 64�, due to the influence of the bulky N,N0-
diethylamidine group preventing planarity.6b;c

With salt bridge formation having been confirmed for
2Æ3 and 2Æ4 both in the solid state and in chloroform
solution, we next investigated the role of electrochem-
istry to modulate binding in this supramolecular system
using cyclic voltammetry (CV).7 CV studies on com-
pound 2 in CH2Cl2 gave rise to a reversible single-elec-
tron oxidation at E1=2 ¼ þ0:81V. Addition of an excess
of 3 or 4 to a solution of 2 resulted in a )0.27V (±5mV)
shift in the half-wave potential of the ferrocene deriva-
tive, indicating that salt bridge formation substantially
lowers the oxidation potential of 2 (Fig. 2). This
remarkably large negative shift corresponds to a con-
siderable 26 kJmol�1 stabilisation of the ferrocenium
state of 2,8 and is in accordance with the amidine
becoming more strongly bound to 2.9 Interestingly, both
amidines gave almost the same shifts in the half-wave
Figure 2. Cyclic voltammograms of a �10�5 M solution of 2 in CH2Cl2
(solid line) and after addition of excess (�10�4 M) 4 (dotted line).



Figure 3. Cyclic voltammograms of a �9 · 10�4 M solution of 2 (solid

line) and a �9· 10�4 M solution of 2Æ3 (dotted line).
Figure 4. Cyclic voltammograms of a �9 · 10�4 M solution of 2 ( )

and in the presence of approximately 0.2 ( ), 0.4 ( ), 0.6 ( ), 0.8

( ), 1.0 ( ), 1.2 ( ), 1.4 ( ) and 1.6 ( ) equiv of 3.
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potential of 2, which is to be expected as the electronic
influence of the substituents in the 4-position of the
benzamidine is poorly communicated to the binding site,
owing to the large torsion angle between the benzene
ring and the amidinium group.

The CV data of the pure complex 2Æ3 has also been
investigated.10 A redox wave for the ferrocene unit was
observed, which is shifted to a similar half-wave
potential to that obtained when the CV data for 2 were
recorded in the presence of an excess of the amidine.
However, a more positive irreversible oxidation wave
was also visible, which disappears upon the addition of
excess amidine (Fig. 3). By comparing the intensity of
peak currents of these waves to the one-electron oxida-
tion wave of an equal concentration of decamethylfer-
rocene internal standard, the sum of the two oxidation
waves equate to a one-electron oxidation of the fer-
rocene unit. At low scan rates (25mV s�1), the more
positive oxidation wave becomes more prominent,
whilst at faster scan rates (10V s�1) this oxidation wave
is less evident, and the more negative oxidation wave
now prevails. We believe that the data are consistent
with a slow dissociation of 2Æ3, so that at slow scan rates
two oxidation waves are detected for the complexed and
free ferrocene unit. The more negative oxidation peak
being due to 2Æ3, whereas the peak at the more positive
potential is due to an uncomplexed ferrocene unit. The
redox wave for the latter process is shifted to a more
negative potential compared to solutions of 2 alone,
presumably due to a rapid recomplexation of 2 and 3
upon oxidation of the ferrocene unit.11

We have also recorded the voltammograms of 2 upon
the addition of aliquots of 3 (Fig. 4). A new redox wave
corresponding to the formation of the salt bridge grad-
ually begins to appear upon the addition of the amidine,
with a concomitant disappearance of the redox wave
corresponding to free 2. Interestingly, there is a gradual
negative shift in the oxidation wave for the uncomplexed
ferrocene unit following the addition of 3. Furthermore,
the redox wave formed at the more positive potential is
not fully suppressed until more that 1 equiv (typically
1.2–1.4 equiv) of the amidine is added.

In conclusion, we have shown that proton transfer,
which accompanies salt bridge formation between fer-
rocenecarboxylic acid and an amidine, results in a
notable decrease in the oxidation potential of the fer-
rocene unit. Moreover, the large negative shift in the
half-wave potential of 2 when the CV data were
recorded in the presence of an excess of amidine, indi-
cates a substantial stabilisation of the ferrocenium state
of 2, which is consistent with a significant increase in the
hydrogen bonding efficiency of the 2Æ3 and 2Æ4 com-
plexes. This result paves the way for the design of novel
biomimetic systems that probe the role of proton and
electron transfer in biological systems. Furthermore, as
the binding efficiency rivals levels of redox enhancement
previously only obtained by reductive processes, we
have embarked on the development of electrochemically
controlled devices that can be effectively actuated at
positive potentials. Further electrochemical investiga-
tions of the redox behaviour of complexes 2Æ3 and 2Æ4
are underway, and the development of the biomimetic
and device applications of related systems will be
reported in due course.
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